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Abstract
Even though the use of synthetic fibres has grown during the last years, cotton is still one
of the most important fibrous materials in the textile industry. Due to the excellent textile
properties such as strength, flexibility and air permeability of these naturally grown fibres a
variety of different applications are possible. Furthermore it is to highlight that cotton is a
renewable raw material. In order to expand the possible applications of a given textile
additional desired properties can be introduced by textile finishing processes. Regarding
safety aspects (1) the flame retardant treatment is an important finishing process. This has
been an active field of research for over sixty years. (2) (3) However, no optimal treatment
process for cotton exists which produce flame protected textiles that meet all the
requirements with respect to flame retardancy, toxicity, environmental compatibility, the
application method, mechanical and chemical durability without the loss of vital intrinsic
textile properties. In a typical process used in industry today 15 to 20% weight of fabric
(wof) flame retardant are applied on cotton. As a result the textile properties are
considerably influenced.
Previously employed halogenated flame retardants have raised environmental concerns in
the last years. Therefore a number of phosphorous based products have been developed
recently. (4)-(6) Tsafack (7)(8)was able to show that the plasma induced graft polymerisation
(PIGP) process is a promising alternative to known processes. Cotton fabrics are
impregnated with liquor which consists of a phosphorous based flame retardant, an
initiator, a crosslinking agent and solvent. The polymerisation of the flame retardant
monomers then takes place in Argon plasma. The process results in a thin flame retardant
polymer layer on the surface of the cotton fibres. Tsafack could demonstrate that
phosphoramidates, in particular diethyl(acryloyloxy)ethyl phosphoramidate (DEAEPN),
are qualified flame retardants, owing to the known synergetic effect of phosphorus and
nitrogen.
The main focus of this research work was to improve the flame retardancy, durability and
applicability of the phosphorus based flame retardant polymers obtained by PIGP. It has
been shown that the use of crosslinking agents increases the durability and the degree of
grafting (DOG) of the PIGP treatment. Therefore a new crosslinking agent containing
phosphorus was developed leading to a polymer with increased phosphorus content.
Analysis by thermogravimetry (TGA), pyrolysis combustion flow calorimetry (PCFC) and
LOI measurements could clearly confirmed that the flame retardancy of the new
phosphorus based polymer could be increased by increasing the content of phosphorus.
The necessary degree of grafting could be decreased from 17% to14% wof.
To further improve the permanence of the treatment and increase its flame retardant
efficiency a new method to bind the phosphorous containing polymer to the fibre surface
was investigated. Covalent bonding is well known in dyeing mechanisms of reactive dyes
in textile finishing processes. A new hetero bifunctional coupling agent containing a
dichlortriazine-anchor linked to an acrylic group as polymerisable functionality was
synthesized. This coupling agent was applied to cotton textile like a reactive dye via a cold
7

pad batch process. The pre-treated and functionalised cotton was then finished with
DEAEPN as flame retardant using the plasma technology. It could be demonstrated that
the flame retardant monomers copolymerized with the coupling agent. Washing treatments
confirmed the increased durability as a result if the new finishing method. The covalently
linked polymer has as well significantly better flame retardant properties compared to the
conventional treatment. As TGA, PCFC and LOI measurements as well as SEM images
demonstrated the necessary DOG could be decreased by about 40%. Therefore, in this new
process less than 10% wof of the flame retardant is necessary, which signifies real progress
towards a flame retardant treatment not impairing the textile properties.
New phosphoramidates flame retardant were synthesised bearing different alkoxy
substituents on the phosphorus atom and an additional different polymerisable functional
group on the amidate moiety. Their flame retardancy was compared to DEAEPN. It was
found that methoxy substituents on the phosphorus atom enhance the formation of char and
thus the flame retardant efficiency.
Furthermore the PIGP process parameters like type and amount of initiator as well as the
Ar plasma treatment time were varied. Following these investigations and optimised DOG
could be determined. Since PIGP is a surface application method, textile densities as well
as morphologies may influence the yield of grafting and the LOI. Therefore the DOG and
LOI of different types of cellulose textiles such as natural and mercerised cotton as well as
regenerated cellulose were investigated and analysed.
Different fastness properties like washing fastness and abrasion resistance of the new FR
treatment were tested and confirmed that the PIGP of phosphoramidates on cotton textiles
is a highly durable and permanent finishing treatment. For applications in the public
transport sector high abrasion standards are vital. Remarkably, the FR treated cotton
showed values far above those standards and is therefore very interesting for such
applications. To control the textile properties different measurements like flexural strength,
tensile strength, water adsorption capacity, moisture adsorption, crease resistance and
degree of whiteness were performed and evaluated. A slight disadvantage of the treatment
may arise from the yellowing effect depending on the polymeric layer on the surface of the
fibres. However this effect can be compensated with optical brighteners.
The dyeing process is one of the most important but as well most complex processes of the
whole textile finishing. To study the possible combination of the PIGP and the dyeing
process different investigations were conducted. FR treated cotton was dyed with common
cellulose dyestuff and possible changes in colour determined by spectrophotometric
measurements. Although the exhaustion rate of dyeing on FR treated cotton textiles is
reduced compared to untreated cotton, reactive and direct dyeing resulted in excellent
colour shade and hue. Finally pre-dyeing of cotton textiles was performed followed by the
FR treatment. It was found that the DOG depends on the dyeing hue. This indicates that the
hydroxyl groups of the cellulose influence the affinity of the flame retardant monomers
towards the cotton fibres. Hence, FR treatment via PIGP was investigated on post- or predyed fabrics and showed promising results in terms of flame retardancy, DOG and
chromaticity.
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Zusammenfassung
Trotz der Entwicklung im Bereich der Synthesefasern ist Baumwolle noch immer eine der
wichtigsten Fasern in der Textilindustrie. Das liegt sowohl an ihren textilen Eigenschaften
die die unterschiedlichsten Anwendungen ermöglichen als auch an der Faser selbst als
nachwachsender Rohstoff. Um Faserstoffen je nach Einsatzgebiet zusätzliche
Eigenschaften zukommen zu lassen, sind viele Textilveredlungsverfahren entwickelt und
von der Industrie umgesetzt worden. Aus Sicherheitsgründen spielt für die
Baumwollfasern dabei die flammhemmende Ausrüstung eine wichtige Rolle. (1) (3) Trotz
jahrelanger Forschung ist noch kein optimales Veredlungsverfahren gefunden worden, das
alle Bedingungen an eine gute Flammschutzausrüstung der Baumwolle erfüllt. (2) Das liegt
unter anderem an den vielen Faktoren, die eine gute Ausrüstung ausmachen, wie die
spezifischen Flammschutzeigenschaften der eingesetzten Flammschutzmittel, deren
Umweltverträglichkeit, eine einfache Applikation, Beständigkeit gegen äußere Einflüsse
wie mechanische und chemische Beanspruchung und die Erhaltung wichtiger textiler
Eigenschaften wie Festigkeit, Geschmeidigkeit und Luftdurchlässigkeit. Um die wichtigen
Sicherheitsstandards zu erreichen müssen in den konventionellen flammhemmenden
Ausrüstungen zwischen 15 - 20% wof Flammschutzmittel aufgebracht werden. Im Hinblick
auf die Erhaltung textilen Eigenschaften ist das zu viel.
Gerade in den letzten Jahren wurden phosphorhaltige Produkte als Alternative zu den
umweltunfreundlichen halogenierten Flammschutzmitteln entwickelt und ihre Effektivität
erforscht. (4)-(6) Die meisten Flammschutzausrüstungen für Baumwolle werden durch eine
Thermobehandlung in bzw. auf der Faser fixiert. Eine vielversprechende Alternative zu
diesen Verfahren hat Tsafack (9) in ihrer Dissertation über Flammschutzausrüstung auf
Baumwolle mit dem Ar Plasma Induced Graft Polymerisation (PIGP) Prozess aufgezeigt.
Dabei wird das Baumwollgewebe mit einer Flotte aus polymerisierbaren
Phosphorverbindungen, Initiator, geeignetem Crosslinker und Lösungsmittel imprägniert.
Die nachfolgende Polymerisation der Flammschutzverbindungen findet im Ar Plasma an
der Faseroberfläche statt. Untersuchungen haben ergeben dass sich besonders
Phosphoramidate, im speziellen Diethyl (acryloyloxy) ethyl phosphoramidate (DEAEPN),
als Flammschutzmittel eignen, da ein schon bekannter Synergie-Effekt zwischen dem
Phosphor und dem Stickstoff die Entflammbarkeit reduziert. (8)
Aufbauend auf diese vielverspechenden Ergebnisse wurde in dieser Forschungsarbeit der
Schwerpunkt auf die Optimierung und Verfeinerung des Verfahrens sowie der
einwirkenden Faktoren gesetzt.
Ausschlaggebend für eine effektive Ausrüstung ist der Zusatz eines Vernetzungsmittels,
durch das die Ausbeute der Ausrüstung sowie deren Beständigkeit erhöht werden kann,
wie in vorangegangenen Arbeiten gezeigt werden konnte. Um den Phosphorgehalt des
flammhemmenden Polymers noch weiter zu erhöhen, ist ein neuartiges phosphorhaltiges
Vernetzungsmittel synthetisiert worden und die Auswirkungen auf den Flammschutz im
Vergleich zu einem phosphorfreien Vernetzungsmittel mit thermogravimetrischer Analyse
(TGA), Pyrolysis Combustion Flow Calorimetry (PCFC) und LOI Messungen analysiert
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worden. Wie zu erwarten erhöht sich die Flammfestigkeit des ausgerüsteten Textiles mit
dem Phosphorgehalt.
Um die Beständigkeit der Ausrüstung und die Effektivität zu erhöhen wurde ein ganz
neuer Ansatz für eine kovalente Anbindung des phosphorhaltigen Polymers an die
Baumwolle entwickelt. In Anlehnung an die kovalente Anbindung der Reaktivfarbstoffe an
Cellulosefasern wurde ein hetero bifunktionaler Crosslinker mit einem Triazin-Anker als
kovalente Anbindung an die Baumwolle und einer polymerisierbaren Gruppe synthetisiert.
Dieser wurde über ein Pad-Batch Prozess kovalent an die Faseroberfläche der Baumwolle
gebunden. Während des anschließenden PIGP Prozesses copolymerisieren die
phosphorhaltigen Monomer mit den polymerisierbaren Gruppen des Crosslinkers. Das so
kovalent gekoppelte Polymer zeigt deutlich höhere Beständigkeit in Waschprozessen und
erhöht die Flammschutzeffektivität, so dass weniger als 10% wof Flammschutzmittelzusatz
für eine gute Flammenresistenz ausreicht.
Zusätzlich wurden neuartige phosphorhaltige Substanzen basierend auf DEAEPN
synthetisiert und deren Wirkung als Flammschutzmittel auf Baumwolle untersucht. Wie
TGA, PCFC und LOI Messungen ergeben haben, beeinflussen geringe Strukturänderungen
der Phosphorverbindung die Flammschutzeffektivität.
Um den optimalen Ausrüstungsbedingungen näher zu kommen, wurden einige Parameter
wie Art und Menge des Initiators sowie die Behandlungszeit im Plasma variiert und die
Auswirkungen auf den Pfropfungsgrad analysiert. Zusätzlich wurden die Auswirkungen
unterschiedlicher Imprägnierungszeiten sowie unterschiedlicher textile Strukturen und
Morphologie auf den Pfropfungsgrad und den LOI getestet.
Die Permanenz von effektiven Flammschutzausrüstungen stellt immer noch ein Problem
dar. Um die Strapazierfähigkeit dieser PIGP-Ausrüstung zu testen sind unterschiedliche
Wasch- sowie Abriebfestigkeitstests durchgeführt worden, die alle die hohe Beständigkeit
gegen mechanische und chemische Einflüsse der Ausrüstung bestätigt haben. Zur Analyse
möglicher Fasereigenschaftsveränderung sind Biegesteifigkeit, Wasseraufnahmevermögen,
Festigkeit, Knitterbeständigkeit sowie der Weißgrad getestet worden. Nachteilig könnte
sich die leichte Vergilbung durch die Ausrüstung auswirken, die allerdings mit optischen
Aufhellern kompensiert werden kann.
Der Färbeprozess ist mit einer der wichtigsten Textilveredlungsschritte der gesamten
textilen Kette. Um die Komptabilität des PIGP-Prozesses mit dem Färbeprozess zu testen,
wurden flammhemmend ausgerüstete Baumwollgewebe mit den gängigen Farbstoffen für
Cellulosefasern angefärbt und mögliche Auswirkungen der Ausrüstung auf die Farbigkeit
der Proben getestet. Dabei traten Farbänderungen durch die leichte Vergilbung und die
reduzierte Farbstoffaufnahme auf, ansonsten sind Anfärbungen in unterschiedlichen
Schattierungen möglich. Als letztes wurden gefärbte Textilien flammhemmend ausgerüstet
und eine Abhängigkeit des Pfropfungsgrad auf die Farbtiefe analysiert. Je mehr OHGruppen der Cellulose mit Farbstoffen reagiert haben, desto geringer fällt die Ausbeute der
Pfropfung aus. Es konnte gezeigt werden, dass eine Kombination von Färbeprozessen und
dem PIGP-Prozess für flammhemmende Ausrüstung auf Baumwolle ohne größere
Einschränkungen möglich ist.
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List of abbreviations
ab

after burning

ATR

attenuated total reflectance

aw

after washing

B.C.

before Christ

Bé

Baumé (The Baumé scale is a pair of hydrometer scales
developed by French pharmacist Antoine Baumé in 1768 to
measure density of various liquids.)

Bl

burning length

BP

boiling point

BR

burning rate

br

broad

Bt

burning time

Cal

calculated

CIE

commission Internationale de l’Eclaireage

CLA

crosslinking agent

CMD

modal (regenerated cellulose)

CO

cotton

CV

viscose (regenerated cellulose)

DCM

dichloromethane

DEAEPN

diethyl (acryloyloxy) ethyl phosphoramidate

DEADEPN

diethyl (diacryloxy) diethyl phosphoramidate

DETA

4,6-dichloro-N-ethyl-1,3,5-triazine-2-amine

DIN

Deutsche Industrie Norm

DMAEPN

dimethyl (acryloyloxy) ethyl phosphoramidate

DMMAEPN

dimethyl (methacryloyloxy) ethyl phoshoramidate

DMSO

dimethyl sulfoxide

DOG

degree of grafting

DSC

differential scanning calorimetry
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DTEA

2-(4,6-dichloro-1,3,5-triazine-2-ylamino) ethyl acrylate

DTEP

2-(4,6-dichloro-1,3,5-triazine-2-ylamino) ethyl propionate

E.A

elemental analysis

EGDA

ethylene glycol diacrylate

EtOH

ethanol

eq

equivalent

FR

flame retardant

HMBC

Heteronuclear Multiple Bond Coherence

HMQC

Heteronuclear Multiple Quantum Coherence

HWM

High wet modulus

ISO

International Organisation for Standardisation

LOI

limited oxygen index

MA

methacrylate

MF

molecular formula

MM

molecular mass

MP

melting point

NMR

nuclear magnetic resonance

PA

polyamide

PAC

polyacrylonitrile

P-CLA

phosphorous crosslinking agent

PCFC

pyrolysis-combustion flow calorimetry

PES

polyester

PI

photo initiator

PIGP

plasma induced graft polymerisation

PP

polypropylene

Rpm

round per minute

RT

room temperature

sccm

standard cubic centimetre

SEM

scanning electron microscopy

TEA

triethylamine
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TGA

thermogravimetric analysis

THF

tetrahydrofuran

Wg

weight after grafting

Wl

weight loss

WO

wool

wof

weight on fabric

wom

weight on monomer

wop

weight of polymer

Wr

weight residue

Wu

weight after uptake

YOG

yield of grafting
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1 Introduction

Fire is a very significant cause of suffering and injury as well as of property damage. 1996
3.3 fire deaths per 100’000 inhabitants happened as average in 31 countries which could be
reduced to 1.1 fire deaths per 100’000 inhabitants. This reduction in fire related death is
amongst others observed as a result of appropriate use of flame retardants. Nevertheless in
2007, fires caused 3750 deaths in total in the USA, 465 in UK and 15 in Switzerland, only
in domestic fires. Next to the injury this costs society 0.1 – 0.28% of annual GDP (Gross
domestic product). (10)
40% of fires are caused by cooking, 18% by smoking, which demonstrates the importance
of flame retardant treatment for furniture, curtains and clothes, were cotton is a widely
used fibre. To further decrease the fire related death toll, better fire protection coupled with
consumer education is necessary.
Therefore a lot of research on flame retardants (FR) for fibre applications was done within
the last years reviewed in detail by Horrocks (11) (12), Bourbigot (13) and Weil. (3) As
Horrocks stated in his latest review (2) the “golden period” of flame retardant research goes
back to 1950 – 1980. During this time research on durable flame retardant treatments,
initially developed during the Second World War, was of great interest because personal
safety was becoming more important than before. The research was as well influenced by
upcoming legislation and regulation like the UK Nightwear Safety legislation of 1967 (14)
(revised in 1985 (15)). Similar safety legislations (1) were passed 1971 in the US and in
1983 (16) the UK established furniture regulations which were superseded in 1988. (17)
The first patents (1950) for a number of permanent organophosphorus based flame
retardants for cotton are on cross-linked tetrakis(hydroxymethyl) phosphonium salt adducts
(THPX condensates) and N-alkyl-substituted phosphono propionamide derivatives. These
flame retardants are still on the market and in industrial use today, since a lot of
requirements like permanency, non toxicity, easy application, environmental friendliness
and good flame retardancy without changing textile properties have to be considered in the
development of new flame retardant finishing processes. The THPX condensates
exemplified by the Proban® (Rhodia) product are based on tetrakis(hydroxymethyl)
phosphonium-urea condensates. For the application it is first padded on the textile and then
crosslinked by ammonia gas followed by peroxide oxidation to stabilise the resulting
polymeric matrix. The advantages of this method are the durability to over 100 wash
cycles at 75 °C and minimal losses in fabric tensile strength and tear properties.
Furthermore no significant emission of formaldehyde in use is reported. Nevertheless the
main disadvantages are the required special ammonia gas curing unit, which make the
application costly, the often necessary softeners to improve the fabric handling and
possible adverse reaction with some dyestuffs. Pyrovatex® (Huntsman, former Ciba)
products based on N-methylol dimethylphosphono-propionamide derivatives is applied by
normal pad-cure methods and compatible with all dyes. The durability against 100 wash
cycles at 75 °C is given in the absence of bleach. But the main disadvantages of this
method are the significant losses in tensile (in general up to 20%) and tear (up to 50%)
strength and the poor abrasion resistance. In addition the release of formaldehyde is a
problem during application and end-use as well as an autocatalytic hydrolysis during
storage. Pyrovatex® cannot be used in sensitive applications such as children’s nightwear.
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Environmental and process technology problems occur by the tarry deposits which are
often formed in curing aggregates.
As Horrocks (2) indicated any new suitable alternative flame retardant treatments for cotton
have to implicate the following properties:






Have equivalent or superior feasibility of application
Possess zero formaldehyde-releasing properties
Have comparable textile service-life properties in terms of durability, effect on
handling and tensile properties
Have an overall comparable cost-effectiveness ratio and preferably be cheaper
Have as little or even less negative toxicological and environmental impacts.

Since both ways of finishing treatments have fundamental disadvantages, research on new
flame retardant compounds and modified application methods are thus still of interest. It
has to be mentioned that independent on the treatment method chosen 15 – 20% wof of
flame retardant additives have to be applied to textiles to obtain safe flame retardant
properties so far. Important textile properties like softness and flexibility deteriorate due to
such a high uptake of finishing agent.
As Bourbigot and Duquense (18) recently discussed one of the first, easiest and most
efficient ways to protect material against fire is the use of surface treatment, since ignition
occurs always on the surface of a material. Furthermore good surface treatments do not
affect the intrinsic properties (e.g. mechanical properties) of the protected material.
Therefore research on flame retardancy by surface treatments was done for several
materials, amongst others textiles. (5) (6) (19) (20) Cotton in particular is predestined for
surface treatments since it is a natural fibre and cannot be treated during the spinning
process like synthetic fibres.
Plasma treatment is well known as surface treatment for polymeric material without
changing its bulk characteristics. Plasma technologies for textiles are becoming more and
more interesting for industry, since a broad range of functionalization is possible. (21)
Due to environmental and energy-saving concerns, investigations to replace many
traditional wet chemistry-based finishing processes are in progress. Wet processes need
large amounts of water, energy and generate vast amounts of effluents. Thus low-liquor
and dry-finishing processes are investigated to replace these traditional textile finishing
processes. Several approaches to this problem with plasma processes have been presented
for different applications methods and textiles. Most research in this area is focused on
increasing the functionality of textile surfaces like permanent hydrophilization of polyester
(PES) (22) (23), multifunctional surfaces of PES (24), surface modification of wool (25) and
cotton (26)-(30), regenerated cellulose (31) as well as silk (32) and antimicrobial finishing of
cellulose. (33)
Substrates which are in contact with cold plasma are bombarded by excited species (ions,
radicals, metastables and photons). In this process the energy of the excited species is
transferred to the substrates and can result in a variety of surface modifications (e.g.
activation, etching and grafting). All these plasma treatments are limited to the most
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external layer of the substrate, and include normally a depth of 10 – 100 nm. In the plasma
excited species emit UV and visible radiation by relaxation to the ground state. Thus
plasma-initiated polymerisation is possible (chapter 1.3) which extends possible
applications of plasma processes.
A lot of research was done on plasma grafting processes where the plasma is employed to
activate the surface of a material followed by a separate polymerisation to graft a polymer
on the surface. 1996 Zubaidi et al. (34) activated different cellulosic fibres by plasma
treatment and grafted hydrophilic monomers like 2-hydroxyethyl methacrylate by
polymerisation on the surface of these fibres. Andreozzi et al. (35) investigated the free
radical generation by plasma treatment of cotton fibres. Abidi et al. (36) worked on
hydrophobicity treatments of cotton textiles using a graft copolymerisation process of vinyl
laurate monomers on plasma activated cotton.
Even if plasma treatments are nowadays still only be used in specific textile market niches,
plasma treatment technologies have a lot of advantages which makes further investigations
on plasma applications for textiles interesting. Plasma processing is a clean and versatile
alternative to current textile finishing techniques, since not much solvent is used. In
addition, the modification is applied fairly uniform over the entire surface. Many variable
parameters like irradiation time, type of gas, power, frequency pressure and additives like
initiator or crosslinking agent facilitate the fine-tuning of applications. The PIGP in
particular is very qualified to achieve multifunctional fibre surfaces. (8) (37)
Besides, more investigations on the PIGP process of flame retardant treatment on cotton
are of great interest. Tsafack (9) worked on the synthesis of new organophosphorus flame
retardants and could show that cotton treated with phosphoramidate containing a P-N bond
showed by far the best flame retardant properties and by adding crosslinking agent
sufficient durability. Nevertheless for adequate flame retardant properties 17% wof of
grafting is needed. To further improve this promising and formaldehyde free method for
flame retardant finishing on cotton, more investigations are necessary.
The aim of this work was to improve the already described flame retardant finishing of
cotton done by PIGP and increase the flame retardant efficiency of the so formed
phosphorous flame retardant polymer.
As Tsafack could demonstrate diethyl (acryloyloxy) ethyl phosphoramidate (DEAEPN)
has good flame retardant properties. New phosphoramidates with a different phosphorous
unit and a different polymerisable functional group compared to DEAEPN were
synthesised and their flame retardant properties on cotton textiles analysed to see if higher
efficiencies can be obtained. Surface and thermal analysis of untreated and treated cotton
are presented and discussed.
It has been shown (38) that the use of crosslinking agents increases the durability and the
degree of grafting of DEAEPN applied by a PIGP treatment. To improve the efficiency of
the already known DEAEPN polymer, an increase of the phosphorus content was pursued,
since it is one of the crucial factors for good flame retardant properties of phosphorous
containing polymers. Therefore a new phosphorous containing crosslinking agent was
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synthesised and its influence on the burning behaviour analysed and discussed by LOI,
TGA and PCFC measurements.
Focussed on the durability of the flame retardant treatment a new approach to get a
covalent bond between the fibres surface and the polymeric layer was investigated.
Covalent bonding in textile industry is well known in reactive dyeing. Based on this a
hetero bifunctional crosslinking agent was synthesised and its possible application onto the
surface of cotton fibres by a pad batch process investigated. Copolymerisation with FR
monomers using PIGP is discussed and the effects on the durability of the modified FR
treatment as well as its flame retardant property analysed by LOI, TGA, PCFC and SEM.
To further improve the PIGP process different treatment parameters like nature and amount
of initiator as well as the Ar plasma treatment time have to be varied to optimise the degree
of grafting. Since PIGP is a surface application method it is of interest if different textile
densities as well as morphologies (natural, mercerised cotton and regenerated cellulose)
have an influence on the yield of grafting and the flame retardant properties of the treated
textiles.
To verify the permanence of the surface treatment more fastness tests like washing fastness
and abrasion resistance were performed. Furthermore it is of great interest if important
textile properties like stiffness, strength, crease resistance, water absorption capacity and
degree of whiteness are influenced by the FR treatment. Measurements on the most
important textile properties were performed. Untreated cotton was compared to treated
cotton with different amounts of grafting and the differences discussed.
Finally it is of interest if the application of DEAEPN using PIGP is compatible to other
textile finishing treatments. The dyeing process is one of the most important but as well
most complex processes of the whole textile finishing. To study the possible combination
of PIGP and dyeing processes different investigations were performed. FR treated cotton
was dyed with usual dyestuff for cellulose and possible change in colour determined by
photo-spectroscopy and grey scale measurements. In this context possible influences of the
flame retardant treatment on post-dyeing processes were investigated and any effects of
pre-dyeing on the FR treatment have been assessed and discussed
Since this research work is very transdisciplinary including flame retardants, plasma
treatments, fibres and textiles as well as the dyeing process, basic introductions in the
involved areas are given to explain the context.
In the following theoretical introduction, current knowledge of the burning process as well
as the working principle of flame retardants for polymers and especially cotton is given. In
addition, an introduction in cold plasma techniques used for textile finishing is presented,
including the plasma induced graft polymerisation. Furthermore the constitution of
cellulose fibres is explained and the most important methods for the characterisation of
flame retardant properties used in this work introduced.
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1.1 Burning and flame retardant mechanism of polymers
Three different factors are important in burning processes of polymers, namely: heat,
oxygen and the fuel, which is generated by the pyrolysis of the polymer. To obtain a good
flame retardant character at least one of these components has to be removed. An overview
of the current knowledge on the burning process of textiles is given in this introduction.
1.1.1

General considerations

As Lewin and Weil (39) described pyrolysis and combustion processes of polymers include
several stages. Starting with an external heating process polymer substrates are pyrolyzed
resulting in the generation of combustible fuel. In the presence of oxygen this fuel is
ignited and a flame occurs. In this stage a part of the fuel is fully combusted. The other part
remains and can be combusted in the presence of a catalyst or by an excess of oxygen. The
formed heat is partially fed back to the substrate and causes its continued pyrolysis. This is
maintaining the burning process.
The flame retardant strategies according to Horrocks and Price (40), especially for textile
material, are given in Figure 1 which shows the so called “feedback mechanism” for the
combustion of organic polymers, like fibres. The fuel is generated from thermally degraded
or pyrolyzed fibres, the heat is formed from ignition and combustion and the oxygen is part
of the air. In order to interrupt the mechanism different possibilities are given. Flame
retardants have to act on at least one of these modes. Increasing the decomposition
temperature (A) is normally not exploited by flame retardants but is one of the working
principles of flame- and heat-resistant fibres like aramids. For cellulose and protein fibres a
very effective mechanism for a flame retardant is to decrease the formation of flammable
volatiles and thus increasing the char formation (B). Most phosphorous and nitrogencontaining flame retardants act in this way. Another possibility for flame retardants is to
interfere in the flame and therefore oxidation stage (C). Those FR act by increasing the fuel
ignition temperature. Often they are halogen-containing FRs which release hydrogen
halides, effective in quenching free radicals. To reduce the access to oxygen or achieve
flame dilution (D) some flame retardants are employed to release water by endothermic
dehydration reactions. Inorganic and organic phosphorous-containing agents, aluminium
hydroxide or alumina hydrates in back coatings remove the formed heat by a fusion and/or
degradation and/or dehydration reaction of the FR (E).
Chemical flame retardants can be classified by their different modes of action. Compounds
active in the solid state of the material, e.g. interfering with the pyrolysis process, are
acting by a “condensed phase mechanism”. Agents active in the gas phase, the flame, e.g.
by increasing the ignition temperature, act by a “gas phase mechanism”. Another mode of
action is the formation of a protective layer which insulates the textile from the effect of
the heat. This mode of action is nicely demonstrated by flame retardant treatment of silk
fabrics.(37)
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Figure 1: Combustion as a feedback mechanism (40)

Lewin and Weil explicate in more detail the condensed and gas-phase mechanism. (41)
1.1.2

Condensed – phase mechanism

Flame retardants for synthetic or natural fibres can act chemically and/or physically in the
solid state (A, B, E). Different mechanisms for reactions in the solid phase are known. For
thermoplastics, flame retardants can accelerate the breakage of the polymer and therefore
the melting process in order to remove the fibre from the flame. Another mechanism is the
formation of a carbon-layer on the surface of the polymer during combustion, for example
by dehydration of the polymer by the FR. This is the main proposed working principle of
phosphorous compounds used as FR’s. The last mechanism in the condensed phase based
on intumescence. Materials which swell and form foams by heating can act as a barrier to
heat, air and pyrolysis products. Frequently, intumescent systems are based on three basic
ingredients: a catalyst, a charring agent and a foaming agent.
1.1.3

Gas – phase mechanism

Flame retardants acting in the gas phase interfere in the combustion of the polymer. Like
all other polymers, textiles produce species capable of reaction with atmospheric oxygen
upon pyrolysis. This propagates the fuel combustion by the following branching radical
chain reaction:
H• + O2

→

OH• + O•

(1)
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O• + H2

→

OH• + H•

(2)

The main exothermic reaction which provides most of the energy maintaining the flame is:
OH• + CO

→

CO2 +H•

(3)

In order to slow down the burning process radical quenching agents stopping the chainbranching reactions (1) can be used. Halogen atoms like chlorine and bromine show this
inhibiting effect, which will be explained in more detailed in the next chapter.

1.2 Different flame retardants
As Rouette (42) defined according to ISO the definition of flame retardancy is the property
of polymer material, either inherent or by virtue of an applied finish, to inhibit or suppress
the propagation of flame.
1.2.1

Halogenated flame retardants

Antimony-halogen based flame retardants are widely used for bulk polymers and backcoated textiles. In textile industry they can only be applied topically in a resin binder as a
back-coating as discussed in detail by Dombrowsky.(43)
Three types of halogen-containing compounds are known for their flame retardant
character: derivatives of compounds with aliphatic, cycloaliphatic and aromatic structures.
In each class the type of halogen atom is varied. Especially for textiles most antimonyhalogen systems include antimony III oxide and bromine-containing organic molecules
like decabromodiphenyloxide (DBDPO) or hexabromocyclododecane (HBCD). By
exposing halogenated flame retardants to high temperatures they decompose and release
halogens as free radicals X•:
RX

→

R• + X•

(4)

These free radicals react with hydrocarbon molecules and produce hydrogen halide HX:
X• + RH

→

R• + HX

(5)

By a reaction with HX the high energy radicals OH• and H• are removed and replaced by
low-energy X• radicals:
HX + OH•

→

H2O + X•

(6)

HX + H•

→

H2 + X•

(7)

The hydrogen halide consumed is regenerated by reaction with hydrocarbon.
Halogenated flame retardants differ in their effectiveness depending on the quantity of
containing halogen atoms and on the control of halogen release. Recent research (44)
showed that the effectiveness increases in the order F < Cl < Br <I. Cl and Br are the most
used halogens, because C-F bonds are too stable and iodine compounds are too unstable
and expensive.
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Especially in the last years halogenated compounds represent one of the most widely
employed groups of flame retardants, but they have big disadvantages. One of the major
problems is their potential of bioaccumulation and high persistency upon release into the
environment. (45)-(48) During combustion the liberated gases (HCl, HBr) are toxic, corrosive
and able to form very toxic side products (dioxines). For these reasons they are not allowed
anymore and it is important to find suitable alternatives.
1.2.2

Antimony trioxide Sb2O3

As Dombrowski (43) described antimony trioxide does not have flame retardant properties
by itself, but is an effective synergist for halogenated flame retardants. Sb2O3 acts as a
synergistic catalyst facilitating the breakdown of halogenated flame retardants to active
molecules. Secondly it reacts with the halogens/halogen radicals as well to produce volatile
antimony halogen compounds. They are themselves directly effective in removing the high
energy H• and OH• radicals which feed the flame phase of the fire. By these mechanisms
the flame suppressing effect of the halogenated flame retardants is reinforced.
1.2.3

Nitrogen flame retardants

As Horacek and Grabner (49) explicated nitrogen flame retardants are not the most
important flame retardant compounds yet, but they become increasingly interesting
especially in conjunction with other flame retardants, often phosphorous based FR. They
show several effects during burning processes. The formation of cross-linked molecular
structures in the treated material is relatively stable at high temperatures, which physically
inhibits the decomposition of materials to flammable gases. Another effect is the release of
nitrogen gas which dilutes the flammable gases and thus reduces flames. Important
melamine-based products are melamine, melamine phosphate and melamine cyanurate
(Scheme 1) which are mainly used for synthetic polymers such as polyurethane and
polyamides in furniture and building foams.
Advantages of these flame retardants compared to halogenated compounds are their low
toxicity, their solid state under standard conditions and, in case of fire, the absence of
dioxines and halogen acids as combustion (by-) products as well as their low production of
smoke.
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Scheme 1: Nitrogen flame retardants

1.2.4

Phosphorous flame retardants

Phosphorous containing compounds are widely used as flame retardants for thermoplastics,
paper, coatings, mastics and textiles which make them particularly interesting for this
work. They influence the burning process mainly in the solid phase of materials.
Most of the processes developed for cellulose are based on achieving a permanent
reduction of combustibility by applying organic phosphorous flame retardants on the fibres
in the presence of nitrogen containing compounds (see as well 1.2.5).
As Lewin and Weil (39) explicate at high temperatures the phosphorous compounds react to
give a polymeric form of phosphoric acid, inducing endothermic dehydration reactions.
This causes the material to char, forming a glassy layer. The process inhibits the usual
pyrolysis process which is otherwise feeding the flames.
Therefore, char, rather than combustible gas, is formed and thus the amount of fuel
produced is significantly diminished. This intumescent char plays a particular role in the
flame retardant process, because it acts as a two way barrier, both hindering the passage of
the combustible gases and molten polymer towards the flame, and shielding the polymer
form the heat of the flame. Additionally the amount of fuel available for the fire is reduced.
Even if a lot of research to understand the char formation of flame retardant cellulose was
done in the last years, the mechanism is still not fully understood. If cellulose is exposed to
heat, it starts to pyrolyze forming levoglucosan which will generate flammable gases
(Scheme 2).
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Scheme 2: Proposed mechanism of phosphorous flame retardants on cellulose

(50)

It is assumed that by heating phosphorous flame retardant finished cellulose, the flame
retardant releases polyphosphoric acid which phosphorylates the C(6) hydroxyl groups and
simultaneously acts as an acid catalyst for dehydration of the same units. This reaction
prevents the formation of levoglucosan, therefore of flammable volatiles and the acid
catalyzed dehydration promotes the char formation. (50)
This proposed mechanism of phosphorous containing flame retardants explains only their
solid-phase interaction. In order to replace the halogenated flame retardants, more research
was done to analyse any interaction of phosphorous flame retardant in the gas phase.
Horrocks et al. (5) focused on the need for vapour–phase activity. They analysed volatile
phosphorous containing flame retardants including tributyl phosphate (TBP), a monomeric
cyclic phosphonate (Antiblaze CU, Rhodia Specialites) and the oligomeric phosphatephosphonate Fyrol 51. By combining these FR with an intumescent char-forming
pentaerythritol derivative and applying them as a back-coating on cotton they reached
significant improvements in the overall flame retardancy. By analysing the LOI and the
char residue they determined differences in the phosphorus content of the remaining char
and gave conclusions about the main activity of phosphorous flame retardants. High LOI
and high residue values coupled with low phosphorus loss (∆P’ values) indicate condensed
phase activity, whereas high LOI and phosphorus loss but low residue values suggest
predominantly vapour phase activity. More research about the vapour phase activity of
phosphorous flame retardants was done by Rohringer et al. (51), who proposed that the
relatively superior flame retarding efficiency of Tetrakis(hydroxymethyl)phosphonium
chloride (THPC) based flame retardants applied to PES-CO blends can be explained with
the evolution of volatile phosphines oxides. It acts in the vapour phase and retard the
burning of the PES component. Wiles et al. (52) worked on PES and provided evidence that
the flame retardant efficiency of now-banned tris (2,3-dibromopropyl) phosphate (`tris´) is
as well a consequence of phosphorous species acting in the vapour phase. Using
spectroscopic and high pressure sampling mass spectrometry Hastie and Bonnel (53) studied
possible flame inhibition effects of a number of phosphorous-containing compounds
including trimethyl phosphate, phosphoryl chloride and triphenylphosphine oxide. These
were mixed with propane and methane fuels to observe their respective effects on flame
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behaviour. After placing these mixtures in flames burning in air, flame inhibition was
noted, although in premixed flames (with air), some P-containing additives could increase
flame strength. A possible explanation of this unexpected finding was presented in the
paper.
Different phosphorous containing flame retardants can be either mixed into plastics and
physically bound in the material during curing processes or built in as co-monomers into
the polymers during polymerisation.
A wide range of different phosphorous based flame retardants are on the market. The most
important product lines are given in Figure 2.

tetrakis hydroxy methyl
phosphonium chloride THPC

tris-aziridinyl phosphine oxide
(APC)

phosphor nitrile chloride polymers
(PNC)

Figure 2: Different phosphorous based flame retardants (54)

Tetrakis(hydroxymethyl)phosphonium chloride (THPC) is a phosphonium salt with the
chemical formula [(CH2OH)4P]Cl. THPC is used in industrial applications as precursor to
fire-retardant materials.
THPC has industrial importance in the production of crease-resistant and flame-retardant
finishes on cotton textiles and other cellulosic fabrics. A flame-retardant finish can be
prepared from THPC by the ”Proban Process”, in which THPC is treated with urea. The
urea condenses with the hydroxymethyl groups on THPC. The phosphonium structure is
converted to phosphine oxide as the result of this reaction.
[P(CH2OH)4]Cl + NH2CONH2 → (CH2OH)2POCH2NHCONH2 + HCl

(8)

+ HCHO + H2 + H2O
This reaction proceeds rapidly, forming insoluble high molecular weight polymers. The
resulting product is applied to the fabrics in a “pad-dry process”. In the next step this
material is treated with ammonia and ammonia hydroxide to produce flame-retardant
fibres. THPC can condense with many other types of monomers in addition to urea. These
monomers include amines, phenols, and polybasic acids and anhydrides.
Gaan et al. (55) analysed the thermal decomposition and burning behaviour of cotton treated
with different phosphoramidates and confirmed the P-N synergistic effect. It was discussed
that it based on the increased nucleophilicity of the phosphoryl oxygen atom. By surface
chemical investigations of burnt cellulose treated with different phosphoramidates
Rupper (56) could demonstrate that a phosphorous binding via C-O-P to the carbon atom of
burnt cotton is generated. In case of more efficient FRs most of the phosphorus, present on
the char surface, was part of a C-O-P binding, which confirmed an efficient char forming
process.
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It has been shown by Tsafack (57), that DEAEPN and bis DEAEPN are qualified as flame
retardants for cotton (Figure 3). For the application of the flame retardant polymer onto the
cotton fibres the plasma induced graft-polymerization process (PIGP) was used. It was
demonstrated that especially DEAEPN is easy to polymerise under these conditions and
showed good durability.

diethyl (acryloyloxy) ethyl phosphoramidate
DEAEPN

acryloyloxy-1,3-Bis(diethylphosphoramidate)propan: bisDEAEPN

Figure 3: Different flame retardant phosphoramidates

The good flame retardant properties of the phosphoramidates compared to acrylate
phosphates or acrylate phosphonates could be attributed to the presence of nitrogen which
causes synergistic enhancement in the efficiency of phosphorous containing flame
retardants.
Independent on the treatment method and the type of phosphorous flame retardant a
minimum content of 3% wof phosphorus has to be added to obtain safe flame retardant
properties, represented by LOI values around 27.
1.2.5

Synergistic effects of nitrogen-phosphorous flame retardants

In addition to Tsafack there are other authors who discussed the synergistic effect of
nitrogen in phosphorous flame retardants. Already 1967 Tesoro (58) tried to reduce the
necessary amount of phosphorous flame retardant by utilising the synergistic effect of
nitrogen compounds. Jones et al. (59) postulated that the presence of nitrogen is an
important factor to obtain satisfactory flame retardant properties on cotton fabrics. To
determine the role of nitrogen for the flame retardant effectiveness, a group of new
phosphonates of varying nitrogen content but similar molecular weight were compared.
Analysis of cotton fibres treated with this group of related compounds showed that their
flame retardant effectiveness increases with increasing nitrogen content. This synergistic
effect of nitrogen on flame retardant properties could be confirmed by further studies on
cotton with various N/P ratios. (60) (61) Willard and Wondra (62) analysed the synergistic
effect by LOI measurement (chapter 1.6.1). For the flame-retardant treatments with
Pyrovatex/TMM and Pyroset CP the LOI increased linearly as a function of nitrogen
content at fixed phosphorous levels. The synergistic effect of nitrogen with regard to
phosphorus content was determined by an increasing slope at higher amounts of
phosphorus. The relationship of the logarithm of the nitrogen/phosphorus atom ratios to
phosphorus contents at fixed LOI levels provided a route to quantitatively measure the
effectiveness of a specific chemical system in reducing the flammability. The reduction of
flammability was shown to depend on increasing values of nitrogen and/or phosphorus.
But the synergistic effect did not pre-dominate at a specific N/P atom ratio.
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Little (63) pointed out that a combination of urea and phosphoric acid used in pad-cure
process where phosphorylation takes place produced greater flame resistance on cotton
fibres at a lower loading than either phosphoric acid or urea used alone. Based on that,
Wilson et al. (64) analysed the effectiveness of different N/P ratios and observed that
nitrogen contributes most efficiently to phosphorous-containing flame retardants when it is
present in low concentrations relative to phosphorus. They determined that all flame
retardants examined decrease in effectiveness per unit weight of retardant as the loading of
retardant is increased, thus the first 5% of flame retardant added to a fabric is more
efficient than the second or third 5%. Bakos et al. (65) worked on cotton modified with
methylol bis phosphono propionamide and subsequently hydrolysed by acid. They
proposed a simplified theory of nitrogen-phosphorus synergism and showed that nitrogen
compounds promote phosphorylation. They discussed the substantial influence of the way
nitrogen is bound in the structure of the flame retardant caused by the mode of the
decomposition of the nitrogen during hydrolysis and thermolysis, both leading to the
formation of amino groups bonded on cellulose. This could be important, especially with
respect to the effect of liquid phase reactions during combustion.
1.2.6

Pyrolysis of cellulose and char formation

Horrocks et al. (66) studied the pyrolysis process of cellulose and the char formation using
different flame retardants. Their research work confirms a competition between volatile
and char formation. They propose the pyrolysis of cellulose to happen in a three stage
process which depends on both temperature and the exact nature of the flame retardant
present (Figure 4). Stage I shows the well established competing mechanisms of char
formation and volatilisation within the temperature range 300 – 400 °C. Stage II, within
the range 400 – 600 °C, shows a competition between char oxidation and conversion of
aliphatic char to an aromatic form. Within this range volatiles from Stage I are as well
oxidised to yield similar products to those formed from char oxidation and aromatisation.
During the higher temperature (600 – 800 °C) some char decomposition to acetylene
occurs. Above 800 °C (Stage III) complete combustion of all remaining carbonaceous
species to CO and CO2 takes place.
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Char I

Stage I

aliphatic

Cellulose

Cell*
300-400°C

Volatiles

Oxidised char + CO, CO2

Stage II
Char I
(aliphatic)

Char II + CO, CO2, CH4, H2O

400-600°C

Stage III

aromatic

Volatiles

CO, CO2, CH4, H20

Char II
600-800°C

C2H2

CH4, C2H4, Char
800-900°C

O2
800°C

CO + CO2
O2/900°C
CO2

Figure 4: Pyrolysis of cellulose and char formation (66)

1.3 Cold plasma technique for textile finishing
Cold plasma technologies have found extensive application in material processing over
30 years and they are widely used in the manufacture of semiconductors, magnetic media
and special glasses as well as for metal coating. The special feature of plasma treatments is
related to their ability to change the surface properties of a material by physical or
chemical modification of its most external layer (≤ 1 µm), without changing its bulk
characteristics. (67)
Textile finishing processes usually involve high energy consumption and large amounts of
chemical substances, which are frequently toxic or noxious. In addition, they may consume
large amounts of solvents and produce liquid and gaseous effluents requiring expensive
treatment. Considering that the functionality of textiles is mainly determined by their
surface properties, the application of cold plasma processes in the textile industry is very
attractive as Morent et al. reported. (68) Plasma-processes are “dry” and therefore a perfect
alternative treatment to “old fashion” finishing processes, where large volumes of water
are necessary, requiring effluent treatment before being discharged into the environment
which is sometimes damaged by the effluents. The amount of chemicals required is very
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limited. In many cases the expected results are obtainable simply by operating the plasma
process with gases like air, nitrogen, oxygen or others. Other advantages are the rapidity,
the versatility and the possibility to work at room temperature, limiting the amount of
energy necessary, which would be used in a “wet process” for heating water in order to
induce chemical reactions. All kinds of textiles can be treated, even such delicate natural
fibres like silk (37). These advantages have evoked a growing interest in research groups
and industry alike for the application of plasma technology in textile finishing of wool (69)
(70)
, silk, cotton (71)-(73), regenerated cellulose (74) as well as synthetics like polyamide (75),
polyester (76)-(78) and polypropylene (79) since the early 1980s.
However, plasma has not yet established itself as standard technology in the textile
industry as it has in other industrial sectors. But the growing concern of consumers and
public authorities for environment and health issues, as well as the increasing demand for
high-performance textiles and the growth in the technical textiles sector (building, geotextiles, medical uses, etc.) has renewed interest in these technologies.
Nowadays plasma treatments are used in specific textile market niches, but a growing
interest by the textile industry due to the aforementioned advantages can be identified.
1.3.1

Definition of plasma

In physics and chemistry plasma is a material similar to a gas in which a certain portion of
the species carry a charge.
Plasma was first described by Sir William Crookes in a so called “Crooks tube” in 1879
(he called it "radiant matter"). (80) The term plasma traces back to Irving Langmuir
1928. (81)
The coupling of electromagnetic power into a process gas volume generates the plasma
medium encompassing a dynamic mix of ions, electrons, neutrons, photons, free radicals,
meta-stable excited species and molecular and polymeric fragments. Plasmas are generally
classified as thermal (hot) or non-thermal (cold). Hot plasmas are characterised by a
condition of thermal equilibrium between all the different species contained in the gas. If
the gas density is high, the frequency of collisions between electrons, ions and neutral
species composing the plasma makes an efficient energy exchange possible. Temperatures
of several thousand degrees can be reached in hot plasma, which excludes this treatment
for textiles. Cold plasmas are produced at room temperature or little above. In this case,
electrons acquire higher energies than ions and molecules. Their energy range is between
0.1 and some electron volts. Due to the low density of the gas, collisions with the other
species are relatively rare and thermal equilibrium is not reached. The bulk gas temperature
is comparable to room temperature. The collision of electrons with neutral species
produces additional electrons and ions. The low operating temperature allows treatments of
any textiles, even delicate ones without problems. (82)
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1.3.2

Cold plasma textile treatments

Cold plasmas have a very complex non-equilibrium nature. As a consequence of this a
multiplicity of very different phenomena can occur depending on the nature of the gas and
the operating conditions as Figure 5 shows.
Gas
PLASMA
Ionisations

Dissociations

Excitation

Electrons
Positive ions

Negative ions

Radicals

Molecules

Diffusion

Light

Radiation

Deposition
Grafting
Etching

Activation

Figure 5: Cold plasma process (67)

In the textile industry 4 different plasma processes are of interest:







Cleaning or etching: For cleaning or etching processes either an inert gas (Ar,
He), nitrogen or oxygen plasmas are used. By bombarding the substrate with
plasma species a breakdown of covalent bonds occurs and detachment of low
molecular weight species (ablation) takes place. Contaminates or even thin layers
of the substrates are removed which results in a “clean” surface, modification of the
surface area or controlled reduction of weight of the exposed substrate.
Activation: Interaction with plasma may induce the formation of active sites on the
polymer surface, for example radicals or other active groups, such as hydroxyl,
carboxyl or amine groups. These can give rise to chemical reactions not typical of
the untreated material, or with substances brought in contact with the material after
plasma processing.
Grafting: Radical species present in the plasma may be directly grafted onto a
polymer surface.
Polymerisation: A process known as plasma-enhanced chemical vapour
decomposition (PECVD) can occur by using specific molecules. Activated in the
plasma these molecules may react with themselves forming a polymer directly on
the surface of the substrate. Depending on the different experimental conditions,
chemically unique, nanometric polymeric coatings are obtained. Properties of
textile fibres can be dramatically modified by this treatment.
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In plasma treatments all these phenomena are limited to the most external layer of the
substrate including normally a depth of 10 – 100 nm. However it has to be mentioned that
in addition ultraviolet (UV) or vacuum ultraviolet (VUV) radiation (wavelength < 200 nm)
is an important component of plasma. This can give rise to a variety of photochemical
interactions with the substrate, like bond breakage and formation of free radical.(67)
Table 1.1: Properties of textile materials that can be modified by plasma treatments (67) (68)

Property
Wettability
Hydrophobicity
Dye ability
Flame retardancy
Softness
Wrinkle resistance
Antistaticity
Adhesiveness
Antibacterial, antimicotic
Bleaching
Antifelting

Material
Synthetic fibres
Cellulosic fibres, wool, silk,
PET
Synthetic fibres, wool, silk,
cellulosic fibres
Cellulosic fibres, synthetic
fibres
Cellulosic fibres
Wool, silk, cellulosic fibres
Synthetic fibres
Synthetic, cellulosic fibres
Synthetic fibres, cellulosic
fibres
Wool
Wool

Treatment
O2, air, NH3, CO2, N2
Fluorocarbons, SF6,
siloxanes
O2, air, N2, Ar, SF6, acrylate
Phosphorus compounds
O2
N2, siloxanes
Chloromethyl silanes,
acrylates
Air, O2, N2, Ar, acrylates
Silver, fluorocarbons
O2
O2, air

Plasma treatments can easily modify fibres surfaces and consequently change their
properties. The most important modifications of textile properties done by plasma
treatments are shown in Table 1.1.

