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Abstract

The glass transition temperature at different nedatumidity for cotton, lyocell and viscose
fibres was investigated by Differential Scannindd@ienetric (DSC) technique. The
relationship between glass transition temperatadenaoisture content of the materials was
investigated by using the Fox -equation. It waseolsd and concluded that, the Fox-
equation can be used to determine non-water-atted$saction in materials, which may be
equal to crystalline fraction. Taking into accoanystallinity effects in cellulosic materials,
the Fox- equation can well be used for quantifyimgrelationship between glass transition
temperature and moisture content for all materlaisas found that, the glass transition of
each of the investigated material in dry state a@s/e 200°C.

Furthermore, investigations were carried out to jgare the performance of large volume
stainless steel pans with low volume aluminium pased for holding the samples. It was
observed that, the aluminium pans give a bettetr igaal, besides lower costs, when
compared to large volume stainless steel panschakenges related to the use of the two
types of pan and ways to overcome the challengebéen recommended.
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1 Introduction

The ability of textile material to deliver comfag partly contributed by the moisture
sorption of the textiles. However as the amounofsture taken up by the material increases
the glass transition of the fibres gets depressedhe glass transition temperature, the
amorphous polymer changes from a hard glassy fatma rubber-like plastic form or to a
viscous fluid. This change is due to an onset ofage degree of movement of polymer
chains. The movement of polymer chains are expialmethe volume not occupied by the
molecules (free) volume of the polymer (Salme'n &B 1977).

The glass transition temperature is dependent ®tirtie scale of the experiment and
the method used to measure the glass transitidméSa& Back, 1977). Although the effect
of water on glass transition is only realised ie timorphous fraction of the material, the
supramolecular properties of the fibres may infeeethe softening effects of water hence the
determination of the glass transition temperat8alrte’n & Back, 1977). The moisture
dependence glass transition of wool and humanhaarbeen investigated and was reported
to follow the Fox theory (Wortmann, 2006). Previausrk on the effects of water on glass
transition of cellulosic material have mainly conttated on wood fibres, cotton and carboxy
methyl cellulose. This work investigated into thiéeet of relative humidity on the glass
transition of cotton, lyocell and viscose fibretieTselected fibres are well known to deliver
outstanding comfort due to their ability to stotdbstantial amount of water at equilibrium
conditions. The understanding of the variation @isture content of the fibres with the glass
transition temperature is important for the pradictof how various finishes applied in the
fibres will respond to the variation in relativerhigity incidental to the garment usage

Nature and processes that are used to manufacextdes fibres affect the
supermolecular properties of the resultant fibreiscle the ability of the fibres to hold water/
moisture under equilibrium conditions (Koh et &Q05). For instance the properties of
cotton fibres are influenced by the environment aodditions during the fibre growth.
Unlike viscose and lyocell, cotton fibres have tagihdegree of crystallinity and modulus but
lowest moisture sorption capacity. The viscoseehbare regenerated by chemical derivation
of wood pulp by converting the cellulose into cklke xanthate, solubilisation into sodium
hydroxide and finally generate the fibres in théhbaf sulphuric acid. The process of making
viscose fibres causes the degradation of the oshudlue to drastic chemical conditions used
for conversion of the wood pulp into fibres. Lydcébres are regenerated by physical
dissolution of wood pulp in an environmentally frity solvent known as N-methyl-n-
morpholine oxide, dry spinning of the dope and theconstitute the fibres in a suitable
solvent (Woodings, 1995). Research in the fieldalfulose science has revealed other feed
stock sources for the lyocell process (Brito, et2012; Haule, Carr, & Rigout, 2015; Xu, Lu,
& Tang, 2007) and this demonstrates the importaridde lyocell fibres in the textile and
fashion industry. The lyocell fibres are prone itariflation due to high degree of oriented
with weak inter fibrillar forces (Fink et al., 200Klemm et al., 2005).



This work presents the humidity dependency glaassttion of the lyocell, viscose
and cotton fibres as described by the modified Rborpry.