1.4 Plasma induced graft polymerisation (PIGP) Process
1.4.1

Surface grafting techniques

As Abidi (83) discussed surface grafting of textiles is very important since new or improved
functional properties can be obtained. Four techniques are used to achieve surface grafting
of textiles.





Chemical graft polymerisation (involves the use of initiators)
Radiation-induced grafting (involves the use of high-energy radiation)
Plasma-induced grafting (involves the use of either radiofrequency or microwave
plasma)
Light-induced grafting (involves using a source of ultraviolet radiation)
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In all these different techniques free radical sites are created within the macromolecules of
the textiles. The activated textiles are impregnated with a grafting solution containing vinyl
monomers. The radical sites can then be used as initiators for a following copolymerisation
reaction with the vinyl monomers. The grafting efficiency is influenced by treatment
parameters like concentration of the monomer, the treatment time, or the concentration of
the catalysts as well as the dose of radiation. All these parameters have to be tuned to
optimise the yield of grafting.
1.4.2

Plasma Induced Grafting

In plasma grafting processes the plasma is employed only to activate the surface of a
material. (84) In a separate process a polymer for instance will be grafted on the surface,
initiated by heating, UV or γ radiation.
Although plasma grafting on textiles is still only in its infancy several advantages of this
technique lead to increase its interest. Since the plasma treatment is a surface activation
without affecting the bulk desirable structural characteristics of the textiles are maintained.
Furthermore no toxic wastes (like catalysts) are generated and the treatment is ecological
and economical. As a lot of literature (68)confirms this technology has the potential to
become the technology of choice for surface modification and grafting. Gawish (85) and
Wafa et al. (86) studied the influence of atmospheric plasma on polypropylene (PP) fabrics.
After the exposure of the PP fabrics to plasma to activate the fibres surface glycidyl
methacrylate or cyclodextrin as well as antimicrobial and insect-repelling inclusion agents
were graft copolymerised onto the fibres. The treatment resulted in antimicrobial or insectrepellent and antistatic PP fabrics. Gawish et al. (87) further worked on polyamide 6.6
(PA 6.6) and modified the fibres by atmospheric pressure plasma. After surface activation
by oxidative atmospheric pressure plasma glycidyl methacrylate were copolymerised on
the surface of the fibres and further reacted with triethylene tetramine, quaternary
ammonium chitosan or ß-cyclodextrin. The functionalised PA 6.6 could further be
modified by inclosing insect repellent agent into the cavity of cyclodextrin. Other
modification on PA 6.6 improved the moisture regain and the antistatic properties of this
synthetic fibre. (88) Saxena et al. (84) (89) worked on the functionalization of PP
monofilaments. They used oxygen plasma to activate the fibres surface and introduced
carboxyl groups by grafting acrylic acid onto the filaments surface. Similar to that Gupta et
al. (90) used the plasma to graft acrylic acid onto poly (ethylene terephthalate)
monofilaments. Öktem (91) compared in situ plasma and argon post-plasma graft
polymerisation of acrylic acid onto polyester fibres to improve the wettability. Next to the
functionalisation of synthetic fibres plasma grafting is as well promising to modify natural
fibres. Zubaidi and Hirotsu (34) grafted 2-hydroxyethyl methacrylate onto the surface of
cotton and synthetic cellulose fibres and analysed that natural cellulose fibres are more
reactive than cellulose acetate. As already mentioned Abidi and Hequet (92) studied the
activation of cotton fibres generated by the use of O2, N2 and Ar plasma. Further grafting
copolymerisation of vinyl laurate monomers onto the surface of the fibres hydrophobic
cellulose textiles were obtained. (36)
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1.4.3

Plasma Polymerisation

In literature two types of plasma polymerisation have been described. The first is the
plasma state polymerisation where electrons and other reactive species hold enough energy
to break any bond. In such a polymerisation any organic compound can be used. (93) In
plasma induced polymerisation the plasma of an organic vapour or an inert gas initiates the
polymerisation at the surface of liquid or solid monomers. For this kind of polymerisation
the monomer have to contain polymerisable functional groups like double bonds, triple
bonds or cyclic structures. Clark et al. (94) (95) described 1975 a concept of direct
(corresponding to the active species bombardment on the polymer surface) and indirect
(corresponding to the UV-visible radiation absorption by the polymer) energy transfer for
cold plasma modifications of polymers. Hochart et al. (96) polymerised 1,1,2,2tetrahydropherfluorodecyl acrylate and methacrylate by using a low pressure Microwave
plasma process and copolymerised fluorinated and hydrogenated (meth) acrylates They
studied the plasma-induced polymerisation of the monomers as a function of several
parameters like chemical structure of the monomer, film thickness, gas nature, pressure,
discharge power, polymerisation with or without initiator etc. (97)
1.4.4

Plasma Induced Graft Polymerisation

After the successful Ar plasma polymerisation of fluorinated monomers to homo- and
copolymers Hochart et al. (98) (99) worked on the grafting of these fluorinated polymers onto
polyacrylonitrile fibres. Similar to other grafting methods initiated by plasma the surface of
the fibres were first activated in Ar plasma. The activated textile was than immersed in a
solution containing the fluorinated monomers, initiator and various amounts of a crosslinking agent followed by another Ar plasma treatment to induce the polymerisation. By
modifying the plasma set-up Hochart could develop a new technology which induces
simultaneously the grafting and the polymerisation of monomers in one step. Plasma
processes with activation of the surface and simultaneous grafting and polymerisation of a
non-volatile monomer are called plasma induced graft polymerisation (PIGP). By the
activation of the PAN surface covalent bonding between the textile and the growing
polymer using crosslinking agents could increase the wash fastness of those treatments.
T

3 Washing
1 Impregnation in
solution of M

T+M

2. Ar plasma

TgP
4. Drying

Figure 6: Experimental procedure for the Ar plasma-induced graft-polymerisation of monomers (M) on textiles (T)

As Tsafack showed (7) (38) the plasma induced graft polymerization is a perfect method to
graft thin polymer-films of phosphorus compounds on the surface of fibres to add flame
retardant properties to textile material (Figure 6). The textile is first immersed in a solution
containing the monomer, initiator and eventually a crosslinking agent and dried afterwards.
The textile afflicted with monomer is treated in argon plasma to activate the fibres and
polymerise the monomers directly onto the surface. A post-washing process is done to get
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rid of all remaining monomers or oligomers and washed after a drying process textile is
functionalised by a thin polymeric layer covering the surface. Tsafack described that using
an initiator like Irgacure 819 (CIBA) the polymerisation in Ar plasma was enhanced.
Amongst other things the yield of grafting is dependent on the structure of the monomer
respectively the polymerisable function, the concentration of the solution, the duration
time, the addition of crosslinking agent and the plasma parameters. Further studies on
flame retardancy of cotton textiles demonstrated that the PIGP is as well qualified to
functionalise natural fibres by grafting thin films on the surface. The PIGP is a method of
considerable practical interest. Even multifunctional surfaces can be obtained as Tsafack
demonstrated by combining flame retardant and hydrophobic finishing on cotton
textiles. (8) Different approaches using the plasma induced graft polymerisation were
studied and analysed. The first method was a flame retardant finishing treatment by PIGP
of the cotton textiles as described before followed by a second PIGP process to graft the
fluorinated acrylate onto the FR layer. Both functionalities did not influence one another.
Another possibility is a post CF4 plasma treatment of the FR finished cotton to
functionalise the surface with flour. This method was not as effective as the postpolymerisation of fluorinated monomers. The last approach was a copolymerisation of the
flame retardant monomers and the fluorinated water repellent monomers in a single step
treatment. Kamlagkla et al. (37)worked on multifunctional silk fabrics and used the PIGP to
graft a flame retardant polymeric layer onto silk according to the treatment parameters
described by Tsafack for PAN and cotton. The hydrophobicity was achieved by a second
process using SF6 plasma. The flame retardant finishing on silk showed good durability
against washing whereas the water repellent property was lost after washing. Meanwhile
some more investigations on PIGP were performed and other applications tested. (100) (101)

1.5 Cellulose fibres
The oldest discovery of cotton textile are dated around 5800 B.C. Relics of cotton capsule
and textile were found in a cave near Tehuacán in Mexico. (102) To this day the natural
cotton fibres are very important for the textile industry as the following data shows:
Table 1.2: Fibre production per year 2009 (103)

2009
Production/a[1.000 t]

PES
PA
32.000 3.300

PAC
1.950

PP
5.800

CV/CMD CO
WO
3.500
22.000 1.200

2009/2008 [±%]

+3

+5.1

-5

+8.6

-8.1

-5.9

-2

The cotton production was decreasing compared to 2008. The reason for that decrease is
amongst others the reduction of acreage and poor average harvest. For 2010 an increased is
forecasted (up to 25.2 mill t). Cotton is by far the most important natural fibre. Compared
to other fibres the cotton has the highest production behind PES and dominates next to this
synthetic fibre the textile industry. (103) Cotton is used for clothes, furniture, curtains and
technical purposes. Cotton may regain its former position as the most important fibre in
case that many very promising developments in the genetic engineering of this fibre will
get reality. (104) Regenerated cellulose is not as common as cotton but based on the
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environmental discussion these fibres are getting more and more important as renewable
primary products. (105)
1.5.1

Cotton fibres

Cotton fibres are the seed hair of plants in the Gossypium botanical genus of the mallow
family. After the flowering the ovary located in the calyx develops into an elongated
capsule which bursts open to allow its seed hairs to billow out. The seed hairs support the
spreading of the seeds by wind. In one capsule around thirty seeds grow and each seed is
host to 2000 to 7000 seed hairs. Only seeds with long fibres are important for the fibre
industry, and this property was enhanced by breeding efforts. The growth can be separated
in two phases, linear growth and increase in diameter. While growing in length direction
the fibre is just a thin walled flexible tube filled with plasma (biol.) enclosed by a
membrane called primary wall. In the following formation of the so called secondary wall
the growth in thickness occurs from the outside to the inside starting from the primary wall
as Kassenbeck was able to show. (106) Growth layers are formed by precipitation of
cellulose in day and night cycles. The fibre is alive until the capsule bursts. During the
successive drying-out process the cylindrical fibre collapses back upon itself and becomes
the typical twisted fibre (Figure 7). Between the layers of the secondary wall different
states of stress are influencing the drying process and twisting the fibre in different
directions. This twisting is called fibre convolution and is an important aspect of the fibre
quality because it is an indicator of the degree of maturity. (102) On the inside a tertiary wall
is separating the so called lumen.
Raw cotton is classified by the fibre length (which is as well called staple length),
uniformity, fineness, colour, cleanliness, handle strength and elasticity. The staple length
varies between 18 – 42 mm.
Quality criteria for cotton are the staple length and length distribution, including
uniformity of length and percentage of short fibre, next to the strength, trash content,
fineness, maturity index and distribution, including “dead” fibres. The fineness is given in
the micronaire value, a dimensionless number. The principle of the micronaire
measurement is based on the resistance which a loose fibres stock offers to a defined air
stream. Furthermore important quality criteria are the colour of the fibres (graded as
“white”, “creamy”, “light spotted”, “spotted”, “light grey”), any neps depending on size
and distribution, the fibre convolution as mentioned before, the stickiness (mainly caused
by honeydew) the fibre friction, elasticity, modulus and breaking strength and at last bulk
and crimp. A nep can be defined as a small knot (or cluster) of entangled fibres consisting
either entirely of fibres (i.e. a fibre nep) or of foreign matter (e.g. a seed-coat fragment)
entangled with fibres. In contrast to the loose arrangement of a worsted nep, a cotton nep
generally has a tight formation.
1.5.2

Cotton fibres fine structure

To understand finishing processes on cotton fibres it is important to know the fine structure
of cotton, which is still not completely known. However, a lot of research was done and an
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approximated model is presented here to try to explain the most important properties of
this fibre.(102)
Cotton is mainly composed of cellulose (82 – 89%), absorbed water (7 – 10%), pectin
(0.6 – 1.1%), proteins (1.0 – 1.8%), organic acids (0.5 – 0.9%) and other compounds (1%).

Figure 7: SEM of cotton fibre

Scheme 3: Cellulose formula of cotton fibres

The basic substance of cotton is the molecular chain of cellulose which is stretched. The
parallel lying cellulose molecules stabilise themselves through inter- and intra molecular
hydroxyl bonds. According to Fengel the chain pairs are arranged counter to each other in
the cellulose grid.(106)
100 of the cellulose polymer chains form an elemental fibril. In the supra- molecular
construction, the elementary fibrils (3.5 nm Ø) organise themselves into microfibrils (200 –
300 nm Ø) which build a macrofibrile (400 nm Ø). The inter-fibrillary spaces of 5 – 10 nm
width are filled with lingnin as “cement”. In the intermicellar spaces of 1 nm, located
between the elementary fibrils, H2O but no dyes can penetrate, which explains the high
moisture adsorption of cotton fibres and underline the importance of standard climate for
experiments with cellulose fibres.

elemental fibril
fibril skein
macro fibril

micro fibril

100 polymer chains

20 elemental fibrils

250 micro fibrils
60 macro fibrils

Figure 9: Schematic model of cotton fibres (107)

Figure 8: Macro molecular structure of cotton

Analogue to all fibre polymers cotton shows crystalline and amorphous regions next to
transition regions. (108) High quality cotton is composed of 2/3 crystalline and 1/3
amorphous regions and all finishing processes take place in the amorphous regions. Of
primary interest for finishing technologies is the intermicellar hollow space (pores) of
textiles. Adsorption methods like nitrogen adsorption, mercury porosimetry or x-ray small
angle dispersion are possible investigation techniques to obtain a quantitative description
of textiles pore size. The so called pore width of cellulose fibres is around 0.6 nm in the
dry state with a few larger pores up to 5.13 nm in diameter and approximately 100 nm in
length. In the water swollen state these pore widths increase up to 4-6 nm.(109)-(110)(111) In
chapter 6.1 about dyeing mechanisms a widely used model of the macro-molecular
structure (so called pore model) of fibres is presented, helping to understand finishing
processes for cotton fibres.
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Additional properties of cotton are given in the experimental part (chapter 8.3.1).
1.5.3 Regenerated cellulose
Regenerated cellulose fibres like viscose (CV) and modal (CMD) are made from the
renewable raw material “cellulose” and can only be wet-spun as filaments in precipitation
baths with the aid of special solvents. In the work which is presented here regenerated
cellulose is used to analyse any effects of the super-molecular structure of the fibres on the
treatment yield and the flame retardant property. The differences between cotton, viscose
and modal are based on their different physical structures, i.e. the fine structure of the
different types of fibres.
The fine structure of fibres is determined by the way they are bundled into crystalline and
amorphous zones. Each fibre has highly ordered crystalline zones, non-crystalline
amorphous and semi-amorphous zones. The non crystalline chains of regenerated cellulose
are significantly more disordered compared to cotton, because the fibres are spun and
crystallised out of solution.

Figure 10: SEM of regenerated Cellulose: CV fibre

Figure 11: SEM of regenerated Cellulose: CMD fibre

The disadvantage of viscose is the reduced tensile strength in the wet state based on 70%
amorphous zones compared to cotton (30% amorphous). The wet modulus, which
describes the intensity of fibres stretches under a given load, is very low. By modification
of the spinning parameters HWM (high wet modulus) type fibres with higher tensile
strengths compared to viscose are obtained. The regenerated modal fibres represent a
special case in comparison to conventional viscose. The following table describes the most
characteristic differences of the different cellulose fibres used in this research project:
Table 1.3: Comparison of cellulose fibres

Average degree of polymerisation
Degree of orientation
Amorphous/crystalline zones

Cotton CO
1000 – 2000
50 – 60%
30/70

Viscose CV
180 – 280
30 – 40%
70/30

Modal CMD
250 – 380
40 – 60%
60/40

Flame retardant viscose fibres can be produced in the cellulose xanthate by adding
phosphorous compounds as well as graft polymers to the solution which means that the
finishing process can be saved. In addition the incorporation of the flame retardant during
fibres production ensures high fastness properties.
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Scheme 4: Core spun flame retardants for regenerated cellulose (112)

The comparison of the PIGP treatment for native cotton fibres and regenerated fibres is of
interest. Obviously the role of the fine structure and fibre morphology for the treatment can
be studied by such a comparison. The primary structure of the fibre polymer (cellulose) is
the same.

1.6 Characterisation of flame retardant properties
1.6.1

Limited Oxygen Index (LOI)

The LOI is a standard value for the characterisation of combustion properties. The method
itself was devised by General Electric for testing the combustion behaviour of polymers
and textiles. The LOI value represents the minimum concentration of oxygen mixed with
nitrogen at which a textile sample burns during 3 min over a length of 80 mm.
The measurements of LOI are conducted according to ASTM D-2863-76. For a
measurement a standardised sample (placed in standard climate, 65±2% humidity;
20±2 °C; 24 hr) is stretched within a special frame (40 x 100 mm) and suspended in an
oxygen-nitrogen mixture. The test frame is placed in the testing column and the oxygen
concentration is then set. The gas mixture is blown through the column for 30 seconds at a
velocity of 4±1 cm/s at 760 bar. The sample is ignited with a standard burner and a 25 mm
propane/butane flame from the top downwards. In the norm the contact time between
flame and the environmentally conditioned textile fabric sample is not determined but for
all measurements in this work set to 3 seconds. The minimum amount of oxygen which
supports burning over a period of 3 minutes, or the burning of a 5 mm length of the sample
is determined and can be read off from a scale. The LOI is determined primarily by the
type of fibre and only to a small extent by the apparent fabric density or pore volume. A
good flame retardant property is reached if the LOI is higher than 27, because those
materials will not burn in air any more. For untreated cellulose fabrics the LOI is around
19. (106)
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1.6.2

Burning rate

The burning time of a sample can be determined by the OI measurement with a
chronometer. The burning rate BR can be calculated by the burning time and length.
[mm/s]

1.6.3

lb = length of burning
tb = time of burning

(9)

Pyrolysis combustion flow calorimetry

The pyrolysis combustion flow calorimetry (as well called microscale combustion
calorimetry) is nicely explained by Lyon et al (113) (114) as a method to characterise the
flammability by measuring the heat release rate of milligram-sized samples. PCFC
separately reproduces the solid-state and gas phase processes of flaming combustion in a
non-flaming test by rapid controlled pyrolysis of the sample in an inert gas stream followed
by high-temperature oxidation (combustion) of the pyrolysate in excess oxygen. The rate at
which combustion heat is released per unit time in a fire or PCFC is limited by the fuel
generation rate of the thermally decomposing solid. Therefore the heat release rate is
proportional to the mass generation rate of the volatile fuel, respectively the mass loss rate
of the solid. The rate at which the sample releases its heat of combustion is calculated from
the oxygen consumption history. The heat of combustion is obtained from the time integral
of the heat release rate.
The heat release capacity (HRC) is the maximum value of the specific heat released rate
(HRR) divided by the heating rate. HRC (J g−1 °C−1) is a material property that appears to
be a good predictor of flammability. The total heat release rate (THRR) is the time integral
of the entire duration of the experiment. The heat release temperature is the sample
temperature at the specific heat release rate. The residual mass respectively char yield is
calculated on weighing measurements before and after the heating process.
1.6.4

Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a type of testing that is performed on samples to determine
changes in weight in relation to change in temperature dependent on time. The sample is
placed in a temperature-stable crucible and heated in a special oven. The sample holder is
coupled to a micro-balance, which registers the weight change during the heating process.
The analysis relies on a high degree of precision in three measured variables: weight,
temperature and temperature change. A derivative weight loss curve can be used to
determine the point at which weight loss is most apparent (DTG). TGA is employed in
research and testing to determine characteristics of material and degradation temperature.
The flame retardant coatings on fibres do change their thermal characteristic, which can be
studied by thermogravimetric analysis.
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1.7 Surface characterisation
1.7.1

X-ray photoelectron spectroscopy (XPS)

XPS spectra are obtained by irradiating a material with a beam of X-rays while
simultaneously measuring the kinetic energy and number of electrons that escape from the
top 1 to 10 nm of the material being analysed. XPS requires ultra high vacuum (UHV)
conditions. The binding energy (BE) of a core electron in an atom can be measured. It is
possible to obtain the chemical composition of any grafted polymer surface up to about
10 nm depth. The information available from the technique includes semi quantitative
elemental analysis of the surface (% of elements, except H), chemical environment around
the probed atom and some structural analysis. (115)
1.7.2

Scanning Electron Microscopy (SEM)

A scanning electron microscope is a type of electron microscope that images the sample
surface by scanning it with a high-energy beam of electrons in a raster scan pattern. The
electrons interact with the atoms that make up the sample producing signals that contain
information about the sample's surface topography. (116) By SEM images surfaces of fibres
can be characterised and treated and untreated cotton surfaces compared. Very important
for this work was the characterisation of the remaining char of flame retardant textiles after
the burning process.

49

2

New phosphoramidates
as flame retardants

51

2 New phosphoramidates as flame retardants

Organophosphorus monomers are well known for their flame retardant properties. In
previous studies of our group it could be demonstrated that the PIGP is a promising
technique to apply phosphorous FR polymers on the surface of textiles. Using the PIGP
Tsafack (117) discussed the flame retardant properties of compounds which contained a
polymerisable acrylate unit bound to phosphates, phosphonates or phosphoramidates for
cotton. She concluded that the phosphoramidates had the highest efficiency. The good
flame retardant properties of those flame retardant monomers were attributed to the
presence of nitrogen which causes synergistic enhancement in the efficiency of
phosphorous based compounds. In consideration of keeping the textile properties,
possibilities to decrease the necessary amount of flame retardant to obtain safe LOIs were
studied. Therefore, different phosphoramidate compounds were synthesised to analyse how
the difference might affect the FR properties of cotton using PIGP. The main mechanism
for flame retardant properties of phosphorous compounds is the generation of polyphosphoric acid derivatives, which phosphorylate the C(6) hydroxyl groups of the cellulose
resulting in the formation of char. The ethyl-groups of the well known DEAEPN were
replaced by methyl-groups (DMAEPN 3) and possible influences on the burning process
analysed. Interesting in this respect is whether the generation of poly-phosphoric acid
derivatives is faster for methoxy- compared to ethoxy-groups at the phosphorous unit.
Furthermore the influence of methacrylic groups as polymerizable functional group was
tested (DMMAEPN 4).

Scheme 5: Structure of phosphoramidates

2.1 Synthesis of new phosphoramidates as flame retardants
The synthesis of 2-(dimethoxyphosphorylamino) ethyl acrylate (DMAEPN 3) and 2(dimethoxyphosphorylamino) ethyl methacrylate (DMMAEPN 4), developed analogously
to DEAEPN 1 of Tsafack (9) in our laboratory, was performed in a one-pot-procedure as
shown in Scheme 6 route A.
Diethyl chlorophosphate is reacted with 2-aminoethanol in the presence of triethylamine as
acid scavenger in dichloromethane at 0 °C to diethyl-N-(hydrohyethyl) phosphoramidate
(1a). 1a is selectively produced due to the stronger nucleophilic character of nitrogen
towards oxygen. After a following esterification reaction with acryloyl chloride diethyl
(acryloyloxy) ethyl phosphoramidates (DEAEPN 1) is obtained.
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Scheme 6: Synthesis of different phosphoramidates 1, 3, 4

Due to the higher reactivity of dimethyl chlorophosphate compared to diethyl
chlorophosphate the reaction temperature for 3 and 4 had to be reduced to -10 °C
compared to the synthesis of 1. After the addition of dimethyl chlorophosphate to 2aminoethanol the completion of the reaction was controlled by NMR spectroscopy. The 31P
signal corresponding to the phosphate (7.57 ppm) was shifted to 12.35 ppm. The new
signal is attributed to the phosphoramidate functional group in compound 3a and 4a.
Intermediate 3a and 4a is unstable and could not be isolated. The desired products 3 and 4
were prepared by direct esterification in situ with acryloyl chloride or methacryloyl
chloride. After the usual work-up the compounds were isolated in rather good yields
(DMAEPN 3: 75%, DMMAEPN 4: 72%). Both compounds were obtained as pale yellow
viscous oil, analysed by 1H, 13C, 31P-NMR in CDCl3 and IR spectroscopy.
To avoid the unstable intermediate 3a and 4a another reaction pathway in a two-potprocedure starting with the esterification was developed (route B). According to the
procedure described by Korshunov et al. (118), 2-aminoethanol hydrochloride was reacted
under solvent-free condition (neat) with methacryloyl chloride (Scheme 7), the amine
being protected by protonation in the hydrochloride salt. After recrystallization from
dichloroethane and drying under vacuum, white solid in 90% yield was obtained.

Scheme 7: Synthesis of 2-aminoethanol hydrochloride 2 according to Korshunov et al. (118)

The resulting amine ester hydrochloride 2 was reacted with dimethyl chlorophosphate in
the presence of triethylamine. After the usual workup DMMAEPN 4 was obtained in 92%
yield.
This route B could not be used for the acrylate compound 3, because even though
hydroquinone was added, heating to 100 °C in the first step caused polymerisation of most
of the acrylate.
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The main different characteristics of the monomers 1, 3 and 4 are given in the following
table:
Table 2.1: Characteristic data of different phosphoramidate monomers DEAEPN 1, DMAEPN 3, DMMAEPN 4

Phosphorous compound

MM
[g/mol]

P [%]

BP
[°C/70mTorr]

state

1

251.22

12.33

130

Yellow viscous oil

3

223.16

13.88

142

Yellow viscous oil

4

237.19

13.06

142

Yellow oil, less
viscous then 1 and 3

2.2 Characterisation of homopolymers
2.2.1

Kinetics of homopolymerisation

In order to investigate and improve the polymerisation of acrylate monomers containing
phosphorus Tsafack studied the influence of the presence and nature of photo initiator on
the kinetics of homopolymerisation induced by Ar MW plasma. The results showed that
the addition of a photo initiator increases the conversion rates of polymerisation of the FR.
To compare the kinetics of the different phosphoramidates 1, 3 and 4 Ar plasma induced
polymerisation was performed at different treatment times (1, 2, 5, 7, 10, 20 and 30 min) in
bulk adding 5% wom initiator (Irgacure 819). The conversion was analysed by 1H NMR
spectroscopy. Due to the insolubility of the polymer in CDCl3, the remaining monomer
could be extracted with a defined amount of CDCl3. The amount of monomer was then
measured by NMR using a capillary filled with a solution of decamethylcyclopentasiloxane as internal standard in CDCl3. The amount of monomer can be
measured by the integrals of the methylene group. The ratio of this integral versus the
capillary standard is determined. This allows to determine the relative concentration of
monomers at different treatment times and to follow the reaction of monomers to
polymers. Further details are provided in the experimental part.
Figure 12 shows the decrease in remaining acrylate respectively methacrylate functional
groups versus the plasma treatment time of the different phosphoramidates with 5% wom
initiator. The reaction proceeded via a radical polymerisation. The FR compounds have the
general structure CH2=CR1R2. The kinetics of the different compounds is similar, but
compound 4 with a methacrylic function might polymerise slightly faster. Compound 1
and 3 have an acrylic group as polymerisable function. Both monomers seem to have the
same rate of initiation and propagation, shown by the similar kinetic behaviour. After 5
min of treatment more than 70% are already polymerised. After 10 min the conversion
reached around 85%. The polymerisation for all different phosphoramidates is completed
after 30 min of plasma treatment. An excellent yield of almost 100% could be obtained.
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For the following experiments 20 min of treatment time was used since the conversion is
almost completed by that time.
100
90

DEAEPN 1

80

DMAEPN 3

p-1 [%]

70

DMMAEPN 4

60
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time [min]
Figure 12: Kinetics of different phosphoramidates with 5% wom initiator (Irgacure 819)

However, there is a neat difference in the physical properties of the 3 polymers.
Compounds 1 and 3 polymerise with 5% wom initiator to a rubbery elastomer while
polymer 3 is less elastic than 1. In contrary to 1 and 3 the obtained polymer of 4 is stiff and
brittle. All polymers are glossy and pale yellow. The effect of methacrylic moieties is very
pronounced for poly-methylmethacrylate (e.g. Plexiglas) compared to poly-methylacrylate
(MA) which is a rubbery substance. Due to the different structure in the backbone of the
polymer the methacrylic polymer chains are much more intertwined than the acrylic
polymer chains. Furthermore, possible chain transfer of the methacrylic group of
compound 4 could occur and crosslinked the polymer which might increase the stiffness
and brittleness of polymer 4 compared to 1 and 3.
2.2.2

DSC measurement of phosphoramidates

Differential scanning calorimetry is a thermo-analytical technique in which the difference
in the amount of heat required to increase the temperature of a sample and a reference is
measured as a function of temperature. The sample and reference are maintained at nearly
the same temperature throughout the experiment. Generally, the temperature program for a
DSC analysis is designed such that the sample holder temperature increases linearly as a
function of time. The reference sample should have a well-defined heat capacity over the
range of temperatures to be scanned.
DSC is a common method to analyse a number of characteristic properties of polymers like
glass transition temperature, crystallisation processes and melting points of polymers. By
using known polymers with defined crystallinity it is possible to determine the crystallinity
of these polymers. (119)
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DSC measurements were performed to determine the melting points of the different
phosphoramidates. The glass transition temperature of the phosphoramidates could not be
determined by this measurement. As Table 2.2 demonstrates the different phosphoramidate
polymers have melting points in a range of 216 – 233 °C. DEAEPN 1 has the highest
melting point (233 °C) and the lowest enthalpy. DMAEPN 3 has the highest enthalpy with
the lowest melting point. The polymer with the methacrylic groups 4 have a melting point
of 219 °C with an intermediate enthalpy of 187 J/g.
The melting points of FR polymers, which are used for textile applications, are important
for the textile finishing, especially for treatments involving heating like heat setting
processes.
Table 2.2: DSC data of different phosphoramidate polymers

FR polymer
Melting point [°C]
Enthalpy ∆H [J/g]

poly DEAEPN 1
233
109

poly DMAEPN 3
216
282

poly DMMAEPN 4
219
187

2.3 PIGP of phosphoramidates on cotton textiles
2.3.1

Sample preparation

For reproducible results it is important to define a treatment procedure and to determine the
process parameters in order to keep them constant. The treatment was designed analogous
to a spray application known in pad batch processes in the textile industry. Pad batch
processes are performed on a padder. A specific rolling system guarantees a crease-free
material flow without edges rolling up from the material entry to the nip. The material is
fed with the liquor over additional rubberised rollers. For pad batch processes short-liquorto-goods ratios are used, which reduces the use of solvents. The pad batch technique is a
continue-process, which is qualified as impregnation process of cotton textile with flame
retardant monomers using PIGP. For the textile experiments a procedure analogue to the
pad batch process but in laboratory scale was developed (Figure 13). Cotton textiles were
cut in defined pieces (100 mm x 50 mm) and standardised in a special climate (65%
humidity, 20±2 °C temperature, 24 h). To determine the uptake and the degree of grafting
the samples were weighted (W0) before the treatment. High concentrated liquor including
the FR monomers, a crosslinking agent, initiator and ethanol as solvent was spread on the
textile with a syringe in a defined manner. The following padding process is very
important for a homogenous spreading of the liquor (A) and a drying process to evaporate
the ethanol afterwards (B). By weighing the dried sample (Wu) the uptake can be
controlled considering that the samples were not standardised for this measurement. It just
helps to control the procedure. The next step is the polymerisation in Argon plasma using a
microwave generator (C). The washing with ethanol (4 times) and water (2 times) in a
Soxhlet is important to get rid of all remaining monomers or oligomers which are not
grafted on the surface of the textile (D). After standardising the samples the weight (Wg) is
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taken to determine the degree of grafting (DOG) [% wof]. The process results in a thin film
of flame retardant polymer covering the fibres.
B

C

Drying

Ar plasma

A
Spreading of FR
monomer onto
textile, padding

D
Washing
Standardised
FR textile

Wu

Standardised
textile

Uptake [% wof ]

Wg
W0

Degree of Grafting (DOG) [%wof ]
Figure 13: Determination of uptake and DOG of the PIGP process

The uptake and the degree of grafting (DOG) were determined as follows:
Uptake [% wof] =
DOG [% wof] =

2.3.2

100

(10)

100

(11)

Affinity and degree of grafting

For the optimisation of the PIGP process the yield of grafting (YOG) of the different
phosphoramidates is important. To determine any differences in the affinity of the
monomers to the cellulose and the following yield of polymerisation respectively grafting,
twill woven cotton (210 g/m2, EMPA 214) was treated with varying concentrations by
weight of FR with 5% wom initiator (Irgacure 819) and 10% wom crosslinking agent
(EGDA). The FR finishing was performed using pad batch process and the cold plasma
technology described before.
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Figure 14: Uptake and degree of grafting of different phosphoramidates after 20 min of PIGP

Figure 14 shows the uptake and degree of grafting of the different phosphoramidates
DEAEPN 1, DMAEPN 3 and DMMAEPN 4. The uptake is in general more than 50% for
all different phosphoramidates and increases up to 100% at high concentrations. The
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grafting yield is in general very high from 50% up to 99% apart from compound 3. The
overall yield is in most cases over 50%.
In treatments at lower concentrations (10% wof) the loss of monomer during the
impregnation and padding process is influencing the yield of uptake more intensively
compared with treatments at higher concentrations. Furthermore the bulk-polymerisation
on the surface of the fibres will result in more oligomers for lower concentrations due to
lower monomer concentrations on the surface. Since some oligomers are subsequently
washed off, the yield of grafting is lower compared to higher concentrations.
Compound 3 and 4 seem to have a higher degree of uptake compared to 1. As discussed in
more detail in chapter 3.2.9 Tsafack has already proven that the N-H bond of the
phosphoramidate unit can facilitate hydrogen bonding to the –OH functional group of the
cellulose. Due to less hindered –P(O)O R 2-group of 3 and 4 the uptake could be increased.
Even if the kinetics curves showed similar conversion rates for compound 1 and 3 the yield
of grafting of 3, which correlates in that case to the total yield, is lower. A possible
explanation could be that the slight difference in the phosphorous unit of 3 compared to 1
resulted in a higher uptake, but the polymerisation of 3 is not completed and remaining
oligomers will be washed off.
The yields of grafting of DEAEPN are comparable to results obtained by Tsafack (38) using
cotton and Kamlangkla (37) using silk.

2.4 Evaluation of flame retardancy
Good flame retardant properties depend greatly on the chemical structure of the FRcompounds as Tsafack (38) could demonstrate. To analyse how intense the different alkoxy
groups of the phosphoramidates 1, 3, 4 influence the flame retardant properties, PCFC,
TGA and LOI measurements were performed for different amounts of FR polymer on
cotton and the results discussed.
2.4.1

LOI measurement and burning loss

Untreated cotton has a LOI value of 19 and the weight residue is 1.5%. While burning
untreated cotton a residue, the so called “fly ash”, is formed and nearly no char residue is
remaining. As Table 2.3 demonstrates, the LOI of all compounds increases with the
amount of grafted polymer and consequently with the amount of phosphorus on the fabric.
The different phosphoramidates have similar burning behaviour. Up to 1% of P the LOI
increases very quickly from 19 to 25. Above 1% of P the increasing of the LOI is less
intense and reached 30 with 4% of P.
At high concentrations (> 20% wof) compound 3 seems to have a better flame retardant
behaviour. Based on the higher content of phosphorus in the monomer 3 (3:13.88% P vs
1:12.33% P and 4:13.08% P) the amount of P for equal rate of grafting is higher compared
to compound 1 and 4.
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The formation of char is an evidence for a good flame retardant property. Comparable to
the LOI values the char residue is increasing significantly from 1% to more than 15% for
grafting rates up to 7% wof. As consequence of the increase in the DOG the amount of
phosphorus increases as well, but the char is increasing less intensively. For DOG higher
than 15% wof compound 3 seems to be more efficient in producing char than 1 and 4,
which confirms the higher efficiency of 3. The efficiency in producing char follows the
order 3 > 1 > 4.
Table 2.3: Burning data of different phosphoramidates (DOG = degree of grafting, LOI = limited oxygen index, Wr =
weight residue)

DOG FR [% wof]
0.0
7.0
16.0
31.5
6.3
17.3
30.0
3.0
14.3
25.0

CO
CO-DEAEPN 1
CO-DMAEPN 3
CO-DMMAEPN 4

P [%] by E.A.
0.00
0.86
1.97
3.87
0.88
2.40
4.17
0.39
2.08
3.29

LOI
19.0
24.5
27.0
28.5
24.3
28.2
30.5
21.7
26.5
28.0

Wr [%]
1.5
15.7
20.6
23.1
14.1
23.0
27.1
12.4
16.6
18.3

The difference in the efficiency could be attributed to the fact that CH3 as component of the
alkoxy group is beneficial for the phosphorylation compared to CH2CH3. A methacrylic
polymerisable functionality on the other hand does not favour the flame retardant property.
The weight residue (Wr) after the LOI measurements indicates that the weight loss during
burning is varying dependent on the amount of grafting. The correlation of DOG and the
weight loss during burning was analysed further. DEAEPN treated cotton samples with
varying amount of FR were burned at their respective LOI and the weight loss determined.
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Figure 15: Weighing measurements of FR treated cotton unburned and burned
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Figure 15 shows that the LOI is not increasing linearly with the DOG. 5% wof DOG
increased the LOI about 4 units, 15% wof about 8 units but 24% wof DOG only about 9
units. This indicates that increasing the amount of FR beyond 20% wof on the fibres is not
efficient for optimising the flame retardancy. The weight residue after burning confirms
this. For low DOG (5% wof) the residual weight (15%) is three times higher than the
applied amount of FR. This reveals that the char is not only formed from the flame
retardant polymer but as well from the cellulose. Burned textiles with a DOG over 20% wof
on the other hand resulted in lower weight residue values compared to the added flame
retardant.
2.4.2

SEM and microscopic analysis of the morphology

As SEM images of the FR treated cotton show (Figure 16, Figure 17) the fibres are
covered by a relatively homogenous polymeric layer. The cross-section of the yarn nicely
indicates that the single fibres are covered.
The microscopic images (Figure 18, Figure 19) of the unburned and burned FR treated
cotton (plain woven, 90 g/m2) demonstrate that the formed char remains in the textile
structure. By comparing the size of the textile structure, it is obvious that the textile shrinks
during the burning process.
A closer look on the char residue (Figure 20, Figure 21) reveals that the formed char has
the shape of tubes. It seems that the cellulose combusts from the inside and the char
formation takes mostly place on the surface. Additionally, this could indicate that the
phosphorous flame retardant polymer acts as a protective layer, which insolates the fibres
from the effect of the heat. The same mode of action using DEAEPN was discussed by
Kamlankla (37) for silk fabrics.
The remaining chars of burned cotton samples treated with DEAEPN, DMAEPN or
DMMAEPN were compared but no differences in their morphology were found.
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Figure 17: Cross-section of FR treated (DEAEPN
10% wof) cotton yarn

Figure 16: FR treated (DEAEPN 12% wof) cotton fibres

Figure 18: FR treated (DEAEPN, 14% wof) cotton textile

Figure 19: FR treated (DEAEPN, 14% wof) burned cotton
textile, remaining char still in textile structure

Figure 20: FR treated (DMAEPN 3, 15% wof) burned
cotton fibres

Figure 21: FR treated (DEAEPN 1, 15% wof) burned
cotton fibres, char tubes are remaining

2.4.3

Elemental analysis

Taking into account, that small empty tubes of char are remaining after the burning of FR
treated cotton, it was concluded that the cellulose is decomposing under the covering
polymer, if enough oxygen is present in the used atmosphere. To verify this assumption,
elemental analyses of DEAEPN treated cotton before and after burning were measured
(Table 2.4) and confirmed that mostly cellulose is lost. For cellulose containing 5.6% wof
DEAEPN the calculated empirical formula of the substances lost by burning is C3H7O3.5.
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Multiplying this with 2 corresponds well to the sum formula of cellulose plus residual
water. This demonstrates that mostly cellulose is lost during the burning process. The
elemental analysis of the remaining char shows that phosphorus and nitrogen are mostly
retained during burning. For higher amounts of grafting (15.3% wof) the P, N and O
content of the char is increasing while the C content decreased. Likewise mostly cellulose
is lost after burning but slight differences compared to lower DOG can be determined. By
increasing the DOG an additional loss in nitrogen and an increased loss of phosphorus
occur. This indicates that as well parts of the flame retardant polymer get lost.
Table 2.4: Elemental analysis of DEAEPN treated cotton before and after burning. The loss (difference ∆) was calculated
(Wr= weight residue).

5.6 % wof DOG

15.7 % Wr

DEAEPN

Before
burning

After
burning

Diff. ∆

Weight [g]

0.5895

0.0925

0.497

C [%]

42.605

76.77

36.2463

Cx1 [g]

0.25116

0.07101

0.18014

H [%]

6.355

2.575

7.05852

Hx2 [g]

0.03746

0.00238

0.03508

N [%]

0.295

1.425

0.08469

Nx3 [g]

0.00174

0.00132

0.00042

P [%]

0.675

2.52

0.33161

Px4 [g]

0.00398

0.00233

0.00163

O [%] cal.

50.07

16.71

56.2789

Ox5 [g] cal.

0.29516

0.01546

0.27971

2.4.4

Emp.
formula

C = 3.02
H= 6.99
N = 0.00
P = 0.01
O = 3.52

15.3 % wof DOG

20.7% Wr

Before
burning

After
burning

0.6664

0.1376

0.5288

42.645

68.135

36.012

0.28419

0.09375

0.19043

Diff. ∆

6.475

2.54

0.04315

0.0035

0.03965

2.17

0.3805

0.75
0.00500
1.685

0.00299
4.5

7.49893

0.00201
0.9525

0.01123

0.00619

0.00504

48.445

22.655

55.1559

0.32284

0.03117

0.29166

Emp.
formula

C = 3.00
H = 7.42
N = 0.02
P = 0.03
O = 3.44

PCFC measurement

Pyrolysis Combustion Flow Calorimetry measurements were performed to measure the
following flammability parameters using milligram sample sizes: Heat release capacity
(HRC), heat release rate (HRR), temperature at peak of heat release rate (TPHHR), total heat
release (THR) and weight residue of the char (Wr). The samples were heated from ambient
temperature to 750 °C in nitrogen flowing (80 cm3/min) at a linear heating rate of
1 °C/min. The gaseous pyrolysate mixture exciting the pyrolyser was mixed with a
20 cm3/min stream of oxygen prior combustion in a furnace at 900 °C during 10 s. Bulk
monomer, polymer and treated cotton were measured at least twice and the average
calculated.
The heat release curves of the phosphoramidate monomers in Figure 22 show, that all
measured phosphoramidates have a main HRR peak between 250 – 280 °C which is much
lower compared to cotton (382 °C, see Table 2.6). Slight differences in the maximum
temperature are obtained in order of 4 < 3 < 1.
Compared to 3 and 4 monomer 1 has one single peak, indicative of immediate combustion.
As the PCFC data (Table 2.5) show, the weight residue is very low, which confirms the
fully evaporation of the monomer by increasing the temperature. Compound 3 and 4 show
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a different behaviour than 1. DMAEPN 3 have a main single peak around 250 °C, which
can be attributed to the evaporation of the monomer. The following broad peak starting
around 300 °C indicates combustion with char formation, which is confirmed by the
highest weight residue (23.2%). The difference between compound 4 and 1 is even more
pronounced compared to 3. The main peak starting at lower temperature is much broader
and the maximum heat release rate with 188 W/g much lower. The curve shows a second
peak at a temperature in the range of the polymerisation product from DMMAEPN. This
indicates that the heating provokes evaporation at the beginning combined with
degradation and polymerisation. The so formed polymer will then be combusted at higher
temperatures.
To verify these results heating experiments were performed to analyse any influence of the
temperature on the monomers. The different phosphoramidates were heated in bulk up to
180 °C and 31P NMR measured at different temperatures (100, 120, 140, 160, 180 °C).
Compound 1 had one single peak in all different measurements, but was fully evaporated
at 160 °C. This confirms that most of the monomers simply evaporate by heating. In case
of compound 3 small peaks between -9 and 2 ppm occur at temperatures <120 °C, which
were slightly increasing with increasing the temperature. This indicates that the monomer
already started to decompose and is not as thermal stable as 1. Nevertheless, at 180 °C
most of the monomer was evaporated. Compound 4 with the methacrylic polymerisable
function started to polymerise at 120 °C up to a fully polymerised product at 160 °C. This
result explains the second peak in the HRR-curve, by heating compound 4 polymerisation
started parallel or even before the evaporation. The so formed polymer started then to
combust at temperatures < 350 °C.
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After the PIGP process the polymers of the phosphoramidates are grafted on the surface of
the fibres. Therefore poly DEAEPN, poly DMAEPN and poly DMMAEPN reflects more
the behaviour of the compounds grafted on the fibres than the monomers. All different
phosphoramidates were polymerised with 5% wom initiator using PIGP and analysed by
PCFC.
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Figure 22: Heat release curves of different phosphoramidates as monomer and after polymerisation
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All heat release curves of the poly-phosphoramidates show different peaks with varying
intensities. Notably is a significant difference of polymer 1 to 3 and 4. It has to be
mentioned that the measured polymers were not washed after the plasma treatment, thus
some monomer and oligomers could remain on the samples. Polymers 3 and 4 have similar
small peaks between 200 – 250 °C. Due to their low intensity they could be attributed to
the evaporation of those remaining molecules. For both polymers a broad peak followed
indicating the main decomposition. The heat release capacity as well as the maximum
temperature of polymer 3 is lower than 4. Additional the significant higher weight residue
of compound 3 demonstrates a higher formation of char. Polymer 1 on the other hand show
a different behaviour. The total heat release rate is the lowest. The heat release curve has a
main peak at much lower temperature compared to 3 and 4. Due to the intensity of this
peak and the relatively high char residue of 25%, it is not evident that this peak is caused
only by evaporation of remaining monomers and oligomers but as well by degradation of
the polymer. It seems that polymer 1 contains more oligomeric species which decomposes
respectively evaporate at lower temperature than 3 and 4. Polymer 3 and 4 might be more
stable. The THRR of 4 which have more C atoms than 3 is slightly higher than 3, which
indicates that the combustion of 4 produces more heat with a lower amount of char residue,
thus more fuel. This could be an indication for better FR properties of 3.
Table 2.5: PCFC data of different phosphoramidates

FR

P [%]
mono

1

12.33
poly
mono

3

13.88
poly
mono

4

13.06
poly

THRR
[kJ/g]

HRC1
[J/g°C]

PHRR1
[W/t]

TPHRR1
[C°]

HRC2
[J/g°C]

PHRR2
[W/t]

TPHRR2
[°C]

-

-

-

14.3

14314

336

279

±0.40

±30

±5.0

±1.0

Wr
[%]
2.9
±0.2

12.2

5170

125.0

250

7312

51.2

403

25.1

±0.10

±35

±1.0

±2.0

±30

±0.3

±2.0

±0.5

15.8

11712

280.0

258

4129

24.1

329

23.2

±0.30

±60

±4.0

±4.0

±30

±0.3

±1.0

±1.0

14.0

880

22.4

227

13135

125.0

406

32.2

±0.01

±10

±0.3

±2.0

±60

±1.0

±1.0

±0.4

21.9

16847

188.0

244

5042

50.5

422

11.3

±0.40

±20

±5.0

±1.0

±10

±0.3

±2.0

±0.5

14.6

905

19.2

217

13735

190.0

436

22.6

±0.10

±10

±0.1

±2.0

±30

±2.0

±3.0

±0.9

To analyse how the different flame retardants influence the combustion of cellulose, PCFC
measurements for cotton (twill woven, 210 g/m2) treated with phosphoramidates were
performed and are discussed below.
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Figure 23: Heat release curves of untreated and FR treated cotton using different phosphoramidates

Figure 23 shows the heat release curves of untreated and FR treated cotton for different
amounts of FR. Significant for all FR treated cotton curves is the intense shift of the main
peak to lower temperatures and the reduced heat release rate compared to untreated cotton.
This indicates an interaction of the FR which considerably decreases the amount of
produced fuel during the pyrolysis, which suggests a condensed phase mechanism. Cotton
treated with polymers 3 and 4 shows a single peak with a slightly lower heat release rate
for polymer 3 especially at grafting < 10% wof. The peaks in the PCFC curves of cotton
treated with polymer 1 on the other hand have a shoulder with a maximum TPHRR1 at
270 °C (9% wof) and 281 °C (18% wof). This corresponds well to the degradation
temperature of FR polymer (251 °C TPHHR1 large peak in Figure 22). By increasing the
amount of FR the shoulder is getting more intense.
Table 2.6: PCFC data of cotton treated with different phosphoramidates, DOG = degree of grafting

CO

DOG
[% wof]

P
[% wof]

9.2

CO - 1

18.0
9.0

CO - 3

17.3
6.0

CO - 4

15.0

-

THRR
[kJ/g]
9.7

HRC1
[J/g°C]
9720

PHRR1
[W/t]
186.0

TPHHR1
[°C]
382

±0.20

±140

±4

±4

1.13

3.8

185

5.5

270

2.22
1.25
2.40
0.78
1.96

HRC2
[J/g°C]

PHRR2
[W/t]

TPHHR2
[°C]

-

-

-

Wr
[%]
9.9

3814

82.0

316

28.9

±0.3

±0.20

±5

±0.1

±1

±20

±0.8

±1

±0.3

3.8

764

34.8

281

3843

84.0

317

31.2

±20

±1.0

±1

±0.01

±10

±0.3

±1

3.1

3133

94.0

311

±0.02

±20

±0.8

±1

2.6

448

5.8.0

±0.3

-

-

-

27.2

237

2609

91.0

312

31.9

±22

±4.0

±1

±0.14

±10

±0.1

±1

5.7

5697

117.0

321

±0.30

±40

±2.0

±1

4.5

4469

92.0

±0.30

±40

±1.0

±0.7
±1.0

-

-

-

24.3

314

1091

13.9

390

30.1

±1

±10

±0.2

±1

±0.1

±0.1

The PCFC data in Table 2.6 indicate that the weight residue is increasing from 10% for
untreated cotton up to 25 – 32% for treated samples. The weight residue is not increasing
proportionally with the content of P, but for all phosphoramidates the same trend is
observed. The higher the phosphorus content the higher is the residual weight increase.
The total heat release rate THRR is decreasing while the phosphorus content is increasing,
but that as well depends on the nature of the monomer. The efficiency in decreasing the
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THRR and the HRC of treated cotton followed the order 3 > 1 > 4 below 2.5% wof of
phosphorus. This trend correlates to the data of LOI measurements.
2.4.5

Thermogravimetric measurement

By thermogravimetric analysis the change in weight in relation to applied temperature is
determined. The measurement of the different phosphoramidates were performed using
continuous nitrogen flow 10 cm3/min and a heating rate of 10 °C/min at a temperature
from 30 to 700 °C. The measured samples weighted between 2 – 3 mg.

weight residue [%]

The TGA curves of the different phosphoramidates as monomers and polymers are given
in Figure 24.
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Figure 24: TGA curves of different phosphoramidate monomers and polymers

Similar to the results of the PCFC measurements monomer 1 shows a rapid evaporation
starting at 130 °C as the intense weight loss of > 98% confirms (Table 2.7). Tmax is the
temperature where the rate of volatilization reached its maximum. The low weight residue
of 1.5% verifies the fully evaporation of the monomer. Polymer 1 on the other hand
degrades in a three step process. Between 120 – 230 °C the weight loss is already 30%. A
single peak on the DTG curve indicates evaporation of remaining monomers/oligomers
and degradation into small molecules which as well evaporate into the gas phase. The
following stage between 230 – 450 °C has the highest weight loss (45%) and can be
attributed to the decomposition of the polymer and char formation. The slight weight loss
above 450 °C could base on char decomposition. These values correlate to the results
discussed by Tsafack comparing diethyl-2-(methacryloyloxy) ethyl phosphate with diethyl
(acryloyloxy) ethyl phosphate. (120)
Monomer 3 degrades already in a two step process. Compared to 1 the onset temperature
of 3 is slightly lower, but the main decomposition (70% weight loss) occurs in a similar
temperature range (105 – 225 °C). The main single peak in the DTG curve confirms the
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evaporation of the monomer in this stage. Nevertheless the second stage (225 – 600 °C)
indicates that a stable residue is already formed (probably char) resulting in 10% weight
residue. The polymer of 3 decomposes as well as 1 in three stages but the decomposition is
different. Between 100 – 190 °C only 10% weight loss occurs. Comparable to the PCFC
measurement this can be assigned to the evaporation of remaining monomers and
oligomers. The main decomposition occurs between 190 – 430 °C with 50% weight loss.
Above 430 °C low decomposition of the formed char results in 10% weight loss. Polymer
3 has the highest weight residue of all three phosphoramidates.
The TGA curve of monomer 4 shows that the decomposition of 4 takes place in a three
step process and is comparable to the curve of polymer 1. The onset temperature is slightly
lower (70 °C) compared to 1 and 3, but the first stage (70 – 230 °C) correlates to the
former results and shows the evaporation of the monomer. As discussed before monomer 4
starts to polymerise at 140 °C. Parallel to the evaporation in the first stage, polymerisation
occurs which explains the lower weight loss compared to 1 and 3. The so formed polymer
started to decompose between 230 – 430 °C resulting in 30% weight loss. In this stage char
is generated which partly decompose over 430 °C. The polymer of 4 as well decomposes in
three stages. Correlating to polymer 3 the first stage between 105 – 180 °C with a weight
loss of 10% can be attributed to the evaporation of remaining monomers and oligomers.
Comparable to 3 the main decomposition takes place between 180 – 410 °C, but the weight
loss is higher (3: 50% vs 4: 65%). Therefore the remaining char of 4 after 600 °C is lower
than 3 but slightly higher than for polymer 1. Interestingly the monomer of 4 has a higher
weight residue than its polymer. This could be explained by an autocatalytic
decomposition of the monomer analogous to the polymer, but due to the higher reactivity
of the monomer more char remains.
The degradation of polymer 3 and 4 starts at lower temperature compared to 1 and shows a
slight weight loss between 100 – 200 °C. Previous studies (121) discussed that for diethyl-2(methacryloyloxy) ethyl phosphate polymer the first weight loss corresponds to the
decomposition of the phosphate linkage and the second to the main-chain random scission
and char formation. These two stages are visible in the measurements of the
phosphoramidates as well. In case of DMAEPN 3 the second stage is dominant as
confirmed by the higher weight residue. It seems that the decomposition of the phosphate
linkage is faster for the compounds with methoxy-groups compared to ethoxy groups.
Table 2.7: TGA data of different phosphoramidates (Wl = weigth loss, Wr = weight residue)

FR

P [%]

1

12.33

3

13.88

4

13.06

T [°C]
150 - 250
105 - 225
225 - 600
70 - 230
230 - 430
430 - 600

monomer
Tmax [°C] Wl [%]
235±3
98.5
70.0
223±1
277±1
19.0
35.0
193±2
352±2
30.0
552±3
14.0

Wr [%]
1.5
±0.02

10.6
±0.80

20.7
±1.00
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T [°C]
120 - 230
230 - 450
450 - 600
100 - 190
190 - 430
430 - 600
105 - 180
180 - 410
410 - 600

Tmax [°C]
220±1
310±3
463±3
174±2
363±3
465±3
158±1
404±3
515±3

polymer
Wl [%] Wr [%]
30
21.2
45
±0.10
5
10
29.7
50
±0.40
10
10
22.6
65
±1.00
2
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To analyse the degradation behaviour in combination with cotton, different samples (twill
woven, 210 g/m2) were FR treated and TGA performed afterwards.
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Figure 25: TGA curves of CO treated with different phosphoramidates, left low DOG, right high DOG
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Figure 26: TGA curves and DTG curves of cotton treated with different phosphoramidates (samples with high degree of
grafting)

Figure 25 shows the TGA curves of treated cotton with lower (left) and higher (right)
degree of grafting. It is obvious that the FR treated cotton has a different degradation
mechanism compared to untreated cotton. The TGA curve of untreated cotton reveals that
the pyrolysis process includes three stages. Below 300 °C the little weight loss of 7% can
be assigned to moisture loss of the cellulose (Table 2.8). Between 300 – 370 °C the weight
loss is fast and intense (72%) with a maximum value at 362 °C. This is the main pyrolysis
stage involving the decomposition of the cellulose. Above 370 °C decomposition of the
char occur resulting in 9% weight loss. The remaining weight of untreated cellulose at
600 °C is relatively low (12%).
Similar to untreated cotton the low grafted (< 10% wof) cotton decomposes in general in a
three step process. All treated cotton samples loose moisture below 250 °C. The onset
temperature of the main degradation, which occurs between 250 – 320 °C, is significantly
reduced after the FR treatment compared to untreated cotton. Furthermore the weight loss
during this second stage is not more than 44%, which indicates an effective char formation.
All phosphoramidate polymers decompose earlier than cotton and the decomposition
products start to interact with the cellulose before its pyrolysis starts. Above 320 °C all
treated samples show weight loss (19 – 24%) which can be attributed to the decomposition
of the formed char. The weight residue of all treated samples is significantly higher (25 –
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38%) compared to untreated cotton (12%). By increasing the DOG an additional
observable degradation step with a slight weight loss occurs between 160 – 250 °C as the
DTG curves demonstrate (Figure 26). In correlation to the TGA measurement of the
phosphoramidate polymers the weight loss can be attributed to the formation of phosphoric
acid derivatives and evaporation of degraded ethyl or methyl groups of the phosphoric unit.
The fact that the intensity of this weight loss increased with increasing the grafting
confirms that.
Table 2.8: TGA data of CO treated with different phosphoramidates (DOG = degree of grafting, Wl = weight loss,
Wr = weight residue)

FR

DOG [% wof]

P [%]

CO
untreated

-

-

9

1.11

18

2.22

9

1.25

17

2.36

6

0.78

15

1.96

CO - 1

CO - 3

CO - 4

T [°C]
< 300
300 - 370
370 - 600
< 250
250 – 310
310 - 600
< 225
225 – 250
250 – 315
315 - 600
< 250
250 – 310
310 - 600
< 160
160 - 250
250 – 306
306 - 600
< 250
250 – 311
311 - 600
< 170
170 - 240
240 – 314
314 - 600

Tmax [°C]
358±2
302±2
381±2
247±2
298±2
354±2
296±2
334±2
211±2
291±2
335±2
301±2
348±2
183±2
296±2
337±2

Wl [%]
6
72
10
6
40
23
4
3
38
23
5
39
21
2
2
34
24
7
44
24
5
2
38
25

Wr [%] at 600 °C
12.0±0.1
31.2±0.1

31.8±0.1

34.5±0.2

38.3±0.1

24.8±0.3

29.5±0.5

Cotton grafted with > 9% wof with compound 1 has an additional stage at lower
temperatures (225 – 250 °C). The weight loss during main decomposition (250 – 315 °C)
is slightly decreasing by increasing the grafting which indicates a minor increase in the
formation of char. The slight increase in weight residue confirms that.
Cotton treated with compound 3 shows similar decomposition behaviour compared to 1 for
lower grafting rates (< 9%). However, the weight loss during the main decomposition is
slightly lower compared to 1, which indicates a more efficient interaction with cellulose of
the decomposition products of 3 compared to 1. The higher weight residue (3: 34% vs
1: 31%) confirms that compound 3 promotes more efficient the char formation. By
increasing the DOG the onset temperature of the additional step reflecting a decomposition
is much lower compared to 1 (160 – 250 °C). This indicates that the decomposition of
polymer 3 starts before polymer 1. The weight loss in the main decomposition stage (250 –
306 °C) is decreased more intense and has the lowest value (34%). Furthermore the weight
residue is increased to 38%. The comparison of 1 and 3 indicates that not only the
phosphorus amount is influencing the flame retardant property but as well the structure of
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the phosphorous unit. Phosphoric compounds with methoxy groups seem to decompose at
lower temperature which is beneficial for the phosphorylation.
Taking into account that the DOG of samples treated with 4 (6 and 15%) is lower
compared to the samples treated with 3 and 1 the decomposition in the main degradation
step is similar to compound 1. Comparable to compound 3 the weight loss in the main
decomposition stage (240 – 314 °C) is significantly decreased for higher degree of grafting
(15% wof), which can be attributed to the same methoxy structure in the decomposing
phosphoramidate. Nevertheless, the weight residue of cotton treated with polymer 4 is the
lowest. The weight loss during the char decomposition above 310 °C is higher compared to
the others. Due to the polymerisable methacrylic function the formed char seems to
decompose more intensively than char formed with acrylic functionality.
The TGA measurements confirm that methyl groups are more favourable compared to
ethyl groups for effective phosphorylation. Polymers with a methacrylic backbone on the
other hand seem to form char which degrade more intensively than polymers with an
acrylic backbone.

2.5 Conclusion
The synthesis of new phosphorous containing FR compounds based on 1 by varying the
functional groups on the molecule is easily possible.
All new compounds were polymerised successfully using plasma induced polymerisation.
Reaction yields of more than 90% after 20 min of plasma treatment were observed. Based
on the polymerisable functionality the polymers have different physical properties.
Compound 4 with a methacrylic functional group polymerised under Ar plasma exposure
to a hard and brittle polymer due to higher complexity, while elastomers were formed
using 3 and 1 with acrylic functional groups.
By exchanging the ethyl-groups of compound 1 with methyl-groups (compound 3) the
thermal stability decreased. Monomer 3 degrades above 140 °C while compound 1 is
stable up to 160 °C. In contrast to acrylic functional groups heating experiments
demonstrated that methacryl groups polymerise above 140 °C.
PCFC measurements of the polymers indicate that 1 has more oligomeric species in the
polymer compared to 3 and 4. All polymers degrade in three stages. The first stage can be
attributed to evaporation of remaining monomers and oligomers. The high weight loss of
polymer 1 in this stage confirms that 1 contains more oligomeric species than 3 and 4. In
the second step the main decomposition of the polymer occurs. The formed char starts to
decompose in the last stage. The weight residue of polymer 3 was much higher compared
with 1 and 4, which indicates a good flame retardant property as well.
The grafting of the FR monomers to the cellulose textiles by PIGP was successful and
good grafting yields were obtained. Nevertheless an optimised polymerisation process for
each individual monomer will be necessary by testing different polymerisation parameters
like photo initiator, amount of initiator and treatment times to improve the yield.
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The results obtained from PCFC as well as from TGA measurements of treated cotton are
in good correlation to the LOI measurements. They all indicate that DMAEPN 3 provides
the highest flame retardancy of the three phosphoramidates studied. Cotton grafted with 3
possessed the lowest heat release capacity (HRC), which is a good predictor of low
flammability. The degradation products obtained by heating polymer 3 seem to be more
efficient in forming poly-phosphoric acid and therefore for the flame retarding interaction
with the cellulose. Therefore the phosphorylation and as consequence the formation of char
is promoted.
Cotton treated with polymer 1 has slightly lower LOI values compared to 3. The heat
release capacity was higher and the char residue lower. Higher grafting did not increase the
char formation as much as compound 3.
PCFC and TGA measurements of compound 4 compared to 3 demonstrated that a
methacrylic polymer has inferior properties as flame retardant. Due to the higher carbon
content of 4 the flame retardant property could be reduced. Similar results were obtained
by Tsafack (38) comparing diethyl 2-(methacryloyloxy) ethyl phosphate and diethyl
(acryloyloxy) ethyl phosphate.
To conclude, not only the amount of phosphorus is crucial for good flame retardancy but
even small variations in the chemical structure of the flame retardant molecule as well.
Compound 3 seems to be the best flame retardant but it has disadvantages. The monomer is
not very stable. The educts are much more expensive and the synthesis more complicated
since the dimethylchlorophosphate and intermediate 3a are instable. Compound 1 is more
thermally stable and easier to synthesis. The differences in the degree of grafting of 1
compared to 3 (17% wof vs 16% wof) to achieve safe LOI values (27) are not significant.
Hence further investigations in increasing the flame retardant efficiency of polymer 1 were
aspired.
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Finishing processes of textiles are designed to alter selected textile properties without
influencing their other desirable natural properties. Previous research on the flame
retardant finishing process using PIGP on cotton was concerned with the effectiveness of
phosphorous monomers and their respective influence on the flame retardancy. (9) (122)
Further progress on this PIGP possess is possible if feasibilities to increase the flame
retardant effect of known polymers can be found. The main goal should be to decrease the
necessary DOG of the polymer-film and increase its durability. In flame retardant finishing
processes around 15 – 20% wof of FR additives have to be used to end up with a sufficient
effect. In textile finishing 10% wof is already considered as a lot, if the textile properties
like stiffness and softness should not be affected significantly.
The aim of the work presented in this chapter was to find a way to improve the flame
retardant efficiency of the known phosphoramidate DEAEPN. This will allow us to
decrease the necessary amount of monomer and therefore the thickness of polymer-film.
Besides the good flame retardant property of DEAEPN compared to other
phosphoramidates it excelled with good durability against washing treatment as
Tsafack (123) could demonstrate by Mc Sherry washing fastness tests. Crosslinking agents
increased the degree of grafting and the durability of the FR treatment. This could be
attributed to a more intense crosslinking of the polymer and a stronger connection between
the fibre surface and the flame retardant polymer.
Two possible approaches for increasing the FR efficiency of DEAEPN combined with
improvements in its durability were investigated.
Since the amount of phosphorus is a crucial factor for good flame retardancy the first
approach (Figure 27) was to optimise the phosphorus content on the surface of the fabric.
Instead of using in the formulation (FR + CLA + PI) a phosphorous free crosslinking agent
(CLA) a phosphorous containing CLA was synthesised and used for the PIGP with
DEAEPN. Its impact was analysed and compared to the use of EGDA.
Previous treatment
FR + 10% wom CLA (EGDA) + 5% wom PI
Optimisation
1. Modification of the initial formulation by replacing the CLA
FR + 10% wom P-CLA + 5% wom PI
2. Use of a coupling agent CA
FR +
CA

Surface

Pre-treatment
CA

CA

CA

CA

Impr.
monomer

CA

poly FR

CA

Plasma
treatment

Figure 27: Possible modification of the flame retardant treatment by PIGP using DEAEPN
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The second approach focused on a covalent bonding between the cotton fibres and the FR
polymer done by a “grafting from” procedure. It is assumed that PIGP is a method that
combines the surface activation with a simultaneous grafting and polymerisation. This
could result in covalent bonding between surfaces and polymers as discussed in
literature. (98) (99) However, there is no real evidence of a covalent grafting. To increase the
bonding between the fibres surface and the covering flame retardant polymer and increase
the FR efficiency and durability a special coupling agent had to be developed including a
functional group that can be covalent bonded to the fibres surface independently of the
plasma treatment. The other needed functionality is a polymerisable group which can be
co-polymerised with the flame retardant during plasma treatment.

3.1 Phosphorous crosslinking agent
As Tsafack could show in her thesis, the flame retardant effect depends on the chemical
structure of the monomer and the amount of crosslinking agent. (124) She discussed the
nature of the crosslinking agent and ascertained its importance for the flame retardant
grafting yield. The best results could be achieved with acrylate crosslinking agents
(ethylene glycol diacrylate and tetra(ethylene glycol) diacrylate) compared to ethylene
glycol dimethacrylate, due to their high reactivity and the favourable copolymerisation
with the acrylate groups of the flame retardant DEAEPN. Therefore the new phosphorous
crosslinking agent should have an acrylic polymerisable function.
A new phosphorous containing crosslinking agent with acrylic polymerisable function was
synthesised, applied with DEAEPN, and compared with the phosphorous-free ethylene
glycol diacrylate EGDA 5.
3.1.1

Diethyl (diacryloxy) diethyl phosphoramidate (DEADEPN 7)

Diethyl (diacryloxy) diethyl phosphoramidate was produced in a two step reaction. Both
steps were run under inert gas.

Scheme 8: Synthesis of diethyl bis(2-hydroxyethyl)phosphoramidate 6

Diethyl phosphite was reacted with diethanolamine at 0 °C giving compound 6 with a yield
of 45% (Scheme 8). Under these conditions only nitrogen was phosphorylated, no
phosphorylation of the OH groups was observed.
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Scheme 9: Synthesis of 2,2´-(diethoxyphosphorylazanediyl)bis(ethane-2,1-diyl)diacrylate 7

In the second step the polymerisable groups were introduced. The acylation of the hydroxy
groups was performed at -12 °C with a yield of 95% (Scheme 9).
3.1.2

Comparison of different crosslinking agents

To determine the difference in flame retardant efficiency of a phosphorous and a
phosphorous-free crosslinker 5 and 7 were compared in their yield of copolymerisation
with flame retardant monomer and their resulting LOI values.

MM: 117.06, MF: C8H10O4
Ethylene glycol diacrylate EGDA 5

MM: 349.32, MF: C14H24NO7P
DEADEPN 7

Scheme 10: Structure of different crosslinking agents

For a comparison of the properties it is important to keep the differences of the monomers
in mind. The commercially available EGDA 5 is three times lighter than the new
crosslinking agent. Besides the higher amount of C, H and O atoms the new compound
includes nitrogen and phosphorus, both can support the flame retardancy of the copolymer.
3.1.3

Uptake and degree of grafting

For the PIGP experiments the known parameters from Tsafack (124) were used. 10% wom of
crosslinking agent together with 5% wom of initiator Irgacure 819 was added to a solution
of DEAEPN in EtOH (liquor-to-goods ratio 1.5:1). The finishing process was performed as
described in chapter 2.3.1
In the following graph the grafted flame retardant on cotton after PIGP is compared to its
uptake for the two different crosslinking agents.
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Figure 28: Uptake and DOG of DEAEPN on cotton with different crosslinking agents

Considering the results of uptake, both crosslinking agents (5, 7) show similar results with
a slight preference for 7. Taking into account that the molecular weight of compound 7
(MM: 349.32) is 3 times higher than that of 5 (MM: 117.06), 10% wom of crosslinking
agent 7 means 1/3 of the crosslinking monomers. Therefore, a smaller amount of 7 has the
same positive effect on grafting efficiency as monomer 5.
3.1.4

LOI measurement

To evaluate the flame retardant property of the new copolymer, LOI measurements were
performed and compared to the results with EGDA 5 as crosslinking agent.
28
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25
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FR with DEADEPN 7
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Figure 29: LOI values of FR treated cotton with different crosslinking agents (5, 7)
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The LOI of DEAEPN grafted with DEADEPN 7 as crosslinking agent increases between
0.5 – 1 unit at the same grafting level compared to DEAEPN with EGDA. It is obvious that
the phosphorous containing crosslinking agent 7 increases the flame retardancy of the
covering polymer.
The aim by using crosslinking agent 7 compared to 5 was to increase the phosphorus
amount, while the degree of grafting remained constant. Results from elemental analysis
are shown in Table 3.1. As expected the phosphorus content of the polymer is increasing
with crosslinking agent 7. Similar grafting yields resulted in higher phosphorus contents.
Table 3.1: Degree of grafting (DOG), phosphorus concentration (P), LOI and residual weight (Wr) of treated cotton
samples using different crosslinking agents and FR contents

CO-DEAEPN
with 5
CO-DEAEPN
with 7

(a)
(b)
(c)
(d)
(e)
(f)

DOG [% wof]
6.0
10.6
17.2
6.4
11.8
17.8

P [% wof]
0.64
1.14
1.37
0.90
1.67
1.77

LOI
24.0
25.3
27.0
24.5
26.3
27.5

Wr [%]
13.2
16.8
17.4
13.7
16.4
18.1

While the LOI value is improved, the residual weight is almost not affected by the choice
of crosslinking agent.
3.1.5

PCFC measurement

Using pyrolysis combustion flow calorimetry (Figure 30) the heat release rate was plotted
against the temperature.
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CO - 11.7% wof FR with 7
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Figure 30: PCFC graphs of DEAEPN treated cotton with different crosslinking agents (EGDA 5, DEADEPN 7)
compared to untreated cotton
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As already discussed in 2.4.4 the heat release rate was reduced significantly by the flame
retardant treatment. The main peak was moved to lower temperatures. Noticeable is the
more intense shoulder in the curves of FR treated cotton using the phosphorous
crosslinking agent 7. Even at lower DOG this shoulder is considerably more intense
compared to cotton treated with DEAEPN and EGDA. As mentioned before the molecular
mass of crosslinking agent 7 is three times higher than 5. Therefore less polymerisable
groups are available and the polymer will be less crosslinked. Due to that more
decomposition products might be released compared to the polymer produced with 5.
The quantitative parameters obtained by these measurements are listed in Table 3.2. By
comparing the phosphorus containing and EGDA some differences can be observed. Even
if the total heat release rate does not differ significantly, the heat release capacity and the
specific heat release rate show notable differences. The higher phosphorus content
decreased the heat release capacity (HRC2) as well as the specific heat release rate (PHRR).
The residual char is increasing for higher phosphorus contents.
Table 3.2: PCFC data of cotton treated with DEAEPN and different crosslinking agents: DOG: degree of grafting, P:
phosphorus content, THRR total heat release rate, HRC heat release capacity, PHRR specific heat release rate, TPHRR
temperature at specific heat release rate, Wr weight residue

CO
untreated
CODEAEPN
with 5
CODEAEPN
with 7

DOG
[% wof]

P
[%]

-

-

12.0

1.29

18.0
11.7
18.0

1.94
1.66
2.55

HRC1
[J/g°C]

PHRR1
[W/t]

TPHHR1
[°C]

HRC2
[J/g°C]

PHRR2
[W/t]

TPHHR2
[°C]

-

-

-

9720

186

382

9.9

±140

±4.0

±4.0

±0.3

-

-

-

3839

99

316

28.0

±0.10

±69

±0.5

±2.0

±0.1

3.85

922

38.5

220

3835

96

316

29.0

THRR
[kJ/g]
9.70
±0.20

3.85

Wr
[%]

±0.20

±12

±0.2

±2

±70

±0.5

±0.5

±0.2

3.85

924

39.4

239

3759

95

318

30.0

±0.10

±12

±0.2

±2

±38

±0.5

±0.5

±0.6

3.89

1172

47.7

222

3720

88

314

31.0

±0.05

±18

±0.2

±2

±10

±0.4

±0.5

±1.5

The PCFC measurements reveal that increasing the phosphorus content using the new
crosslinking agent 7 increases the flame retardancy for same DOG, but the differences are
not significant.
3.1.6

TGA measurement

Thermogravimetric measurements were used in order to determine differences in weight
residue, burning behaviour and interferences between flame retardant and cellulose. As
discussed before (chapter 2.4.5) the pyrolysis of cotton textile proceeds in three stages.
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Figure 31: TGA curves of untreated and DEAEPN treated cotton with different crosslinking agents (5, 7)

The TGA curves of all treated cotton samples did not differ in significant manner (Figure
31). For grafting > 10% wof an additional stage between 205 – 255 °C occur which might
be attributed to the decomposition of the FR polymer.
A closer look on the TGA data Table 3.3 gives a better overview over the precise
differences of the crosslinking agents. By increasing the grafting the weight loss based on
the decomposition of the FR polymer between 205 – 255 °C is increasing. This indicates
that by increasing the phosphorus content more flame retardant interfere with the
degradation process of the cellulose (255 – 315 °C). The decreased weight loss during the
main decomposition and the increased weight residue confirms the higher efficiency of
flame retardant copolymer 1 and 7 with a higher phosphorus content compared to the
common EGDA.
Table 3.3: TGA data of FR treated cotton with different crosslinking agents (DOG = grafting; P = phosphorus content,
Wl = weight loss, Wr = weight residue)

DOG [% wof]

P [% wof]

12.0

1.12

18.0

2.22

11.7

1.25

18.0

2.55

CODEAEPN
with 5

CODEAEPN
with 7

T [°C]
< 215
215 - 250
250 – 315
315 - 600
< 215
215 – 250
250 – 315
315 - 600
< 205
205 - 255
255 – 315
315 - 600
< 205
205 - 255
255 – 315
315 - 600

80

Tmax [°C]
248
295
340
246
297
344
250
296
334
246
295
338

Wl [%]
6
2
46
21
6
3
45
21
5
6
43
19.5
5
7
41
20

Wr [%] at 600 °C
25.1±0.1

25.4±0.2

26.4±0.2

26.8±0.1
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By increasing the amount of phosphorus slightly higher flame retardancy could be
obtained. However for further reducing the amount of the polymer covering the fibres and
therefore keeping important textile properties an alternative binding mechanism to raise the
efficiency of the known FR was developed.

3.2 PIGP process modified with “grafting from” procedure
The second approach to increase the FR efficiency of DEAEPN was to create a covalent
bond between the DEAEPN and the fibres surface to bind the FR polymer more tightly to
the cellulose.
The principle associated with binding low molecular weight substances covalently to
cellulose is well known in the textile industry since the 1950’s, when reactive dyes were
developed. Reactive dyes are water-soluble dyes with a functional group which can react
with the hydroxyl group of the cellulose. (125) Based on the covalent bond between dyestuff
and fibres the reactive dyes show the highest wet fastness properties next to vat dyes.
The synthesis of a dichloro-triazine-anchor functionalised with an acrylic group as
polymerisable functionality was envisioned. Such a compound could then be fixed on the
cellulose fibre in a pad batch process and copolymerised with the FR using PIGP (Figure
32). The used functional group may give rise to synergistic effects (see chapter 1.2.5) as
well, further enhancing the flame retardant properties of the treated material.
Polymerizable func tion
O
O

FR polymer

H
N

Cl

N
N

Crosslinker

N

Fibres´ surface

Cl
Dichloro-triazine-anchor

Figure 32: Idea of s coupling agent to bind FR polymer covalently to the surface of the cotton fibres

Such compounds are known since 1966 and are used for other applications. (126) (127)
3.2.1

2-(4,6-dichloro-1,3,5-triazine-2-ylamino) ethylacrylate (DTEA 9)

The synthesis of the DTEA 9 was performed via a two step process. The key-precursor 8
was first synthesised using an adaption of the procedure from Thuston, Dudley and
Kaiser. (128) Cyanuric chloride was suspended in THF under argon conditions. 2 eq.
ethanolamine was added since it acted in addition as acid scavenger (Scheme 11). After
filtering off ethanolamine hydrochloride the product 8 was obtained as white solid in 95%
yield after precipitation with hexane.
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Scheme 11: Synthesis of 2-(4,6-dichloro-1,3,5-triazine-2-ylamino)ethanol DTEOH 8

In the second step (Scheme 12) triethylamine was used as base. Acryloyl chloride was
added drop wise parallel with the base to compound 8 dissolved in THF. After the usual
work up, the compound 9 was obtained as pale yellow oil in 85% yield which crystallise
over night.

Scheme 12: Synthesis of 2-(4,6-dichloro-1,3,5-triazine-2-ylamino)ethylacrylate DTEA 9

The room temperature proton decoupled 13C NMR spectrum of compound 8 and 9
displayed three distinct signals for the triazine ring indicating non equivalence of C(4’) and
C(6’) (Figure 33). As Brewer et al. (129) discussed the fluxional behaviour exhibited by the
triazine is indicative of restricted rotation about the exocyclic C-N bond, due to π-bonding.
This behaviour is analogous to the one displayed by amides.
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Figure 33: 75 MHz 13C NMR of DTEA 9 in [D6]-DMSO (δ = 40.3, s, 1C, CH appears in between the solvents’ peaks)

3.2.2

Model reaction with cyclohexanol

A lot of research is known with respect to the binding mechanism of reactive dyes and
cellulose (130). Stamm et al. proved the covalent nature by means of microbiological
degradation of dyed cellulose and analysis of the hydrolysate the covalent nature of the
bond between a reactive dye and the cellulose polymer. The dyed soluble degradation
product possessed a glucose moiety. In addition the model-reaction of glucose with
Procion-dyestuff led to products from which glucose was successfully recovered by acid
hydrolysis.(131) Baumgarte (132) worked on the reaction of a reactive dyestuff with cellulose
models and analysed the products by paper chromatography. By his experiments he could
show that a covalent bond exists between the dyestuff and cellulose. All Procion-dyes have
the same reactive group as DTEA 9. Therefore it should be possible to bind the coupling
agent to cellulose. To further verify the binding between 9 and cellulose a model reaction
was performed.
The model reaction of the OH group of cyclohexanol with the triazine of DTEA 9 was
carried out under the same conditions as described by Stamm.(133) However, unlike most
reactive dyes DTEA 9 is not soluble in water. Therefore THF was used as solvent.
Cyclohexanol and DTEA 9 were stirred in THF at room temperature for 10 min and a
stoichiometric amount NaOH dissolved in H2O was added dropwise until a pH of 10-11
was reached. The solvents were evaporated on a rotary evaporator and a slightly beige
solid were obtained which was washed with water to get rid of NaCl.
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Scheme 13: Model reaction of DTEA with cyclohexanol

A mixture of products was obtained containing a main product (60 – 65%) as determined
by NMR. The product could not be purified by crystallisation. No indication of
polymerisation under the employed basic conditions was seen. Analysis by HMQC and
HMBC NMR revealed long range couplings between the cyclohexanol moiety (CH-OH)
and the carbon atoms of the triazine anchor, confirming the substitution of chlorine atoms
by the hydroxy group of the cyclohexanol. The fact that a mixture was obtained is not
surprising since it is known that in dyeing processes only 60 – 85% of the dyestuff reacts
with the cellulose, the remainder is lost by hydrolysis. (130)
3.2.3 Binding process to cellulose
As the model reaction shows a covalent bond between hydroxyl groups of cellulose and the
triazine of the coupling agent is possible. The application process to cellulose had to be
adapted to the solubility properties of the compound. As discussed in the previous
paragraph DTEA 9 is not soluble in water, this excluded an application process in longliquor-to-goods ratio as is often used in dyeing. Pad batch processes with a typical shortliquor-to-goods ratio are well known in the dyeing industry, especially for insoluble dyes
and dyes with low affinity to cellulose. Therefore a pad batch process was chosen for the
bonding of DTEA 9 to cotton fabrics (Scheme 14). For all experiments standardised cotton
samples (twill woven, 210 g/m2) were used. To get rid of unbound, hydrolysed molecules
and NaCl a washing process with EtOH (4 times) and water (2 times) in a Soxhlet
apparatus was necessary.
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Scheme 14: Binding process of triazine-anchor acting as a bridge between cellulose and FR polymer

The amount of bound coupling agent was determined by weight measurements and
calculated as:
(12)

100

W0 is the weight of cotton samples after 24 h of storing under standard climate and Wg is
the weight of cotton after binding the coupling agent and subsequent washing and 24 h
storing under standard climate.
For a first experiment 10% wof DTEA were dissolved in THF (liquor-to-goods ratio: 5:1)
and spread on the cotton textile. After padding 2 eq. NaOH dissolve in H2O were spread on
the textile followed by padding. The textiles were placed in a closed glass tube in a heating
chamber and treated for 3 h at 60 °C. After washing the DOG was 3% wof.
3.2.4

Elemental analysis

Another possibility to determine the amount of bound DTEA 9 on cotton is to measure the
nitrogen content by elemental analysis. From the data obtained by this method the amount
of bonded coupling agent was calculated. Taking into account that the chlorine at the
triazine ring is replaced by oxygen atoms of the cellulose, and assuming double
substitution, the molecular mass (MM: 263.08 vs MM: 224.17) and therefore the nitrogen
content (21.3% vs 25.0 %) changed if compared with non bonded monomers.
Content of N [%] was determined by elemental analysis.
Tabelle 3.1: Elemental analysis of DTEA 9 on cotton

Elements [%]
CO untreated
C
42.42
H
6.46
N
0.07
 2.9% wof DTEA 9 on cotton textile

CO with DTEA 9
41.05
6.29
0.80

85

Δ [%]

0.73

3 Optimisation of the efficiency of DEAEPN as FR

The content of 0.07% nitrogen in untreated cotton may be the natural amount or due to
contamination from the textile finishing processes or measurement errors. It was subtracted
and the content of DTEA 9 calculated from the resulting value.
By elemental analysis the same sample resulted in a slightly smaller DOG than by
weighing measurements.
3.2.5

IR spectra of bonded DTEA on cotton

To corroborate the bonding of the coupling agent to the fibres, IR spectra were measured
for the monomer of DTEA 9, the untreated cotton and the treated samples (CO with
DTEA 9). As Figure 34 shows typical adsorption bands in the spectra of the cross-linking
monomer are at 1698 cm-1, characteristic for C=O bonds, and at 1610, 1554 and 1508 cm-1
corresponding to the C=N bonds vibrations. Only 3% wof of DTEA 9 was bonded to the
cellulose. Therefore the difference in the IR spectra between non treated and treated cotton
is almost not visible. However new adsorption bands appears at around 1726 cm-1 in the
IR-spectra of treated cotton. This adsorption bands can be assigned to the C=O bond of the
DTEA 9. The broad adsorption band between 1556 – 1680 cm-1 was assigned to the three
C=N bonds of the triazine. These typical adsorption bands were shifted because the
DTEA 9 monomer is bound to the cotton surface. The vibrations of the bonded DTEA 9
are weak, in particular the C=N bonds in the triazine ring due to its connection to the
polymer chains of the cellulose, and its different bonding possibilities. These could be
mono-substituted with the second chlorine still present, di-substituted with hydrolysis of
the second chlorine (-OH), or di-substituted to cotton (both chlorines substituted).
Hydrolysis of triazine anchor systems is a well known problem for the reactive dyeing. (130)
(134)-(137)
The presence of remaining chlorines could be evidenced by XPS measurement
(chapter 3.2.6).
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Figure 34: IR spectra of DTEA 9 as monomer, CO and treated CO
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3.2.6

XPS measurement

XPS measurements were performed to characterise the surface of the cotton fibres.
Untreated cotton was compared to cotton treated with DTEA 9.
Table 3.4: XPS data of virgin and DTEA 9 treated cotton

CO untreated
CO –DTEA 9

O 1s [%]
33.36
29.69

C 1s [%]
65.08
57.36

N 1s [%]
0.87
5.82

Cl 2p [%]
0.72

XPS measurement is a surface characterisation technique. The increasing content of
nitrogen on cotton pre-treated with DTEA 9 further supports the successful grafting of
DTEA 9 in particular on the surface of the fibres. The additional chlorine is due to a small
amount of remaining chlorine atoms from singly bound, non-hydrolysed chloro-triazine.
Every fifth molecule of the coupling agent is only singly bonded. As discussed before, the
chlorine atoms on molecules like 9 have a different reactivity. In regard of the entire textile
sample the amount of remaining chlorine is negligible low.
3.2.7

Treatment parameters for binding mechanism

For the dyeing industry it was of great importance to know more about the dyeing
mechanism and the optimum binding capacity of cotton fibres. In the 1960 a lot of research
was done and Hildebrand (138) could reveal that the content of hydroxyl groups available as
reaction sites for reactive dyes is limited. Cellulose fibres do have less available OHgroups for dyeing than one would suspect, compared to the theoretical amount of OHgroups. He concluded that only 0.5 – 0.7% of all unsubstituted OH groups present in cotton
can be reacted with suitable dye-molecules. Additionally he discussed that the solid state of
the cellulose in cotton fibres does hinder the heterogeneous binding reaction. The
fibre/dye-reaction runs slower than suspected from model reactions. Binding reactions with
Procion-dyes done by Zollinger (130) resulted in a yield of 60 – 85% referring to the initial
add-on of dye-molecules. The remainder of dye- molecules (15 – 60%) is lost by
hydrolysis. This side reaction cannot be completely eliminated, but is influenced by the
dyeing parameters like pH, temperature and time.
To get a surface reaction a pad batch process working in short-liquor-to-goods ratio was
used. Some experiments with varying liquor concentrations, pH value and treatment time
were performed to optimise the treatment yield.
Concentration and pH of liquor
Two different concentrations (5 and 10% wof DTEA 9) of liquor were prepared (5 mL
acetone as solvent) and spread on the cotton fabrics (twill woven, 210 g/m2) followed by a
padding process. For dyeing processes the pH is of great importance. For this reason for
both concentrations different pH values were chosen (0.5 eq., 1 eq. and 2 eq. NaOH). 2 mL
NaOH solutions differing in concentration were spread on the textile followed by another
padding process. Finally the samples were placed in a closed glass tube for 3 h at 60 °C.
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Table 3.5: Different content of DTEA 9 on CO

(1)
(2)
(3)
(4)
(5)
(6)

DTEA 9 [% wof]
5
5
5
10
10
10

NaOH
0.5 eq.
1.0 eq.
2.0 eq.
0.5 eq.
1.0 eq.
2.0 eq.

pH
10
11
13
11
13
14

Grafted DTEA 9 [% wof]
2.07±0.10
2.11±0.10
2.01±0.15
1.31±0.10
3.50±0.20
2.44±0.20

Yield [%]
41.4
42.2
40.2
13.1
35.0
24.4

As Table 3.5 indicates the best results are obtained with 10% wof and pH 13. However,
even this is not the best condition considering the grafting yield (35% compared to entry
(2) 42%). It was still employed because it gave the highest amount of grafted compound on
the surface. Knowing that only the surface should be covered with the coupling agent,
binding of 2% wof DTEA 9 on cotton is an excellent result.

Temperature and treatment time:
In the textile industry cold pad batch dyeing processes are well known, especially for
dichloro-triazine systems which already react at room temperature. Note that the
reactivities of the chlorine moieties of cyanuric chloride are different. While the first
chlorine already reacts at 0 °C, the second substitution occurs at room temperature,
whereas the third chlorine requires temperatures over 50 °C. (130)
Therefore experiments at different times and temperature were carried out.
Table 3.6: Pad batch process with different temperature

Temp. [°C]
60
25

Time [h]
3
24

NaOH
1 eq.
1 eq.

Grafted DTEA 9 [% wof]
2.50±0.2
1.39±0.2

Yield [%]
25.0
13.9

As expected higher temperatures increase the reactivity. Nevertheless a grafting at room
temperature is as well possible.
3.2.8

Kinetics of DTEA 9 and DEAEPN

After studying the binding process of the coupling agent to the cellulose, the reaction of the
acrylic group of the DTEA 9 with the flame retardant was investigated. The first question
was, whether the acrylic groups of both monomers show the same reactivity or not.
Therefore the polymerisation kinetics of both compounds by PIGP with 5% wom initiator
(Irgacure 819) was measured. As Figure 35 demonstrates for both monomers similar
conversion rates were obtained. 95% of conversion was attained after 20 min of treatment.
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Figure 35: Kinetics curves of DEAEPN, DTEA 9 and a copolymer of both

A copolymerisation of these two compounds (ratio: 1:1) in PIGP was performed and ended
up in a rubbery material after 20 min of plasma induced polymerisation. The kinetics curve
of this copolymer show a much lower conversion between 0 – 5 min of treatment
compared to the homopolymers but after 7 min the conversion is comparable to the
homopolymers. The final conversion was 90%. Therefore a copolymerisation is possible.
3.2.9

Yield of grafting

Untreated and DTEA 9 pre-treated cotton were flame retardant finished as described
before, using 20% wof or 30% wof DEAEPN, 5% wom initiator and 10% wom crosslinking
agent. The yields of grafting were measured by weight and compared.
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Figure 36: DOG of FR treated cotton, 9 pre-treated compared to original CO
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The results are shown in Figure 36. Surprisingly, the yield of grafting of pre-treated cotton
compared to original cotton is lower. Especially at low FR concentrations the yield of
grafting (Table 3.7) is decreasing about 40%. This result indicates that the coupling agent
decreased the affinity of FR to the cellulose.
Table 3.7: Yield of FR grafting for origin and pre-treated cotton

FR in solution [% wof]
YOG DEAEPN [% wof]
YOG DTEA 9 - DEAEPN [% wof]

20
93.5
50.5

30
87.0
79.7

Tsafack (139) discussed in her thesis the effect of the concentration of crosslinking agent
EGDA 5 on the grafting yield for DEAEPN and compared that to NH-free flame
retardants. DEAEPN showed a much higher grafting without any crosslinking agent than
with crosslinking agent. The results were attributed to the formation of hydrogen bonds
between the –OH functional group of cotton with the nitrogen of the phosphoramidate unit
(Figure 37). Our experiments exhibit the same behaviour. After the DTEA 9 pre-treatment,
OH-groups of the cellulose are occupied, impeding the approach of the flame retardant.
This results in a decrease of the grafting yield.