The Fox theory, as reviewed by Wortmann (Wortm@@06; Hancock & Zografi,
1994) defines the glass transition temperatureobyfinper-plasticizer system as;

1 _wm w2 1
Tg,sys - Tgl Tg2

WhereTg andW are the glass transition temperature and the wéttion, respectively,
and subscriptsys, 1 and2 stands for polymer blend, solvent and polymereetpely. The
theory assumes intimate mixing between water ahdE and hence no polar effects. This
means that, the extent by which the glass tramsisi@epressed depends on the glass
transition difference between water and polymer @otdon any other specific interaction.

Furthermore the work discusses the suitability ke aluminium capsules against the
traditional stainless steel capsules for DSC expenis of fibrous material

2 Material and Methods

2.1 Material

The cellulose fibres (Cotton, Viscose and Lyocetre supplied by Lenzing AG.

2.2 Conditioning of Samples

To avoid hysteresis effects, it was decided thatilibgium is achieved by initially
drying at least 200mg of each material over phospi®pentoxide in a desiccator for at least
24 hours. Samples at different relative humidityevebtained by conditioning the pre-dried
samples over saturated salt solutions for five desysecommended in the literature (Young,
1967). The saturated salt solutions were preparedaécordance to the literature
recommendations (Lewis, 1977; O'Brien, 1948). Fribva pre-dried material, two parallel
samples were taken to the conditioning chamber. fits¢ sample was used for the
determination of water content, and the second karigp the determination of the glass
transition temperature. The samples for the glasssition temperature were weighed prior to
conditioning whereas the sample for determinatibmvater content was not weighed. The
samples were stored in the conditioning desiccdtorsive days so that they equilibrate at
the intended relative humidity.

2.3 Estimation of Water Content

Water content of the conditioned samples was détexdnby gravimetric method
where by a weighing balance was used. Samples ingigi®mg were contained in an oven-
pre dried sample holder and then dried in an ovelil@°C for 2 hours. Upon cooling the



samples were re-weighed and allowed to cool in cdasirs containing phosphorus
pentoxide. The weighing of the dried sample wasedmnmediately and quickly so as to
minimise any chances of moisture sorption by themea during the weighing process.
Finally the water content of the sample was catedla ratio of sample weight loss to the
weight of conditioned sample expressed as a pexgent

2.4 Determination of the Glass Transition Temperature

Differential Scanning Calorimetry (DSC) was condutctto Cotton, Viscose and
Lyocell fibres using a calibrated DSC Q100 modue@Standard Cell FC version 9.9. The
machine is a Power compensated DSC cooled by ligiidgen flowing at 50mL/min. The
machine utilises universal analysis 2000 softw@lee equipment was calibrated using high
purity Indium and Sapphire.

The fibres were cut into snippets of 1-4mm lengthe weight of samples used was
on a dry basis. From the pre-dried material, a $amp 5-10mg was weighed prior to
conditioning at different relative humidity. Twopgs of pans were used for holding the
samples, stainless steel pans and aluminium patis egipacities of 60uL and 40uL
respectively.

In order to ensure no moisture variation in the gasduring the determination of the
glass transition temperature, the sample was cdvdre 10-15uL silicone oil as
recommended in the literature (Wortmann, 2006; &iefy996) and then hermetically sealed.

2.4.1 Scanning Parameters

The samples were scanned by cyclic heating ateaofatOK/min from 0°C-150°C as
recommended in the literature (Rieger, 1996; Wurder 2005). Three cycles were
conducted per sample in order to avoid sub-endotltere to enthalpy relaxation hence only
second and third scan were considered for therdetation of glass transition temperature.

2.5 Data Analysis

Universal analysis 2000 software was used to deternthe glass transition
temperature at various relative humidity and watettent. The Foxy equation was then fitted
into the experimental data, Microsoft excel SOLVERftware assisted on getting the
corrected theoretical values at the minimum sursqofare residues which would provide a
theoretical relationship between glass transitiod water content of the cotton, lyocell and
viscose fibres.