Figure 37: Affinity of FR to original and DTEA 9 pre-treated cotton

The goal of this approach was to decrease the add-on of the FR polymer on the fabric
without losing the flame retardant properties.
3.2.10 LOI measurement
The LOI value is a good indicator for the efficiency in flame retardant finishing. By
comparing untreated and DTEA 9 pre-treated cotton grafted with different amounts of
DEAEPN, the efficiency of the copolymer DTEA 9 – DEAEPN as flame retardant could
be determined. In these experiments the amount of grafting of the coupling agent was
around 1.6 ±2% wof.
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Figure 38: LOI values of coupled (CO – DTEA 9 – FR) and none coupled DEAEPN treated (CO – FR) cotton

The LOI curves in Figure 38 exhibit much higher LOI values with the coupling agent than
without the coupling agent. LOI values > 27 could be reached with less than 10% wof
grafting, while without the coupling agent 16% wof of FR was necessary.
Table 3.8: Burning data of coupled and none coupled FR treated CO (ab= after burning, Wr = weight residue)

CO –
DEAEPN

CO-DTEA 9 –
DEAEPN

DOG FR
[% wof]
0.0
2.2
5.6
15.3
23.7
38.2
0.0
4.1
5.5
8.2
15.8
22.5

N
[%]
0.07
0.22
0.49
0.75
1.10
1.56
0.51
0.98
1.19
1.62
2.41
3.20

N.
[%] ab
1.02
1.43
2.17
2.57
2.94
1.53
1.74
2.29
2.33
2.45

P
[%]
0.31
0.88
1.69
2.26
3.25
0.35
0.52
0.71
1.39
2.14

P
[%] ab
1.63
2.52
4.50
6.45
7.56
1.95
2.01
2.97
4.36
4.81

LOI
19.0
21.0
23.0
27.0
28.0
29.5
19.0
24.5
25.0
26.5
28.5
31.0

Wr
[%]
1.5
10.0
16.0
21.0
22.0
24.0
3.1
13.0
15.0
20.0
21.0
22.0

Detailed information about the flame retardant behaviour is given by the LOI data of the
pre-treated and original cotton in Table 3.8. All samples were investigated in detail by
elemental analysis before and after burning. The flammability of cotton treated with
1.6% wof of coupling agent 9 is not decreasing compared to untreated cotton but more
chare retention (3.1%) occurs, due to the presence of the triazine moiety which is thermally
stable.
For the same amount of applied finishing agent to cotton the phosphorus content of the
DTEA 9 – DEAEPN copolymer obtained by pre-treatment of cotton is lower than for the
DEAEPN polymer. The nitrogen content is higher for pre-treated cotton due to the nitrogen
in DTEA 9. Nevertheless, the LOI values of the pre-treated cotton are much higher with
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P/C*100

less phosphorus. By the burning process much of the carbon of cellulose is lost as CO2
releasing large amounts of heat. If the crosslinking agent supports the flame retardant
properties of DEAEPN less carbon should be lost. To test this assumption the ratio of
phosphorus to carbon (determined by E.A.) of the treated samples was calculated before
and after burning (Figure 39). At low grafting of flame retardant (5% wof) the ratio of P to
C is similar for pre-treated and original cotton. However, the LOI values of the pre-treated
cotton are much higher, and therefore this observation can be explained by the higher
content of oxygen in the controlled atmosphere of the LOI apparatus influencing the
burning process in these experiments. At higher degrees of grafting (> 10% wof) less
carbon is lost in the burning process for DTEA 9 pre-treated cotton, as differences in the
ratio of P/C before and after burning demonstrate. Therefore a significantly increased
decomposition of the cellulose to char in presence of the coupling agent 9 is observed.
Such effect cannot be seen without the pre-treatment. In these experiments the carbon
content of the char relative to phosphorus decreases much more after burning, meaning
more carbon is lost during the burning process.
10
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CO - FR
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CO - FR burned
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15
20
grafted FR [% wof]
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Figure 39: Ratio of P / C plotted against degree of grafting with DEAEPN before and after burning

3.2.11 Burning rate and weight residue at the same OI
To compare the burning rate DTEA 9 pre-treated and original cotton was loaded with
20% wof and 30% wof of DEAEPN. Based on the different process yields grafting between
9% and 25% were obtained. To determine the burning rate and the weight loss during the
burning process, the samples were burned at the same OI (27 for lower grafting and 31 for
higher grafting, Table 3.9). The phosphorus content was calculated based on the weight
increase after grafting of DEAEPN.
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Table 3.9: Burning rate and weight loss of coupled and non-coupled FR at same OIs (BR = burning rate)

DEAEPN
DTEA 9 –
DEAEPN

(a)
(b)
(c)
(d)

DOG FR [% wof]
19.4
25.6
9.4
23.9

P [%]
2.4
3.16
1.16
2.95

OI
27
31
27
31

BR [mm/s]
1.04
1.54
1.31
1.43

Wr [%]
18.58
19.96
18.62
24.24

From these measurements it is obvious that at the same OI the char residue of the DTEA 9
pre-treated samples is higher than for samples which were not pre-treated. By grafting
9.4% wof of FR on pre-treated cotton a similar amount of char residue is obtained as for
grafting 19.4% wof of FR to untreated cotton. These results confirm the higher efficiency of
the DTEA 9 – DEAEPN copolymer coupled to the cellulose fibres.
3.2.12 SEM
From scanning electron microscope images a picture of the residual char can be obtained.

Figure 40: SEM image of flame retardant finished cotton
after burning

Figure 41: SEM image of coupled flame retardant
finished cotton after burning

The residual char of DEAEPN grafted by PIGP to original cotton is composed of tubes
with thin walls (0.4 µm) as the SEM images show. By adding the coupling agent in a padbatch process and coupling the flame retardant polymer afterwards, the walls of the
remaining tubes are much thicker (2.1 µm) and the hollow space inside the tubes shrank.
This result again demonstrates the successful reduction of the burning of cellulose with
lower amounts of applied flame retardant in presence of 9.
3.2.13 PCFC measurement
More information about the flame retardant behaviour of FR polymers on pre-treated and
original cotton was obtained by PCFC measurements.
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Figure 42: Heat release curves of CO, DTEA as monomer, 9 pre-treated CO and coupled and non coupled DEAEPN
treated cotton

Figure 42 shows the heat release rate for an oxidative pyrolysis of cotton, DTEA as
monomer and the differently treated cotton samples. Comparable to the other monomers
for which the results were shown before (chapter 2.4.4) DTEA has a main peak between
150 – 300 °C including the evaporation of the compound. Nevertheless a broad peak
followed above 350 °C. This indicates char formation next to evaporation. Between 350 –
550 °C char decomposition occurs and results in 20.6% weight residue (Table 3.10). The
main formation of char based on the 26.9% chorine combined with 21.3% nitrogen of the
DTEA monomer.
Compared to untreated cotton DTEA 9 pre-treated (1.7% wof) cotton shows a slight shift to
lower temperatures and a decreased total heat release rate as well as an increased char
formation.
The heat release curves of FR treated cotton with a degree of grafting > 10% wof has the
already mentioned shoulder attributed to some decomposition of the FR. The heat release
capacity (HRC) as reliable indicator of fire hazard shows interesting differences for the
DTEA 9 pre-treated cotton compared to original cotton after the application of flame
retardant. The HRC of the main decomposition process is decreased using the pretreatment. Especially for higher grafting (> 15% wof) the efficiency of the coupled FR
seems to be increased as 15% decrease of HRC and a shift of TPHHR to lower temperature
demonstrates. The increased char residue indicates as well a better flame retardant property
based on char formation.
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Table 3.10: PCFC data of CO, 9 as monomer, 9 pre-treated CO and coupled and uncoupled DEAEPN treated CO

CO
DTEA
mono
CO –
DTEA

DOG
[% wof]

P
[%]

-

-

-

-

-

-

10.1

CO – FR

17.1

CO –
DTEAFR

7.0
16.6

1.2
2.1
0.8
2.0

THRR
[kJ/g]

HRC1
[J/g°C]

PHRR1
[W/t]

TPHHR1
[°C]

HRC2
[J/g°C]

PHRR2
[W/t]

TPHHR2
[°C]

-

-

-

9.7

9720

186

382

±0.2

±140

±4.0

±4

Wr
[%]
9.9
±0.3

8.1

5012

110

261

3084

25

408

±0.2

±40

±2.0

±0.2

±20

±0.5

±0.5

-

-

-

13.2

3378

83

320

27.2

8.8

8811

137

381

±0.3

±140

±1.0

±2

3.4

257

13.0

273

20.6
±0.3
±0.4

±0.2

±10

±0.2

±2

±20

±0.5

±1.0

±0.2

3.8

112

37.5

285

3374

85

318

28.9

±25

±0.5

±1.0

±0.2

±5

±0.5

±2

3.4

3362

82.7

318

±0.2

±50

±0.3

±2

3.0

984

40.1

±0.2

±10

±0.2

±0.2

-

-

-

28.3

218

2876

62

308

30.5

±2

±10

±0.5

±1.0

±0.2

±0.2

The results obtained by PCFC measurements confirm that a higher efficiency of the known
flame retardant treatment is achieved by pre-treating cotton with DTEA.
3.2.14 Thermogravimetric analysis
To compare the different degradation behaviour of pre-treated and original cotton after FR
application thermogravimetric analyses were performed. As the TGA curves (Figure 43)
and data (Table 3.11) demonstrate the DTEA monomer degraded in 3 steps. The main
weight loss between 60 – 260 °C can be attributed to evaporation of the monomer. Due to
the chlorine and nitrogen in the compound not only evaporation but as well degradation
and char formation occurs above 260 °C. This results in char degradation between 390 –
600 °C and a weight residue of 18%.
CO untreated
DTEA mono

weight residue [%]

100

CO - 1.5% wof DTEA
CO - FR (2.1%P)
CO - DTEA - FR (2.0% P)

80
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40

20

0
50
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450

550

temperatu re [°C]
Figure 43: TGA curves of CO, 9 as monomer, 9 pre-treated CO and coupled and uncoupled DEAEPN treated CO

Similar to the PCFC data DTEA 9 pre-treated cotton show slight different decomposition
behaviour compared to original cotton. The onset temperature of the main decomposition
95

3 Optimisation of the efficiency of DEAEPN as FR

process is reduced to 250 °C vs 300 °C. During the pyrolyzing process (250 – 380 °C) the
weight loss is slightly decreased and more char is formed, confirmed by higher weight
residue.
Table 3.11: TGA and DTG data of DTEA pre-treated cotton and original FR treated cotton

DOG
[% wof]

P [% wof] by
E.A.

DTEA
mono

.

.

CO
untreated

-

-

CO –
DTEA

-

-

10.1

1.20

17.1

2.22

7.0

0.8

16.6

2.0

CO – 1

CO –
DTEA – 1

T
[°C]
60 – 260
260 – 390
390 - 600
< 300
300 - 370
370 - 600
< 245
250 – 380
380 - 600
< 225
225 - 250
250 – 313
313 - 600
< 225
225 – 250
250 – 313
313 - 600
< 220
220 - 252
252 - 313
313 - 600
< 210
210 – 250
250 – 313
313 - 600

Tmax
[°C]
223
326
408
358
348
425
247
302
354
247
299
350
249
304
356
246
296
348

Wl
[%]
42
26
14
6
72
10
4
69
7
3
2
39
25
3
2
40
23
3
2
38
24
3
3
37
23

Wr
[%] at 600 °C
17.8±0.1
12.0±0.1
20.0±0.1

31.1±0.1

31.5±0.1

33.2±0.1

34.2±0.1

The TGA curves of pre-treated and original cotton finished with flame retardant show
interesting differences in the decomposition behaviour. Even with lower phosphorus
contents the DTEA 9 pre-treated cotton shows decreased weight loss during the main
decomposition (250 – 313 °C). This indicates increased char formation independent on the
amount of phosphorus. The weight residue at 600 °C confirms the higher efficiency of the
coupled FR compared to uncoupled FR.
It could be shown that the coupling agent in combination with the flame retardant polymer
increased the flame retardancy. Higher degrees of grafting on the other hand did not have a
large influence on the degradation behaviour. These results emphasise the importance of
increasing the efficiency of known flame retardants, since higher grafting did not result in
correspondingly higher flame retardancy and has a detrimental impact on textile properties.
3.2.15 Washing fastness
Very important for the serviceability of textiles is the washing fastness of the finishing. In
1974 McSherry developed a laundering method especially for flame retardant fabrics in
connection with the standard for the flammability of children´s sleepwear. (140) The laundry
test was designed to be comparable to 50 washing cycles.
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Figure 44: Washing fastness according to Mc Sherry of coupled and none coupled flame retardant finished CO

The weight loss of DEAEPN flame retardant finished cotton is not high after the intensive
chemical and mechanical washing treatment. Samples with higher degree of grafting had
even less weight loss than samples with lower degree of grafting, which might be due to
higher crosslinking of the flame retardant polymer. Interesting was the comparison to
DTEA 9 pre-treated cotton. By coupling the flame retardant polymer via DTEA 9 to the
surface of cotton, the weight loss was 50% lower. This demonstrated that the durability of
flame retardant applied to pre-treated cotton samples was increased.
Besides the amount of the flame retardant polymer which continued to stay on the surface
of the fibres its unscathed flame retardancy is important. Therefore LOI measurements
were performed after the washing treatment (Table 3.12).
Table 3.12: LOI values of flame retardant finished washed cotton samples (aw = after washing)

CO –
DEAEPN
CO – DTEA 9
– DEAEPN

DOG FR [% wof]
17.4
29.0
10.1
21.7

LOI
27
28.5
28
31

DOG aw [% wof]
16.9
28.7
10.0
21.6

LOI
27
28.5
28
31

Both DTEA 9 pre-treated and non-pre-treated cotton samples had similar LOI values
before and after the washing cycles.

3.3 Relevance of acrylic group in DTEA 9 for efficiency of FR treatment
The higher efficiency of the combination of DTEA pre-treatment with DEAEPN compared
to a direct loading of the fibres with DEAEPN could be highlighted in the previous
chapters. However, the question of whether the increasing efficiency is really based on the
copolymerisation of the acrylic groups of DEAEPN and 9 has not yet been addressed. To
test the hypothesis that the acrylic groups on the crosslinking agent 9 are indeed important
two analogous compounds could be synthesised in this work (Scheme 15, Scheme 16).
They were tested under similar conditions as DTEA.
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Scheme 15: Triazine-derivative DETA

Scheme 16: Triazine-derivative DTEP

Compound 10 was synthesised to probe the possible influence of the triazine-anchor
system in particular in regard of the groups which substitute the ring. Melamine derivatives
are used as flame retardants as well and the high content of nitrogen has a beneficial effect
on the LOI. (141) Compound 11 has a very similar structure as DTEA 9, but without an
acrylic polymerisable group. If the efficiency of cotton treated with DTEP and DEAEPN is
lower than samples treated with DTEA, the acrylic groups have to be important for the
increasing efficiency.
3.3.1

Synthesis of coupling agent derivatives

4,6-dichloro-N-ethyl-1,3,5-triazine-2-amine (DETA)
The synthesis of DETA 10 was performed analogous to the one of 8. A solution of
ethylamine in THF was used instead of ethanolamine. A white powder was obtained with
93.6% yield.

Scheme 17: Synthesis of 4,6-dichloro-N-ethyl-1,3,5-triazine-2-amine (DETA)

2-(4,6-dichloro-1,3,5-triazine-2-ylamino) ethyl propionate (DTEP)
For the synthesis of DTEP 11 the same procedure as for DTEA was used, but propionyl
chloride was used instead of acryloyl chloride in the second step. 11 was formed with a
reaction yield of 99%.

Scheme 18: Synthesis of 2-(4,6-dichloro-1,3,5-triazine-2-ylamino)ethyl propionate (DTEP)

3.3.2

Grafting on cotton textile

To graft the two homo-functional coupling agents onto cotton (twill woven, 210 g/m2) the
pad batch process described earlier was used. The yields for the reaction between the
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crosslinking agent and cotton are shown in Table 3.13. The weight increase from the
application of DETA 10 is lower than for DTEP 11 and DTEA 9, but if the lower molar
mass is taken into consideration it is obvious that more DETA molecules are bonded onto
cotton.
Table 3.13: Grafting of different triazine derivatives on cotton treated by pad batch process

DTEA 9
263.08
2.25
0.58
2.32

MM [g/mol]
Bonded [% wof] calculated on weight-increase
Nitrogen content by E.A [%]
bonded [% wof] calculated on E.A. data
3.3.3

DETA 10
193.03
1.45
0.48
1.32

DTEP 11
265.10
2.07
0.51
2.06

Yield of grafting

After the pad batch process the samples were impregnated with flame retardant monomers
followed by a polymerisation process using Ar plasma. The yield of polymerisation
corroborates the assumption that the coupling agent with acrylic groups has an influence
on the polymerisation of the flame retardant onto cotton. The DTEA 9 pre-treated cotton
samples gave much higher grafting yields compared to cotton samples pre-treated with 10
or 11.
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Figure 45: DOG of DEAEPN treated CO pre-treated with 9 and derivatives of the crosslinking agent

The YOG (Table 3.14) with DTEA treated cotton is around 10% higher than the yield of
grafting obtained with DTEP or DETA treated cotton using 20% wof of flame retardant in
solution. By increasing the concentration in this solution to 30% wof the yield increased to
78% for DTEA 9 treated cotton. This is much better compared to the obtained 56% for pretreated cotton with coupling agents without acrylic groups. Therefore it is possible to
demonstrate that the co-polymerisation of DTEA 9 with DEAEPN on cotton is indeed
possible and that the polymerisable acrylic ester group is indeed important.
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Table 3.14: Yield of grafting for DEAEPN with coupling agent and derivatives of coupling agent

FR in solution [% wof]
YOG DTEA 9 – DEAEPN [% wof]
YOG DETA 10 – DEAEPN [% wof]
YOG DTEP 11 – DEAEPN [% wof]
3.3.4

20
61.8
49.4
52.9

30
78.6
59.3
56.3

LOI measurements

Besides the higher yield of grafting the LOI of combinations of the different compounds is
of most interest.
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Figure 46: LOI values of DEAEPN treated CO coupled with DTEA 9 and derivatives

As Figure 46 demonstrates, the DTEA 9 pre-treated samples have the highest LOI. Pretreatment of cotton with compounds 10 and 11 is not as effective and did not result in
significantly higher flame retardancy as DEAEPN alone.
Table 3.15: Burning rate and char residue of DEAEPN with DTEA 9 and derivatives (cal. = calculated)

CO-DEAEPN
CO- 9-DEAEPN
CO- 10-DEAEPN
CO- 11-DEAEPN

DOG FR [% wof]

P cal. [% wof]

LOI

Wr [%]

7.0
16.0
8.2
13.6
8.5
16.0
12.2
17.4

0.86
1.97
1.01
1.68
1.05
1.97
1.50
2.15

19.0
24.5
27.0
19.0
26.5
29.0
19.0
25.5
27.8
19.0
26.3
28.5

1.47
18.58
19.96
3.13
18.62
24.24
3.97
18.53
21.20
1.90
20.01
21.74
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A closer look on the burning rate and the char residue confirms the effective combination
of the coupling agent and the flame retardant polymer-film. As Table 3.15 shows, by a
degree of grafting of 13.6% wof the LOI value reached an excellent value of 29 for the
DTEA 9 pre-treated samples, with a char residue of 24.2%. A DTEP 11 pre-treated sample
without co-polymerisable groups but with a significantly higher flame retardant grafting of
17.4% wof reached a comparable LOI value of 28.5. In addition a diminished char
formation was observed. The LOI was not changed by the pre-treatment without flame
retardant finishing.
It was observed before that nitrogen compounds alone do not have good flame retardant
properties. However the synergistic effect of nitrogen compounds on flame retardancy
when used in combination with phosphorous compounds is well described in the literature,
the best compounds described so far are substituted melamines.(142) (143) In the case of pretreatment with compounds 9, 10 and 11, the assumption that such synergistic effects are
important, is valid. Nevertheless, the higher efficiency of DTEA 9 demonstrates the
possibilty to further increase this synergism by the additional covalent cross linking of the
flame retardant polymer to cotton. This anchoring of the FR polymer onto the cellulose
leads to tighter binding and higher degree of grafting.

3.4 Outlook on combined dyeing and DETA pre-treatment
3.4.1

DTEA pre-treatment on reactive dyed cotton

As mentioned before, research on the reactive dyeing processes indicates, that the OH
groups for binding dye- molecules are limited. In this context the question came up if it is
possible to bind the coupling agent on already dyed cellulose, where even less reactive
OH-groups should be available. To analyse this problem reactive-dyed cotton was treated
as described before. Remazol brilliant dyes are binding with a vinyl-sulfone anchor system
(see 6.1.3). The textile samples were dyed (3% wof) before the treatment, which resulted in
intensive colour.
Table 3.16: Bonding of DTEA 9 on dyed cotton

3% wof dyed
Undyed
Remazol brilliant blue
Remazol brilliant red
Remazol brilliant yellow

Grafted DTEA 9 [% wof]
2.5±0.2
1.47±0.2
1.49±0.2
0.9±0.1

Yield [%]
25.0
14.7
14.9
9.0

The yield of undyed cotton is significantly higher than the dyed samples but in general it is
still possible to bind the coupling agent to already dyed cotton, which is an important
aspect for the textile industry. A yield of 15% bound DTEA 9 on the blue and red dyed
samples are still a good result. The lower yield of the yellow dyed samples could be due to
differences based on the dye-structure. For detailed interpretation further investigations
would be necessary, but are beyond the scope of this work.
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3.4.2

Dyeing and DTEA pre-treatment in one step

A combination of the binding of the coupling agent together with a reactive dye could be
interesting for the industrial application of the investigated methodology. For further
investigations DTEA 9 was bond together with a reactive dye in a cold pad batch process.
Levafix brilliant red was used as dyestuff, since it is especially suited for cold pad batch
dyeing in short-liquor-to-goods ratio. Four experiment series were prepared with different
conditions:





Only DTEA 10% wof
Only Levafix 10% wof
Combination of DTEA 10% wof and Levafix 10% wof
Combination of DTEA 5% wof and Levafix 5% wof

Figure 47: Reactive group of
Levafix dyes(144)

NaOH was used as base and the impregnated samples placed in a closed glass tube at RT
for 48 h.
Table 3.17: Combination of dyeing and binding DTEA 9 on cotton

Treatment parameter
Levafix10% wof
DTEA 10% wof
Levafix 10% wof /DTEA 10% wof
Levafix 5% wof /DTEA 5% wof

Weight increase
[% wof]
1.54
1.47
2.03
1.53

Uptake
[%]
15.40
14.70
10.15
15.53

N content
[%]
0.145
0.275
0.270
0.205

The bonding of Levafix and the coupling agent 9 gave an uptake around 15%. When using
10% wof of both compounds in combination the uptake is lower but the amount of bonded
molecules is higher. When only 5% wof of both compounds is used the uptake is
comparable to 10% wof of one compound.
The bound dyestuff was visible to the naked eye based on the nice red colour, but the
coupling agent is colourless. To ensure that both compounds are bound on cotton elemental
analysis were performed and the measured nitrogen contents are given in Table 3.17. By
bonding 1.5% wof of the dyestuff to the fibres, the nitrogen content is much lower than at
the same content of DTEA 9. The molecular structure of the dye-molecule is not known
but the content of nitrogen (5.4% N, determined by E.A.) is less than the content in
DTEA 9 (21.3% N). The results of the combined treatments show higher contents of
nitrogen compared to the samples only treated with dye. Another difference is the hue of
the colour. The samples only treated with dye and the ones treated with 10% wof dye and
10% wof DTEA 9 have more or less the same depth of shade. This means, based on the
increase in weight and nitrogen content, that a decent amount of coupling agent has to be
bound besides the dye-molecules. Not surprisingly, the samples treated with 5% wof dye
have a significant lighter red. The nitrogen content is still higher than for the samples
treated with 10% wof dye. This suggests that next to the dye-molecules adequate amount of
coupling agent is bound. Therefore a combination of dyeing and application of the
coupling agent in one step is feasible.
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3.5 Conclusion
The aim of the research presented in this chapter was to increase the flame retardant
efficiency of the well-known DEAEPN combined with improvements in its durability.
The first approach was to optimise the phosphorus content on the treated samples by using
a phosphorous containing crosslinking agent instead of the phosphorous free EDGA. The
proposed synthesis of this new crosslinking agent 5 proved to be successful and the
compound could be nicely copolymerised with DEAEPN on cotton fabrics. The amount of
phosphorus on the FR treated cotton could be successfully increased up to 25% by using
this new crosslinking agent. The higher phosphorus content increased the flame retardancy
of the treated cotton fabric, which was shown by LOI, TGA and PCFC measurements. The
necessary amount of FR polymer grafted on the cotton could be decreased from 17% wof to
14% wof to reach safe LOI values.
To further enhance the efficiency of flame retardant polymer covering the cellulose fibres,
the second approach focused on the covalent bonding between the fibres surface and the
FR polymer to increase the durability. Therefore a heterobifunctional coupling agent with a
chlorine-substituted triazine anchor and a polymerisable acrylic function was synthesised
and covalently bonded to cellulose fibres by a pad batch process, a well-established
technology in the textile industry. Elemental analysis and XPS measurements confirm the
successful application of the coupling agent mainly to the surface of the fibres. To optimise
the treatment parameters of the pad batch process, some experiments with varying liquorconcentrations, temperature and pH were performed. For intensive bonding of DTEA onto
cotton 10% wof of the coupling agent had to be used to obtain adequate treatment yields.
Acetone is a qualified solvent to dissolve the DTEA and for preparing the liquor. Although
the bonding of di-chloro-triazine is possible at room temperature, treatment above 60 °C
increased the yield. Furthermore the reactivity of the chlorine atoms of DTEA is different.
To assure that only negligible amounts of chlorine remain on the cotton, the treatment
temperature should be above 50 °C.
Measurements of the polymerisation kinetics of DEAEPN and DTEA as well as a
copolymer based on both compounds indicated that copolymerisation is very likely. The
yield of grafting using the pre-treated cotton was reduced which was attributed to
decreased affinity of the flame retardant to the fibres surface. Nevertheless, after flame
retardant finishing treatment by PIGP the performance of the flame retardant polymer was
significantly improved. Using pre-treated cotton no more than 10% wof of FR grafting is
necessary to reach safe LOI values (27). These excellent results can be interpreted that
indeed a covalent bond is created between the FR polymer and the surface of the cotton
fibres. By using this new “grafting from” technology the necessary amount of grafting
could be reduced by more than 40% compared to the conventional treatment. The
calculated ratio of P/C determined by elemental analysis before and after burning indicates
a decreased loss of carbon when the coupling agent DTEA is used, especially at higher
grafting. Scanning electron microscope pictures confirm the increased char formation. In
addition, PCFC measurements resulted in a significant decreased heat release capacity and
specific heat release rate. TGA measurements demonstrated that the weight loss during the
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main decomposition step was decreased while char formation was intensified, independent
of the phosphorus content. Washing fastness tests verified that the durability of the FR
treatment can be optimised by additional covalent bonding between the FR polymer and
the surface of the fibres.
To test the hypothesis that the copolymerisation between the DTEA coupling agent and the
flame retardant DEAEPN is indeed the reason for the considerably increased efficiency,
derivatives of the coupling agent without polymerisable function were synthesised. They
were applied to cotton in the same way as DTEA and their influence on the burning
behaviour was analysed. As LOI measurements demonstrated, the nitrogen in compounds
9, 10 and 11 have a slight synergistic effect on the phosphorous flame retardant DEAEPN,
but the compounds without a polymerisable group did not increase the LOI as significantly
as DTEA did. The weight residue of the covalent bonded FR treated cotton confirmed that
the char formation of strongly bonded DEAEPN is significantly enhanced compared to the
standard grafting. This underlines the higher efficiency of a flame retardant polymer which
is grafted by strong covalent bonds on the surface of the cellulose fibres.
The grafting of the coupling agent on already dyed cotton was successful, but the yield of
the treatment was reduced compared to undyed samples. In an additional experiment it
could be demonstrated that covalent binding of a reactive dye together with the coupling
agent in a one step process is feasible.
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To improve the PIGP process for flame retardant finishing, it is necessary to test different
treatment parameters in order to find the optimal treatment conditions. Therefore, some
finishing parameters and textile variations were tested to analyse their influence on the
flame retardant finishing and the resulting flame retardancy.

4.1 Finishing parameters
Tsafack (123) already analysed the effect of the presence and nature of photo initiators on
the polymerisation of phosphoramidates in Ar plasma as well as the advantageous use of
crosslinking agents for increasing the grafting yield.
In this research work different photo initiators based on bisacylphosphine oxides (BAPO)
structures were used and the amount of initiator tested. In addition different treatment
parameters like plasma treatment time, an Ar plasma pre-treatment and varies
impregnation time to increase the penetration of monomers into the fibres were performed
and the influences on the yield of grafting analysed.
4.1.1

Comparison of initiators

The Ar plasma is composed of several active species such as radicals, ions, free electrons
and other metastable and excited species, which emit UV and visible radiations by falling
down to their ground energy level. (97) For the plasma induced graft polymerisation the
UV-visible radiations emitted from these excited species are important for the
polymerisation of acrylic monomers. As previous works on polymerisation of fluorinated
and hydrogenated (meth)acrylates with a cold plasma process documented, 2-hydroxy-2methyl-1-phenylpropan-1-one (Darocur 1173) is an efficient initiator for this kind of
reaction. (96) Tsafack compared this initiator with phenylphosphorylbis(mesitylmethanone)
(Irgacure 819), which generates four free radicals per molecule compared to two radicals in
case of Darocur 1173. (123) Experimental data indicated that the addition of a photo initiator
increases the conversion rates of polymerisation of phosphoramidates and that the
Irgacure 819 is more effective for the polymerisation than Darocur 1173. The higher
efficiency was attributed either to the high reactivity of the phosphinoyl radicals generated
by Irgacure 819 compared to the benzoyl radicals or to the faster decomposition of photo
initiators under argon plasma.
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Figure 48: Absorption band of different photo
initiators (PEG=polyethyleneglycol) (145)

Scheme 19: Structures of different initiators

Similar BAPOs (Scheme 19) were compared to analyse possible influence on the yield of
grafting by PIGP. The absorption maxima of the different initiators are similar
(Irgacure 819: 350-390 nm, PEG-BAPO: 350-375 nm, Figure 48).
Both initiators are based on a bisacylphosphine oxide structure and have a chromophore
which absorbs over a long range of wavelengths. (146) After excitation in Ar plasma due to
the wave emission from the plasma ambient gas, the excited triplet state undergoes
cleavage of the carbon-phosphorus bond, thereby producing two highly efficient initiation
radicals. They add to a suitable monomer and initiate a radical chain polymerisation
(Scheme 20). The addition product obtained from the benzoyl-phosphinoyl radical has a
monoacylphosphine oxide (MAPO) structure. After the absorption of a second photon it
can undergo another cleavage reaction. This newly formed radical pair can initiate the
polymerisation process again.
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To analyse any differences in the polymerisation behaviour of a phosphoramidate in Ar
plasma with varying initiators, the kinetics of the homopolymerisation of DEAEPN with
5% wom Irgacure 819 and PEG-BAPO, synthesised in our lab (145), were measured and
compared.
The kinetics curves of DEAEPN in Figure 49 show that both initiators have similar
progression but the Irgacure has a higher conversion rate over the entire time scale. After
1 min of plasma treatment 56% of the monomers already polymerised with Irgacure 819
versus 50% with PEG-BAPO. The difference in conversion is increasing to ~12%, which
demonstrates that the initiation with Irgacure 819 is more efficient for the polymerisation
of DEAEPN by PIGP. After 30 min the conversion of the polymerisation with
Irgacure 819 was 99% while DEAEPN with PEG-BAPO shows a conversion of 85%. This
indicates that although both initiators are based on a bisacylphosphine oxide structure,
Irgacure 819 is more efficient for the application of DEAEPN on cotton by PIGP.
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Figure 49: Kinetics curves of DEAEPN with different initiators (5.0% wom)

To analyse the influence of different initiator on the grafting of FR on cotton (210 g/m2,
twill woven) the yields of grafting after PIGP with DEAEPN were measured for different
initiators and the amount varied to find the optimal concentration (0.0, 0.2, 0.5, 1.0, 2.0,
3.0, 4.0, 5.0% wom). For all experiments 10% wom of crosslinking agent (EGDA) was
added and 20 min of Ar plasma treatment time used (FAr = 125 sccm, P = 100 W, pressure
= 40 Pa).
The results confirm that the addition of an initiator to the radical polymerisation with PIGP
increases the yield of grafting significantly (Figure 50). The application of different
initiators gave different grafting yields. It is obvious that the highest yield is reached for
2% wom Irgacure 819 while the maximum yield for PEG-BAPO required 4.0% wom. In the
kinetics curves, the Irgacure 819 showed a faster polymerisation at the beginning. It is
conceivable that the initiator efficiency factor f is different for both initiators. The initiation
rate of Irgacure 819 seems to be higher. This resulted in higher yields of grafting compared
to PEG-BAPO for low amounts of initiator (0.5 – 2.0% wom). However, with increasing
amounts of initiator a higher concentration of free radicals will be generated. This
increases the probability of termination reaction by radical combination and lower
conversions are obtained. Therefore more oligomers and remaining monomers exist, which
will be washed off after the polymerisation, decreasing the yield of grafting. If the
initiation efficiency factor of PEG-BAPO is lower than of Irgacure 819, fewer radicals will
be generated at the same time. This is a possible rationalisation for the observation that the
maximum yield of grafting is reached for higher amounts of initiator. The propagation
might be slower but likewise the termination by combination might be decreased.
Nevertheless the well established Irgacure 819 had the highest yield of grafting and
therefore seems to be the more effective initiator to polymerise DEAEPN using PIGP.
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Figure 50: YOG for 30% wof DEAEPN with 10% wom crosslinking agent on CO for different amounts of initiator after
20 min of plasma treatment time

To analyse the influence of the amount of initiator, the kinetics of DEAEPN with 0.5%,
2.0% and 5.0% wom Irgacure 819 as initiator in PIGP was measured. The resulting kinetics
curves (Figure 51) demonstrate that up to 10 min the conversions of all different variations
are similar (about 75%), although the conversion using 5.0% wom of initiator is slightly
higher. A significant difference occurs after 20 min. The conversion for the experiment
with 0.5% wom of initiator is much lower (around 70%) than those with 2.0% and 5.0%
wom. This indicates that not enough radicals are produced to polymerise all monomers.
Experiments with 2.0% and 5.0% wom initiator resulted in excellent conversion (96%) after
20 min of plasma treatment. After 30 min the conversion is increased to 99% when using
5.0% wom initiator, while the conversion when using 2.0% wom did not change any more.
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Figure 51: Kinetics of PIGP for DEAEPN with different amounts of Irgacure 819
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4.1.2

Plasma treatment time

To analyse the influence of the plasma treatment time on the FR polymerisation process
and the yield of grafting on cotton textiles, experiments with variable treatment times were
performed. For all experiments twill woven cotton (210 g/m2) was treated with 20% wof
DEAEPN, 10% wom crosslinking agent and 2.0% wom respectively 0.5% wom Irgacure 819
as initiator.
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Figure 52: DOG of different plasma treatment time for varying content of initiator, 20% wof DEAEPN in solution

As the kinetics measurements already showed with 0.5% wom initiator not enough radicals
are formed to polymerise all FR monomers. Therefore the yield of grafting (YOG) is lower
compared to 2.0% wom initiator. Nevertheless it was of interest to examine, if the yield of
grafting can be optimised by increasing the plasma treatment time. The yield of grafting
for 2.0% wom initiator (Figure 52) resulted in an optimum polymerisation after 20 –
30 min. For shorter treatment times the polymerisation is not finished. On the other hand
for longer treatment times the plasma seems to depolymerise the flame retardant because
the yields of grafting decrease again. The maximum yield of grafting for 0.5% wom initiator
is obtained after longer times (45 min). If less radicals are formed less but longer chains
will be formed which takes longer time. The maximum value is only 50% YOG. By
increasing the time the yield of grafting is decreased again, which indicates
depolymerisation by the reactive species in the plasma. For more information about the
polymerisation process of the flame retardant monomers by PIGP further experiments with
the monomers and different amounts of initiators as well as the detailed characterisation
like the degree of polymerisation and its distribution would be necessary. However, this is
not easily performed since standard molecular weight measurements cannot be used due to
the insolubility of the polymer in all tested solvents. This can be taken as a hint that the
polymer is crosslinked. If this holds a future task would be to characterise the polymer by
usual network parameters.
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In conclusion, Irgacure 819 as initiator has the highest efficiency for the PIGP of
DEAEPN. 2.0% wom of that initiator resulted in highest grafting yield and 20 – 30 min is
the optimum Ar plasma treatment time for those conditions.
4.1.3

Plasma pre-treatment

As described in the literature plasma pre-treatment has positive effects on dyeing and
printing processes of textile fibres. Nasadil et al. (147) demonstrated that oxygen plasma pretreated cotton samples showed a brighter and deeper colour shade after dyeing. To analyse
if similar results could be obtained in the flame retardant treatment with PIGP, the effect of
a plasma pre-treatment on the uptake and grafting of flame retardants was studied.
For these experiments twill woven cotton (210 g/m2) was used with 30% wof DEAEPN,
5% wom initiator (Irgacure 819) and 10% wom crosslinking agent (EGDA). The parameters
of the plasma pre-treatment were varied in the used gas and power as Figure 53
demonstrates. All pre-treatments were performed for 10 s.
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Figure 53: Uptake and DOG of original CO, plasma pre-treated CO with different plasma parameters

The uptake for all different pre-treatment experiments does not differ significantly. But the
yield of grafting was improved by the pre-treatment. 10 s of argon plasma with a power of
100 W or a gas mixture of 80% N and 20% Ar with a power of 100 W increased the
grafting yield up to 94% compared to 77.9% for untreated cotton. If the samples are only
placed in an Ar-atmosphere without any power, no effect on the yield of grafting occurs.
This indicates that Ar plasma pre-treatment increases the polymerisation of the FR and the
yield of grafting by surface activation.
To increase the DOG, short plasma pre-treatment is beneficial.
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4.1.4

Variation of impregnation time

The usual treatment for the PIGP in this work was a spreading of the monomers onto the
textile followed by padding to get a homogenous distribution of the flame retardant
compound. The padding is very important when working in short liquor-to-goods ratio in
order to get a homogeneous layer of monomers on the surface of the fibres, which will
polymerise into a homogenous polymer-film covering the fibres. As discussed in chapter 3
a stronger bonding between the fibres boundary and the FR polymer increased the flame
retardant efficiency.
Another idea to increase the flame retardant effect of the known phosphoramidates is to
bring the FR monomers deeper into the amorphous regions of the fibres. This could reduce
the needed amount of phosphorus and therefore the necessary thickness of the polymer
covering by increasing the amount of flame retardant compound inside the fibres.
Flame retardant monomer in EtOH

Cotton fibre surface
Time

Figure 54: Motivation for long impregnation experiments

It is well known from the dyeing mechanism (chapter 6.1.2) that the diffusion of molecules
in the pores of the cellulose fibre is the slowest sub-process. If the absorption of FR
molecules into the amorphous regions of the fibres has to be intensified, the impregnation
time of the textile in the FR solution (Figure 54) or the temperature has to be increased.
Stirring the dyeing liquor or alternatively agitating the textile in the liquor plays as well a
prominent roll. In addition detergents dissolve or dispersed in the liquor and some other
auxiliaries are crucial for the quantity of the dye absorbed by the fibres and its
homogeneous distribution (evenness). The whole process is driven by an affinity between
the fibres and the dyestuff.
In any dyeing process two physical phases are involved, the dyeing solution and the fibres
or filaments. Although it is a simple transfer process of molecules passing from the
solution to the interior of the fibres, the mechanism of dyeing in its entirety is more
complex. For the diffusion of dye-molecules during the dyeing process three stages have to
be taken into account:
1. The diffusion of dye through the bulk solution of dye bath to the surface of the
polymer
2. The possible adsorption of dye-molecules on this surface
3. The diffusion of dye from the surface to the amorphous regions of the fibres
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Normally it is necessary to study at least those three stages, because any of those may
control or influence the rate with which molecules are transferred. (148) In this context the
whole complexity could not be studied but only a few experiments were performed to
analyse if any difference in FR uptake, grafting and flame retardancy can be observed by
varying the impregnation times.
The FR monomers have a good affinity to the fibres as the high yield of uptake
demonstrated. The penetration into the pores of the fibres should be possible and will be
tested by varying the impregnation times. The liquor-to-goods ratios (3:1 and 1.5:1) were
varied and experiments with and without crosslinking agent performed. For this process
the samples were spread with the liquor (EtOH) including the flame retardant monomer,
photo initiator (5% wom Irgacure 819) and eventually crosslinking agent EGDA (10% wom)
followed by padding. Then the samples were rolled on a glass stick and placed into a glass
tube together with the residual liquor. The glass tubes were closed and covered with
aluminium foil to protect the initiator from light.
To support the relative movement of the molecules by agitating either the liquor or the
textile, the samples were placed on a shaker and moved during the impregnation time at
room temperature.
Figure 55 shows the yield of grafting for 30% wof DEAEPN in solution for various
impregnation times in different liquor-to-goods ratios. From the obtained data it is obvious,
that when using the lower concentrated liquor-to-goods ratio (3:1) a lower YOG (54% vs
93%) for PIGP directly after spreading was observed. This indicates that the higher
concentrated solution (liquor-to-goods ratio of 1.5:1) is more efficient for the PIGP.
Interestingly the minima for the yield of grafting are at 6 h of impregnation, for longer
impregnation times the yield of grafting is slightly increasing for a liquor-to-goods ratio of
1.5 : 1.
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Figure 55: YOG of 30% wof DEAEPN; 5% wom initiator, 10% wom crosslinking agent EGDA in different liquor-to-goods
ratios
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The slight increase in the YOG for short-liquor-to-goods ratio could indicate that some
absorption of the FR monomers into the fibres occurs after 24 h. To confirm these results
experiments with longer impregnation time were run. In addition the influence of the
crosslinking agent for long impregnation times was studied.
As the measurements in Figure 56 demonstrate, without any impregnation time the yield of
grafting is increased by adding crosslinking agent (93% vs 66%), which correlates to the
results of Tsafack. (9) Similar to the results obtained before, the yield of grafting is
decreased until an impregnation time of 6 h independent of the crosslinking agent. Noted
worthy is the increase in grafting after 6 h and a further increase after 72 h. This indicates
that a penetration of FR molecules into the fibre and diffusion inside the pore of the fibres
could occur. In comparison of the results for treatments with and without crosslinking
agent it is noticeable that the difference in the yield of grafting is reduced with increasing
impregnation time. This confirms the assumption that the monomers do not only cover the
fibres surface but diffuse inside the fibres and might be partly polymerised as well. The
possible diffusion process inside the fibres takes long time due to a low treatment
temperature (room temperature) and in addition low diffusion coefficients for the diffusion
inside the pores of the fibres.
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Figure 56: YOG of long impregnation time, liquor-to-goods ratio: 1.5:1, 30% wof DEAEPN, 5% wom initiator with and
without crosslinking agent EGDA (10% wom)

LOI measurements were performed to see if the flame retardant effect is intensified by the
long impregnation times.
4.1.5

LOI measurements

The LOI measurements of the long impregnation experiments are given in Table 4.1. Up to
6 h impregnation time the LOI decreased with the amount of grafted phosphorus. After 6 h
the LOI increases according to the increased grafting rate. The most interesting LOI values
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are those which were registered after 72 h of impregnation in comparison to fast
impregnated samples. The long impregnation samples have a higher LOI for lower
phosphorus contents. This indicates that the FR monomers can penetrate into and
polymerise in the fibre boundary which increases the flame retardant efficiency. This
behaviour can be noticed with and without EGDA 5. For long impregnation times (> 6 h)
the use of a crosslinking agent is not necessary.
Table 4.1: LOI values of long time impregnated samples (30% wof DEAEPN, 5% wom initiator, with and without
crosslinking agent EGDA 5)

Impregnation time [h]
DOG DEAEPN with 5 [% wof]
P [% wof] calculated
LOI
DOG DEAEPN [% wof]
P [% wof] calculated
LOI
4.1.6

0
17.2
1.91
27.4
16.2
2.00
27.5

0.5
14.6
1.62
26.0
9.0
1.11
25.8

1
13.5
1.50
26.7
11.5
1.42
25.0

3
12.8
1.42
25.5
10.5
1.29
25.0

6
10.6
1.18
24.5
9.8
1.21
25.0

24
11.4
1.27
25.5
10.4
1.28
25.5

72
13.1
1.45
27.2
11.6
1.43
27.2

Three step processes

To detect if the FR uptake and the grafting can be optimised for 72 h impregnation time,
additional experiments were performed. The impregnation process was divided into two
respectively three processes and the application of FR molecules separated. The idea was
to prepare three different layers of flame retardant to increase the density of the FR
polymer (Figure 57).

Cotton fibre
1. layer

2. layer

3. layer

Figure 57: Three step process, three layers of FR on cotton
Table 4.2: Experiment series (ID = identification code) of three step process, 5% wom initiator and all experiments were
done with and without crosslinking agent 5 (10% wom)

Experiment ID
72
24-24-24

24P-24P-24P
72-20-10

Processes
30% wof DEAEPN, 72 h impregnation, plasma treatment
1. 10% wof DEAEPN, 24 h impregnation
2. 10% wof DEAEPN, 24 h impregnation
3. 10% wof DEAEPN, 24 h impregnation, plasma treatment
1. 10% wof DEAEPN, 24 h impregnation, plasma treatment
2. 10% wof DEAEPN, 24 h impregnation, plasma treatment
3. 10% wof DEAEPN, 24 h impregnation, plasma treatment
1. 20% wof DEAEPN without initiator, 72 h impregnation
2. 10% wof DEAEPN with initiator, plasma treatment
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The first series consisted of three times spreading 10% wof DEAEPN and 5% wom initiator
dissolved in ethanol (1.5 mL) on the cotton sample and 24 h impregnation time followed
by PIGP at the end. For the second series PIGP was performed after each impregnation, to
see if intermediate polymerisation treatments change the yield of grafting. To analyse if the
initiator is deteriorating during the long impregnation process the third experiment was
performed in 2 steps. Therefore 20% wof FR monomer was applied with 72 h
impregnation, followed by additional 10% wof FR with the total amount of initiator
(5% wom), followed by the PIGP process. All experiments were performed with and
without the addition of 10% wom EGDA 5 to check the influence of this crosslinking agent
on the yield of grafting.
As Figure 58 shows, the yield of grafting is not increased by the three step process. The
repeated addition of FR monomers by padding results in a significantly lower yield of
grafting. This confirms that higher FR concentration in the liquor is beneficial for the yield
of grafting. Intermediate plasma polymerisation increases the grafting after three steps, but
is inferior to the one step process. By adding the initiator after the impregnation time, the
yield of grafting and therefore the degree of polymerisation could not be increased. This
indicates that the initiator is not deactivated during the impregnation time. Interestingly,
again the results with and without crosslinking agent do not vary significantly and only a
small increase in grafting yield is observed.
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Figure 58: YOG for different process parameters with and without crosslinking agent (10% wom EGDA)

To analyse if the three layer technique is a useful alternative, three PIGP processes with
10% wof DEAEPN, 5% wom initiator with and without crosslinking agent were performed
including the EtOH and H2O washing processes. Weight measurements after each step
demonstrate that the degree of grafting is reduced significantly with every subsequent step
(Figure 59). An already existing polymer layer reduces the uptake. It seems that the FR
monomers have no affinity to the polymer, which decreases the yield of grafting on fibres
with an existing polymer layer. This is a surprising result since they have the same
molecular structure. Therefore the multi-layer technique is not attractive.
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Figure 59: DOG for PIGP in a three step process

4.2 Textile variations
To reach optimal flame retardancy different aspects have to be taken into consideration.
Some flame retardant concepts are known and can be grouped as follows: (149)
1.
2.
3.
4.

Dense material structure
Fibre spinning mass modification
Chemical modification
Finishing

For cellulose all concepts are used, but the second one is only possible for regenerated
cellulose. Using the PIGP treatment, the finishing with flame retardant monomers is the
most important one, but a dense material structure can intensify the effect. Therefore
different textiles structures with varying densities were flame retardant finished and the
grafting and flame retardancy was analysed.
Mercerised cotton has a higher uptake of dye-molecules based on modifications in the
supramolecular structure of the fibres. In combination with the flame retardant finishing it
is of interest to see if higher finishing yields can be obtained and if the flame retardant
character of mercerised fibres is intensified compared to non-mercerised fibres. Resin
finishing is widely used for cotton textiles. In this context, it was analysed if resin finished
cotton shows reduced grafting based on the melamine embedded in the amorphous regions
of the fibres.
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The different cotton textiles used in the following experiments are given in Table 4.3.
Table 4.3: Different cotton textile samples

Number
Material
Weave
Density [g/m2]
Warp
Density warp [yarn/cm]
Yarn fineness warp [tex]
Weft
Density weft [yarn/cm]
Yarn fineness weft [tex]
Mercerised
Resin finished

211
CO
Plain
90
Yarn
44
16
Yarn
60
10
-

210
CO
Plain
180
Yarn
27
35
Yarn
23
35
-

214
CO
Twill
210
Yarn
22
28
Yarn
50
28
-

419 W
CO
Plain
120
Yarn
56
14
Yarn
26
14
x
-

407
CO
Plain
189
Yarn
38
30
Yarn
19
34
x
-

423
CO
Twill
258
Yarn
44
35
Yarn
21
53
x
-

419 B
CO
Plain
120
Yarn
56
12
Yarn
30
12
x
x

For all experiments described in the following, different amounts of flame retardants were
used with 5% wom initiator and 10% wom crosslinking agent EGDA. The liquor-to-goods
ratio was 1.5 : 1. The samples were treated in the conventional way.
4.2.1

Different textile structure

90 g/m2

44.2
35.5
29.3
22.6

20
9.6
4.6
1.4
5

13.8
5.9

10
20
30
45
FR in solution [%w of]

DEAEPN uptake

DEAEPN grafted

50
45
40
35
30
25
20
15
10
5
0

180 g/m2

40.1
31.5
27.2
21.4
16.7
15.4

1.6 0.5
5

7.3 5.4

10
20
30
FR in solution [%w of]

DEAEPN uptake

45

DEAEPN grafted

FR on textile [%w of]

50
45
40
35
30
25
20
15
10
5
0

FR on textile [%w of]

FR on textile [%w of]

Textile structures vary in their construction and properties. To determine the influence of
the textile structure and especially the density on the treatment, three different structures
were FR finished and the uptake, yield of grafting and the LOI analysed. The highest
degree of fineness is 90 g/m2, with a very low yarn count. This fineness is normally used
for business shirts. The highest density is 210 g/m2. This textile is twill woven, which
increased the yarn/cm up to 50.
50
45
40
35
30
25
20
15
10
5
0

210 g/m2
34.5 31.6
22.3
16.1

14.6
7.3
0.5 0.3
5

7.0

1.5

10
20
30
FR in solution [%w of]

DEAEPN uptake

45

DEAEPN grafted

Figure 60: Uptake and DOG of DEAEPN treated CO of different woven structures: plain woven left and middle, twill
woven right

In Figure 60 the uptake and grafting for different FR concentrations of the different
structures are shown. The uptake differs depending on the density. As the graphs
demonstrate the uptake of the finest samples (left graph) is almost 100% (Table 9.1). The
surface area of the yarns is very large because the weft (10 tex) and warp (16 tex) yarns are
very thin and the yarn count is very high (warp 44 and weft 60 yarns/cm). The large
surface area results in a high adsorption of the FR-molecules to the fibre. By increasing the
yarn density (high values in tex) the uptake is decreased. This demonstrates again the good
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affinity of the FR to the fibres surface. Interesting is the relatively minor uptake for the low
liquor concentrations like 5% wof FR in solution. This proves that the liquor concentration
is as well influencing the uptake. If the liquor concentration is not high enough, the FRmolecules are not adsorbing on the surface as easily as for higher concentrations. In
addition it is noticeable that the yield of grafting for minor concentrations is much lower
compared to high concentrations. The affinity increased with the concentration.
The polymerisation data show that the yield of uptake is influenced by the density of the
textile structure. High surface area resulted in high uptake.
4.2.2

Mercerised cotton

45.0

120 g/m2

39.6
30.0
26.8
20.0
19.5

4.7 4.0
5

9.1 9.1

10

20

30

45

FR in solution [%wof]
DEAEPN uptake

DEAEPN grafted

45
40
35
30
25
20
15
10
5
0

42.1
39.1

189 g/m2

FR on textile [%w of]

50
45
40
35
30
25
20
15
10
5
0

FR on textile [%w of]

FR on textile [%w of]

By treating cotton with caustic soda (mercerisation) the supramolecular structure of cotton
is changed. This results in increased tensile strength and dye-uptake. (150) (151) To determine
if the mercerisation process has any effect on the uptake and yield of grafting for the flame
retardant finishing, different textile structures of mercerised cotton were FR finished and
the yield of uptake respectively grafting analysed by weighing measurements.

28.5
25.1
18.1 17.8

4.3 3.3
5

7.8 7.6

10
20
30
FR in solution [%w of]

DEAEPN uptake

45

DEAEPN grafted

45
40
35
30
25
20
15
10
5
0

258 g/m2

40.1

37.3

25.6
21.1
14.7
12.1
2.0 2.0
5

5.4 5.2

10

20

30

45

FR in solution [%w of]
DEAEPN uptake

DEAEPN grafted

Figure 61: Uptake and DOG of mercerised DEAEPN treated CO plain woven possessing different densities

Figure 61 shows the uptake and grafting of different mercerised textiles with varying
densities. The uptake and especially the yield of grafting were increased compared to nonmercerised cotton. As in the measurements before, samples of low density but high surface
area (120 g/m2) show the highest uptake. But in addition for higher densities the uptake is
increased compared to cotton, which indicates that the modification in the supramolecular
structure of the fibres has a positive influence on the uptake of FR monomers. The yield of
grafting is increased as well.
4.2.3

Resin and mercerised finished cotton

By resin finishing some hydroxyl groups of the cellulose are blocked to reduce the creasing
tendency of cotton. The blocking is based on a chemical reaction where hydroxyl groups of
the cellulose are involved. This finishing process entails a significant reduction in abrasion
resistance and tensile strength. (152)-(156) Therefore resin finished textiles are often
mercerised to prevent these undesired side effects. To analyse if the blockage of the
hydroxyl groups is influencing the FR uptake, resin finished and mercerised cotton (plain
woven, 120 g/m2) was FR treated. The results are compared with those obtained for only
mercerised cotton of the same textile structure.
120

FR on textile [%w of]

4 Optimisation of treatment parameters

45
40
35
30
25
20
15
10
5
0

42.2
39.3

120 g/m2
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DEAEPN uptake

45
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Figure 62: Uptake and DOG of DEAEPN treated mercerised and resin finished CO

The FR treatment by PIGP on resin finished cotton resulted in good FR uptake and high
degrees of grafting as Figure 62 demonstrates.
In direct comparison to mercerised cotton, the uptake is lower, which indicates that the
affinity and thus absorption of flame retardant monomers is reduced. The OH-groups seem
to enhance the affinity and absorption behaviour of the cellulose. These results correlate to
the observation that the affinity of the FR monomer to the fibres is reduced by binding the
coupling agent DTEA 9 to the hydroxyl groups described in chapter 3.2.9.
In summery it was found that a mercerisation process and therefore the modification of the
supramolecular structure of the fibres increase the uptake and YOG of DEAEPN grafted
by PIGP. The uptake and YOG of resin finished cotton on the other hand are decreased
based on the resin finishing agents interacting with the hydroxyl groups of the fibres.
4.2.4

LOI measurements

To determine the flame retardancy for different textile densities LOI measurements of
original and FR treated cotton were performed and different textile structures compared.
Denser textiles have less hollow spaces and therefore less air in the structure, which could
feed the flame. That is the reason why flame retardant textiles should have a dense textile
structure. As the LOI measurements of different textile structures show (Figure 63), the
untreated cotton has different LOI values depending on the density of the textiles (90 g/m2,
LOI 18; 180 g/m2, LOI 18.5 and 210 g/m2, LOI 19). For grafting < 10% wof the difference
in LOI is significant. However, by increasing the grafting the difference decreases.
Especially textiles of 180 g/m2 and 210 g/m2 have a comparable LOI for a FR grafting >
20% wof. The covering flame retardant polymer increases the thickness of the fibres and
yarns and therefore the density of the structure. The flame retardancy increases not linearly
but converges asymptotically towards a maximum value (about 27 – 29).
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31
29
27
LOI

25
23
21

CO 90 g/m 2
CO 180 g/m 2
CO 210 g/m 2

19
17
0

10

20

30

40

FR grafted [%wof]
Figure 63: LOI values of DEAEPN treated CO with different textile structures

The LOI measurements of the mercerised FR treated cotton confirm that a higher density
of the textile structure enhances the flame retardancy. However, mercerised textiles with a
density of 120 g/m2 and 189 g/m2 have a similar curve progression, but the denser cotton
(258 g/m2) shows higher LOI values for degrees of grafting lower than 25% wof.
31
29

LOI

27
25
23
merc. CO 120 g/m 2
merc. CO 189 g/m 2
merc. CO 258 g/m 2

21
19
17
0

10

20

30

40

50

FR grafted [%wof]
Figure 64: LOI values of DEAEPN treated mercerised CO with different textile structures

4.2.5

Regenerated cotton

To determine whether the supramolecular structure of the cellulose has an influence on the
uptake and DOG, regenerated cellulose fibres like viscose (CV) and modal (CMD) were
FR treated by PIGP. Viscose is 2/3 amorphous while cotton is 2/3 crystalline. In addition
they show very different morphologies. As the results of the uptake and DOG in Figure 65
show, the uptake by viscose fibres is excellent and reached 100%. This indicates that the
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high percentage of amorphous regions and the less compact morphology is responsible for
the high uptake. Knowing that the swelling of viscose is more intense than cotton, it is
conceivable that the monomers penetrate into the amorphous regions of the fibres which
cause an increase in uptake. In comparison to cotton the DOG for the viscose fibres is
increased as well and resulted in outstanding grafting yields.
35
FR on textile [%w of]

30

120 g/m2

25

20.0 20.0

20
15
10

29.9 29.9

10.0 9.4

5
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30
FR in solution [%w of]

DEAEPN uptake

DEAEPN grafted

Figure 65: Uptake and DOG of CV (fibre diameter 13 -14 μm)

Modal fibres have a distribution of amorphous and crystalline regions of 60 to 40 and have
a higher degree of orientation compared to viscose based on modifications in the spinning
process of the fibres. Therefore they have a higher tensile strength than viscose fibres and
lower moisture absorption. The modal fibres used for these experiments had a fibres
diameter of 10 µm while the viscose fibres have diameters of 13 – 14 µm.
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0
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19.2
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6.9
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DEAEPN uptake
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DEAEPN grafted
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FR in solution [%w of]

DEAEPN uptake

DEAEPN grafted

Figure 66: Uptake and DOG of DEAEPN treated CMD with different textile structure (fibre diameter 10 μm)

The uptake of the modal fibres is much lower compared to the viscose fibres as Figure 66
shows. The values of modal fibres are comparable to those of cotton. Surprisingly uptake
and DOG of the more dense structure (150 g/m2, warp fineness: 21 tex and 38 yarn/cm,
weft fineness: 24 tex and 30 yarn/cm) is higher than for the finer one (136 g/m2, warp
fineness: 21 tex, 34 yarn/ cm, weft fineness: 21 tex, 30 yarns/cm). Depending on the
modification of the spinning parameters, modal fibres can vary in their supramolecular
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structure and physical properties. Unfortunately no detailed information about the
characteristics of the different materials was available. The LOI results (Figure 67) confirm
that because they have a higher LOI value compared to viscose and cotton. The viscose
and modal of 150 g/m2 have a similar flame retardant behaviour as cotton.
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CO 120 g/m 2
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FR grafted [%wof]
Figure 67: LOI values of DEAEPN treated CV, CMD and mercerised CO

4.2.6 SEM of regenerated cellulose
As the SEM images of the FR treated regenerated cellulose fibres show (Figure 68), the
polymer is covering the fibres. Compared to cotton the covering polymer seems more
inhomogeneous. Due to the spinning process regenerated cellulose fibres (CV, CMD) have
a grooving surface. Even with an intense padding process, FR monomers are accumulating
in the grooves and therefore form thicker polymer areas in those grooves. The remaining
char of FR treated regenerated cellulose show tubes comparable to cotton.

Figure 68: SEM images of FR treated CV 120 g/m2 (9.6% wof DEAEPN) unburned (left) and burned (right)
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Figure 69: SEM images of FR treated CMD fibres 136 g/m2 (20.0% wof DEAEPN) unburned (left) burned (right)

4.3 Conclusion
Even though the kinetics curves are nearly similar, in a direct comparison of Irgacure 819
and the PEG-BAPO it can be concluded that the latter initiator is less efficient for the PIGP
of the phosphoramidate DEAEPN. The optimum values of grafting are obtained with an
addition of 2% wom initiator and a plasma treatment time of 20 – 30 min. Polymerisation
processes are complex and for other phosphoramidates the optimal treatment parameters
can differ compared to DEAEPN. Therefore it is necessary to fine-tune the treatment
parameter for each monomer. Further, the polymerisation and yield of grafting for
phosphoramidates on cotton can be increased by a plasma pre-treatment based on the
activation of the fibres surface.
Experiments with long impregnation times indicated that the FR monomers can as well
penetrate into the amorphous regions of the fibres, but it takes longer at room temperature.
The LOI values of samples which were impregnated for 72 h increased compared to the
normal treatment. It seems that the efficiency of the flame retardant can be increased if the
FR is not only covering the fibres but as well forms networks inside the amorphous regions
of the fibres comparable to Pyrovatex® applied by a conventional pad-dry-cure process.
The formation of different FR layers on the textile fibres is not very efficient, because the
affinity of the FR monomers to the already covered fibres is decreased compared to
untreated cotton and the yield of grafting for the second or third layer is too poor.
The textile structure influences the uptake and grafting of the flame retardant on cotton.
Lower textile densities means higher surface area and therefore the uptake and grafting is
increased compared to denser textiles. Comparable to the higher dye uptake of mercerised
cotton, the modification in the supramolecular structure of the fibres increased the uptake
of FR monomers and therefore the yield of grafting. The uptake and yield of grafting for
mercerised and resin finished cotton on the other hand is decreased again.
The textile structure influences not only the uptake of FR but in addition the LOI itself.
Denser textiles have less inter-space filled with air and therefore the LOI values are
slightly higher compared to thinner and lighter textile structures. Denser textile structures
of FR treated cotton increases the LOI especially for lower grafting.
125

4

Experiments with regenerated viscose in comparison to cotton showed that the
supramolecular structure have an influence on the uptake of the flame retardant monomers.
Viscose for example has more amorphous regions and a less compact morphology than
cotton. Therefore the degree of swelling is higher and the penetration of the monomers into
the boundary of the fibres is increased. Thus the yield of grafting is almost 100%.
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In the textile industry finishing processes are used to add specific properties to textiles, like
hydrophobicity, crease resistance, flame retardancy or others. But, most of the time, other
textile properties are affected by the treatments as well, either in a positive or negative
manner. In the following chapter important textile properties like degree of whiteness,
tensile strength, bending stiffness and moisture transmission were tested after the flame
retardant treatment. All effects of the flame retardant finishing on those properties are
investigated and discussed.

5.1 Washing fastness
5.1.1

Washing fastness tests

In chapter 3.2.15 a test was described which allows a comparison of the flame retardant
washing fastness of DTEA 9 pre-treated cotton with that of non-pre-treated cotton.
However, in addition to the Mc Sherry test, which was used for those experiments, there
are other tests available. These tests subject the textile to an additional mechanical stress
during the treatment.
Washing fastness tests are used to establish the resistance of textiles to all types of
industrial and domestic washing. They are used especially in the evaluation of the colour
fastness. For this research it is important to understand, how resistant the polymer grafting
is against mechanical and chemical treatment. Washing tests according to DIN EN 20 105C01 (40 °C, 60 min), DIN EN 20 105-C02 (50 °C, 45 min), DIN EN 20 105-C03 (60 °C,
30 min), DIN EN 20 105-C04 (95 °C, 30 min) and DIN EN 20 105-C05 (95 °C, 4 h) were
performed. For the most intense treatments at 95 °C, stainless steel balls were added in the
washing liquor, increasing the mechanical treatment. The longest washing experiment
lasted 4 h which represents obviously a very harsh washing treatment.
As Figure 70 demonstrates after washing at up to 60 °C no loss of DEAEPN was
determined for all degrees of grafting. That is a good result for the flame retardant
properties, because these washing intensities are usually sufficient for technical textiles or
clothes. For a grafting of 2% wof only 2% of the grafting is lost after the very strong
washing for 4 h with mechanical treatment. The washing tests with the mechanical
treatment are of special interest, because the flame retardant polymer covers the fibres and
is therefore directly exposed to this mechanical treatment. The weight measurement in
Figure 70 demonstrates the strong binding of the FR polymeric layer to the surface of the
fibres. The highest weight loss amounts to only 4% by weight for a degree of grafting of
35% wof.
Table 5.1 shows the results of washing tests which act under harsher conditions. Cotton
samples with a degree of grafting of 5% and 13% wof FR grafting were washed for 4 h at
95 °C with mechanical treatment. After the first washing 1% of the 5% wof FR was washed
off, 2% of the 13% wof FR. For all following washing treatments the weight remained
constant. This confirms that the first washing under chemical and mechanical stress
removes the flame retardant polymer, which is not strongly grafted to the surface. The
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remaining FR is obviously so firmly bound that it can withstand the strong mechanical and
thermal treatment.

FR grafted [% w of]

2

40 ° C sof t
10

50 ° C sof t - medium
60° C medium
95° C strong

35

95° C very strong

94

96

98

100

remaining grafted FR [%]
Figure 70: Washing fastness testing of DEAEPN treated CO
Table 5.1: Results of intensified washing fastness testing based on DIN EN 20 105-C05

Washing cycles
Remaining FR [%]

5% wof DEAEPN
13% wof DEAEPN

1
99
98

2
99
98

3
99
98

4
99
98

First of all the remaining oligomers which are not strongly bound to the textile will be
washed off, but almost all highly crosslinked chains are remaining on the textile and resist
the washing treatment. The washing fastness testing resulted in excellent values.
5.1.2

LOI measurement

To detect if the flame retardant properties resisted the washing treatments, LOI
measurements were performed afterwards.
The LOI values before and after the washing processes were similar and no differences
could be determined. This demonstrates that the flame retardant property is not affected by
the washing treatment at all.
In summary the PIGP flame retardant treatment with phosphoramidates is a perfect method
to apply flame retardants on cotton fibres which are afterwards highly durable against
washing treatments.
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5.2 Tensile strength
The tensile strength is the resistance of a material to tensile load. It is the maximum tensile
force in relation to the fabric density of the textile structure. For textile yarns it based on
the yarn counts, for textiles, the warp and weft density is important. For all tensile strength
measurement a plain woven cotton (180 g/m2, EMPA 210) was used with a density of
27 yarns/cm in warp and 23 yarns/cm in weft direction. The yarn in warp and weft had a
density of 35 tex.
To analyse how physical properties of textiles are affected by finishing processes, it is
important to take the production process of yarns and fabrics into account, because these
already stress the fibres strongly.
5.2.1

Spinning process of spun yarn

Spinning fibres are length limited (10 – 500 mm) compared to filaments which are endless.
The spinning process of spinning fibre yarns (spun yarn) differs to filament yarns. The
fibres are paralleled in the first step. Then the spun yarn is formed by twisting the so called
roving with a defined rotation speed. During this twisting the fibres on the outer side of the
roving are pulled around the inside fibres. In this process the fibres on the outer edges are
stressed and they press the inside fibres to the centre of the yarn. Therefore the fibres on
the outer edges are already under tensile stress (Figure 71).
1.

2.

3.

Prior elongation of fibres
on outer edges
Fibres on outer edges are
already under tensile
stress
Parallelisation
of fibres
(roving)

Twisting with a
defined rotation
speed

Spun yarn

Figure 71: Spinning process of spinning fibres to spun yarn

Figure 72: cotton spun yarn with
out-sticking fibres

Dependent on the fibre length and on the twisting tightness fibres are sticking out. Cotton
is a relative short fibre (12 – 50 mm length) therefore some fibre-ends always stick out
(Figure 72).
5.2.2

Breaking process of spun yarn

For filament yarns (endless fibres) the tensile strength will increase compared to single
fibres. That is not the case for staple fibres (length limited) yarns.
Knowing that the fibres on the outer edges are pre-stressed by the spinning process
(Figure 73, a), it is obvious that those fibres will start to break before the fibres in the
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centre of the yarn (b). Another effect on the breaking process of staple fibre yarns is the
sliding of the fibres (c). Due to their relatively short length the paralleled fibres start to
slide off each other in the direction of the fibre which is in this case as well the direction of
the force effect. The breaking process of a staple fibres yarn ends up in a “brush-like”
breaking edge (d, Figure 74). Additionally, the tensile strength of staple fibre yarns is
much lower compared to the single fibres tensile strength, again because of the sliding of
the staple fibres. (157) (158)
b.

a.

Staple fibres
yarn

c.

d.

Breaking of fibres
Sliding of staples fibres
on outer edge

„brush like“
breaking edge

Figure 74: SEM of broken CO textile with
brush like breaking edges of the yarns

Figure 73: Breaking process of staple fibre yarn

5.2.3

Weaving process

Next to the strong tension affecting the fibres during the spinning processes, the yarns will
be stressed intensely during the weaving process (Figure 75). The warp beam is produced
by rolling up the tightened warp yarns on the beam. This already stresses the warp yarns.
Then the warp is placed into the loom and stressed again, because the warp has to be
strongly tightened. The large tension in warp direction results in prior elongation of the
warp yarns. During the weft insertion the strong tension is transmitted to the yarn in weft
direction but not as strongly as the tension affecting on the warp.
Warp beam

Woof weft

Strong tension in
warp direction
→ Prior elongation
in warp direction

Figure 75: Weaving process

5.2.4

Figure 76: Plain woven cotton textile

Measurement technology

The tensile strength test on stripes of fabrics is used to establish the relation between
tensile force and length increase of a sample until it ruptures. Forces are only measured in
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direction of the fibres axis in warp and weft direction. (159) The samples were stretched
between two clamps (clamping length 50 mm) in the tensile strength testing unit (Figure
77). Then a pre-tensioning load of 5 kgN was applied. One clip moves at a defined speed
(25 mm/min) while the other remains fixed until the sample tears. The measurement stops
when 20% of the textile strength is remaining.

2 cm
l0

Elongation

Textile sample

Clamping length l0

F

F

Figure 77: Apparatus for
band tensile testing

Figure 78: Mechanism of tensile strength
testing

Figure 79: Fracture of cotton in warp and weft
direction

Figure 79 shows the fracture of cotton in warp and weft direction. Textiles never break in
one line. During spinning, weaving and all finishing processes the textile is under strong
tension, therefore the tension inside the structure is not homogenous. The most pre-stressed
yarns will start to break first.
The tensile strength depends on the density of yarn/cm. Based on the pre-stressing during
the weaving process the tensile strength in warp direction is often lower than in weft. In the
elongation measurements this trend is even more significant. The pre-elongation during the
weaving often decreases the elongation of the warp more intense compared to weft.
5.2.5 Tensile strength measurement
An important aspect for any surface treatments on fibres is its influence on the textile
properties. PIGP is a surface treatment, which will affect the surface properties. Primarily
the influence of Ar plasma treatment on the tensile strength of cotton textiles was
measured. Therefore untreated plain woven cotton samples (180 g/m2, EMPA 210) were
treated with Ar plasma for variable duration (1, 5, 10, 20, 30 min) and the tensile strength
measured in warp and weft direction. The average of 3 measurements was determined.
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Figure 80: Tensile strength of untreated cotton after Ar
plasma treatment

Figure 81: Elongation of untreated cotton after Ar plasma
treatment

As Figure 80 shows, the tensile strength increases slightly (~ 8%) after 1 min of Ar plasma
treatment. Longer treatment times did not affect the tensile strength further. During wet
finishing processes of cellulosic fabrics the fibres are stressed and hydrogen bonds with
slightly higher energy content are formed. The slight increase in tensile strength may be
explained by breaking of those hydrogen-bonds in the Ar plasma and their reformation
after the treatment with lower energy. Note however that small differences in tensile
strength can occur in textiles, depending on different stresses in the structure. The
elongation (Figure 81) of cotton is not influenced by cold Ar plasma treatment.
For tensile strength measurements of flame retardant treated cotton (plain woven,
180 g/m2, EMPA 210) different amounts of grafting were tested for different flame
retardant polymers.
As Table 5.2 shows after FR treatment the tensile strength increased for all different
phosphoramidates. Even more significant is the increase in elongation for samples covered
with FR polymer.
For a DOG of 7% wof DEAEPN the tensile strength increased 16% in warp direction and
10% in weft direction. Interestingly the tensile strength did not increase linearly to the
grafting. Samples with higher grafting of FR polymer had even less tensile strength than
samples with a lower amount of FR polymer. The change in the elongation behaviour is of
higher significance and increases with the DOG. Especially in warp direction the
elongation increases by about 25% for 7% wof grafting which is quite a lot. Higher degree
of grafting (26% wof) increased the elongation up to 45%. The increase of the elongation in
weft direction is not as high as in warp direction but is still significant.
On closer inspection the data of DMAEPN 3 treated cotton did not show significant
differences compared to DEAEPN, but demonstrate that even at a very low DOG
(3.5% wof) the flame retardant polymer already has a positive influence on the strength of
the fabric. In weft direction the increase of strength is 13% for 2.8% wof grafting. As for
DEAEPN the tensile strength is not increasing linearly with the amount of grafting. The
increase in elongation is noteworthy as well. At a grafting of 15% wof the elongation
increased about 37% in warp direction, about 20% with 12% wof grafting in weft direction.
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The results of DMMAEPN 4 treated cotton are comparable to the other flame retardants.
Significant is the increase in elongation (20%) for very low grafting (2.1% wof).
Comparable increase in elongation was determined in weft direction.
Table 5.2: Tensile strength data for CO treated with different flame retardants

warp

weft

DOG FR 1 [% wof]

7.0

16.0

26.0

5.0

14.0

25.0

Tensile strength [N]
Increase of strength [%]
Elongation [mm]
Increase elongation [%]

331
16
8.1
25

316
11
8.3
28

313
10
9.4
45

331
10
11.7
16

358
20
12.6
25

349
16
13.2
31

DOG FR 3 [% wof]

3.5

14.9

30.3

2.8

11.7

26.6

Tensile strength [N]
Increase strength [%]
Elongation [mm]
Increase elongation [%]

305
7
7.5
15

352
24
8.9
37

341
20
8.5
30

339
13
11.7
16

329
10
12.1
20

349
16
12.4
23

DOG FR 4 [% wof]

2.1

11.0

17.1

2.6

8.7

18.9

Tensile strength [N]
Increase strength [%]
Elongation [mm]
Increase elongation[%]

294
3
7.8
20

319
12
8.5
31

342
20
8.1
25

325
8
11.9
18

330
10
13.0
29

338
13
12.0
19

For DTEA 9 pre-treated cotton the results for tensile strength measurements differ
compared to the non-pre-treated samples. As Table 5.3 shows, the tensile strength was not
increased as significantly as for the non-pre-treated cotton. The increase of the elongation
was of the same magnitude as for the non-pre-treated samples. At lower degrees of grafting
the increase in elongation is even higher.
Table 5.3: Tensile strength data for DTEA 9 pre-treated (1.5% wof) and DEAEPN treated CO

warp

weft

DOG FR [%wof]

0.0

1.2

7.0

13.0

0.0

0.4

8.4

11.7

Tensile strength [N]
Increase strength [%]
Elongation [mm]
Increase elongation[%]

304
7
7.7
18

308
8
8.1
25

299
5
8.6
32

308
8
8.8
35

326
9
12.1
20

309
3
11.6
15

305
2
12.6
25

325
8
13.5
34

Well known is the decrease in tensile strength for resin finished cellulose (153) (154) (156),
because that particular finishing process gets involved in the supramolecular structure of
the fibres. In case of DTEA pre-treated cotton, similar arguments could explain the
observed lower tensile strength. This can decrease the tensile strength, and therefore
influence the tensile strength of pre-treated and flame retardant finished cotton.
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The increase in elongation can be explained by a stronger connection of the fibres in the
yarn. The covering polymer sticks the fibres more tightened together, because crosslinking
between the polymer-films of adjoining fibres are possible. Therefore the elongation of the
yarns is increased.
As described before in a spun yarn the pre-stressed fibres on the outer edges will start to
break under tension. After the flame retardant treatment every fibre is covered with
polymer and due to the textile structure the whole yarn is covered with a polymer-film.
Hence the fibres on the outer edges are protected and strengthened by the polymeric layer.
The flame retardant polymer-film acts like a “polymer-matrix”. The fibres of the yarn will
not break as easily as without the polymer-film, because the polymer itself is crosslinked
and strengthened the yarn structure.

a

Figure 82: Disrupted fibres after tensile strength measurement, left untreated CO, right DEAEPN treated CO yarn
(20% wof), with fringed polymer matrix (a) on the right

Figure 83 shows the SEM of a broken untreated cotton fibre which shows a deformation in
fibres direction. The broken yarn on the right side is FR treated and the fringed polymermatrix can be nicely identified on the outer edges of each fibre.
In summary the tensile strength of cotton fibres increased after Ar plasma treatment. After
FR treatment the textiles had even higher tensile strengths than only Ar plasma treated
cotton. The elongation of the yarns is increased significantly due to the FR polymer
covering the fibres.

5.3 Abrasion resistance testing
The abrasion resistance is the ability of textile fabric surfaces to withstand abrasive
stresses. It is used as a measure of their wear resistance. In case of flame retardant finishing
by PIGP, the polymer-film covers the fibres and is therefore most exposed to abrasion. It is
important to determine whether the polymer-film can resist the abrasion treatment and
keep its flame retardant property. In DIN EN ISO 12947-1 different standard requirements
for abrasion tests are given. For this research the abrasion test was performed with a
relative movement combined with friction between a textile test specimen and an abrading
body or abradant, in this case standard wool textile. The measured abrasion factor (so
called Martindale) is reached, if two yarns are entirely broken.
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5.3.1 Abrasion resistance by the Martindale method
For the abrasion resistance measurement the cotton sample (plain woven, 180 g/m2, EMPA
210) was placed on top of a tensed standard wool textile with a defined pressure P (9 kPa,
Figure 83). The cotton sample was then moved in a Lissajous-motion-sequence (Figure 85)
over the wool textile in a defined number of rotations (100, 500, 2’000, 5’000, 10’000,
80’000 R). Wool is used as abradant, because it has a strong natural roughness based on its
scales texture (Figure 84). All treated samples were grafted with 15% wof of flame
retardant.
Rotational
movement

P
Textile cotton sample
Standard wool textile

Figure 83: Technique of abrasion resistance
measurement

Figure 84: Wool fibre with typical
scale texture

Figure 85: Lissajousmotions-sequence

5.3.2 Abrasion resistance of different FR treated cotton textiles
Cotton fibre-ends protrude from the spun yarn and are not as strongly incorporated as in
filament yarns. They can be easily pulled out. The intensity of the yarn twist has an
important influence on this property. While higher twisting gives a stronger bonding of the
fibres, the fibres on the surface of the yarn are sticking out and can be pulled out more
easily. At stronger abrasion, the stronger bonded fibres start to break. As described in
chapter 5.2.1, the fibres on the boundary of the yarn are pre-stressed due to the spinning
process. Those fibres will break more easily than unstressed fibres on the inside of the
yarn. If some yarns start to break the textile is strongly damaged and holes in the textile
structure appear.
Table 5.4: Abrasion resistance of different FR treated cotton textiles (15% wof grafting)

Rotation
100
2’000
10’000
80’000

CO
Single fibres
are extricated
Fibre break
Abrasion
Yarn break

CO-DEAEPN 1

CO-DMAEPN 3

CO-DMMAEPN 4

Few extraction

Few extraction

Few extraction

Fibre break
Abrasion
No yarn break

Fibre break
Abrasion
No yarn break

Fibre break
Abrasion
No yarn break

The evaluation of abrasion resistance test for untreated and treated cotton shows
differences as Table 5.4 demonstrates. After 100 rotation-modes more fibres are pulled out
of untreated cotton compared to the FR treated ones. If a thin polymer-film covers the
surface of the fibres, it as well covers the yarn and protects the fibre against abrasion. The
yarns are covered with a kind of “matrix” which sticks the fibres together and results in a
stronger bonding of the whole yarn structure.
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After 80’000 rotations a significant difference can be observed, as Figure 86 demonstrates.
Untreated cotton has already strong yarn breaks especially on the boundary of the sample
where the abrasion treatment is strongest. Thus the textile structure was damaged and holes
remained. Between samples treated with different phosphoramidates no significant
difference could be determined.

CO
80’000 R

CO-DEAEPN
80’000 R

CO-DMAEPN
80’000 R

CO-DMMAEPN
80’000 R

Figure 86: Different FR treated cotton textiles after abrasion of 80’000 rotations

100 R

2’000 R

10’000 R

80’000 R

10’000 R

80’000 R

Figure 87: Abrasion of untreated CO after different rotations

100 R

2’000 R

Figure 88: Abrasion of DMAEPN treated CO after different rotations

Figure 87 and Figure 88 demonstrate that the polymer-matrix provides a strong protection
for the cotton fibres against abrasion and is not easily rubbed off. Specific abrasion factors
given in Table 5.5 confirm the excellent abrasion resistance of the FR treated cotton. For
public transportation high standards are important. All different FR treated cotton show
values far above this standard.
Table 5.5 Common abrasion factor M for different applications (DIN EN ISO 12947-1/04)

Private use
Offices
Public transport

Soft upholstery
10’000 Martindale
25’000 M
30’000 M

Stiff upholstery
15’000 M
35’000 M
40’000 M

5.3.3 Fracture mechanism of cotton fibres
The fracture mechanism of cotton fibres becomes apparent in these measurements. As
explained in chapter 1.5 cotton fibres consist of micro fibrils, macro fibrils and fibril skeins
(Figure 89). The secondary wall is composed of fibril skeins placed parallel next to each
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other. The whole fibre is covered with a primary wall, which protects the secondary wall
against outside influences.

Figure 89: Macromolecular structure of cotton fibre (160)

If abrasion with strong surface roughness is applied on this structure the primary wall will
be destroyed and the fibril skeins will be unprotected against abrasion. With stronger
abrasion the fibril skeins will be separated and break one after the other. This breaking
mechanism of cotton fibres can be seen in Figure 90.

Abrasion with wool textile

Single fibril skeins
Cotton fibre

Thin cover of polymer protects fibres against abrasion

Figure 90: Breaking process of FR treated CO 15% wof;
polymer-matrix is abraded of and fibrils on outer edge
are split

Figure 91: Fracture mechanism of cotton fibres

Figure 92: Broken fibres DEAEPN treated 15% wof by abrasion, left: single fibril skeins; right: fibre ends on binding
point

The flame retardant polymer-film gives the fibres and the yarns a strong protection against
abrasion. If the abrasion is strong enough, the polymer-film is rubbed of and the fibres will
start to be damaged. Nevertheless, the polymer-film is grafted strongly on the surface of
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the fibres, and is not easily removed. This is very important for the fastness of the flame
retardant.
In summary it could be shown, that the abrasion of CO textiles is increased after FR
treatment. In addition the polymer itself showed excellent resistance against abrasion.

5.4 Flexural strength
The flexural strength of a fabric influences strongly its wear resistance and therefore their
application. Due to the flexural strength the crimping behaviour, handling and smoothness
of textiles differ and that has consequences on the garment manufacturing and their crease
resistance.
5.4.1

Cantilever method

The easiest way to determine the flexural strength of textiles is the Cantilever-method. The
calculations are based on the principles of a stiff cantilever, which is fixed on one side. The
bending depends on the weight of the cantilever. (161)
l = length of sample

l = l0
αB

fB

l 0 = over length
fB = bending
FW = weight of sample

Figure 93: Cantilever method

The bending stiffness B can approximately be calculated as follows:
·
8·

(13)

This method is only for very stiff textiles with low bending fB.
Based on the cantilever method Pierce (162) developed another formula for the bending
length lB using the trigonometric function of the bending angle αB:
·

0.5 ·

(14)

8·

For a defined bending angle αB of 41.5° the bending length lB [cm] is calculated as:
1
2

(15)

If the weight FW [g] is replaced by the textile coarseness, FE [cN/cm] can be calculated as:
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·

(16)

(g = acceleration of gravity (9.81 m/s2); m = weight of textile sample [g]; l = length of
sample [cm])
The bending stiffness B [cN/cm2] is then given by:
·

·

(17)

2

For determining the bending stiffness or flexural strength the cantilever method according
to DIN 53362 was used.
length l of textile sample
overlength l0

Moving direction

angle of 41.5°

Figure 94: Measurement for bending stiffness

A sample of 2 cm width and the length l was weighted and placed on the edge of the table.
A ruler with a mm scale was placed on the sample and the sample moved over the edge as
shown in Figure 94. The overlength l0 was measured when the edge touched a slant of
41.5°. (163)
5.4.2

Bending stiffness measurement

The tensile strength is in general influenced by the textile material, the characteristics of
the yarn - like density and twisting - and the textile structure - like woven fabric or knit
wear - and their characteristics. Furthermore, the finishing processes of the textile can
influence the flexural strength. By applying a thin polymer-film on the surface of the fibre,
the bending stiffness can be changed significantly depending on the softness of the
polymer. Due to this the flexural strength of flame retardant treated cotton was analysed
and compared. For all measurements plain woven cotton (180 g/m2, EMPA 210) was used.
Each measurement was performed three times in warp and weft direction and the average
determined. Different flame retardants (DEAEPN, DMAEPN and DMMAEPN) were
tested with variable amounts of grafting. To determine any possible change in the bending
stiffness based on the pre-treatment with DTEA 9, samples were compared with non-pretreated ones.
Figure 95 shows that the bending stiffness of all different flame retardant polymers
increased dependent on the degree of grafting.
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The bending stiffness of untreated cotton is 9.8 N/cm2 in warp and only 8.7 N/cm2 in weft
direction. The density of yarns/cm in this textile structure is in warp direction 27, in weft
only 23. More yarns/cm can increase the bending stiffness.

bending stiffness [cN/cm 2]

Remarkable is the low difference in bending stiffness for DEAEPN treated cotton. Even at
high grafting (24% wof) the bending stiffness increased only to 21 N/cm2, which is almost
nothing compared to the other polymeric materials. For DMAEPN treated cotton the
increase in warp and weft direction is significant. Already at low degree of grafting the
bending stiffness reached values about 20 N/cm2 in warp direction. For adequate values
25% wof of DEAEPN has to be added on the textile. In weft direction the differences are
less pronounced. The biggest difference is observed for DMMAEPN with the more
crosslinked methacrylic group. In warp and weft direction the bending stiffness is 7 times
higher for a DOG of around 10% wof. The textile is hard and inflexible, which is not useful
for further application.
180
160
140
120
100
80
60
40
20
0
0

5

10

15

20

25

30

35

FR grafted [% wof]
DEAEPN warp
DMAEPN warp
DMMAEPN warp

DEAEPN wef t
DMAEPN wef t
DMMAEPN wef t

Figure 95: Bending stiffness of FR treated cotton with different phosphoramidates

DEAEPN, DMAEPN and DMMAEPN monomers do not differ significantly in their
molecular structure at first view. DMMAEPN is based on a methacryl ester compared to
the acryl ester in the case of DEAEPN and DMAEPN. The replacement of H by a more
bulky methyl group hinders the segment mobility and increases thus the stiffness of the
polymer chain. The glass transition is shifted to higher temperatures and the material gets
stiffer
By the pre-treatment of DTEA 9 the flame retardant polymer is more strongly connected to
the surface of the fibres. This could have an enormous influence on the bending stiffness
because the flexibility is decreased. As Figure 96 shows the bending stiffness changed
compared to the non-pre-treated cotton. This confirms the much stronger bonding of the
flame retardant to the fibres surface using the coupling agent DTEA 9. By using the
coupling agent DTEA 9 more sites of connections might be provided compared to the use
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bending stiffness [cN/cm 2]

of crosslinking agent EGDA 5. For the application of the textile, it could be a
disadvantage, but considering, that a significantly lower amount of FR is needed for a good
fire resistance, the increased bending stiffness might be negligible. When comparing pretreated textiles with the other phosphoramidates it can be seen that the difference between
warp and weft direction is not as pronounced as for DMAEPN 3 or DMMAEPN 4.
35
30
25
20
15
10
5
0
0

5

10
15
FR grafted [% wof]

CO-FR warp
CO-DTEA 9 - FR warp

20

25

CO-FR wef t
CO-DTEA 9 - FR wef t

Figure 96: Bending stiffness of DEAEPN treated original and DTEA 9 pre-treated CO

The bending stiffness is highly influenced by the flame retardant treatment. Depending on
the characteristic of the polymer the textile is getting harder.

5.5 Angle of recovery
The creasing behaviour of textile fabrics is caused by their flexural properties and depends
in particular on their bending elasticity. Exposure to pressure combined with a crease in the
fabric provokes partial elongation (external) and compression (internal) at the edge of the
crease (Figure 97). Depending on the angle of recovery, this behaviour is partly reversible
(elastic) or irreversible. The more elastic this bending deformation is the lower is the
creasing tendency. Apart from the fibres and their mechanical behaviour the yarn structure,
density and textile structure, are influencing the angle of recovery, therefore the flame
retardant treatment can have an effect on this property.

Cotton textile
elongation

compression

Figure 97: Elongation and compression of creased textile samples
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5.5.1

Measurement method

For the angle of recovery 10 mm of a textile sample (50 mm length, 10 mm width) was
folded perpendicular to the length of the sample and loaded with a weight of 1000 g for
30 min (Figure 98).
180°

Treatment for 30 min
1000g

sample
10 mm
10 mm

F
Measure α after 5 and 30 min
α

Figure 98: Measurement of angle of recovery

5 min and 30 min after the load removal the angle α was measured and plotted against the
recovery time. The angle α30 measured after 30 min is called angle of recovery and can be
located between 0° (extremely creasing, no recover at all) and 180° (highest recovery,
crease resistant). Right after the load removal the fold springs open, the so called springback angle α0. This angle characterises the spring-back-behaviour of a textile. According to
DIN 53 890 α0 is the angle which arises 0.01 min after load removal. It is not possible to
measure α0 but it can be calculated by: (164)
4.47 ·

(18)

Increased spring back angles characterise low creasing tendency. The creasing recovery
indicates the ability of textiles to relax after creasing exposure during a defined time
interval and to plane by itself. Based on the textile structure, the angle of recovery can
differ in warp and weft direction. Therefore 4 measurements were performed in warp and
weft direction and the average calculated.
5.5.2

Creasing tendency of cellulose fibres

The angle of recovery depends, as the bending stiffness, on the textile structure, but is
more influenced by the fibre itself. Cotton fibres are highly hydrophilic and have a strong
creasing tendency due to their low viscoelasticity. The moisture content of cellulose fibres
is relatively high with 7 – 9.5% at 65% rel. humidity. The bonded water in the amorphous
regions of the fibres implicates a swelling. Permanent hydrogen bonds break and are
rebuilt again. By deformation combined with pressure cellulose textiles can be pleated. To
plane the pleat, hydrogen bonds have to be broken and rebuilt. (165)

143

5 Textile properties and fastness testing

5.5.3

Flame retardant treated cotton

For the measurement of DEAEPN treated cotton and DTEA 9 pre-treated and flame
retardant cotton twill woven fabric (210 g/m2; EMPA 214) was used.
In general the angle of recovery for cotton fibres is relatively low compared to
hydrophobic fibres like PES.
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Figure 99: Angle of recovery of FR treated CO in warp
direction
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50
angle of recovery [°]

CO untreated
3.5% wof FR
19.0% wof FR

60

0.5% wof FR
12.0% wof FR

Figure 100: Angle of recovery, FR treated CO in weft
direction

Figure 99 and Figure 100 show the angle α5 and α30 of cotton grafted with different degrees
of grafting of DEAEPN in warp and weft direction. As expected untreated cotton had a
very low angle of recovery in warp and weft direction. By increasing the degree of grafting
the creasing tendency is reduced significantly. Very low degrees of grafting (0.5% wof)
already influenced the angle of recovery, which increased from 32° for untreated cotton to
42° for the treated sample. This demonstrates that the dimensional stability of the textile
structure is increased. The FR polymer has no hydrogen bonds based on hydroxyl groups,
but covalent cross links. Therefore, it is not as easy to deform the polymer and it protects
the fibres against mechanical deformation. If the weight is removed, the polymer covering
the fibres supports the return of the fibres into the original position. Higher grafting means
a thicker polymer-film which has a stronger tendency to retain its structure.
The spring-back angles given in Table 5.6 increases as well by increasing the degree of
grafting. But in warp it decreased for higher degrees of grafting again. That could be due to
the thickness of the polymer-film and the higher density of the warp compared to weft (27
vs 23) which makes the re-formation slower.
A comparison of the values after DEAEPN treatment of original and DTEA 9 pre-treated
cotton is given in Table 5.6 and Table 5.7.
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Table 5.6: Angle of recovery data of DEAEPN treated cotton

DOG DEAEPN [%wof]
0
4
12
19

α5
31.7
45.0
51.0
51.7

warp
α30
35.0
46.0
56.2
61.5

lgα0
1.3
1.6
1.5
1.4

α5
30.7
43.0
45.0
46.0

weft
α30
35.0
45.0
46.0
47.0

lgα0
1.2
1.5
1.6
1.6

The creasing tendency of cotton pre-treated with DTEA 9 changed significantly compared
to the non pre-treaded sample.
Table 5.7: Angle of recovery data of DTEA 9 pre-treated (1.5% wof) and DEAEPN treated cotton

DOG DEAEPN with 9
[% wof]
0
5
14
24

α5
47.5
68.0
77.5
87.5

warp
α30
56.0
85.0
90.0
112.5

lgα0
1.4
1.4
1.6
1.5

α5
45.0
47.5
50.0
67.5

weft
α30
50.0
53.75
55.0
77.5

lgα0
1.4
1.4
1.5
1.6

Resin finishing tends to reduce the creasing behaviour by additives, which blocks the
hydroxy groups by a chemical reaction. The DTEA 9 finishing applied by a pad batch
process, substitutes hydroxyl groups of the cellulose. Thus, less hydrogen bonds can be
formed. The bended state will not be stabilised by a formation of hydrogen bond and
therefore the fabric can more easily spring back. Pre-treated cotton has already a higher
angle of recovery compared to original cotton. The co-polymerisation of the coupling
agent 9 with the flame retardant monomers resulted in a stronger connection of the FR to
the fibres surface, which decreased the creasing tendency of the cotton textile. For a
grafting of 14% wof on pre-treated cotton the angle of recovery reached 90° in warp and
55° in weft direction. In addition for non-pre-treated cotton (12% wof grafting) the angle of
recovery reached 56° in warp and 46° in weft direction. This indicates a strong connection
between the fibre surface and the flame retardant polymer-film.
The spring-back behaviour of pre-treated cotton increased slightly compared to untreated
cotton, but after the DEAEPN treatment it does not differ notably.
In summary, FR treatment decreased the creasing tendency of cotton textiles. Covalent
bonding between the fibres and the polymeric layer decreases this tendency further.

5.6 Capillary rise method
The interaction between humidity and textile material is very important for the wear
comfort.
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5.6.1

Moisture transmission

According to Mecheels (166) the moisture transmission consists of different moisture
transmission mechanisms. Figure 101 demonstrates the most important mechanisms for
textiles.

Figure 101: Different moisture transmission mechanisms of a textile material

(166)

1. Diffusion of water through pores of textile
In a textile structure interspaces are formed between the yarns depending on the textile
structure. These interspaces are filled with air and water vapour can diffuse through those
pores.
2. Diffusion of water vapour through the capillaries of the yarn
Different kinds of capillaries exist in a textile structure. Besides the capillaries formed by
the interspaces of the yarns, the yarns themselves are capillaries in the woven structure.
Based on the capillarity the moisture transmission is influenced. Smaller capillaries have a
stronger capillary effect and transmit water faster. Capillarity occurs because of intermolecular attractive forces between the liquid and solid surrounding surfaces. If the
diameter of the tube is sufficiently small, then the combination of surface tension (which is
caused by cohesion within the liquid) and forces of adhesion between the liquid and
container act to lift the liquid.
3. Absorption into the fibres and transportation by swelling, desorption at fibres
surface
Especially for cellulose fibres, which are highly hydrophilic, the uptake of water
(absorption) is a very important mechanism of moisture transmission. However, the water
absorption and the transportation inside the fibres is a very slow process.
4. Adsorption and migration along the fibre surface
The adsorption and migration at the surface of the fibres is a very efficient mechanism
because the sum of all fibre surfaces is high. 1 m2 of a standard textile has a fibre surface
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area of 100 m2. This mechanism is very important for synthetic and hydrophobic fibres,
especially micro-fibres (fibre diameter of < 1 µm).
5.6.2

Capillary rise measurement method

For the measurements by the capillary rise method plain woven cotton (180 g/m2, EMPA
210; 27 yarns/cm in warp, 23 yarns/cm in weft, yarn fineness: 35 tex) was used. For
putting these measurements into practice DIN 53924 was chosen. Textile sample (33 mm
width and 250 mm length) were placed in a special clamp and dipped into a bath of
solvent, water in this case. Depending on the adsorptive capacity of the textile the water
will rise to variable heights (Figure 102). The height of rising was measured after defined
time intervals (10, 20, 30, 60, 120, 300 s).