3 Resultsand discussion

3.1 DSC Performance of Stainless Steel and AluminiumsPa

Both types of pans were used only for 50%, 32.9% 22.8% relative humidity
samples and the results from the two different dypepans are compared. The aluminium
pans were not able to seal fibres of more than 8rhg. stainless steel pans were able to
accommodate samples of 10mg for all types of nmedteri

The thermal scanning for all materials was caragdlically in the temperature range
0°C to 150°C. It was found that both types of paduged this temperature range. Neither the
stainless steel nor the aluminium pan failed at $bkected heating temperatures. Large
volume stainless steel pans were able to accommdtatgier samples than aluminium pans. It
was found that, the sealing of stainless steel passeasier and did not cause any damage of
the shape of the capsule. Any damage or deformaficapsule shape may result in rejection
of the sample during loading and the DSC test. fouthe size of the pan and shape of the
cap, large volume stainless steel pans could acomata snippets of 3-4mm. This is not
recommended because longer snippets cause poon@aténsity, which can affect the
strength of the signal during thermal analysis.

The aluminium pans are more ductile and smalleolome than stainless steel pans.
Sealing of the aluminium pan is done by a flat pegssed over the pan. The cap and the pan
are very ductile and very light. Great care is remito ensure that the flat cap well coincides
with the pan; any misalignment may result in a defed shape of the capsule after sealing.
Since the DSC equipment operates with high pretisionor deformation of the sample
capsule results in rejection of the sample. Froenetkperiments carried out in aluminium
pans, samples were more often rejected by the R@{Pment than the stainless steel pans.
Even pans with un-deformed shapes were seen tduaig experiments. For instance, out of
sixteen samples composed of 8 samples sealednifestasteel pans and 8 samples sealed in
aluminium pans, no sample was rejected by the Dfidpment from the stainless steel pans,
whereas four samples were rejected from the alummrpans. This is due to the shape of the
aluminium pans. The pans have flat sealed topsavittameter greater than that of its
effective depth. This means that, the only pathefpan that can be held during sample
picking is the top. With the three jaws of the sénpcking arm, it is very difficult to grip
the pan firmly and correctly. As a result, eithes sample can fall away before taken into the
furnace or may get positioned outside the requwedtion in the furnace. Aluminium pans
could not accept snippets of greater than 2mm ktedge to the small size of the pan as well
as the type and shape of the sealing cap. Sinaafhes flat and if it happens that a fibre is
clamped in the cap, sealing will be poor. This mesult in heat and mass loss during
determination of the glass transition of the mateiiihe ability of aluminium pans to
accommodate relatively shorter snippets gives tvamtage of high packing density of
material in the capsule and hence better signalitbaty when compared to large volume
stainless steel pans.



In terms of signal sensitivity, it may be notedtthat only the weight of the sample
has an effect on signal sensitivity, but also #terof pan to sample weight. Despite the fact
that stainless steel pans were able to contain sample weight that aluminium pans, the
signals from stainless steel pans were found wdsker than the aluminium pans.

The poor signal from the use of large volume staisilsteel pan compared to the
aluminium pans may be due to the high pan to sameight ratio. A sample of 10.3mg is
contained in a stainless steel pan of 140mg; liereffect of pan tends to obscure the effect
of sample itself during thermal analysis. When cared to 5.5mg of sample contained in
aluminium pan of 40mg, the effect of pan is nohih as it would be for a stainless steel
pan. Indeed the poor signal for large volume stamisteel pans may be resolved by
increasing the weight of the sample in the pan. él@ax the weight is restricted to pan
volume.

In terms of cost, the large volume, high presstamless steel pans are rather
expensive when compared to aluminium pans. Theafaste pan of stainless steel is
approximated to be as high as 10 times the alumiman. Again it is important to think
about the cost versus performance requirement iassdavith the two types of pans before
making a decision on the pan to be used for thenthleanalysis of the fibres.