Meassure the

sample

hight of rise

water
Figure 102: Capillary rise method to measure moisture transmission of textiles

In each case 5 measurements were performed and the average calculated. If yarn fineness
(linear density) were different, warp and weft direction were analysed separately.
5.6.3

Flame retardant finished cotton

Cellulose is a very hydrophilic fibre with a large absorption capacity. Therefore the
moisture adsorption is very fast and high, as Figure 103 and Figure 104 demonstrate. For
untreated cotton the water rises nearly 20 mm after 10 s. With increasing rising height the
gravitation gets stronger and the rising rate becomes slower.
The flame retardant treatment affects the moisture transport capability of the textiles. By
grafting 0.5% wof on the fibres surface the absorption of water is slightly reduced between
10 and 60 s. After 120 s the reduction in rising height is more significant. The thin coating
of flame retardant on the fibres influences the interaction of water and the fibres surface by
lowering the surface tension. An increase of the flame retardant grafting up to 19% wof
reduced the rising height in warp and weft direction. By increasing the thickness of the
polymer the swelling of the fibres will be influenced and the absorption into the fibres is
not as strong as without the polymer-film.
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Figure 103: Rinsing height of CO FR treated (DEAEPN)
in warp direction
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Figure 104: Rinsing height of CO FR treated (DEAEPN)
in weft direction
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By comparing the loss of rising height for different amounts of flame retardant at different
rising times some conclusion can be made (Figure 105 and Figure 106). Due to the
swelling of the fibres by absorption of water, the capillarity of the textile is reduced.
Increasing the amount of flame retardant reduced the amount of swelling for the yarn but
the capillaries remain. The rising height right after dipping the sample in the water is
mostly determined by the absorption capacity and the swelling of the fibres. This is
demonstrated by the increasing loss of rising height after 10 s for different degrees of
grafting. For a DOG of 19% wof the loss in rising height after 10 s is more than 40%. On
the other hand, for longer rising times and heights, the capillarity becomes more and more
important. Higher degrees of grafting prevent the reduction of capillarity by swelling, and
at higher rising heights this determines the moisture transport compared to samples with
lower degree of grafting.
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Figure 105: Rising height loss of FR treated CO in warp
direction
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Figure 106: Rising height loss of FR treated CO in weft
direction

In summary the results of capillary rise testing show that the FR-coating influences the
humidity transport behaviour of fabrics. The surface tension of the textile is changed and
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the water absorption affected, but absorption and diffusion of water and vapour is still
possible which is very important for other finishing processes like dyeing.

5.7 Water absorption capacity
To analyse whether the flame retardant finishing influences the water absorption capacity
the water absorption of original and FR treated cotton was determined according to DIN 53
923. This testing method is particularly suitable for textile with a high water absorptive
capacity like cotton.
The standardised samples (65% humidity, 20±2 °C, 24 h) have to be weighted (md), placed
on a wire mesh and clipped at the edges. The gauze with the textile is placed in a dish with
distilled water (20±1 °C) so that the sample is approximately 20 mm under the water level.
It is important to avoid air bubbles under the textile. After 60±3 s of residence time the
wire mesh is taken out of the water and the 3 clamps removed. The wire mesh is moved in
such a way that the textile sample is lifted off and hangs free. After 120±3 s drip off time
the sample was weighted (mw) in a closed box.
The water absorption capacity Wc is given in % and calculated as:
(19)

· 100

For all measurements plain woven cotton (180 g/m2, EMPA 210) was used. For each
experiment 3 measurements were performed and the average calculated.
Table 5.8: Water absorption capacity data of FR treated cotton

DOG DEAEPN [% wof]
Water absorption capacity [%]

0.0
108

5.4
96

15.2
82

24.0
72

The DEAEPN polymer has no functional groups and is insoluble in the usual solvents.
Therefore the polymer, which covers the fibres, will not swell as the cellulose due to water
absorption. The measured water absorptive capacity given in Table 5.8 verifies that the
adsorption of water is reduced by the polymer covering. An increasing of the grafting and
therefore of the polymer thickness results in a significant decrease in water absorption.

5.8 Degree of whiteness
The degree of whiteness is very important for the textile industry, especially in clothing
and furniture textiles were colours are necessary for attractive products. A change in the
degree of whiteness will as well have consequences with respect to possible dyeing
processes and the remaining colour. The flame retardant monomer and the polymer have a
slightly yellow colour, and consequently one must analyse how this influences the degree
of whiteness. Two well known methods of colour measurements were used; grey scale and
spectrophotometric measurements.
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5.8.1

Grey scale

The grey scale is well known in the textile industry for colour fastness testing.
The grey scale for the assessment of staining consists of a scale of 5 pairs of grey and
white coloured plates, the one for assessment of change in colour of a scale of 5 pairs of
grey-coloured plates (Figure 107, Figure 108). Each pair of plates indicates a different
degree of contrast with 5 full steps. (167) Half steps are provided to increase the accuracy of
assessment.
The grey scale for the assessment of change in colour was needed for the measurement of
dyed and FR treated samples (chapter 6.2). For a measurement a treated sample is placed
next to an untreated sample and the degree of contrast against the grey scale compared.
The number of the contrast pair in the grey scale (from 1 – 5) which corresponds as closely
as possible to the degree of yellowing respectively change in colour is noted as GS (grey
scale measurement). The numbers are rated as follows: 1 = very poor (severe change),
2 = poor, 3 = fairly good, 4 = good, 5 = very good (negligible change).
Important for reproducible measurements is a standard light source, which assures the
same light conditions and the same angle of incidence for each sample.
In this research it was used to determine the change in colour resulting from the flame
retardant finishing. The degree of staining corresponds to the yellowing.
The grey scale measurement is a fast and easy method to determine changes in colour, but
it is a subjective method, because humans have to determine the change by eye. Higher
precision is obtained by the use of spectrophotometry.

Figure 107: Grey scales for the assessment of staining with half steps to improve the accuracy of assessment

Figure 108: Grey scales for the assessment of change in colour

5.8.2

Spectrophotometry for colour intensity measurement

The L*a*b*-colour system (called CIELAB-system as well) is nowadays the most
common system for colour measurement in different application ranges. The three
dimensional L*a*b*-colour space, short CIELAB formula (Commission Internationale de
l’Eclairage), was developed based on the CIE tristimulus diagram and is established on the
chromatic circle of spectral colours (see Figure 112 - Figure 115). It is used to assess small
colour differences (DIN 6174).
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Colour is a subjective perception and every person has his or her own colour sensation. To
analyse any change in colour, it is important to define the chromaticity in order to measure
it.
Colour perception takes place via radiation that, starting from a light source, is reflected
from a body and is detected by the receptors of the human eye.
Light source
Human eye

Blue dyed fibre

Figure 109: Light reflection and absorption on "blue"
dyed fabric

Figure 110: Reflection curve of a blue dyed cotton textile

The radiation is known as colour stimulus. The spectral distribution of the light source has
a significant influence on colour perception. Therefore some illuminants (light sources)
with their relative energy distribution have been standardised. One of those standardised
illuminants is the D65 with an energy distribution corresponding to that of average daylight, which was used in the following measurements.
A reflection curve can be produced from each object. It is possible to determine the ratio of
the light reflected from a body to the light reflected from an absolute white surface
depending on the wavelength (Figure 110). Reflection curves can be compared and
differences determined, but the difference is not really defined. For the industry the
indication of tolerances to accept or refuse qualitative variations is necessary. In the case of
colouring, a colour difference ∆E* for each colour is defined using the CIELAB formula.

Figure 111: Three dimensional
colour system based on hue,
saturation and lightness (168)

Figure 112: Three dimensional
L*a*b*-colour space (168)
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Figure 114: Hue difference in the polar coordinate
system (168)

Figure 115: Colour differences ∆E in the L*a*b*-colour
space (168)

As Figure 111 shows it is based on three important parameters, hue, saturation and
lightness. The hue is defined as property which distinguishes a chromatic colour from an
achromatic colour. It forms the chromatic circles. The saturation is the degree of brightness
of a colour in comparison to a grey of the same lightness. It changes in horizontal
direction. The lightness is plotted perpendicular to the colour plane, in vertical direction.
To be able to define every colour by numbers, a coordinate system was developed to
reflect the chromaticity (Figure 113). The colour difference is determined using a colour
difference formula from the colorimetric measures L*, a* and b*. As Figure 113
demonstrates the a*value is placed on the red/green axis, while the b*value defined the
position on the yellow/blue axis. The L*value indicates the position on the light/dark axis,
perpendicular to the colour plane.
According to DIN 6174 the colour difference ∆E*ab is calculated as follows:
∆E

∆L

∆a

(20)

∆b

The colour difference ∆E*ab can be split into a lightness component (∆L*) a saturation
component (∆Cab*) and a colour shade component or so called hue (∆H*ab). Lightness L*,
saturation C*ab and the hue H* can be represented in a graphical form. In the polar
coordinate system (Figure 114 ) the hue angle difference hab is defined as:
(21)
The hue of a colour is found on the chromatic circle of spectral colours.
The saturation or degree of brightness is the distance from the origin of the coordinates, the
achromatic point, to the chromatic circle. On the chromatic circle, the saturation is 100%.
The chroma is described by the various distances of the colour location from the
achromatic point.
The saturation component chroma ∆C*is defined as:
(22)

∆

The hue difference ∆H* is defined by the alteration in the colour shade angle hab and is
calculated as:
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∆E

∆H

∆L

(23)

∆C

A general assessment to evaluate the colour difference ∆E* tolerance is given in Table 5.9:
Table 5.9: Assessment for colour difference ∆E*

∆E*
0.0 - 0.5
0.5 - 1.0
1.0 - 2.0
2.0 - 4.0
4.0 - 5.0
Above 5.0
5.8.3

(169)

Assessment
No to almost no difference
Difference may be noticeable to the trained eye
Noticeable difference in colour
Perceived colour difference
Significant difference in colour, which is rarely tolerated
The difference is evaluated as a different colour

Degree of whiteness of FR treated cotton

In general all natural fibres have a original colour, which varies from grey (linen) to yellow
(cotton and wool). This natural colour is as well a qualitative characteristic, especially for
cotton fibres. For industrial use cotton fibres have to be bleached. Depending on the degree
of bleaching the colour turns out in different white-shades.
The cotton used for the first experiments is the twill woven cotton (210 g/m2, EMPA 214)
not highly bleached as the reflection curve in Figure 116 of untreated CO show. The
reflection over the whole visible range is around 70%. For a homogeneous white the
reflection would be equal over the whole spectrum. There is a higher absorption between
400 – 500 nm (blue range) which implicates an excess of reflection in the complementary
colour yellow.
80

DEAEPN

70

reflection [%]

60
50
CO untreated

40

5% wof FR

30

17% wof FR

20

25% wof FR

10

38% wof FR

0
400

500

600

700

wavelength [nm]
Figure 116: Reflection curves of twill woven cotton treated with DEAEPN

The reflection curves of FR treated cotton demonstrate already a difference in colour. The
curve progression is for all treated samples nearly the same but the reflection curves show
a decrease in reflection with increasing the degree of grafting. Higher DOG implies higher
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absorption of light in the visible spectrum and therefore the samples look darker. The
highest differences are in the blue range. The lowest reflection is between 460 – 500 nm
which indicates a yellowing shade.
Table 5.10: Colour measurement data of DEAEPN treated CO

DOG DEAEPN
[% wof]
5.0
17.0
25.0
38.0

ΔL*
-0.85
-1.73
-2.27
-2.83

Δa*

Δb*

ΔC*

ΔH*

ΔE*

GS

-0.15
-0.40
-0.61
0.78

0.42
1.07
1.51
2.07

0.44
1.13
1.61
2.20

0.06
0.14
0.18
0.20

0.96
2.07
2.79
3.59

4/5
4
4
4

More detailed information is given in Table 5.10. The degree of lightness ∆L* decreases
with higher grafting. ∆a* shows the colour shift to green. Noticeable is the higher shift to
yellow, described in ∆b*, which demonstrates the increase in yellowing by rising the FR
grafting. The most important number to characterise the colour difference is ∆E*. As soon
as this number is < 1 the difference is not notable and can be disregarded. ∆E* as well as
the grey scale value (GS: 4/5) indicate that the colour change due to the FR treatment can
be ignored if the grafting is lower than 10% wof. Higher grafting resulted in a perceivable
colour difference.
It can be concluded, that a yellowing effect occurs by generating FR polymer-films on the
surface of the fibres, which is increasing with the degree of grafting. Less than 10% wof
grafting did not change the colour noticeably for untrained eyes. This is a promising result
due the fact, that less than 10% wof FR are needed in combination with the type of
coupling when using the substance 9.
5.8.4

FR treatment of highly bleached cotton

To compare the yellowing effect on highly bleached cotton plain woven textile (120 g/m2,
TESTEX 419W) was used. It differs from those which were used in the preceding
chapters. This textile was treated with DEAEPN and the colour measurements performed.
As the curves in Figure 117 show, the reflection is around 80%, much higher compared to
the twill woven cotton 210 g/m2 used in the experiments described before. Notably is the
observation that no difference between degrees of grafting of 3.8% wof and of 8.8% wof can
be recognised. The reflection curves are overlapping and the spectrophotometric
measurements reveal only slight differences which cannot be seen by the human eye.
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Figure 117: Reflection curve of highly bleached plain woven DEAEPN treated CO

Degrees of grafting above 10% wof have a significant effect on the degree of whiteness,
especially grafting over 20% wof, where ∆E* is higher than 7. This value is already
evaluated as a different colour. Interesting in this measurement is the observation that ∆E*
increases exponentially and not linearly (see Figure 121). Therefore the light absorption of
the polymer layer covering white cotton rises not linear to the thickness of the FR coating.
Higher grafting intensifies the yellow shade as the ∆b* values demonstrate. For grafting
higher than 20.0% wof the shift to yellow reached 7 and the chroma-value ∆C* show in
addition a much higher chromaticity. The reflection curve of the sample with a degree of
grafting of 24.5% wof has a sharp bend between 470 and 520 nm. This agrees with the
intense yellowing for thicker FR-layers.
Table 5.11: Colour measurement data of highly bleached cotton DEAEPN treated

DOG DEAEPN [% wof]
3.4
8.8
20.0
24.5

ΔL*
-0.54
-0.51
-0.70
-0.93

Δa*
-0.04
-0.04
-0.94
-2.74

Δb*
0.35
0.33
2.56
7.06

ΔC*
0.36
0.33
2.70
7.53

ΔH*
0.00
0.01
0.41
0.84

ΔE*
0.65
0.61
2.82
7.63

GS
5
5
4
3

A possible explanation for the exponential increase of ∆E* is the penetration of the light
through the FR polymer. Low FR-grafting results in a mostly transparent polymer. The
light penetration through thin polymer-films is unhindered and the light is then reflected
from the surface of the textile. By increasing the thickness of the covering, more light is
absorbed by the polymer and less light reaches the surface of the fibres. Therefore the
lightness is reduced. Due to the slight yellow colour of the FR the textiles get more
intensely yellow.
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The difference between the FR polymer and the highly bleached cotton is more intense
than for the less bleached cotton used previously. Therefore the yellowing effect is more
pronounced for highly bleached cotton compared to less bleached cotton.
5.8.5

FR treatment on highly bleached and optical brightened cotton

Even if the yellowing effect is not relevant for degrees of grafting <10% wof, it is of great
interest if the yellowing can be compensated by optical brighteners. For the following
experiments optically brightened plain woven cotton (120 g/m2, TESTEX 419B) was used.

reflection [%]

Optical brighteners or fluorescent whitening agents are widely used in the textile industry
to increase the degree of whiteness. They absorb light in the ultra-violet range and emit it
in the visible range.
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Figure 118: Typical optical brighteners for cotton
textiles

Figure 119: Reflection curve of bleached and optical
brightened cotton

By emitting more light in the blue-range spectrum, they raise the perceived level of
whiteness of the good since they compensate the yellowing. One older class of optical
brighteners are derivatives of diamino stilbene di-sulfonic acid, shown in Figure 118.
Effective is only the trans-configuration, since only this form has a planar π-electron
system enabling mesomerism in the excited state.
The reflection curves of the optical brightened cotton show an excess in the blue range
spectrum, which is deliberate to increase the illusion of a “clean-blue” white (Figure 119).
As Figure 120 demonstrates all reflection curves of optical brightened plus DEAEPN
treated cotton lay beneath the curve of only optical brightened cotton, but all curves of
treated samples are overlapping. This shows that the degree of grafting is not relevant for
the degree of whiteness of optical brightened samples. Figure 121 confirms, that ∆E*
increases exponentially for only bleached textile samples, but ∆E* is linear for bleached
and optical brightened samples.
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Figure 120: Reflection curves of highly bleached, optically
brightened and DEAEPN treated CO

Figure 121: Colour difference ∆E depending on the
degree of grafting

As Table 5.12 demonstrates a decrease in the degree of lightness ∆L* is observed by
grafting the FR polymer on the surface of the fibres, but ∆E* does not differ significantly
between the different degrees of grafting. The grey scale (GS) values are for all treated
samples similarly.
Table 5.12: Objective colour measurement data of optical brightened and DEAEPN treated CO

DOG DEAEPN [% wof]
2.3
5.0
16.8
32.0

ΔL*
-0.87
-1.08
-1.61
-1.48

Δa*
-0.01
0.04
0.31
0.09

Δb*
1.45
1.08
1.48
1.08

ΔC*
-1.03
-1.01
-0.76
-0.97

ΔH*
-1.03
-0.40
-1.30
-0.47

ΔE*
1.71
1.53
2.20
1.81

GS
4/5
4/5
4/5
4/5

As this measurement demonstrates optical brighteners are compatible with the FR finishing
and can compensate the yellowing effect of flame retardant polymer-films for all degrees
of grafting.
5.8.6

Optical brightening of FR treated cotton

In the previous chapter it was analysed how the flame retardant influences the yellowing
effect of optical brightened cotton. For industrial use it is of interest to know, whether the
cotton can be optically brightened after the flame retardant treatment. Therefore DEAEPN
treated cotton (210 g/m2, twill woven) was washed with washing liquor including optical
brighteners. The washing experiments were executed in combination with the washing
fastness testing described in 5.1.1 (liquor-to-goods ratio: 40:1; 95 °C, 4 h) and performed
in a Polymat 1000 (Ahiba) with a rotation rate of 40 rpm.
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Figure 122: Reflection curves of DEAEPN treated (5% wof) CO and post-optical brightened during a washing process

The comparison of the reflection curves in Figure 122 demonstrates the large effect of
optical brighteners on the yellowing and therefore on the degree of whiteness of flame
retardant treated cotton. Even if the colour difference ΔE* is increasing with each washing
cycle, the reflection curves show the excess reflection in the blue range spectra and no
yellowing at all. The degree of whiteness of the FR treated samples is even increasing after
the washing with optical brighteners compared to original cotton.
Table 5.13: Objective colour measurement data of untreated CO washed with optical brighteners

Washing cycles
1

ΔL*
-0.02

Δa*
0.14

Δb*
-1.02

ΔC*
0.47

ΔH*
-0.91

ΔE*
1.03

GS
4/5

As Table 5.13 shows the change in colour for untreated cotton washed with optical
brighteners reached already a ∆E* value of 1. By grey scale measurement a slight
difference could be determined.
Table 5.14: Objective colour measurement data of DEAEPN treated (5% wof) CO after washing with optical brighteners

Washing cycles
0
1
2
3
4

ΔL*
-0.85
0.39
0.61
0.76
0.99

Δa*
-0.15
0.12
0.17
0.13
0.12

Δb*
0.42
-1.56
-1.99
-1.62
-2.10

ΔC*
0.44
1.01
1.44
1.45
1.55

ΔH*
0.06
1.20
1.38
-1.55
1.42

ΔE*
0.96
1.62
2.09
2.30
2.33

GS
4/5
4/5
4/5
4/5
4/5

Table 5.14 gives some deeper information about the change of the optical properties due to
the optical brightening. DEAEPN treated cotton shows a colour shift to the green on the
red/green axis and to yellow on the blue/yellow axis. After the treatment with optical
brighteners the shift on the red/green axis changed to red and on the yellow/blue axis to
blue. Even if the ∆E* is increasing, the “perceived white” of the textile is brighter. The
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degree of lightness ∆L* confirms this observation, because it changed from negative
values for DEAEPN treated cotton to positive values after the optical brightening.
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Figure 123: Reflection curve of DEAEPN treated
(10% wof) CO and post-optical brightened
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Figure 124: Reflection curve of DEAEPN treated
(20% wof) CO and post-optical brightened

A treatment with optical brightener was performed as well with higher samples containing
a higher degree of FR grafting. The aim of these experiments was to see whether the
optical brightening still compensates for the yellowing effect. Secondly it was of interest
whether the optical brighteners could still diffuse through the thicker polymer into the
boundary of the fibres and how the polymeric surfaces layer affects the affinity to the
cellulose.
The reflection curves of 10% wof and 20% wof FR treated cotton show that the first
washing already resulted in an increase of the reflection for blue wavelengths (Figure 123,
Figure 124). The differences between cycle 2, 3 and 4 are not as significant as the
difference between cycle 1 and 2. It is known in the theory of optical brighteners that the
increasing in degree of whiteness is limited. Optical brighteners have in common with dyes
that they have reflection in the visible range. Due to an agglomeration of those dye or
brightener molecules on the surface at higher uptakes the reflection does not increase
linearly but less. There is even a colouring effect by the optical brighteners. (170) From the
previous note it is obvious that the fluorescent effect of optical brighteners is limited.
Table 5.15: Objective colour measurement data of DEAEPN treated (10% wof) CO after washing with optical brighteners

Washing cycles
0
1
2
3
4

ΔL*
-1.29
-0.91
-0.17
-0.26
-0.17

Δa*
-0.26
-0.01
0.14
0.12
0.10

Δb*
0.75
-1.25
-2.07
-2.19
-2.07

ΔC*
0.79
0.69
1.52
1.64
1.52

ΔH*
0.10
1.04
1.41
1.46
1.41

ΔE*
1.51
1.54
2.09
2.21
2.08

GS
4/5
4/5
4/5
4/5
4/5

Although the lightness ∆L* did not increase as much as for 5% wof grafting, the
measurement (Table 5.15 and Table 5.16) demonstrates that no significant colour change
was obtained and even for higher degrees of grafting, the optical brightening of FR treated
cotton ends up in a excellent degree of whiteness.
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Table 5.16: Objective colour measurement data of DEAEPN treated (20% wof) CO after washing with optical brighteners

Washing cycles
0
1
2
3
4

ΔL*
-0.20
-0.03
0.86
0.53
0.26

Δa*
-0.51
-0.14
-0.09
0.06
0.31

Δb*
1.29
-0.99
-1.41
-1.73
-1.87

ΔC*
1.37
0.46
0.86
1.18
1.34

ΔH*
0.16
0.89
1.12
1.27
-1.34

ΔE*
2.43
1.00
1.65
1.82
1.92

GS
4/5
4/5
4/5
4/5
4/5

In summary, optical brightening can be performed after the FR treatment. For all optically
brightened textiles the lightness ∆L* was increased. After one washing cycle with optical
brighteners the yellowing of the FR treatment can already be compensated independent on
the degree of grafting.

5.9 Conclusion
In summary the FR treatment with PIGP on cellulose has a positive influence on most of
the textile properties tested.
Different washing fastness tests demonstrated high washing resistance. Even with a strong
mechanical and thermal treatment the layer remains on the surface of the fibres. LOI
measurements confirmed that the flame retardancy was not affected by the strong
mechanical treatment.
Excellent results were obtained in abrasion resistance testing of FR treated cotton. This is
important for the use of textiles. The washing fastness tests already showed a good
resistance against mechanical treatment. Abrasion testing showed that the FR treatment is
not only strong enough to withstand strong defined mechanical abrasion but even increased
the abrasion resistance of cotton.
Tensile strength measurements confirmed that the cold plasma treatment itself does not
influence the textile strength. Furthermore, the tensile strength and the elongation in warp
and weft direction were increased by the FR covering of different phosphoramidates.
Flexural strength testing is important to characterise textiles. By covering the yarns with a
polymer, the textiles can become stiffer depending on the state of the polymer (glassy,
viscoelastic). The bending stiffness was measured with the cantilever method. As expected
the different FR covering polymers increased the stiffness of the textile to a greater or
lesser extent. The polymer 4 is more brittle compared to the others and increased the
bending stiffness significantly. The bending stiffness of DEAEPN treated and coupled
cotton is increased compared to non coupled samples. This confirms the strong bonding
between the FR covering and the cotton fibres provided by a reactive coupling agent with a
polymerisable functional group. Modifications of the polymerisation parameters can
change the primary structure of the polymers.
The angle of recovery characterises the creasing resistance of textiles. Cotton itself has
very high creasing tendency. The FR treatment with phosphoramidates increases the
creasing resistance and may replace the normal resin finishing processes.
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The capillary rise method was used to determine whether the FR treatment influences the
absorption and diffusion of water. Dependent on the degree of grafting the rising height
was reduced. This correlates to the modified surface of the fibres and the reduced
absorption. Due to the polymeric layer on the surface the swelling of the fibres is
diminished, however the capillaries between the fibres and yarns persist. This means that
important characteristics like water absorption and diffusion are still present, which is
important in dyeing. The next chapter will focus on this aspect.
Finally spectrophotometric measurements were performed to determine colour differences
before and after FR treatment. Dependent on the degree of whiteness of the original sample
and the amount of grafting the FR treatment has a yellowing effect of lower or higher
intensity. To preserve a high degree of whiteness optical brighteners can be used, which
compensate the yellowing even for thicker coatings. In the following chapter it is discussed
how intense the yellowing influences the colour shades after dyeing.
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In the development of new flame retardant application and fixation processes for textiles
(like plasma treatment) the easy integration of this new step in existing finishing processes
is inevitable. The dyeing process is one of the most important but as well most complex
processes in textile finishing. To reach consistent colours, the dyeing parameters like
amount of dyestuff, textile auxiliaries, temperature, mechanical treatment and liquor-togoods ratio have to be aligned. Next to those parameters, the natural colour of the textiles
influences the chromaticity of dyed textiles, because of subtractive mixture of colour. Any
resulting change in the hue or lightness on the textiles has to be taken into account in the
dyeing process. Therefore, after the successful syntheses and application of new flame
retardant compounds, their combination with different dyeing processes was analysed.
Depending on the respective finishing process the dyeing is placed at the beginning, at the
end or in between the whole textile finishing. Therefore two different finishing processes
were performed and analysed as Figure 125 show.
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Figure 125: Different variations of combining FR treatment and dyeing

In case of dyeing FR treated cotton (route 1), it is of interest to investigate if the affinity of
the dye-molecules to the cellulose fibre and the rate of dye-uptake is altered and how the
existing yellowing effect influences the resulting colour.
In case of FR treatment on dyed cotton (route 2) it was analysed if the plasma treatment
itself has any influence on the dye-molecules or if the good affinity of the flame retardant
to the cellulose is affected by the dye-molecules. Furthermore possible differences in the
obtained colour were determined.

6.1 Dyeing of cellulose fibres
To understand any correlation of the dyeing process and the flame retardant finishing by
PIGP the dyeing mechanism has to be understood and taken into account. In the following
the often used “pore model” for cellulose fibres and the dyeing mechanism are explained.
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Reactive, direct and vat dyes are the most important dyes for cellulose fibres and were used
for the following experiments. Therefore any differences in the dyeing mechanism of those
dyestuffs and their advantages as well as disadvantages are shortly discussed.
6.1.1

Pore model

Until now, not all the different steps of textile finishing processes can be understood and
explained totally. For sub-processes models are used which help in their understanding.(171)
For dyeing processes two main models are used, the “model of free volume” and the poremodel. The model of free volume was developed 1955 by Williams et al. (172) and explains
basically processes for hydrophobic fibres, which are not relevant here. For all hydrophilic
fibres, including cotton, the pore-model, built up by Valko 1935 (173) can be used. Between
1947 and 1967 this model was enhanced by Morten (174), Standing et al. (175) and Weisz.
(176)-(178)
The idea of this model is that the whole fibre is crossed with a network of
connected tubes, so called pores. The movement of the dissolved dye- molecules inside the
fibres is approximated as diffusion through those water-filled pores. The diffusioncoefficient is influenced by the number and size of tubes. Especially the size of tubes
differs depending on the degree of swelling based on water absorption and the dye-bath
temperature. The diffusion coefficient will increase with higher water absorption.
6.1.2

Dyeing mechanism

The mechanism of textile dyeing is not as simple as it seems, because different
components have influence on the process.
Important sub-steps of the dyeing mechanism:
1.
2.
3.
4.
5.
6.

Dissociation – Association
Relative movement of textile and liquor
Adsorption of molecules to fibre surface
Penetration into the fibre (dye- molecule and water)
Diffusion in the fibre
Immobilisation

The first three steps take place in the liquor outside the fibre, the next 3 steps at or inside
the fibre.
Dye- molecule

H2 O

2. Relative movement

1. Association - Dissociation
Figure 126: Dyeing mechanism I
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During a dyeing-process the successful way of a dye- molecule into the fibre begins by the
dissociation of dye aggregations. By increasing the temperature of the liquor the molecular
movement of single dye- molecules increases and partial valent forces can break. The
equilibrium will be displaced to the dissociated side. The relative movement (so called
long-distance-transportation) is based on the fluid engineering. Important for this subprocess is a movement of the textile or a movement of the liquor. The theory about the
Brownian motion is based on the fact that above 0 Kelvin (≈ -273 °C) all molecules hold
kinetic energy resulting in a statistical movement.
(24)

2
m = mass, v = velocity

An increasing of the liquor temperature will increase (in addition to the dissociation) the
Brownian movement.

Fibre surface
3. Adsorption and desorption
of molecules to fibre surface

4. Penetration into the fibre’s pores

Figure 127: Dyeing mechanism II

For the adsorption and desorption process the affinity of the dye- molecules to the fibre is
of great importance. The affinity of a dyestuff is a measure of the distribution between
fibre and dye bath under standardised dyeing conditions in equilibrium. It represents the
difference between the dye affinity to water (hydrophilicity) and to the cellulose. The
affinity of the dyestuff to the fibre is only effective over a short distance. The dyemolecules converge to the fibre surface via Brownian movement and penetrate into the
fibre pores with the water.

6. Immobilisation

5. Diffusion in the fibre pores
Figure 128: Dyeing mechanism III

Important for the diffusion mechanism of the dye-molecules in the pores is the pore size as
Hori (179) and Bredereck (180) analysed. Bredereck investigated the pore structure of various
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water swollen fibres of cotton and regenerated cellulose by means of fibre penetration
studies with saccharides and dextrans. The pore-diameter, the pore volume and the pore
surface have the largest influence on the dye diffusion in terms of the fibres morphology.
The average pore-diameter of swollen cellulose fibres varies between 31– 42 Ǻ. The Table
6.1 shows the most important data:
Table 6.1: Water retention, pore volume, average pore-diameter and specific surface area of water swollen cellulose
fibres

Fibre

Water
retention [g/g]

Cotton
Washed
0.37
Merc. dry
0.62
Merc. wet
0.81
Regenerated Cellulose
CV filament
0.76
CMD
0.62
HWM
0.48

Pore volume
Vp [cm3/g]

Average pore-diameter Specific surface
Φm [Ǻ]
area Ssp [m2/g]

0.440
0.605
0.820

42
36
42

210
332
389

0.700
0.575
0.370

31
24
28

446
483
262

Bredereck and Blüher (181) could show as well that exclusion chromatography is a good
method to determine the average pore size, but the exact pore size distribution in cellulose
fibres has not yet been fully determined. Their discussion describes a change in pore size
after mercerisation or other finishing treatments.
To describe the penetration into the fibres and the diffusion of dye- molecules inside the
fibres it is important to characterise the different states of water bonded to cellulose fibres.
One part is bound chemically on hydroxyl groups of the cellulose, which is not mobile, and
the other part is adsorbed which is partly mobile and freely moveable water. Nevertheless
the diffusion coefficient inside of the fibres is lower than in the liquor, due to the
adsorption of the dye- molecules to the edges of the pores (affinity). Additionally some of
the water is not as free for movements, like Hori described. (179) Due to the swelling of the
fibres in the aqueous solution the amount of freely mobile water and the pore-diameters are
increasing, which has a positive effect on the diffusion of the dye- molecules in the fibres.
The diffusion in the pores of the fibres is the slowest process of cellulose dyeing and
determines the necessary time. The immobilisation of the dye depends on the binding
mechanism, respectively the dyestuff-category.
6.1.3

Reactive dyes

Reactive dyes are one of the most important groups of dyes used for cellulose fibres
because they give fast results, brilliant shades and most importantly high fastness
properties. The most important structural elements of reactive-dye-molecules are the
chromophore linked to aromatic structures and a reactive group. The chromophore together
with the aromatic structure is, besides the colour, responsible for most of the performance
characteristics of a dye like substantivity, wash-out, rate of diffusion etc. and most of the
fastness properties. The reactive group is responsible for the high washing fastness of
reactive dyes based on the covalent bonding (carbon-oxygen-bond) with the cellulose.
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The most important anchor systems for reactive dyes are the mono-chloro-triazine (Figure
129) and the vinyl-sulfone anchors. The Remazol-dyes used in these experiments have a
vinyl-sulfone anchor system. (Scheme 21)

Figure 129: Triazine-anchor systems for reactive dyeing

Scheme 21: Remazol brilliant blue R with a vinyl-sulfone anchor system

The main problem of the reactive dyeing is the fact, that next to the fixation-reaction
(formation of the covalent bond between dye-molecules and textile) a reaction with water
occurs (hydrolysis of the reactive dye). The hydrolysed dye-molecules are lost, because
they do not undergo further fixation reactions. It is necessary to keep the amount of
hydrolysed dye-molecules as small as possible by adjusting the dyeing parameters to each
reactive dye group.
The chromophores of reactive dyes are normally small molecules with a straight steep
absorption band yielding in brilliant colour shades. (182) (183) A post-washing treatment
(after soaping) is necessary to remove hydrolysed remaining dye-molecules.
6.1.4

Direct dyes

More than 75% of all direct dyes are un-metallised azo structures, mostly dis-azo or polyazo types.
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Direct dyes are molecules that adhere to cellulose fibres without help from other
chemicals. These dyestuffs are salts of complex sulfonic acids, defined as anionic dyes
with substantivity for cellulosic fibres. In general they are applied from an aqueous dyebath containing an electrolyte, either sodium chloride (NaCl) or sodium sulfate (Na2SO4).
In contrast to reactive dyes direct dyes do not create permanent chemical bonds with the
cellulose fibres. The uptake and fixation of direct dyes is only based on week hydrogen
bonds as well as Van-der-Waals forces. Their flat shape and their length enable them to lie
parallel to the cellulose chains of the fibres and maximise the Van-der-Waals, dipole and
hydrogen bonds. (184)
This group of dyes is of great utility in industry because they are cheap, easy to apply, have
generally good levelling properties, and a wide colour gamut. Their big disadvantage is
their poor washing fastness, since only physical forces are involved in the bonding of the
dye to the fibre. Direct dyes are high molecular weighted molecules including a planar
chromophore with an extended system of π-electrons. The planarity and an extended πelectron system are important for the substantivity and therefore the high affinity to
cellulose.
For an optimal direct dyeing process the addition of electrolytes is necessary. In pure water
cellulose carries negative charges, which cause electrostatic repulsion with the negative
charge of the sulfonate groups of dye stuff. By addition of sodium sulphate to the dye bath
these repulsive forces can be reduced, resulting in a greater affinity. On the other hand high
concentration of salt causes an aggregation of the dye-molecules in the solution. High
temperature of the dyeing bath can help to avoid those aggregations.
The dye-molecule is highly planar but the surface of the pores in the amorphous regions of
the cellulose fibres is not planar. According to Vickerstaff (185) only some inter molecular
forces act between the fibre and dyestuff. Most interaction occurs between the planar dyemolecules itself, which end up in large dye aggregates inside the fibres pores.
For effective dyeing of FR treated cotton the relatively large direct dye-molecules have to
penetrate through the pores of the covering FR polymer.
6.1.5

Vat dyes

Vat dyes have high fastness properties and contain usually at least one keto group >C=O.
Most vat dyes are quinine derivatives which are insoluble in water. By reduction in
alkaline solution with a reducing agent like sodium dithionite they are transformed to
hydroquinone-like compounds (vat acids) which have low solubility in water. This so
called leuco-form is transformed by neutralisation to their sodium salts (vat), which shows
high affinity to cellulose fibres.
This anionic leuco form is penetrating into the amorphous regions of the fibres. To
immobilise the dye pigments in the fibre vat dyes are converted back to the insoluble
quinone form by oxidation. A washing (after-soaping) treatment is necessary for a correct
development of the shades and optimum colour fastness. (186)
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Scheme 22: Reduction and oxidation of indigo to its leuco-form as an example of a vat dye

6.2 Dyeing of flame retardant finished cotton (route 1)
The chromaticity of a dyeing depends on the dyestuff, the dyeing depth and the original
colour of the textile. By changing the natural colour based on the yellowing of the FR
treatment, the colour shade of a dyed textile is changed more or less depending on the
colour. Next to the natural colour of the FR polymer the chromaticity might be changed
due to a reduced dyeing depth. As described before the dyeing process is influenced by
different parameters. According to the pore model the diameter of the pores is important
for the diffusion of the dye-molecules inside the fibres. By grafting the FR polymer on the
surface of the cellulose fibres, dye-molecules have to penetrate into the FR polymer before
penetrating into the amorphous regions of the fibres and in this case the pores of cotton.
6.2.1

Residual liquor concentration

To analyse if the grafted polymer has any effect on the affinity of the dye-molecules to the
fibres and if the adsorption of dye-molecules into the fibres is hindered due to the covering
polymer, the residual liquor concentration of reactive dyes was measured. Dyeing with
different concentrations was performed (0.05, 0.10, 0.50, 1.00, 2.00, 3.00% wof dye) on
cotton (twill woven, 210 g/m2, EMPA 214) with variable degrees of DEAEPN grafting
using a polymat 1000 (AHIBA) with a rotation of 40 rpm.
UV/Vis spectroscopy was used to analyse the concentration of the residual liquor. The
extinction coefficient ε (λ) of the used dye (Remazol brilliant blue BB) was determined by a
calibration curve at the absorption maximum of 608 nm and the concentration calculated
by Beer-Lambert law: (187)
·

·

(25)

The residual dyeing liquor concentration can be used to determine the change in dye
uptake of non-treated and FR treated fibres.
As the results of the residual liquor concentration measurements by UV/Vis show (Figure
130) the flame retardant polymer has an influence on the dyeing process and the degree of
exhaustion. The differences in the liquor concentration between original cotton and FR
treated samples are most significant in light dyeing at 0.05% wof.
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Figure 130: Residual liquor concentration of reactive dyeing with Remazol brilliant blue BB on FR treated cotton
(DEAEPN)
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Independent on the dyeing shade, all measurements show an increase in the residual liquor
concentration depending on the degree of grafting. This demonstrates that the yield of
dyeing is influenced by the grafted polymer. A closer look on Figure 131 shows a
correlation between the reduction in dye uptake and the amount of grafting. As the figures
reveal, the concentration of dye-molecules in the liquor increased linearly by increasing the
thickness of the polymer.
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Figure 131: Correlation of dye-uptake and amount of grafting dependent on the colour depth [% wof]

The reduction of the dye uptake can have different reasons. Due to the polymer covering
the surface of the fibres the affinity of the dye to the cellulose might be reduced. This will
have an influence on the adsorption and desorption of the dye-molecules on the surface of
the fibres. The affinity of the dye-molecules to the FR polymer should be independent of
the thickness of the covering polymer, especially for high grafting (20 – 30% wof).
Therefore the further reduction of dye-uptake by increasing the thickness of the FR
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polymer is caused by other effects. Another reason for the lower uptake could be a reduced
rate of diffusion inside the FR polymer compared to cotton. If the dye-molecules diffuse
slower inside the FR polymer, the thickness of the covering polymer has a high influence
on the dyeing process, and the required dyeing times will increase. Another influence is the
reduced water absorption of the FR treated cotton compared to original cotton, which was
discussed in chapter 5.7. Due to lower water uptake, the swelling of the fibres will be
reduced, which has an influence on the pore-size diameter of the cotton. Therefore the
diffusion inside of the fibre pores might be reduced as well.
To analyse if the FR polymer itself can be dyed, DEAEPN was polymerised by PIGP
(5% wom initiator and 10% wom crosslinking agent) and reactively dyed with Remazol
brilliant blue BB (2% wop) afterwards. Before the washing process the FR polymer was
blue which indicates that the dye-molecules have an affinity to the FR polymer. Due to the
NH-group of the polymer, the dye-molecules are absorbed onto the FR polymer. After the
washing process (1g/L IEC, liquor-to-goods ratio 40:1) the polymer was colourless again,
which indicates that there is no bonding between the reactive dye-molecule and the FR
polymer. This shows that there is an affinity of the dye-molecules to the fibres which is
excellent for dyeing processes after the FR treatment, but any remaining dye-molecules
inside of the covering polymer will be washed out.
6.2.2 Influence on colour of FR treated and reactive dyed cotton
As determined before (chapter 5.8) the flame retardant grafting of phosphoramidates
results in a yellowing effect depending on the amount of grafting. Different reactive dyes
were used to analyse if a dyeing process on flame retardant finished cellulose fibres is
feasible and how the yellowing effect affects the resulting colour. To this end, flame
retardant finished cotton was dyed with different colours (blue, red and yellow, 3.00% wof
dyeing) and in different shades (0.05, 0.10, 0.50, 1.00, 2.00, 3.00% wof) with Remazol
brilliant blue. For most reactive dyeing experiments bleached twill woven cotton
(210 g/m2) was used (CO-A). Highly bleached mercerised plain woven cotton (120 g/m2)
was used (CO-B) to compare mercerised and non mercerised cotton and highly bleached
mercerised and optical brightened plain woven cotton (120 g/m2) to analyse any influence
of optical brighteners (CO-C).
The resulting colour was determined by colour-measurements with the spectrophotometer
and the grey scale for the assessment of change in colour. Three measurements for each
sample were performed and the average calculated.
All dyeing experiments were performed in long-liquor-to-goods ratios with a Polymat
1000 dyeing apparatus (AHIBA) and a rotation of 40 rpm.
In case of dyeing FR treated cotton (Figure 125 route 1) two factors are relevant for any
change in colour (Figure 132). The first influencing factor on the obtained colour is the
yellowing of the FR polymer (A), which is increasing by increasing the degree of grafting
as discussed in chapter 5.8. The yellowing is a subtractive mixture of colour, which means
that for example blue dyed samples might be shifted to green (mixture of blue and yellow).
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Therefore the yellowing will influence each different colour with a shift in the colour shade
(A-a). In addition, due to the polymer more light is absorbed and less emitted. This will
decrease the lightness (A-b). The other factor which has to be taken into account is the
reduced dye-uptake (B) discussed before (chapter 6.2.1). The dye-uptake is decreased with
increasing the rate of grafting. This will result in a shift in the saturation (B-c). Lower
concentration of dye-molecules on the fibre will absorb less light which will result in an
increase of lightness (B-d). Any change in colour is based on both factors which makes the
interpretation of the data more complex.

A

Increase of grafting

a

Increase of yellowing

Shift in colour shade

b

B

Decrease of lightness

c

Decrease of dye-uptake

Shift in saturation

d

Increase of lightness

Figure 132: Influencing factors of FR treatment on colour
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Figure 133 shows the reflection curves of reactive dyed cotton grafted with different
amounts of flame retardant (1 – 30% wof). The curves of the blue-dyed samples
demonstrate that the FR treatment has visible influences on the colour shade after the
dyeing. In particular in the blue wavelength range (400 – 500 nm) the reflection of highly
grafted cotton is reduced. Therefore the FR treated textiles appear darker compared to the
original cotton.
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Figure 133: Reflection curves of DEAEPN treated cotton dyed with reactive blue, red and yellow (3% wof)

Blue dye-molecules have a high absorption in the red and yellow wavelength range and
higher reflection between 400 – 500 nm. The yellowing effect is based on a higher
absorption in the complementary colour, which is blue. Therefore the most intense
difference based on the yellowing is observed for the blue dyed samples. The reflection
curves of red and yellow dyed samples do not have a specific range which differs. The
differences are distributed over the whole spectrum.
The colour measurement data based on a non FR treated dyed sample as standard (Table
6.2) give more detailed information about the colour differences. The lightness ∆L* is
reduced for all three colours. In the case of blue the diminution increases with the amount
of grafting. This is not the case for red and yellow. Up to 7% wof grafting the decrease in
lightness, based on the yellowing, is dominant (Figure 132, A-b). In case of high grafting
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(30% wof) the reduced dye-uptake resulted in an increase of lightness (B-d). In addition for
red and yellow the lightness of high grafted FR treated cotton is not reduced as intense as
for lower grafting (7% wof).
Positive ∆a* values show a shift to red, positive ∆b* to yellow. Especially for high grafting
a significant shift to yellow is obtained for all dyed samples. This high shift is based on the
yellowing of the FR treatment.
The colour difference ∆E* demonstrates the large influence of the grafting polymer on the
colour. Even if 1 – 2% wof of grafting did not change the colour significantly as all grey
scale data demonstrate a slight difference in ∆E* around 1 can be seen.
For blue and yellow dyed samples 6% wof of grafting results already in a noticeable change
in colour as the grey scale data GS and ∆E* confirm. Higher grafting than 10% wof of FR
resulted in a perceivable colour difference for blue and yellow dyed samples. Yellow dyed
samples show the highest shift to yellow (∆b* = 4.92) based on the subtractive mixture of
colour.
The grey scale values and ∆E* of the red dyed samples demonstrate that red as colour is
less influenced by the yellowing effect. Even high grafting of 30% wof did not change the
colour significantly. Colour differences of ∆E* < 2 can only be noticed by a trained eye.
Nevertheless, by detailed measurements a slight shift to yellow and red is obvious.
Table 6.2: Objective colour measurement data of FR treated cotton 3% wof dyed with Remazol brilliant (standard is a
non-FR treated dyed sample)

DEAEPN [% wof]
1
Blue R
6
30
1
7
Red FB
30
2
Yellow GL
7
30

ΔL*
-0.63
-3.09
-3.43
-0.55
-0.91
-0.11
-0.69
-1.63
-0.95

Δa*
0.65
2.39
1.52
0.71
0.41
0.93
0.15
0.40
0.35

Δb*
-0.02
0.21
2.97
0.68
1.11
1.15
-0.51
3.48
4.92

ΔC*
0.08
0.03
-2.81
0.67
0.35
0.86
-0.52
-3.41
4.85

ΔH*
0.65
2.40
1.80
0.72
1.13
1.20
-0.09
-0.80
-0.91

ΔE*
0.91
3.91
4.79
1.13
1.43
1.48
0.87
3.87
5.02

GS
5
4
3/4
5
4/5
4/5
5
4
3/4

As the degree of whiteness showed (chapter 5.8.4), in case of grafting higher than 10% wof
the yellowing was much more intense for the highly bleached cotton compared to cotton of
a lower degree of bleaching. This fact will have a higher influence on the colouring of FR
treated cotton. It is well known that mercerised cotton has a higher dye uptake than nonmercerised fibres. Therefore highly bleached and mercerised cotton (plain woven,
120 g/m2, CO-B) was dyed with reactive dyes to analyse the intensity of colour change
based on FR treatment in correlation of higher degree of whiteness and the influence of
mercerised cotton.
The reflection curves of the blue, red and yellow dyed cotton (Figure 134) already
demonstrate that the colour difference of those samples is higher than of the samples
measured before.
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Figure 134: Reflection curves of DEAEPN treated mercerised and highly bleached cotton dyed with reactive blue, red
and yellow (3% wof)

Analogous to the reflection curves the colour measurement data (Table 6.3) demonstrate
that the difference in colour shade (∆E* and GS) for mercerised and highly bleached cotton
is much more pronounced compared to the results obtained before. The more intensive
yellowing has a significant influence on the obtained colours, especially on blue dyed
cotton.
In case of blue and yellow the lightness ∆L* is reduced significantly based on the
yellowing (Figure 132, A-b).
The difference in colour for red dyed samples is again the lowest compared to yellow and
blue. The lightness ∆L* is not reduced as significantly as for blue dyed mercerised cotton.
Interesting is the fact that the reflection, especially in the red wavelength range (600 –
700 nm), is reduced which is confirmed by the ∆a* values. The dyeing depth of
mercerised textiles is deeper than that of original cotton. The shift to lower red values for
FR treated mercerised cotton is depending on the yield of grafting and demonstrates that
the dye-uptake and therefore the dyeing depth were reduced (B-c). This indicates again that
the penetration of dye-molecules into the cellulose fibres is decreased by the FR polymer
grafted on the surface.
Table 6.3: Objective colour measurement data of FR treated cotton 3% wof dyed with Remazol brilliant, highly bleached
and mercerised (CO-B non FR treated was used as standard)

DEAEPN [% wof]
8
Blue R
16
35
8
17
Red FB
34
8
Yellow GL
17
36

ΔL*
-3.92
-5.99
-7.78
-0.25
-0.79
-0.75
-1.31
-2.01
-3.34

Δa*
1.95
2.96
3.81
-1.27
-1.44
-2.72
0.64
1.40
2.98

Δb*
0.79
2.15
4.49
0.08
0.54
1.10
-0.26
0.82
2.21

ΔC*
-0.58
-1.77
-3.93
-1.27
-1.44
-2.72
-0.31
0.70
2.00

ΔH*
2.02
3.20
4.38
0.08
0.54
1.12
-0.62
-1.46
-3.13

ΔE*
4.45
6.93
9.75
1.30
1.73
3.03
1.48
2.58
5.00

GS
3
2
2/1
5
4/5
4
5
4/3
3/2

In conclusion it is possible to dye FR treated cotton with reactive dyes. Excellent
chromaticity and hue were obtained by dyeing with blue, red and yellow dyes, even for
highly grafted samples. But the yellowing of the FR treatment (subtractive mixture of
colour) and the reduced dye-uptake (shift in saturation) influence the colour of dyed cotton.
The difference in colour depends on the colour and the rate of grafting. In particular blue
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dyed cotton showed increasing colour differences depending on the amount of grafted FR.
For mercerised and highly bleached cotton the colour difference is even more intense.
6.2.3

Different percent of dye
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To analyse if the colour difference varies depending on the saturation, different shades of
blue (0.05, 0.10, 0.50, 1.00, 2.00, 3.00% wof) with variable amounts of FR-grafting were
dyed. For these experiments twill woven bleached cotton (210 g/m2, CO-A) and highly
bleached and mercerised cotton (120 g/m2, CO-B) were used and the results compared.
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Figure 135: Reflection curves of different shade dyed blue, left without DEAEPN, right 17.5% wof DEAEPN
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The affinity of the dye-molecules to the FR polymer is not reduced significant compared to
their affinity to cellulose. This is a very important prerequisite for dyeing processes on FR
treated cellulose. The reflection curves of the different shades (Figure 135) show that even
for high grafting (17.5% wof) excellent colour shades are possible. Different colour shades
are obtainable, however the colour is slightly changed compared to non-treated cotton.
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Figure 136: Reflection curves of different amounts of FR treated cotton for 0.05% wof and 3% wof dyes

To determine how large the colour differences for different colour shades are, the detailed
measurements have to be analysed. The reflection curves in Figure 136 show that for
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bright colours the reflection of non FR treated cotton is higher over the whole spectrum
than of FR treated samples. On the other hand, the reflection curves of deep dyed samples
(3% wof) show the highest difference in the blue range wavelength.
Table 6.4: Objective colour measurement data of FR treated CO dyed in different shades with Remazol brilliant blue R

Dye
[% wof]
0.05
0.10
0.50
1.00
2.00
3.00

DEAEPN
[% wof]
7.5
17.5
25.5
7.5
17.5
25.5
7.5
17.5
25.5
7.5
17.5
25.5
7.5
17.5
25.5
7.5
17.5
25.5

ΔL*

Δa*

Δb*

ΔC*

ΔH*

ΔE*

GS

-2.14
-1.99
-2.38
-3.11
-4.20
-3.31
-3.86
-5.16
-4.05
-3.25
-3.49
-3.58
-1.69
-1.35
-1.11
-1.92
-1.27
-1.13

-0.98
-1.03
-1.35
-0.84
-1.32
-1.15
0.73
1.34
1.04
1.44
1.82
2.21
0.15
0.44
0.78
0.72
0.04
0.01

-1.79
-1.28
-1.61
-2.43
-3.51
-2.48
-2.70
4.04
3.36
-1.31
-1.73
-1.57
1.53
1.29
1.25
1.61
1.51
1.47

2.04
1.61
2.06
2.56
3.74
2.78
2.41
3.61
2.99
1.08
1.45
1.43
-1.52
-1.30
-1.26
-1.65
-1.50
-1.56

-0.05
-0.30
-0.41
0.24
0.24
0.0
1.42
2.30
1.87
1.62
2.05
2.43
-0.19
0.41
0.86
0.63
0.14
1.09

2.96
2.58
3.18
4.04
5.64
4.29
4.77
6.70
5.37
3.79
4.30
4.55
2.69
2.91
3.48
2.99
2.53
3.85

3/4
3/4
3/4
3
3
3
3
2
2/3
3
3
3
4
4
3/4
4
4
3/4

Noticeable is the fact that for bright blue dyeing (0.05% and 0.1% wof) the ∆b* value is
negative (Table 6.4), which signifies a shift to blue and not to yellow independent on the
amount of grafting. This effect can be explained by the subtractive mixture of colour. The
addition of bright blue from the dyestuff and the yellowing of the FR polymer resulted in a
more greenish colour. This is demonstrated by the negative ∆a* values. This is only the
case for bright blue colours. By increasing the depth of dye, this effect is not dominant any
more. The lightness ∆L* is always reduced. However, for the FR treated samples with
deep colouring (2% and 3% wof) ∆L* is not reduced as strong as for bright dyeing. The
yellowing reduces the lightness (Figure 132, A-b), which is more significant for brighter
dyeing. For deeper dyeing the lightness is more and more influenced by the dye-molecules.
More dye-molecules on the fibres will increase the absorption, which reduces the lightness.
A lower decrease in lightness in the case of flame retardant cotton means that less dyemolecules penetrate into the fibres. Therefore the influence of the reduced dye uptake by
the FR polymer is more dominant for deep dyeing.
The measurements of the different colour shades demonstrated that the FR polymer has the
highest influence on the colour shade for 0.5% wof dyeing in the case of blue dyeing.
The comparison of original cotton (CO-A, Figure 136) with CO-B (Figure 137) confirms
that the change in colour is more significant for highly bleached and mercerised cotton.
Those samples resulted in a much higher loss in lightness for all different colour shades.
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Figure 137: Reflection curves of different amounts of FR treated cotton 0.05% and 3.00% wof dyed on, mercerised and
highly bleached

As the reflection curves and ∆E* (Table 6.5) values for bright dyeing with 0.05% wof show
the differences on highly bleached cotton are more significant. The brilliancy of colours
dyed on highly bleached fibres are more intense compared to standard bleached fibres. The
polymer on the surface of the fibres already reduces the degree of whiteness. Therefore the
highly bleached cotton did lose the possible brilliancy and in addition, the colour
difference is increased compared to the cotton used in the experiments before. Noticeable
is the fact that for very low grafting of 3% wof FR the colour difference ∆E* is already >3,
which demonstrates the subtractive mixture of colour for the yellowing based on the FR
polymer and the colouring. Remarkable is the larger difference especially for deep dyed
samples.
Table 6.5: Objective colour measurement data of FR treated cotton dyed in different shades with Remazol brilliant blue
R, highly bleached and mercerised

Dye
[% wof]
0.05
0.10
0.50
1.00
2.00
3.00

DEAEPN
[% wof]
3
8
16
3
8
16
3
8
16
3
8
16
3
8
16
3
8
16

ΔL*

Δa*

Δb*

ΔC*

ΔH*

ΔE*

GS

-2.66
-2.86
-4.31
-2.23
-4.46
-0.42
-4.25
-7.95
-7.2
-1.53
-6.37
-4.27
-3.37
-3.97
-7.35
-3.25
-5.06
-5.95

-1.13
-1.34
-2.42
-0.74
-1.51
-1.96
0.07
0.53
0.62
0.59
2.34
1.81
1.78
1.72
4.28
1.75
2.35
3.63

-1.15
-1.77
-1.87
-0.39
-2.37
-1.11
-2.39
-5.92
-4.45
-0.36
2.71
-1.90
-0.97
-0.18
0.14
0.50
1.23
2.70

1.56
2.2
2.87
0.7
3.12
1.94
2.27
4.70
4.13
0.26
2.37
1.62
0.87
0.08
-0.24
-0.47
-1.18
-2.4d

-0.41
-0.31
-1.06
-0.47
-0.10
-1.13
0.75
1.85
1.78
0.64
2.68
2.06
1.83
1.73
4.28
1.76
2.38
3.12

3.11
3.62
5.29
2.38
5.44
4.78
4.87
9.42
8.49
1.68
7.31
5.02
3.94
4.30
8.51
3.73
5.72
6.88

3
3
2/3
3
2/3
2/3
2/3
1/2
1/2
4
2
2/3
3
3
1/2
3
2/3
2
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In comparison to less bleached cotton the highly bleached cotton have significant higher
colour shift for deep dyed samples. Analogous to lower bleaching the highest difference in
colour shade is obtained for a dyeing of 0.50% wof.
6.2.4

Optical brightening in combination with dyeing of FR treated CO

Measurements for the degree of whiteness demonstrated that optical brighteners can
compensate the yellowing effect (chapter 5.8.5). To analyse if optical brighteners can as
well compensate the yellowing effect in combination with dyeing, optical brightened
cotton (CO-C, plain woven, 120 g/m2) was FR treated (3.0, 6.5, 13.7% wof) and dyed in
different shades (0.05, 0.10, 0.50, 1.00, 2.00, 3.00% wof) afterwards. The resulting colours
were compared to non FR treated and only bleached (CO-B) samples.
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Figure 138: Effect of optical brightening on FR treated cotton after dyeing in different shades with Remazol brilliant
blue R

In case of bright dyeing (0.05% wof) the reflection curves of CO and optical brightened
cotton with 3% wof grafting (Figure 138) are superimposable in the visible range of
wavelength. This demonstrates that the optical brightening can compensate the yellowing
for low rate of grafting especially for bright dyes. The reflection curves of deep dyed
samples (3% wof) show that the optical brightened CO-C with 3% wof is even lighter
compared to non treated CO-B blue dyed.
The spectrophotometric data (Table 6.6) confirm this. For all measurements non FR treated
dyed CO-B was used as standard. In comparison to the data in Table 6.5 where only
mercerised cotton was used, it is obvious that the optical brighteners compensate the
yellowing effect of the FR-finishing especially for bright dyeing. The ∆E* and GS values
are in a range that non trained eyes cannot verify any difference in colour. For deeper dyes
the optical brighteners do not have such good effects any more. By increasing the amount
of dye-molecules, the optical brightening effect is suppressed.
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Table 6.6: Objective colour measurement data of FR treated cotton dyed in different shades with Remazol brilliant blue
R, highly bleached and optical brightened

Dye
[% wof]
0.05
0.10
0.50
1.00
2.00
3.00

DEAEPN
[% wof]
3.0
6.5
13.7
3.0
6.5
13.7
3.0
6.5
13.7
3.0
6.5
13.7
3.0
6.5
13.7
3.0
6.5
13.7

ΔL*

Δa*

Δb*

ΔC*

ΔH*

ΔE*

GS

0.10
-1.48
-1.76
0.05
-2.42
-5.05
0.31
-2.92
-4.69
1.08
0.14
-2.21
2.00
-1.62
-1.04
3.30
-0.78
-1.54

-0.22
-0.99
-1.68
-0.11
-1.11
-2.32
0.37
0.37
0.38
0.85
0.86
2.23
0.10
1.63
1.70
-1.18
0.92
2.40

-0.20
-0.80
-0.60
-0.10
-2.10
-4.10
0.65
-1.60
-3.00
1.07
0.83
-0.98
2.42
0.67
0.69
3.34
1.98
1.68

0.32
1.15
1.41
0.17
2.33
4.73
-0-73
1.45
2.73
-1.19
-0.96
0.66
-2.42
-0.76
-0.79
-3.31
-1.98
-1.62

0.08
0.48
1.09
0.03
0.06
0.17
0.16
0.82
1.18
0.66
0.71
2.34
0.09
1.59
1.66
1.25
0.93
2.44

0.34
1.94
2.51
0.18
3.36
6.92
0.81
3.36
5.50
1.74
1.2
3.29
3.14
2.39
2.11
4.84
2.32
3.31

5
4/5
4
5
4
3
5
4
3
4/5
4/5
4
4
4
4/5
3
4
3/4

Optical brighteners can compensate the yellowing for bright dyeing and low grafting, but
for high grafting and deep dyeing the effect is not dominant any more.
6.2.5

Direct dyeing

Compared to reactive dyes (MM ~600) direct dyes are larger molecules and have a higher
molar mass (> 900). Therefore the colour is less brilliant compared to reactive dyes.

Scheme 23: Structure of Solophenyl blue 3GL

Scheme 24: Structure of Solophenyl red 3BL
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In this context it is of interest, if the dimension of this dye-class hinders the molecules to
penetrate through the FR polymer into the fibres. Direct dyeing was performed with
Solophenyl blue 4GL and Solophenyl red 3BL (3% wof) on twill woven cotton (210 g/m2,
CO-A) treated with varying rate of FR-grafting (8, 18, 40% wof).
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Figure 139: Reflection curves of DEAEPN treated cotton dyed with direct blue and red (3% wof)

As the reflection curves (Figure 139) demonstrate the FR polymer has enough porosity that
as well larger molecules can diffuse through the polymer, because deep colours were
obtained. Remarkable compared to the reactive dyeing is the fact, that all FR treated
samples have a significant increase in the lightness ∆L* (Table 6.7). This indicates that the
dye-uptake of direct dyes is even decreased more intense compared to reactive dyes
resulting in increase in lightness (Figure 132, B-d). The structure of direct dyes is planar
and therefore the dye-molecules are more bulky compared to the reactive dyes. This
reduces the diffusion rate of the dye-molecules itself and results in lower dye-uptake of FR
treated cotton.
Table 6.7: Objective colour measurement data of FR treated cotton 3% wof dyed with Solophenyl

DEAEPN [% wof]
8
Blue 4GL
18
40
8
Red 3BL
18
37

ΔL*
3.23
3.76
5.8
3.28
5.38
7.74

Δa*
-0.79
-0.92
-1.28
1.33
4.09
2.50

Δb*
-2.36
-3.40
-3.90
-1.05
-3.17
0.97

ΔC*
2.34
3.38
3.88
0.98
4.88
2.68

ΔH*
-0.85
-1.00
-1.33
-1.38
1.73
0.17

ΔE*
4.08
5.15
7.08
3.69
7.46
8.20

GS
4
4
3
4
3
2/3

For reactive dyes the colour difference for red dyeing was the lowest compared to blue and
yellow. In direct dyeing the results show the highest colour difference for red dyeing. The
lightness ∆L* is increased more intensely compared to the blue dye. In addition ∆E* and
therefore GS values, especially for higher FR grafting demonstrate a higher influence of
the FR treatment on the chromaticity in contrast to blue. In direct comparison to the dyemolecule structures (Scheme 23, Scheme 24), the red dye is an even larger molecule with a
higher molecular mass. Due to this the molecule will have an even lower diffusion rate
compared to the smaller blue molecule. This will influence the dye-uptake depending on
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the thickness of the polymer covering the fibres. Therefore red direct dyes will always
have a lower degree of exhaustion compared to smaller blue direct dyes.
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For mercerised and highly bleached cotton (CO-B) the brighter colouring of blue and red
direct dyed FR treated cotton is comparable to non-mercerised cotton (CO-A) as the
reflection curves (Figure 140) and the colour measurement data (Table 6.8) demonstrate.
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Figure 140: Reflection curves of DEAEPN treated mercerised and highly bleached cotton dyed with direct blue and red

Again high grafting resulted in an intense increase of lightness and a cumulative colour
difference ∆E*. As for non-mercerised cotton the colour difference for red dyeing is larger
compared to the blue dyeing. This is again based on the higher molecular weight and
therefore lower dye-uptake of the red dye-molecule.
Noticeable is the lower difference ∆E* for grafting of 8% and 17% wof on highly bleached
cotton compared to CO-A. Direct dyes have lower brilliancy compared to reactive dyes.
Therefore the yellowing effect is not influencing the colour as intense as for reactive dyes.
Table 6.8: Objective colour measurement data of FR treated cotton 3% wof direct dyed with Solophenyl, highly bleached
and mercerised

DEAEPN [% wof]
8
Blue 4GL
17
34
8
Red 3BL
17
41

ΔL*
1.29
1.70
7.35
1.60
1.92
6.54

Δa*
-0.92
-0.66
-1.61
-0.29
0.07
0.24

Δb*
-0.84
-1.38
-2.05
-1.22
-1.14
1.12

ΔC*
0.86
1.39
2.09
-0.58
0.21
-0.04

ΔH*
-0.91
-0.64
-1.55
-1.11
-1.12
-1.15

ΔE*
2.61
2.29
7.80
2.04
2.23
8.64

GS
5
4/5
4
4/5
3/4
2

Due to the lower brilliancy of direct dyes, the yellowing has lower influence on the change
in colour, but the larger molecules resulted in significant diminution in dye-uptake, which
influences the saturation of the colour and increase the lightness noticeable.
6.2.6

Vat dyeing

Another important dye class which was analysed in combination with FR treatment are the
vat dyes. They are special, because the dyestuff has to be reduced in the beginning and
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oxidised at the end of the process into the insoluble quinone form. To perform a vat dyeing
process on a FR treated textile the flame retardant polymer has to be stable against the
reductant, base and oxidant. Unfortunately the dyeing bath and the oxidation process with
H2O2 the FR polymer was viscous and deformed (Figure 141). During a drying on air the
FR polymer hardened again, but the resulting polymer was much harder than before. The
strong basic media of (pH 14, NaOH and sodium sulfate) in combination with high
temperature (75 °C) dissolved the FR polymer. So a very stiff textile was obtained, which
cannot be used in industry.

Figure 141: FR treated cotton after vat dyeing process with destroyed polymer on surface of fibres

To analyse how the strong base attack the FR polymer, FR treated cotton was added in a
strong basic vetting media (75°C, NaOH, sodium sulfate) without dyestuff for 45 min.
After this treatment the polymer on the surface of the fibre was swollen and seamed to act
like a super absorber. Elemental analysis of FR treated cotton before and after the strong
basic treatment resulted in significant decrease of nitrogen (0.73% vs 0.14%) and
phosphorus content (1.31% vs 0.08%). This indicates that the phosphorous unit is degraded
and washed off the textile.
To analyse this phenomenon in more detailed, poly-DEAEPN (5% wom Irgacure 819 and
10% wom EGDA polymerised in Ar plasma using PIGP) was treated in the strong basic
media without cotton. After this treatment, the polymer was strongly swollen and a gel.
After drying a hard solid was formed again. This solid was not soluble in DMSO or other
solvents like CCl3. It indicates that the backbone of the polymer still exists with
hydrophilic functionality. After adding water the polymer swelled again. It is a reversible
process.
6.2.7

LOI measurement of FR treated and dyed cotton

After the successful reactive and direct dyeing of FR treated cotton it is important to check
that the flame retardancy is not reduced. Therefore LOI measurements of reactive and
direct dyed cotton with different amount of FR were performed.
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Figure 142: LOI values of FR treated and dyed cotton

As Figure 142 demonstrates the LOI values of dyed and non dyed FR treated cotton form
one graph. This indicates that after reactive and direct dyeing processes the flame retardant
properties of the textiles are not reduced at all, which show that the dyeing process has no
influence on the excellent LOI values of DEAEPN flame retardant finished cotton.
In case of vat dyeing the flame retardant polymer is attacked by the strong basic media and
the LOI reduced significant (LOI of vat dyed cotton: 23 for 14% wof). SEM images (Figure
143) of the remaining char show that the char is fragmented and does not form nice tubes
as for DEAEPN polymer in good order.

Figure 143: SEM of remaining char of FR treated cotton after vat dyeing and LOI measurement

The residual weight is as well decreased significantly (3%) compared to intact FR
treatments. To conclude, vat dyeing after FR treatment is not possible without loss of the
FR property.
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6.3 Flame retardant finishing on dyed cotton (route 2)
In textile industry the finishing processes can be varied in their order. Since the FR
treatment is a surface application process it is likely to be placed at the end of the whole
finishing process. Therefore it is necessary to ascertain that the PIGP treatment can be
performed on dyed textiles. In this context it is important to exclude any negative influence
of the plasma treatment on the dye-molecules and figure out if a pre-dyeing treatment has
any influence on the PIGP. Twill woven cotton (210 g/m2) was dyed with reactive (blue,
red and yellow), direct and vat dyes and FR treated afterwards.
6.3.1

Effect on different dyestuff

At first reactive (Remazol brilliant blue R, red FB, yellow GL), direct (Solophenyl blue
4GL, red 3BL) and vat (Indanthrene blue HBC) 3% wof dyed cotton sample were placed in
argon plasma for 20 min to see if the dyes inside the fibres are resistant against the plasma
treatment. No change in colour was obtained. All three dye-classes endure the active
plasma. This was a very promising result for FR treatment on already dyed textiles.
After PIGP with 30% wof DEAEPN in solution, 5% wom initiator and 10% wom
crosslinking agent the yield of grafting for all different dye-classes was reduced
significantly compared to original cotton as Figure 144 demonstrates. Non-dyed cotton had
an excellent grafting yield around 91%. The reactive dyed cotton for all three colours had
only a grafting yield of 55%. Direct and vat dyed cotton had even a much lower yield of
grafting around 40%. Analogous results were obtained on the DTEA 9 pre-treated cotton
(chapter 3.2.9).
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Figure 144: YOG of PIGP on different dyed cotton samples with 30% wof FR in solution

The affinity of the flame retardant monomer to the fibres is decreased. The reactive dyes
are bound covalently to the OH-groups in the amorphous regions of the fibres and on the
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surface. In case of intense reactive dyed samples those OH groups are blocked by the dyemolecules. This fact can influence the affinity as discussed in chapter 3.2.9. The OH
functional group of the cellulose can form hydrogen bonds with the nitrogen of the
phosphoramidate unit. If the OH-groups are blocked these bonding cannot happen and the
affinity will be reduced. The reduced affinity was not only observed for reactive dyes.
Direct and vat dyed samples have even lower yields than reactive dyed samples. This
demonstrates that the affinity to the fibre is already reduced if dye-molecules occupy the
amorphous regions of the fibres. Direct dyes are larger molecules, which are bonded by
van de Waals forces to each other inside and on the surfaces of the fibres. Those
agglomerates can block the OH-groups and the affinity is significantly reduced.
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To analyse this different concentrations of liquor (10, 20, 30, 45% wof) were prepared and
blue, red and yellow dyed cotton (120 g/m2) FR-finished by PIGP. The obtained yields of
grafting are given in Figure 145. All different colours show similar results. The yield of
grafting for lower concentrated treatment on non dyed twill woven cotton were already low
(~20% for 10% wof grafting and ~50% for 20% wof grafting) based on the dense structure.
The yields of grafting for low concentrations of dyed samples are comparable. If the
concentration of monomers is too low, a polymer of low density with fewer crosslinking
will be generated and most of the flame retardant will be washed off after the
polymerisation. Higher concentrated treatments (30, 45% wof) resulted in much lower yield
of grafting for reactive dyed cotton compared to non-dyed cotton. This indicates that the
reduced affinity is especially affecting the FR treatment for high concentrations. A possible
explanation could be that due to the missing hydrogen-bonds between the FR polymer and
the cotton surface more FR polymer is washed off after the treatment.
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Figure 145: YOG for reactive dyed cotton FR treated in different concentrations
Table 6.9: Yield of grafting for twill woven cotton (210 g/m2) undyed

DEAEPN in solution [% wof]
YOG [% wof]

10
20.4

20
48.2

30
72.0

45
91.5

To verify if the blocked OH-groups of the cellulose have an influence on the decreased
grafting, the correlation between the yield of grafting and different colour shades was
analysed.
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6.3.2

Effect of colour saturation on yield of grafting

Cotton textiles were reactive dyed in different colour depth of shades (Remazol brilliant
blue R, 0.05, 0.10, 0.50, 1.00, 2.00, 3.00 wof) and flame retardant finished afterwards. The
FR treatment was performed with liquor-concentrations of 20% and 30% wof DEAEPN,
5% wom initiator (Irgacure 819) and 10% wom crosslinking agent (EGDA 5) using PIGP.
As Figure 146 demonstrates the increase of dyeing depth resulted in a decrease in the yield
of grafting. The difference between the yields of grafting of original cotton compared to
lightly dyed cotton (0.05% wof) is the highest. Afterwards the reduction in yield of grafting
is nearly linear to the colour depth.
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Figure 146: DOG of PIGP treatment on different shades of reactive dyed cotton with 20% wof and 30% wof DEAEPN in
solution

Independent on the FR-concentration both experiment series resulted in the same trend.
Original cotton resulted in both cases in a very high yield of grafting (Table 6.10). For light
dyed samples the yield of grafting was already reduced significant to 73% for lower
concentration and to 79.7% for higher concentration of FR. By increasing the colour shade,
more dye-molecules are present in the amorphous regions of the fibre, and the yield of
grafting is reduced. This demonstrates the correlation of dyeing depth and the yield of FRgrafting.
Table 6.10: YOG of different colour shade dyed DEAEPN treated cotton

Reactive blue dye [% wof]
YOG [%]

6.3.3

0.00 0.05

0.10

0.50 1.00

2.00 3.00

20% wof DEAEPN in solution

100

73.0

72.5

61.5 59.5

51.5 40.5

30% wof DEAEPN in solution

95.6 79.7

79.0

76.0 75.0

68.7 54.7

FR treatment on mercerised dyed CO

As discussed before (chapter 4.2.2) mercerised cotton has a higher yield of uptake and
grafting compared to non mercerised cotton. Therefore it was analysed if the reduced yield
of grafting can be compensated by using mercerised cotton. Plain woven mercerised cotton
was reactive (blue, red, yellow) and direct dyed (3% wof) and FR treated afterwards (30%
wof, 5% wom initiator, 10% wom crosslinking agent). As Figure 147 demonstrates
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Yield of grafting [%]

mercerised undyed cotton has an excellent yield of grafting (94%). The yield of grafting
for mercerised dyed cotton increased 10% compared to non mercerised cotton but reactive
and direct dyed cotton still have significant lower yields than undyed. Due to the modified
supramolecular structure of mercerised cotton, the dye-uptake is even higher than for
original cotton, therefore the decreased yield of FR-grafting is not compensated. This
indicates the importance of the functional OH-groups of the cellulose for high grafting
yields.
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Figure 147: YOG of PIGP on different dyed mercerised cotton samples with 30% wof FR in solution

6.3.4

FR treatment on dyed CV

Regenerated cellulose had the highest yield of grafting (chapter 4.2.5) based on the
supramolecular structure. To analyse if comparable results can be obtained with dyed
regenerated cellulose, plain woven viscose textiles (120 g/m2) were reactive and direct
dyed and FR treated afterwards (route 2). As the results in yield of grafting treated with
30% wof of DEAEPN, 5% wom initiator and 10% wom crosslinking agent demonstrate dyed
regenerated cellulose has comparable decreased yield of grafting as cotton. The undyed
viscose show excellent values (95% wof). Reactive dyed samples have only yields of
grafting between 55 – 60%, which is more than dyed cotton, but still significant decreased
compared to undyed samples. Comparable results were obtained for direct dyed viscose.
Compared to cotton the yield of grafting resulted in ~10% higher values, but the grafting is
still significantly decreased.
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Figure 148: YOG of PIGP on different dyed viscose samples with 30% wof FR in solution

6.3.5

Colour measurement of dyed and FR treated cotton

To analyse the colour difference of dyed cotton which is FR treated afterwards (route 2),
grey scale and spectrophotometric measurements of different reactive dyed and FR treated
cotton were performed. The reflection curves in Figure 149 already show that the main
differences for dyed and post-FR treated cotton are between 400 – 500 nm, which is
similar to the yellowing effect observed before. However, especially blue dyed cotton does
not show as intense differences in the colour as cotton dyed after the FR treatment.
In this case the colour difference can only be based on the yellowing in a subtractive
mixture of colour. The colour measurement data in Table 6.11 verifies this. Compared to
the colour measurement for route 1 (Table 6.2) the lightness ∆L* is decreasing depending
on the rate of grafting for all samples. The ∆E* and GS values of blue dyed cotton confirm
that especially for high grafting the colour difference is not as intense as for samples dyed
after the FR treatment. The addition of the yellowing and the decreased dye-uptake in case
of route 1 intensifies the colour difference. Red dyed samples show the opposite. The
combination of reduced dye-uptake and increased yellowing for high grafting based on
route 1 even out the differences which resulted in the lowest colour difference for red dyed
samples. In case of FR treatment on red dyed cotton (route 2) the increasing yellowing
intensifies the colour shift, demonstrated by the increasing ∆b* values. Therefore the
colour difference ∆E* and the GS values turned out significant higher compared to route 1.
Yellow dyed cotton samples show comparable results for both ways of treatment. The
subtractive mixture of colour resulted in a large shift to yellow (∆b*). Noticeable is the
fact, that yellow has the highest difference already for 8% grafting compared to blue and
red. The colour yellow and the yellowing of the FR treatment cause that the observed
difference in colour is independent on the way of treatment and resulted in similar colour
measurement data.
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Figure 149: Reflection curves of reactive blue, red and yellow dyed cotton after FR treatment (DEAEPN)
Table 6.11: Objective colour measurement data of reactive (Remazol brilliant) dyed DEAEPN treated CO

DEAEPN [% wof]
1
6
Blue R
16
29
1
7
Red FB
17
28
2
8
Yellow GL
17
31
6.3.6

ΔL*
-0.12
-0.72
-2.51
-2.58
-0.33
-0.89
-2.12
-2.25
-0.49
-0.91
-1.09
-1.41

Δa*
0.19
0.84
1.69
1.93
-0.44
-0.42
0.25
0.48
0.73
1.01
0.78
1.49

Δb*
-0.36
-0.34
-0.04
0.18
0.33
0.94
2.89
4.03
1.31
2.47
4.92
4.93

ΔC*
0.38
0.44
0.27
0.09
-0.44
-0.43
0.29
0.57
-1.33
-2.50
4.89
4.89

ΔH*
0.14
0.79
1.67
1.94
0.33
0.94
2.88
4.01
-0.68
-0.93
-0.93
-1.62

ΔE*
0.42
1.16
3.03
3.15
0.64
1.36
3.59
4.64
1.58
2.82
5.09
5.37

GS
5
5
4
4
5
5
4
3/4
5
4/5
3/4
3/4

LOI measurement of dyed and FR treated cotton

To ascertain that the flame retardancy of dyed and FR treated cotton is comparable to that
of undyed samples, LOI measurements were performed with undyed and dyed FR treated
cotton. As Table 6.12 demonstrates the flame retardant property of undyed and reactive
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dyed cotton after FR treatment with DEAEPN is similar. This confirms the expected result,
that the flame retardancy is not influenced on a pre-dyed process.
Table 6.12: LOI measurement data of original and reactive dyed cotton after FR treatment with DEAEPN

undyed
blue
red
yellow

DOG FR [% wof]
LOI
DOG FR [% wof]
LOI
DOG FR [% wof]
LOI
DOG FR [% wof]
LOI

1.2
19.0
1.1
19.0
1.1
19.0
2.4
19.5

7.0
24.5
6.0
24.3
7.4
24.5
7.6
24.5

16.0
27.0
16.0
27.0
17.0
27.0
16.5
27.0

31.5
28.5
29.0
28.0
28.1
28.0
30.7
28.5

6.4 Conclusion
Liquor concentration measurements demonstrated that dependent on the thickness of the
polymer-film, the exhaustion rates are reduced. Dyeing experiments with the FR polymer
showed that the dye-molecules have an affinity to the FR polymer. Due to a lower
diffusion rate of dye-molecules inside of the FR polymer compared to cotton the dyeuptake is hindered.
Nevertheless, reactive and direct dyeing processes on flame retardant finished cotton
resulted in excellent colour shades and hue. Dependent on the degree of grafting the
yellowing of the FR treated cotton is increasing while the dye-uptake is decreasing. Both
factors influence the obtained colour after the dyeing process which results in varying
colour differences. Using mercerised cotton increased the colour differences compared to
non-mercerised cotton. For low grafting and bright dyeing optical brighteners can
compensate the yellowing.
Vat dyeing of FR treated cotton is not possible because the strong alkaline media of the
dye-bath in combination with high temperature destroyed the flame retardant polymer and
the LOI values are significant reduced after that treatment.
Dyeing experiments with reactive, vat and direct dyes before the flame retardant finishing
showed that these dyestuffs are stable against plasma treatment and do not influence the
flame retardant properties. However, the yield of flame retardant grafting was decreasing
significantly. Untreated cotton has almost a quantitative yield (91.3%), but when the same
PIGP was used with deep dyed (3% wof) cotton samples, only 55% grafting yield for
reactive dyed and 40% grafting yield for direct and vat dyed cotton was obtained.
Dyeing experiments with different percentages of dye reveal the interaction of dye and
flame retardant. By increasing the depth of colour shade the degree of FR grafting by PIGP
is decreasing. This result suggests that the dye-molecules bonded to hydroxyl groups of the
cotton influence the affinity of the flame retardant monomer to the fibres surface.
Experiments with dyed mercerised cotton and regenerated cellulose confirm these results.
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Even if for both textiles the yield of grafting was increased compared to cotton, the
grafting rate compared to undyed textiles was significant decreased.
For the sequence of finishing processes 2 the colour difference caused only on the
yellowing effect and not on the reduced dye-uptake as for sequence 1. Colour measurement
data of first reactive dyed and then FR treated cotton resulted on lower colour differences
for blue dyed samples compared to textiles dyed after the FR treatment. In case of red
dyeing the difference on colour for high grafting is more intense compared to sequence 1.
The differences for yellow dyeing are comparable.
Measurements of the flame retardant property indicated that there is no influence of
reactive or direct dyeing processes on the excellent LOI values of the DEAEPN
independent on the sequence of treatments.
To conclude, the reactive and direct dyeing after FR treatment has the highest efficiency
considering the entire textile finishing process. Even if colour differences occur and the
dye-uptake is decreased, which means that more dye-stuff will get lost, the decreased yield
of grafting of dyed and then FR treated cotton is more significant. If the reason for the
colour shift is known, the dyeing conditions could be aligned to compensate the colour
shift to a negligible extent.
Nevertheless for reactive and direct dyeing both sequence of finishing are possible and the
advantages and disadvantages have to be trade off. The combination of vat dyeing and FR
treatment is only possible if the FR treatment follows the dyeing process.
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7.1 General conclusion
The aim of this thesis was to investigate and develop possible improvements of the flame
retardant treatment of cotton textiles using the plasma-induced graft polymerisation (PIGP)
procedure. As previous research demonstrated, the PIGP represents a qualified method of
applying acrylic monomers containing phosphorous onto the surface of textiles. An argon
microwave (MW) plasma was used to induce the grafting and polymerisation of flame
retardants on cotton fibres in one step. Based on the promising results obtained with
DEAEPN as flame retardant for cotton textiles, this work focuses on ways to increase the
flame retardant efficiency of phosphoramidates and improve the FR treatment in terms of
durability, yield of grafting and fastness properties as well as textile properties.
Furthermore, the compatibility of flame retardant finishing by PIGP with conventional
dyeing processes used in textile industry was analysed.
Based on the structure of DEAEPN new phosphoramidates with methoxy- instead of
ethoxy-groups (DMAEPN 3) on the phosphorous unit and with a different polymerisable
functional group (DMMAEPN 4) were synthesised successfully and applied to cotton
using PIGP. The thermal behaviour of the different monomers and polymers as well as
treated cotton was studied by PCFC and TGA measurements. It could be demonstrated that
already slight differences in the phosphorous unit could enhance the promotion of the char
formation and therefore the flame retardant efficiency. Cotton treated with DMAEPN
containing methoxy-groups had the highest char residue at 600 °C compared to the other
phosphoramidates. On the other hand a methacrylic functional group as polymerisable unit
in FR compounds was found to be less beneficial with respect to flame retardancy.
The approach of increasing the phosphorus content of the flame retardant polymer was
successfully implemented by using a new synthesised crosslinking agent containing
phosphorus. The efficiency of the polymer obtained in this way was increased and the
necessary FR grafting amount for safe LOI values could be decreased from 17% wof to
14% wof. To further increase the flame retardant efficiency of the treatment, a new method
to bind the FR polymer covalently to the surface of the cotton fibres was developed. A
coupling agent (DTEA) was synthesised containing a triazine anchor system and a
polymerisable functional group, in this case an acrylic acid ester. These anchors have been
used successfully for more than 60 years in reactive dyes on cotton, and their covalent
bonding to cellulose was previously been demonstrated. The triazine anchor of the DTEA
was covalently bound via a pad batch process to the surface of the cotton fibres. In a
second step DEAEPN was applied by PIGP and copolymerised with the coupling agent.
Washing fastness tests clearly demonstrated that covalently bound FR polymer increased
the durability. Furthermore the covalent bonding increased the flame retardant property
significantly. PCFC, TGA, LOI and SEM measurements confirmed that less than 10% wof
DEAEPN is needed for safe flame protection. Compared to the conventional treatment the
necessary amount of grafting could be reduced by more than 40%.
To further improve the PIGP different treatment parameters were varied and optimised.
The comparison of different photo initiators based on bis(acyl)phosphine oxides structures
showed that Irgacure 819 is a good initiator and 2 – 3% wom of this initiator increased the
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grafting yields of the plasma induced polymerisation up to 90% after 20 min of treatment.
The affinity and yield of grafting of DEAEPN could be increased by an Ar plasma pretreatment of 30 s since surface activation occurs. Experiments involving long impregnation
times indicated that the FR monomer can as well penetrate into the amorphous regions of
the fibres. After 72 h of impregnation time the FR efficiency was slightly increased
compared to conventional spreading treatment. The application of additional flame
retardant layers on the surface of the fibres was however not successful because the FR
monomers do not have sufficient affinity to already FR grafted fibres.
Since the PIGP is a surface application method, the influence of textile densities on the
yield of grafting and the LOI was analysed. Cotton samples with low textile density
showed higher monomer uptake and yield of grafting, which can be attributed to the higher
surface area. Experiments with mercerised cotton and regenerated cellulose demonstrated
that the supramolecular structure affects on the monomer uptake and yield of grafting. The
modification in the supramolecular structure of mercerised cotton increases the yield of
grafting compared to virgin cotton. The textile structure has a slight influence on the
burning behaviour of textiles. The yield of grafting on viscose and modal textiles was
almost 100% and the LOI measurements demonstrated that the PIGP is as well a qualified
method for regenerated cellulose.
Testing of different fastness properties of the FR treated textiles confirmed that the PIGP
of phosphoramidates on cotton fibres is a very durable flame retardant finishing. Washing
fastness tests combined with mechanical treatment as well as abrasion resistance tests
demonstrated that the FR polymer is strongly grafted onto the surface of the cotton fibres
and strongly increases the abrasion resistance of cotton textiles. Especially, the good
abrasion resistance and the excellent tensile strength exhibited by textiles after the
treatment demonstrate that the method could potentially be an alternative to N-methylol
dimethylphosphonopropionamide derivatives. (2)(188) The tensile strength of cotton textiles
could even be increased after the treatment.
As the polymer covers the fibres the bending stiffness of treated cotton is increased
depending on the amount of grafting and the constitution of the polymer. Textiles treated
with DEAEPN are significant more flexible than samples treated with DMAEPN or
DMMAEPN. The bending stiffness is further increased when the covalently bound
DEAEPN in combination with the hetero bifunctional coupling agent DTEA is applied.
The resulting grafted textile does however still possess significantly lower bending
stiffness than DMAEPN and DMMAEPN grafted samples without the DTEA pretreatment.
Untreated cotton has a very high creasing tendency, therefore it is often resin finished. By
grafting phosphoramidates via PIGP on the surfaces of the fibres the creasing tendency
was found to be considerably lower.
Furthermore the moisture absorption and diffusion of the cotton fibres is influenced by the
treatment. According to the amount of grafted polymer the water absorptive capacity is
reduced by 33% for 24% wof grafting of DEAEPN, which influences other finishing
processes like dyeing.
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A slight disadvantage of the flame retardant finishing by PIGP is the yellowing effect
which depends on the grafting of the polymer on the surface of the fibres. Yet, it could be
shown that optical brighteners can compensate this effect to leave a negligible colour
difference for white cotton.
The combination of the flame retardant treatment with dyeing processes gave very
promising results. Various experiments have shown that dyeing before or after the FR
treatment is possible. Although the exhaustion rate of dyeing on FR treated cotton is
reduced compared to untreated cotton, reactive and direct dyeing resulted in excellent
colour shades and hue. Nevertheless the yellowing effect and the decreased dye uptake
influenced the obtained colour as determined by a spectrophotometer. This would have to
be taken into account in possible industrial colouring of FR treated textiles. Vat dyeing
after the FR treatment is not possible, because the strong basic nature of the dyeing liquor
affected the FR polymer and resulted in very stiff textiles, with significantly decreased
flame retardant properties. Reactive and direct dyeing did not affect the flame retardant
property.
Dyeing before the FR treatment influenced the affinity of the FR molecules to the fibres
surface and hence the yield of grafting. Experiments with different concentrations of dye
on cotton could demonstrate that the yield of FR grafting correlates inversely to the dyeing
hue. This indicates that the hydroxyl groups of the cellulose influence the surface affinity
of the flame retardant monomers. Despite the lower yield, PIGP is as well possible on
cellulose dyed with reactive, direct and vat dyes. LOI measurements of pre- or post-dyed
and FR treated cotton confirmed the good flame retardant property of the
phosphoramidates applied by PIGP.

7.2 Outlook
To further improve the flame retardant efficiency by PIGP using phosphoramidates for
cotton textiles different approaches are conceivable.
The approach of increasing the phosphorus content in the FR polymer using a phosphorous
containing crosslinking agent was already successful. The new method of covalently
binding the FR polymer to the fibres was even more efficient in increasing the flame
retardant property and decreasing the necessary amount of FR additives on the cotton.
Therefore possibly derivatives of the hetero bifunctional coupling agent could combine
different approaches described in this thesis. The monochloro-triazine anchor system can
easily be applied to cellulose fibres. Hence one of the chorines of hetero bifunctional
coupling agent DTEA could be replaced by a phosphorus moiety to increase the
phosphorus content of the grafted textile. As described in literature (189) it is possible to
synthesise compound 12 by an Arbuzov reaction. Further reaction with triethylamine and
acryloyl chloride to afford compound 13 should be possible under suitable reaction
conditions. Compound 13 could then be applied to cotton in a pad batch process and
further be copolymerised with the FR monomer. Flame retardant properties could even be
increased by grafting a derivative of the DTEA with the triazine ring bearing two
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phosphorus moieties (14). Derivatives of 15
different polymeric materials. (191) (192)

(190)

are well known as flame retardants for

Scheme 25: Possible compounds to further improve the flame retardant finishing by PIGP

With respect to the combination of the flame retardant treatment and the dyeing process
derivatives of the coupling agent DTEA with a chromophore could be of interest. A
possible synthetic strategy for such compounds could be to replace one of the two
chlorines of di-chloro-triazine dyes like Procion by a polymerisable group. Thus, the pretreatment of the coupling agent could be directly combined with the dyeing process.
Another combination of flame retardant and dyestuff would be possible using compound
16 which could be copolymerised with known phosphoramidates to form coloured flame
retardant polymers on the surface of the fibres.
To keep important textile properties like stiffness of original cotton, further improvements
in the polymer configuration and constitution are necessary. To decrease the bending
stiffness possibly softeners could be added. Furthermore detailed toxicity analysis of the
toxicity of this flame retardant finishing treatment is very important as this is a factor
which is hard to predict and essential for safety regulations.
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8.1 General comments
All manipulations of air and moisture sensitive compounds were performed on a standard
vacuum line in flame-dried flasks under an argon-atmosphere. The Argon was provided by
PANGAS. Solvents were distilled under argon from sodium/benzophenone (THF, hexane)
or calcium hydride (methylene chloride).
8.1.1

Chemicals

Basic chemicals were ordered at ABCR, Acros, Aldrich, Fluka or Lancaster and used
without further purification. Amines (e.g TEA, ethanolamine) were distilled under argon
from calcium hydride. The photo-initiator Irgacure 819 (BAPO) was obtained from BASF
AG Schweiz (formerly Ciba-Specialty Chemicals).
8.1.2

Gases

Argon, Oxygen and nitrogen were provided by PANGAS.
8.1.3

General techniques

NMR spectra
NMR spectra were recorded on Bruker Avance 300 and 250 spectrometers. The chemical
shifts (δ) are measured according to IUPAC and expressed in ppm relative to TMS and
H3PO4 for 1H, 13C and 31P. Coupling constants J are given in Hertz [Hz] as absolute values.
The multiplicity of the signals is indicated as s (singlet), d (doublets), t (triplets), q
(quartets) or m (multiplets).
IR spectra
IR spectra were recorded on a Perkin-Elmer-Spectrum 2000 FT-IR-Raman spectrometer
with KBr beam splitter (range 500 – 4000 cm-1). The absorption bands are described as
follows: very strong (vs), strong (s), middle (m), weak (w) or broad (br).
UV/vis-spectra
UV/vis-spectra were measured with a Perkin Elmer Lambda 19 spectrometer in 10 mm
quartz cuvette (200 – 1000 nm)
Elemental analysis
Elemental analyses were performed in the laboratory of organic chemistry of ETH Zürich.
The phosphorus content of the treated fabrics was determined by the
vanadomolybdophosphoric acid colorimetric method, after perchloric /sulphuric acid
digestion using an Uvikon 810 spectrometer. Carbon, hydrogen and nitrogen contents were
determined using a LECO CHN-900.
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DSC
Differential scanning calorimetry was measured on a DSC Q1000 V7.1 build 249 (TA
Instruments). Between 3-6 mg of sample were weighted in an aluminum crucible and the
analysis performed in the range of 25 – 400 °C.
XPS
X-ray photoelectron spectroscopy was measured on an ADES 400 photoelectron
spectrometer using Mg Kα radiation (1253.6 eV) and equipped with hemispherical electron
energy analyser.
Melting points
Melting points were measured with a Büchi melting point apparatus. Samples were
measured in open glass capillaries.
Thermogravimetric analysis
Thermogravimetric analyses were performed at EMPA St. Gallen. The dependence of
mass-loss on the temperature was recorded using TGA-SDTA 851 (Mettler Toledo) and
Netzsch TG F20 Iris. The heating rate was set to 10 °C min-1. The measurement was
performed in the range of 40 to 800 °C in the continuous flow of nitrogen or air with rate
of 100 mL. Cellulose samples were cut into small pieces with scissors. The sample mass
was 10 ±0.5 mg.
Microscale combustion calorimetry (PCFC)
PCFC measurements were performed at EMPA St. Gallen. Microscale combustion
calorimetry was used to measure the heat release rate (Fire Testing Technology). By
measuring PCFC, the heat release rate (HRR) is plotted against the temperature and the
total heat release rate (THRR) is the time integral of the entire duration of the experiment.
The temperature at the maximum heat release TPHHR and the specific heat release rate
(PHRR) were recorded. The heat release capacity (HRC) was calculated and is the maximum
value of the specific heat release rate divided by the heating rate. The heating rate was
chosen to be 1 °Cs-1, the maximum pyrolysis temperature was 750 °C and the combustion
temperature 900 °C. The flow was a mixture of O2/N2/80 cm3 min-1 and the sample weight
was 5 ±0.5 mg.
X-Ray diffraction
X-Ray diffraction was measured on an Oxford XCalibur or Bruker SMART Apex
diffractometer with CCD area detector; Moκα radiation (0.71073 Ǻ) at T = 293 K. The
refinement against full matrix (versus F2) was done with SHELXTL (ver. 6.12) and
SHELXL-97. Empirical absorption correction was done with SADABS (ver. 2.03). All
non-hydrogen atoms were refined anisotropically. The contribution of the hydrogen atoms,
in their calculated position, was included in the refinement using a riding model.
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Limiting Oxygen Index Test (LOI)
The LOI measurements of treated cotton fabrics were performed according to ISO 4589-2
using an Oxygen Index Test Apparatus (Fire Instrumentation Research Equipment LTD)
with a digital readout of oxygen concentration to ±0.1%. The dimensions of each sample
were 50x100 mm. The measurement was performed 3 to 4 times and the average LOI
value was calculated.
The same parameter set was used in the estimation of burning rates. In these experiments
the LOI was set to varying values and the time needed to combust the sample was
recorded. The burning rate BR was then calculated using the following equation BR =
Bl/Bt, where BR is the averaged burning rate [mm/sec]; Bt is the time consumed for the
combusting of Bl = 100 mm long samples.
SEM
Scanning electron microscopy was performed on a LEO1530 Gemini microscope (Zeiss)
with a field gun emission operated at low voltage (1 kV). For the preparation small
samples were stuck on an aluminium holder with a gluey carbon film. A spluttering
process of 5 nm Pt followed.
Microscopy
For microscopic analysis a SZH incident light microscope (Olympus) and BH2
transmitting light microscope (Olympus) equipped with a digital-camera DMC2 (Polaroid)
was used.
8.1.4

Plasma Induced Graft Polymerisation PIGP

The microwave plasma was generated by a Europlasma DC300PC system. It includes
three parts: (a) a microwave generator (2.46 GHz) with a tuneable power ranging from 0 to
600 W which generates the argon glow discharge, (b) the vacuum chamber (27 L,
aluminium based container) in which the process takes place and (c) a pumping system
composed of a primary pump (E2M28 PFPE, Edwards). The gas flow was regulated by
unit mass flow controllers.
For a test polymerisation the monomers (0.5 g) were dissolved in EtOH and 5% wom of a
photo-initiator was added. The solution was decanted on a Petri dish and the solvent
evaporated under protection from light to get a homogenous thin film. The Petri dish was
placed in the plasma chamber and, if not otherwise mentioned, treated for 20 min (FAr =
125 sccm, P = 100 W, base pressure = 40 Pa).
8.1.5

Kinetics of polymerisation

The kinetics of polymerisation was determined by NMR-measurements with a defined
standard capillary filled with a solution of decamethylcyclopentasiloxane in CDCl3. A
series of empty Petri dishes was weighted and filled with a defined amount of monomer
and 5% wom initiator (Irgacure 819) as a solution in DCM. The solvent was evaporated
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under ambient conditions while protecting the dishes from light. Then plasma treatment
with different times for each dish (0, 1, 2, 5, 10, 20, 30 min) followed. Afterwards the
dishes were weighted again and 0.5 mL of CDCl3 was added to dissolve the remaining
monomers. The resulting solution was decanted into an NMR tube with a standard
capillary. The characteristic integrals of the double bond of the monomer relative to the
integral of the internal standard were determined. With these values and knowledge of the
starting monomer mass for each measurement with different plasma treatment time the
conversion was calculated with the following formula:
(26)

1

8.2 Synthesis of compounds
8.2.1

Dimethyl (acryloyloxy)ethylphosphoramidate : DMAEPN 3

MF: C7H14NO5P
MW: 223.16
w/w%: N(6.28%) P(13.88%)
10.12 g (0.11 mol, 2.2 eq.) TEA is dissolved in 20 mL dry DCM under argon, using
standard Schlenk-technique. While stirring 7.2 g (0.05 mol) of dimethylchlorophosphate in
50 mL of dried DCM was added dropwise parallel with 3.1 g (0.05 mol) ethanolamine in
30 mL dried DCM at -10 °C. After completion of the addition a solution of 4.5 g acryloyl
chloride (0.05 mol) in 50 mL dried DCM was added dropwise at -10 °C while stirring. The
reaction was then allowed to warm to room temperature and stirred over night. The
precipitates were filtered off and washed with an aqueous solution of Na2CO3. The solvent
was dried with Na2SO4, filtered again and the DCM evaporated. The residue was distilled
under vacuum after adding hydroquinone.
Pale yellow viscous oil; yield: 75%.
BP: 142 °C /70 mTorr.
H NMR (300 MHz, CDCl3)  = 3.05 – 3.16 (m, 2H, CH1), 3.44 (s, 1H, NH), 3.61 (d,
3
JPH = 11.00 Hz, 6H, CH6,7), 4.11 (t, 3JHH = 5.50 Hz, 2H, CH2), 5.77 (dd, 2JHH = 10.52,
1.47 Hz, 1H, CH5b) 6.03 (m, 3JHH = 17.40, 10.50 Hz, 1H, CH4) 6.34 (dd, 2JHH = 17.36,
1.47 Hz, 1H, CH5a).
1

C {1H} NMR (62.9 MHz, CDCl3):  = 40.3 (s, 1C, CH1), 53.1 (d, 2JPC = 5.5 Hz, 2C,
CH6,7), 64.6 (d, 3JPC = 5.1 Hz, 1C, CH2), 128.0 (s, 1C, C=C4), 131.4 (s, 1C, C5=C), 166.0
(s, 1C, C3).
13

31

P {1H} NMR (101.3 MHz, CDCl3):  = 11.4 (s).
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ATR IR (ν in cm-1): 3216 wb (NH), 2953 m, 2851 w, 1721 s (C=O), 1635 w/m (C=C),
1619 w, 1445 mb 1408 s, 1296 w, 1240 mb, 1185 s, 1133 s, 1004 s, 983 s, 825 s.
8.2.2

Dimethyl (methacryloyloxy)ethylphosphoramidate : DMMAEPN 4

MF: C8H16NO5P
MW: 235.17
w/w%: N(5.96%) P(13.17%)
The same protocol as for DMAEPN was employed but 5.2 g methacryloyl chloride (0.05
mol) was used instead of acryloyl chloride.
Pale yellow viscous oil; yield: 72%.
BP: 142 °C /70 mTorr.
H NMR (250 MHz, CDCl3):  = 1.95 (s, 3H, CH8), 3.11 (s, 1H, NH), 3.20, (sep,
3
JHH = 5.5 Hz, 2H, CH1), 3.71 (d,3JPH = 11.3 Hz, 6H, CH6,7), 4.2 (t, 3JHH = 5.3 Hz, 2H,
CH22), 5.60 (s,1H, CH5b), 6.13 (s, 1H, CH5a).
1

C NMR (62.9 MHz, CDCl3):  = 18.3 (s, 1C, CH8), 40.4 (s, 1C, CH1), 53.1 (d,
2
JPC = 5.6 Hz, 2C, CH6,7), 64.8 (d, 3JPC = 5.2 Hz, 1C, CH2), 126.0 (s, 1C, CH5), 136.0 (s,
1C, C4=C), 167.2 (s, 1C, C3).
13

31

P NMR (101.3 MHz, CDCl3):  = 11.3 (s).

ATR IR (ν in cm-1): 3275 wb (NH), 2954 m (CH2), 2851 wb, 1717 s (C=O), 1660 mb,
1623 mb (C=C), 1530 mb, 1452 s, 1377 w, 1319 m, 1296 s, 1242 sb, 1162 s, 1004 s,
942 m, 928 s.

8.2.3

Diethyl (diacryloxy) diethyl phosphoramidate DEADEPN 7

MF: C14H24NO7P
MW: 349.32
w/w%: N(4.01%) P (8.87%)
15 mL of diethanolamine (0.05 mol) and 13.9 mL TEA (0.1 mol, 2 eq.) were dissolved in
30 mL dried DCM under argon atmosphere and cooled to 0 °C in an ice-bath. A solution of
6.4 mL diethyl phosphate (0.05 mol) and 5.4 mL (0.05 mol) degassed tetrachloromethane
in 30 mL dried DCM was added dropwise over 1 h. After the addition was completed the
mixture was stirred for 1 h at room temperature. The mixture was filtered, the filter cake
washed with a small amount of DCM and the solvent evaporated. The substance was
dissolved in diethyl ether and the precipitated TEA·HCl was filtered off. The solvent was
evaporated.
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Colourless viscous oil; yield: 45%.
For the second step 5.41 g of this intermediate (0.02 mol) and 7.8 mL diisopropyl
ethylamine (0.04 mol, 2 eq.) as base were dissolved in 25 mL dried DCM and cooled to
-12 °C with an ice-sodium chloride bath under argon atmosphere. 3.7 mL of acryloyl
chloride (0.04 mol, 2 eq.) in 25 mL dried chloromethane was added dropwise while
stirring. After the addition the reaction was finished. The diisopropyl ethylamine
hydrochloride was removed by filtration and the solvent was evaporated. The substance
was dissolved in diethyl ether and the precipitate filtered. The solvent was evaporated.
Pale yellow viscous oil; yield: 95%.
1

H NMR (250 MHz, CDCl3) δ = 1.27 (t, 3JHH = 7.3 Hz, 6H, CH7), 3.35 (dt, 3JPH = 11.2 Hz,
3
JHH = 5.6 Hz, 4H, CH6), 4.01 (q, 3JPH = 3JHH = 10.7 Hz, 2JHH = 1 Hz, 4H, CH5b), 6.08 (dd,
3
JHH = 17.3 Hz, 3JHH = 10.7 Hz, 2H, CH4), 6.39 (dd, 3JHH = 17.3 Hz, 2JHH = 1 Hz, 2H,
CH5a).
13

C{1H}-NMR (250 MHz, CDCl3) δ = 10.8 (s, 1C, CH7), 40.3 (s, 1C, CH1), 57.1 (s, 1C,
CH4), 57.5 (s, 1C, CH2), 122.8 (s, 1C, CH4), 125.9 (s, 1C, CH5), 160.5 (s, 1C, C3).
31

P{1H}-NMR (250 MHz, CDCl3) δ = 9.51 (s).

ATR IR (ν in cm-1): 2981 wb, 2361 w, 2159 w, 1720 s (C=O), 1635 w, 1635 w, 1619 w
(C=C), 1444 w, 1408 s, 1367 wb, 1253 s, 1187 sb, 1019 s, 960 s, 808 s
8.2.4

2-(4,6-dichloro-1,3,5-triazine-2-ylamino) ethanol (DTEOH) 8

MF: C5H6Cl2N4O
MW: 209.03
w/w%: Cl (33.92%) N (26.58%)
18.2 g (0.1 mol) cyanuric chloride was suspended in 80 mL dried THF under argon, using
standard Schlenk-technique. While stirring, 22.21 g (0.2 mol, 2 eq.) of ethanolamine in
20 mL dry THF was added dropwise at 0 °C. The solution was stirred for 1 h and filtered
to remove the ethanolamine hydrochloride. The solution was concentrated to 20 mL and
hexane added until a white powder was precipitating. The solvents were removed by
filtration and the product 5 dried under vacuum.
White powder; yield: 95%.
MP: 134 °C
1

H-NMR (300 MHz, [D6]-DMSO) δ = 3.36 (q, 3JHH = 5.7 Hz, 2H, CH1), 3.51 (t,
3
JHH = 6.0 Hz, 2H, CH2), 4.53 (s, 1H, OH), 9.09 (t, 3JHH = 5.1 Hz, 1H, NH).
13

C{1H}-NMR (75 MHz, [D6]-DMSO) δ = 44.0 (s, 1C, CH2), 59.2 (s, 1C, CH2), 165.9 (s,
1C, C2’), 168.9 (s, 1 C, C4’or 6’), 169.8 (s, 1C, C4’ or 6’).
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ATR IR (ν in cm-1): 3304 mb (NH), 1614 s (C=N), 1549 s (C=N), 1508 s (C=N), 1467 m
(C=C), 1433 m, 1394 sb (C-Cl), 1353 s, 1330 s (C-Cl), 1237 s, 1165 s, 1111 s, 1053 s,
990 s, 929 s, 847 s.
8.2.5

2-(4,6-dichloro-1,3,5-triazine-2-ylamino) ethyl acrylate (DTEA) 9

MF: C8H8Cl2N4O2
MW: 261.06
w/w%: Cl (27.16%) N (20.90%)
26.3 g (0.1 mol) of 5 was suspended in 100 mL dried THF under argon, using standard
Schlenk-technique. 9.1 g (0.1 mol) distilled acryloyl chloride dissolved in 20 mL dried
THF was added parallel with 12.14 g (0.12 mol) dried TEA dissolved in 20 mL dried THF
while stirring at -10 °C. The reaction was then allowed to warm to room temperature and
stirred for another 5 h. The TEA HCl was removed by filtration and the THF evaporated.
The remaining yellow oil was crystallising over night.
Yellow crystal; yield: 85%.
MP: 82 °C
1

H-NMR (300 MHz, [D6]-DMSO) δ = 3.60 (q, 3JHH = 5.5 Hz, 1H, CH1), 4.23 (t, 3JHH =
5.4 Hz, 2H, CH2), 5.95 (dd, 3JHH = 10.3 Hz, 2JHH = 1.7 Hz, 1H, CH5b) 6.15 (m,
3
JHH = 17.4 Hz, 3JHH = 10.3 Hz, 1H, CH4), 6.34 (dd, 3JHH = 17.4 Hz, 2JHH = 1.7 Hz, 1H,
CH5a), 9.28 (t, 3JHH = 5.5 Hz, 1H, NH).
13

C{1H}-NMR (75 MHz, [D6]-DMSO) δ = 40.3 (s, 1C, CH1), 62.5 (s, 1C, CH2), 128.6 (s,
1C, CH4), 132.2 (s, 1C, CH5), 165.8 (s, 1C, C3) 166.1 (s, 1C, C2’), 169.06 (s, 1C, C4’, 6’),
169.91 (s, 1C, C4’,6’).
ATR IR (ν in cm-1): 3287 m (NH), 2979 wb, 1698 s (C=O), 1610 s (C=N), 1554 s (C=N),
1509 s (C=N), 1468 m (C=C), 1430 m, 1404 s (C-Cl), 1358 s, 1320 s (C-Cl), 1280 s,
1235 s, 1169 s, 1134 s, 992 s, 911 s, 839 s, 815 s, 800 s, 733 mb.
8.2.6

4,6-dichloro-N-ethyl-1,3,5-triazine-2-amine (DETA) 10

MF: C5H5Cl2N4
MW: 193.03
w/w%: Cl (36.73%) N (28.77%)
9.1 g (0.05 mol) cyanuric chloride was suspended in 40 mL dried THF under argon, using
standard Schlenk-technique. While stirring 50 mL (0.1 mol, 2 eq.) of a 2 molar solution of
ethylamine in THF was added drop wise at -4 °C. The solution was stirred for 1 h and
filtrated to remove the ethylamine hydrochloride. The THF solution was evaporate to
20 mL and hexane added until a white powder was precipitating. The solvents were
removed by filtration and the product dried under vacuum.
206

8 Experimental section

White powder; yield: 93.6%
MP: 103 °C
1

H-NMR (300 MHz, [D6]-DMSO) δ = 1.11 (t, 3JHH = 7.2 Hz, 3H, CH2), 3.31 (dq,
3
JHH = 7.2 Hz, 3JHH = 5.6 Hz, 2H, CH1), 9.13 (br. s, 1H, NH).
13

C{1H}-NMR (75 MHz, [D6]-DMSO) δ = 14.2 (s, 1C, CH2), 36.2 (s, 1C, CH1), 165.4 (s,
1C, C2’), 168.8 (s, 1C, C4’ or 6’) 169.9 (s, 1 C, C4’ or 6’).
ATR IR (ν in cm-1): 3258 m (NH), 2982 wb, 1616 s (C=N), 1551 s (C=N), 1509 s (C=N),
1462 m ,1436 m, 1397 s (C-Cl), 1376 s, 1348 s (C-Cl), 1233 s, 1181 s, 1131 s, 1108 s,
1078 m, 993 s, 952 s, 904 s, 840 s.
8.2.7

2-(4,6-dichloro-1,3,5-triazine-2-ylamino) ethyl propionate (DTEP) 11

MF: C8H10Cl2N4O2
MW: 265.1
w/w%: Cl (26.75%) N (20.81%)
13.15 g (0.05 mol) of compound 5 was dissolved in 50 mL dried THF under argon, using
standard Schlenk-technique. 4.63 g (0.05 mol) propionyl chloride dissolved in 20 mL dried
THF was added in parallel with 6.07 g (0.06 mol) dried TEA dissolved in 20 mL dried
THF while stirring at -4 °C. The reaction was then allowed to warm to room temperature
and stirred for 5 h. The TEA·HCl was removed by filtration and the THF removed by
evaporation. The remaining yellow oil was crystallising over night.
Yellow crystal; yield: 99.0%
MP: 84 °C
1

H-NMR (300 MHz, [D6]-DMSO) δ = 1.01 (t, 3JHH = 7.5 Hz, 3H, CH5), 2.30 (q,
3
JHH = 7.6 Hz, 2H, CH4), 3.55 (q, 3JHH = 5.5 Hz, 2H, CH1), 4.14 (t, 3JHH = 5.38 Hz, 2H,
CH2), 9.24 (br s, 1H, NH).
13

C{1H}-NMR (75 MHz, [D6]-DMSO) δ = 9.3 (s, 1C, CH5), 27.2 (s, 1C, CH4), 39.7 (s, 1C,
CH1), 62.1 (s, 1C, CH2), 166.1 (s, 1C, C2’), 169.1 (s, 1C, C4’ or 6’), 169.9 (s, 1C, C4’ or 6’),
174.0 (s, 1C, C3).
ATR IR (ν in cm-1): 3260 m (NH), 2987 wb, 1726 s (C=O), 1625 s (C=N), 1547 s (C=N),
1513 s (C=N), 1459 m (C=C), 1437 m, 1406 s (C-Cl), 1395 m, 1361 m, 1320 s (C-Cl),
1233 s, 1182 s, 1122 s, 1087 s,1042 s, 994 s, 916 s, 887 s, 842 s, 760 s.
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8.3 Treatment processes
8.3.1

Material

Density warp yarn/cm

Warp density [tex]

Weft

Density weft yarn/cm

Weft density [tex]

180

yarn

27

35

yarn

23

35

bleached

EMPA

211

CO

plain

90

yarn

44

16

yarn

60

10

bleached

EMPA

214

CO

twill

210

yarn

50

28

yarn

22

28

bleached

EMPA

404

CV

plain

120

yarn

24

27

yarn

26

30

407

CO

plain

189

yarn

38

30

yarn

19

34

bleached
mercerised

Testex

411

CO

plain/
velvet

235

threa
d

26

30

yarn

20

15

bleached

Testex

Testex

Company

Warp

plain

Comment

Density [g/m2]

CO

Material

210

Number

Weave

The textiles were kindly supplied by EMPA Testmaterialien AG (Swizerland), Lenzing AG
(CMD, Austria) or ordered at Testex Prüfmaterialien (Germany).

EMPA

419
B

CO

plain

120

yarn

56

12

yarn

30

12

bleached
mercerised
resin finish.
opt. bright.

419
W

CO

plain

120

yarn

56

14

yarn

26

14

bleached
mercerised

Testex

423

CO

twill

258

yarn

44

35

yarn

21

53

bleached
mercerised

Testex

428

CO

twill

235

yarn

40

38

yarn

22

38

bleached

Testex

435

CO

plain

70

yarn

35

8

yarn

28

10

bleached
opt. bright.

Testex

447

CO

plain

58

yarn

30

10

yarn

27

10

bleached
opt. bright.

Testex

01

CMD

plain

150

yarn

38

21

yarn

30

24

Lenzing

02

CMD

plain

136

yarn

34

21

yarn

30

21

Lenzing
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Properties of cellulose fibres:
Fineness:

1 – 4 dtex

Length:

10 – 60 mm (mostly 25 – 30 mm)

Density:

1.53 – 1.55 g/cm3

Degree of ripeness:

75 – 85%

Colour:

white, creamy, light spotted, spotted, light grey

Linear density:

20 – 50 cN/tex

Linear wet density:

100 – 120%

Moisture absorption:

7 – 9.5% at 65% rel. humidity

Electrical charging:

low

Glass transmission temp.:

+50 °C at 65% rel. humidity

Ironing temperature:

180 – 220 °C

Carbonisation temperature: 430 °C
Micronaire value:

2.7 – 3.0

Density:

1 – 1.25 dtex

Degree of ripeness:

72 – 88%

Strength:

25 – 30 cN/tex

8.3.2

Sample preparation

Cotton samples were cut in pieces of 50x100 mm if not otherwise mentioned. According to
DIN EN 20139 textile samples have to be placed in standard climate (humidity 65 ±2%,
20 ±2 °C) for at least 24 h before all experiments. As standard climate a desiccator with a
saturated solution of NH4NO3 in H2O was used.
8.3.3

PIGP on cotton textiles

Preparation of liquor/solution
Defined the liquor-to-goods ratio (ratio of quantity of goods [kg] to liquor/solution [mL]):
depending on the determined pick-up-ability [g] of textile to [mL] of liquor
If not other mention a liquor-to-goods ratio of 1.3:1 (1.3 mL liquor for 1 g textile) was
used. The quantity flame retardant to be applied was calculated on the weight of the
conditioned textile (% wof). The amount of initiator or crosslinking agent was calculated on
the quantity of used flame retardant (% wom). The liquor was prepared by dissolving the
flame retardant, initiator and crosslinking agent in ethanol, if not other mentioned. The
conditioned textile samples were weighted and placed on a special glass frame. The
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necessary amount liquor was spread onto the samples with a syringe in defined order
followed by a strong padding process to get a homogenous spreading of the monomers on
the surface of the fibres. After complete evaporation of the solvent the samples were
weighted again to determine the uptake and placed into the plasma chamber on glass
plates. In general the plasma treatment time was 20 min (FAr = 125 sccm, P = 100 W, base
pressure = 40 Pa). To control the uptake the samples were weighted again and washed with
ethanol (4 times) and water (2 times) in a Soxhlet apparatus. After drying the samples were
placed in standard climate for 24 h and the weight taken to calculate the yield of grafting
(YOG).
8.3.4

Weight measurement

Weight measurements were used to monitor the amount of loading (uptake) or grafting
(DOG). The degree of loading, degree of grafting and the percent of phosphorus on the
samples were determined as follows:
Degree of loading, uptake (% wof) =
Degree of grafting DOG, (% wof) =
% phosphorus on sample (% wof) =

100

(27)

100

(28)

%

100

(29)

W0 is the weight of a cotton sample after 24 h in standard climate, Wu is the weight after
loading before washing and Wg is the weight after washing and 24 h in standard climate.
% P is the percentage of phosphorus in the molecule. For weight measurements in case of
the crosslinking agent DTEA % N as percentage of nitrogen in the bonded DTEA molecule
were used.
8.3.5

Pad batch process

For a cotton sample of 1 g 10% by weight of DTEA (9) (0.1 g) was dissolved in 5 mL
acetone. 1 eq. NaOH was dissolved in 2 mL H2O and added to the solution. This solution
was spread on the textile followed by a padding process. The textile sample was rolled on a
glass stick and placed in a test tube. The closed tube was placed in an oven and heated to
60 °C for 2 up to 3 h, followed by a washing process with ethanol four times and water one
time in a Soxhlet extractor. After drying the samples were placed in standard climate and
weighed after 24 h. Each experiment included 4 samples.
As an improvement of this pad batch process the solutions of DTEA in acetone and 1 eq.
NaOH in 2 mL H2O were added one after another with padding processes in between. The
textile samples were placed in small closed glass plates in the oven for 2 up to 3 h at 60 °C.
As cold pad batch process the samples were rolled on glass sticks and placed in test tubes.
The tubes were closed to keep the moisture and the reaction took place at RT, 24 h.
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8.4 Fastness property testing
8.4.1

Wash fastness testing

Washing
conditions
Strain
Detergent
Temperature
Liquor-togoods ratio
Time

DIN EN 20
105-C01
light

DIN EN 20
105-C02
lightmedium

DIN EN 20
105-C03

DIN EN 20
105-C04

DIN EN 20
105-C05

medium

strong

very strong

5 g/L soap
2 g/L soda
95 °C

5 g/L soap
2 g/L soda
95 °C

5 g/L soap

5 g/L soap

40 °C

50 °C

5 g/L soap
2 g/L soda
60 °C

50:1

50:1

50:1

50:1

50:1

60 min

45 min

30 min

30 min
10 stainless
steel balls
6 mm Ø

4h
10 stainless
steel balls
6 mm Ø

Mechanical
treatment

-

-

-

For these experiments medical soap from Merck was used.
For a strong washing fastness test the DIN EN 20 105-C05 test was intensified. The
washing fastness testing detergent IEC-A from EMPA 602 (2.695 g IEC-A*, 0.7 g
Perborat; 0.105 g TAED; 500 mL water; liquor-to-goods ratio: 40:1) was used and the
sample washed up to 4 cycles.
IEC-A components:
LAS

8.8 g

Nonionic

4.7 g

Soap

3.2 g

Anti foam

3.9 g

Zeolite

28.3 g

Carbonate

11.8 g

Acrylic acid, Maleic acid

2.4 g

Na-Silicate

3.0 g

CMC

1.2 g

Phosphate

2.8 g

Optical brighteners

0.2 g

211

8 Experimental section

8.5 Textile properties
8.5.1

Tensile strength

An apparatus for band tensile testing (Zwick Materialprüfung) equipped with test expert II
V3.0 software was used for tensile strength measurements. The tests were performed with
plain woven cotton (EMPA 210, 180 g/m2).
Sample preparation: samples of 30 mm width and 170 mm length were cut. In longitudinal
direction 5 mm of each side have to be frazzled on the borders until 52 yarns in warp and
46 yarns in weft direction remain. Before clamping 150 g weight was attached to the
samples to get a defined initial tension. The clamping length was 50 mm and primary
tension of 200 g/m2. The strength was increased by 25 mm/min. Breaking force Fmax [N]
and elongation Δl [mm] were determined for 3 samples and the average calculated
(approximate to DIN ISO 13934-1:1999). The measurements were performed in warp and
weft direction.
8.5.2

Abrasion resistance

An abrasion and pilling tester Nu-Martindale 864 (James H.Heal &Co Ltd) was used for
abrasion resistance testing. The measurements were performed with plain woven cotton
(EMPA 210, 180 g/m2,) in combination with a standard wool textile as testing material.
Sample preparation: cotton samples of 5 mm Ø size were punched out and placed with a
defined pressure of 9 kPa on the testing wool material. The cotton was abraded with a
motions-sequence of a Lissajous-figure for different rotation sequences (100, 500, 2’000,
5’000, 10’000, 80’000 R). A rotation sequence R is a crossing forward/backward.
The abrasion resistance was assessed by naked eye and by SEM.
8.5.3

Bending stiffness

Bending stiffness was measured with the Cantilever-method according to DIN 53 362. The
measurements were performed with plain woven cotton (EMPA 210, 180 g/m2,). Samples
of 20 x 250 mm were prepared. 3 measurements in warp and weft direction were
performed and the average calculated.
8.5.4

Angle of recovery

The angle of recovery was measured according to DIN 53 890 with plain woven cotton
(EMPA 210, 180 g/m2) of 20 x 50 mm sample size. 10 mm of the sample was pleated at
180° and weighed down with 1 kg for 1 h. The angle of recovery was measured 5 and
30 min after loading. The 4 measurements were performed and averaged in warp and weft
direction.
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8.5.5

Capillary rise method

The capillary rise method was performed according to DIN 53 924. The measurements
were performed with plain woven cotton (EMPA 210, 180 g/m2) of 10 x 250 mm size. The
rising height of water was measured after different periods of time (10, 20, 30, 60, 120,
300 s).

8.6 Dyeing processes
8.6.1

Colour measurement

Grey scale (193)
The degree of whiteness and colour change was measured with a 9-area grey scale (James
H. Heal).
Grey scale for the assessment of staining (BS 1006 A03: 1990; DIN 54001; DIN EN 20
105-A03) consists of a scale of 5 pairs of grey and white coloured plates. Each pair of
plates indicates a different degree of contrast with the 5 full steps which are arranged in
geometrical progression. A non treated sample and a treated sample are placed next to each
other and the degree of contrast is compared against the grey scale. The number of the
contrast pairs in the grey scale (1 – 5) which corresponds as closely as possible is noted.
Half steps are provided to improve the accuracy of assessment:
1 = heavy staining; 2 = moderate staining; 3 = medium staining; 4 = slightly staining;
5 = no staining
The grey scale for assessment of staining was used to measure the degree of whiteness.
Grey scale for the assessment of change in colour (BS 1006 A02:1990; DIN EN 20 105A02) consists of a scale of 5 pairs of grey-coloured plates. Each pair of plates indicates a
different visible degree of contrast. The visual difference between the grey scale and the
test samples, in this work dyed and dyed/flame retardant finished samples, are compared
and rated as follows:
1 = very poor (severe change); 2 = poor; 3 = fairly good; 4 = good; 5 = very good
(negligible change)
Spectrophotometry
The degree of whiteness and colour of textiles was measured with a spectrophotometer
CM-3600d (Konica Minolta) equipped with Software Q-Tex Version 2.1 (LOEPFE
BROTHERS LTD).
For colour measurements the three dimensional L*a*b*-colour space: CIELAB formula
according to DIN 6174 was employed.
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8.6.2

Dyeing apparatus

Dyeing experiments were performed in long-liquor-to-goods ratio with a Polymat 1000
(Ahiba) running 40 rpm.
8.6.3

Dyestuff

Remazol brilliant blue R, Remazol brilliant blue BB, Remazol brilliant Yellow GL,
Remazol brilliant Red FB were used (Dyestar Textilfarben GmbH&CO, in former times
Farbwerke Hoechst AG) for reactive dyeing experiments.
Solophenylblau 4GLL and Solophenylred 3BL (BASF AG Schweiz, in former times CibaGeigy) were used for direct dyeing experiments.
Indanthrene blue HBC (Dyestar Textilfarben GmbH&CO, in former times BASF AG) was
used for vat dyeing experiments.
Before all actual dyeing processes, the textile was pre-treated with a wetting agent
(Nekanil in H2O) to increase the dye uptake.
8.6.4

Reactive dyeing

Dyeing:
Apparatus:

Polymat 1000

Liquor-to-goods ratio:

25:1

Dyestuff:

3.00; 2.00; 1.00; 0.50; 0.10; 0.05% wof

Textile auxiliaries:

50 g/L Na2CO3

Solvent:

H2O

Temperature:

60 °C

Time:

60 min

Dyeing cycle:

60 °C

60 min

rinsing

Textile
Na2CO3
H2O
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Soaping:
Apparatus:

Polymat 1000

Liquor-to-goods ratio:

40:1

Soap:

1 g/L Nekanil 910

Solvent:

H2O

Temperature:

98 °C

Time:

30 min

Nekanil 910-solution (BASF AG; Nekanil 910 is a Nonylphenol transformed with 9 up to
10 mol Ethylenoxid).
8.6.5 Direct dyeing
Apparatus:

Polymat 1000

Liquor-to-goods ratio:

40:1

Dyestuff:

3.00% wof

Textile auxiliaries:

20% Na2SO4 (sodium sulphate)
10% Na2CO3 (sodium carbonate)

Solvent:

H2O

Temperature:

98 °C

Time:

75 min

Dyeing cycle:
45 min

98 °C
20 min
40 °C

10 min

Textile
Na2SO4
NaCO3
H2O

Rinsing
hot and
cold

Dyestuff
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8.6.6

Vat dyeing

Apparatus:

Polymat 1000

Liquor-to-goods ratio:

40:1

Dyestuff:

5.00%

Textile auxiliaries:

20% Na2SO4 (1:10)

Solvent:

H2O

Vatting for 10 g textile:

0.5 g dye (5%) pasting with 50 mL H2O, filling up with water
(50 °C) to 365 mL, add 15 mL NaOH (33%) and 4.5 g
Na2S2O4, vatting for 10 up to 15 minutes.

Dyeing cycle:

75 °C

45 min
rinsing

10 min

50-60 °C
50 °C

15 min

10 min
oxidation
0.5 mL/L H2O2 35%

Dye
NaOH
Na2S2O4
H2O
Soaping:
Apparatus:

Polymat 1000

Liquor-to-goods ratio:

40:1

Soap:

1 g/L Nekanil 910

Solvent:

H2O

Temperature:

98 °C

Time:

30 min

8.6.7

Cold pad patch dyeing of reactive dye and DTEA 9

Liquor-to-goods ratio:

7:1

Dyestuff:

Levafixbrilliant red E-2B

Crosslinking agent:

DTEA 9
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Experiments:

I) 10%; 0.10 g Levafix red E-2B
II) 10%; 0.10 g DTEA 9
III) 10%; 0.10 g Levafix red E-2B and 10%; 0.10 g DTEA 9
IV) 5%; 0.05 g Levafix red E-2B and 5%; 0.05 g DTEA 9

Textile auxiliaries:

10% Na2CO3

Procedure: The dyestuff or DTEA 9 was dissolved in 5 mL Acetone, spread on the
textile and the sample padded. Afterwards a solution of Na2CO3 in 2 mL H2O was spread
onto the sample, padded and the sample rolled on a glass stick and placed in a covered tube
for 24 h at room temperature.
This was followed by washing using a Soxhlet extraction, 4 cycles with EtOH, 2 cycles of
H2O.
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9.1 Tables
Table 9.1: Polymerisation data of different textile densities and structures (chapter 4)

DEAEPN in solution [% wof]
Uptake [% wof ]
90 g/m2
YOG [% wof]
Uptake [% wof]
180 g/m2
YOG[% wof]
Uptake [% wof]
210 g/m2
YOG [% wof]

5
92.0
30.4
32.0
32.2
10.0
54.0

10
96.0
61.5
73.0
74.0
73.0
20.4

20
100.0
69.0
83.5
92.2
73.0
48.2

30
97.7
77.1
90.7
78.7
74.3
72.0

45
98.2
80.3
89.1
78.6
76.7
91.5

Table 9.2: Polymerisation data of different mercerised textile structures (chapter 4)

DEAEPN in solution [% wof]
Uptake [% wof]
120 g/m2
YOG [% wof]
Uptake [% wof]
189 g/m2
YOG [% wof]
Uptake [% wof]
258 g/m2
YOG [% wof]

5
94.0
85.1
86.0
76.7
40.0
100.0

10
91.0
100.0
78.0
97.4
54.0
96.3

20
100.0
93.5
90.5
98.3
73.5
82.3

30
100.0
88.4
95.0
88.1
85.3
82.4

45
100.0
88.0
93.6
92.9
89.1
93.0

20
91.9
92.0

30
89.3
89.2

45
92.7
93.1

Table 9.3: Polymerisation data for mercerised and resin finished CO (chapter 4)

120 g/m2
Resin
finished

FR in solution [% wof]
Uptake [% wof]
YOG [% wof]

5
68.0
85.3

10
77.0
71.4

Table 9.4: Tensile strength data for plasma treated cotton in warp direction (chapter 5)

CO untreated
Plasma time [min]
Tensile strength [N]
Elongation [mm]

warp
0

1

5

10

20

30

285
6.5

310
6.6

306
6.3

308
6.4

311
6.5

307
6.6

Table 9.5: Tensile strength data for plasma treated cotton in weft direction (chapter 5)

CO untreated
Plasma time [min]
Tensile strength [N]
Elongation [mm]

weft
0

1

5

10

20

30

300
10.1

327
10.6

315
9.9

319
10.0

315
10.2

320
10.4

220

9 Annexe

9.2 Glossary
Abrasion resistance
Abrasion resistance is the ability of textile fabric surfaces to withstand abrasive stresses.
Clothes and especially upholstery fabrics have to have a good resistance against abrasion
because they are always exposed to mechanical stress. For a flame retardant finishing by
PIGP it is important that the polymer-film covering the fibres resists mechanical treatment,
otherwise the flame retardant property would be decreased. (194)
Angle of recovery
Creasing behaviour is governed by the flexural elasticity as well as by the inner stability of
fibres. Hydrophilic fibres like cotton have a high creasing behaviour, because water keeps
them in their visco-elastic state and new formed creases can be set. The angle of recovery
is used to characterise the creasing resistance. By changing the fibres surface the creasing
behaviour of cellulose fibres can be modified.
Capillary rise method
In yarns and textile structures an inhomogeneous capillary system exists which influences
the absorption capacity. Besides the wettability of the fibre surface the geometric structure
like capillary distribution and diameter of the textile is important for the water absorption
capacity and water transportation within the fabric. Adding polymer-films on the yarn and
the fibre surfaces this capillary diameter will be changed. The resulting modification of the
absorptive capacity can be determined by the capillary rise method.
Degree of whiteness
Chromaticity of textiles is influenced by the colour of the fibres and the surface texture.
Plain fibres like round spun PES fibres have a high brilliance while textured fibres like
wool with its scale layer are more lustreless. The colour perception of “white” is depending
on the personal impression of the observer. The estimation of this colour is subjective. In
Europe a more yellow white is less desirable compared to a light blue white, since it seems
dirty. To get an objective result colorimetric measurements have to be realized.
For a quick result the grey scale measurement known from the dyeing industry can be
used, better results are obtained by the use of a spectrophotometer. (195)
Filament yarn
Filament yarn consists of filament fibres, which are very long continuous fibres, either
twisted together or only grouped together. Thicker monofilament yarns are typically used
for industrial purposes rather than fabric production or decoration. Fibroin fibres of silk are
natural filaments.
Flexural strength
The flexural strength of textiles affects the handling behaviour and therefore the field of
application. The bending stiffness of textiles influences the handling, flexibility, softness
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and creasing behaviour. Cellulose fibres have a high flexibility and can be made into nice
soft fabrics. Especially for applications in clothes or curtains, where flame retardant
finishing is necessary, nice tucking is important. Similar to abrasion resistance and tensile
strength, the fibres, the density of yarns and textile structure are the determining factors of
the flexural strength, but any finishing process can change this property. Applications
always change the texture.
Floating
A term used to describe a length of yarn or thread usually on the surface of a fabric lying in
any direction between adjacent intersections in the woven or knitted structure.
Ginning
Ginning is a process for separating cotton fibres from the seed. Machines used for ginning
may be either saw gins or roller gins.
Liquor
The liquor is the liquid medium (water, organic solvents) including possible textile
auxiliaries of a textile finishing treatment.
Liquor-to-goods ratio
The ratio of goods (kilograms) to liquor (litres), defined more precisely as: the ratio of the
dry weight in kg of the goods, including all associated materials, measured immediately
prior to the finishing process, to the volume in litres of the entire treatment liquor in the
system at a temperature of 20 °C at the time of the measurement.
The following categorisation is made according to liquor-to-goods ratio:
Short liquor 10 : 1
Standard liquor 20 – 30: 1
Long liquor 50 – 100 : 1
Maturity index
The maturity index is important for cotton fibres, since it characterises the quality. The
maturity of the fibre is concerned with development of cell wall. The cell wall thickening
is highly sensitive to growing conditions. Adverse weather, poor soil plant, plant diseases
and pests etc. will increase the proportion of immature fibre and lead to trouble in
processing.
Mercerisation process
The mercerisation process is an important part of cotton finishing. It is a treatment for
cotton yarns, fabrics or knit goods with cold, strong caustic soda liquor under tension. This
process changes the macro molecular structure of the fibre, enhancing dye up take and
tensile strength. It imparts permanent brightness and a smother handle as well.
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In caustic soda the whole cotton fibre structure swells irreversible as the crystal lattice is
converted from cellulose I (native cellulose) to cellulose II (hydrated cellulose).
The mercerisation process starts with an impregnation of the cotton in NaOH (270 –
330 g/L ≈ 28 – 32° Bé; pH 14) including a surfactant to reduce the surface tension of the
NaOH solution at room temperature. After a residence time of 30 – 60 s under tension the
textile is washed still under tension up to 7° Bé to stabilise the fibres. The following
washing process is combined with an acidification: a water bath at 80 °C, an acetic acid
bath of 50 °C followed by water at 20 °C.
The properties of cotton are modified under the influence of strong caustic soda liquor:
Mercerisation
CEL – O-Na+ + H2O

CEL – OH + NaOH

(30)

Stabilisation
The cuticle is destroyed and the cross-section is increased and assumes a circular form
which is responsible for the higher brightness.
The lumen disappears or contracts to a small hollow space and the convolutions of the
fibres untwist while the swelling ends up in shortening of the fibres length by 20 – 25%.
Due to the tension affecting the fibres in length direction, the crystallites are oriented in the
direction of the fibres axis. The change in the macro- molecular structure increases the
dimensional stability and the tensile strength. By increasing the inner fibre surface and the
reactivity the dye uptake ability is increased up to 25%. (196)
For the flame retardant finishing process by the PIGP polymerisation it was of interest if
the mercerised cotton shows a higher uptake of flame retardant polymer and if the yield of
grafting increases. Additionally the burning behaviour of mercerised cotton and flame
retardant finished cotton compared to origin cellulose was analysed.
Micronaire value
The micronaire value is a dimensionless number to characterise the fineness of cotton
fibres. Dependent on the maturity index and the fineness of fibres cotton has different
micronaire values. The principle of the micronaire measurement is based on the resistance
which a loose fibre stock offers to a defined air stream. The finer the fibres are, the greater
is their total surface area for the same weight as well as their air resistance and the lower is
the associated micronaire value. The value is defined on the Sheffield 60 600 micronaire
device (standard device). All different devices must be calibrated to it. The micronaire
value scale ranges from 2.3 – 8.0 (corresponding air stream of 9.9 to 60.6 L/min). (109)
Neps
Neps are created during processing starting at ginning stage. Further when rubbing of
substances takes place, i.e. in carding, minute knots of tangled fibres are caused. Immature
fibres are more prone to this nepping effect.
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Rate of exhaustion
The rate of exhaustion of dyes is a time-dependent shift in the ratio between the amounts of
dye-molecules in the bath to dye-molecules on the fibres. It is dependent on different
parameters like the type of fibre, the condition of the fibre (possible pre-treatment, fibre
affinity towards the dye), the dyeing method (liquor-to-goods ratio, dye-bath composition,
dyeing temperature, pH), dye properties (solubility, fibre affinity, build-up properties,
temperature-dependence, behaviour in combinations) and the dyeing equipment
(temperature control, liquor circulation, packing of textile substrate in the case of loose
fibre or yarn, movement of liquor and/or textile substrate. (109)
Resin finishing
Resin finishing is a general finishing process that gives cellulose fibres additional
properties depending on requirements.
Most of the properties of cellulose fibres are depending on its high swelling capacity,
which is caused by the tendency of hydroxyl groups to retain water. Therefore cellulose
fibres are prone to wrinkle. To reduce this creasing behaviour an anti crease finish with so
called additives is applied. A reduction in swelling capacity can be achieved if a part of the
hydroxyl groups are blocked by chemical reactions. As Rouette (197) describes three
different reactions are possible:




The formation of a covalent bond between a mono- or polyfunctional reagent and a
cellulose chain.
The formation of at least two covalent bonds between a polyfunctional reagent and
a cellulose chain (intrachenary bridges).
The formation of at least two covalent bonds between a polyfunctional reagent and
two cellulose chains (interchenary bridges).

Typical resin finishing agents are n-methylol compounds that are formed by a reaction of
formaldehyde with compounds containing NH or NH2 groups. They are mostly derivatives
of urea and melamine (self-crosslinking) as well as cyclical urea derivatives (reactivecrosslinking). This type of cellulose modification is based on two different procedures:
1. Polycondensation of a low- molecular weight compound during deposition of a
high- molecular synthetic resin; only a few bonds are formed between the polycondensate and the cellulose.
2. Crosslinking of the cellulose hydroxyl groups with reactive groups of the
crosslinker, while forming stable atom bonds between different cellulose
molecules.
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Figure 150: Resin finishing agents (198)

Disadvantages of this finishing process are a significant reduction in abrasion resistance, in
breaking strength and resistance to tear propagation. (197)
In this context it was of interest if resin finished cellulose shows the same behaviour in
flame retardant finishing than none treated cellulose. By resin finishing some of the
hydroxyl groups are blocked. Therefore, it has to be analysed if the affinity of the flame
retardant polymer changes in case of resin finished cotton.
Spun yarn
According to DIN 60 000 a spun yarn is made by twisting stable fibres in contrast to
filaments together to form a cohesive threat. Spun yarns may contain a single type of fibre,
or be a blend of various types. Based on the nature of the fibres (molecular structure,
length, density, etc.) the intensity of twisting and the fineness of the threat spun yarns have
varying physical properties like tensile strength, elongation, water absorption etc. Most
natural yarns are spun yarns, since the natural fibres (except of silk) are all of relative short
length.
Tensile strength
The deformation behaviour of textile materials against strength depends on the mechanical
properties of the fibres and yarns and their structural configuration. At the beginning of a
tensile load on textiles the structure of the textile (woven or knitted) as well as the yarn
density (number of yarns/cm in warp and weft direction) is important. At higher tensile
load the fibres themselves influence the strength.(199) In addition, finishing processes and
weathering can lead to changes in strength-elongation-behaviour. Some finishing
processes, like resin finishing, are known to decrease the tensile strength. It is important to
know, if the flame retardant finishing process by PIGP has adverse or beneficial effects on
the tensile strength of treated cotton fabrics.
Textile structure and tex
The burning properties of textiles are influenced by a wide variety of factors. One of those
factors is the textile structure. In flame retardant concepts a dense textile structure is
advantageous. By increasing the fabric density the hollow space between fibres and yarns
is decreasing which reduces the enclosed air. Oxygen is always necessary for burning
processes and should be eliminated as much as possible. By covering the fibre with a thin
polymer-film, existing capillaries in the structure will be modified. To analyse the
efficiency of the flame retardant polymers depending on the density of the textile, different
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textile structures were used to determine the correlation between flame retardant efficiency
and textile densities. The density of a textile is influenced by the density of the fibre, the
number of yarn/cm in warp and weft direction and the woven structure.
The tex system is used to designate the linear density of textile fibres, yarns and similar
products. 1 tex is the degree of fineness at which a fibre or yarn of 1000 m length weighs 1
g: 1 tex = 1 g/1000m. The fineness of fibres is usually quoted in dtex, yarns and threads in
tex, and cables, tapes, etc. in ktex (Table 9.6). (200)
Table 9.6: The tex system to designate linear density of textile material

name
millitex
decitex
tex
kilotex

sign
mtex
dtex
tex
ktex

1 mg/1000 m
1 dg/1000 m
1 g/1000 m
1 kg/1000 m

Fabric is a general term for all manually or mechanically produced clothes based on fibres.
Textiles are formed by weaving, knitting, crocheting, knotting or pressing fibres together
(non-wovens). For this work only woven fabrics were studied.
Woven fabrics are formed during a weaving process and have at least two crossed yarn
systems which are perpendicular to each other. The yarns in longitudinal direction are
called warp, in cross direction weft. The yarns are connected by crossing, which means
that the yarns in warp direction lay alternately over or under the yarns in weft direction.
Based on the number of cross-points and floating different textile woven structures are
possible to produce. Floating is a term used to describe a length of yarn or thread usually
on the surface of a fabric lying in any direction between adjacent intersections in the
woven or knitted structure. The most common structures are plain, twill and sateen (Table
9.7). (201)
Table 9.7: Different textile woven structures (201) (202)

Name and formula

Point paper design

Micro-image

Plain woven
L1/1
10-0101-01-00

Property
- no floating
- most interlacing points
- lowest density
- highest fabric stability
- floating
- high fabric stability
- high density
- interlacing points are in
direct contact

Twill woven
K3/1S
20-0301-01-03

- high floating
- lowest interlacing points
- interlacing points are
not in direct contact
- highest density possible

Sateen woven
A4/2 3
31-0104-01-03
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Washing fastness
For the wear properties the washing fastness is one of the most important characteristics of
finishing processes. The determination of the washing resistance gives an idea if the PIGP
treatment is of interest for industrial use. A lot non-durable flame retardants are known, but
for most applications, washing resistance is of great importance. Depending on the range
of application different testing methods are developed. Some of those methods were tested
for the PIGP flame retardant finishing described by Tsafack. (203)
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