3.2 Determination of the Relationship between glas3iteon Temperature and
Relative Humidity

In order to fit the Fox equation to the experimédtda, the glass transition of
amorphous solid water was considered to be 140Kagarage value of what have been
reported in the literature (D. Lourdin, Coignardzd@, & Colonna, 1997; Hancock &
Zografi, 1994) The data fitting was done by SOLV&d#tware, whereby the minimum sum
of squares of residues was calculated and graplteglby Microsoft Excel. The model was
initially tested for data obtained from each matlewithout considering the crystallinity
effect; none of the results obeyed the Fox thebinys means the amount of moisture taken
up by the fibre is mainly absorbed in the amorpheggons. The amount of water adsorbed
on the surface of crystalline region does not hasasticising effect to the cellulose material.
Hence it is important to consider only water ass@al with amorphous regions, when
studying the effect of moisture on glass transibbmaterial.

3.3 Glass Transition Temperature of Cotton Fibres

With the SOLVER software, fitting of Fox equatiorto the data was possible only
with the minimum sum of squares, an amorphousifnadf 0.32 was observed and the
model fits well the experiment values, Figure Yjmgg the glass transition of dry cotton



fibres as 472.4K. By getting the amorphous fractib.32, implies that the cotton fibres
may be considered to have a crystalline fractio® @8 This crystallinity value for cotton
agrees with the previously published data whichen®e63-0.79 (Segal et al., 1959) and 0.7-
0.91 (Hessler & Power, 1954).
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Figure 1: Glasstransition of cotton fibres against water content for the cotton-water
system

The effect of water on the glass transition of @otivas studied by Salmen et al.,
(Salme'n & Back, 1977), whereby, they studied ttilénce of water on the glass transition
of cellulose material and modelled their resulisgi&aelbe’s approach. Kaelbe defines the



plasticizer- glass transition relationship basedhanlattice theory. By considering the
crystallinity effect, Salmen (Salme'n & Back, 19a&nglysed the experiment values assuming
a crystallinity of 0.8. The glass transition of arytton was then determined and reported to
be 493K. Other values have been published elsewBateer & Kreibich, 1981), where the
glass transition of dry cotton was found to be 498KImen et al,. (Salme'n & Back, 1980)
investigated the effect of moisture and temperabaréhe mechanical properties of paper,
such as the elastic modulus. They quantified thexebf moisture by estimating the glass
transition temperature as the turning point wittpest to temperature during tensile tests. A
large reduction on the elastic mechanical modug experienced at the glass transition. The
reduction in mechanical properties was found toloee pronounced in less crystalline
material with higher water content. The reductiomechanical properties was due to the
plasticizing effect of water. Again the effect oystallinity on the softening ability of water
was clearly explained. They reported the degremyattallinity of paper as 63% and the glass
transition temperature of dry cellulose as betwkes’C and 225°C, values which agree with
what has been found in this work.

The agreement of the three different studies vhighresults of this study on the
moisture dependent glass transition of cotton @anded as a confident proof of the
applicability of the Fox theory on modelling théateonship between moisture content and
glass transition of cotton, taking into accountehgstallinity effect. Furthermore, the
agreement of the crystallinity value of cotton afea in this research with the literature
values is an additional proof that, without takaumsideration of crystallinity effect, the Fox
eqguation cannot directly work for cellulose fibres.

3.4 Glass Transition Temperature of Viscose Fibres

From the SOLVER run, it was observed that the \@edtbres has an amorphous
fraction of 0.48 (crystallinity 0.52) and the glassnsition temperature for dry viscose is
594.5K. Two different researchers (Colom & Carti®02; Hessler & Power, 1954)
investigated the crystallinity of viscose and eatthem published the crystallinity to be 0.4-
0.46 and 0.41, respectively which satisfactorilyeggwith the value observed on this
research. Figure 2, presents the variation of lgsgransition temperature of viscose fibres
against water content, whereby the Fox model tedesgainst the experiment values. The
model fits the data well. The shift of the glasssition to lower temperatures as the weight
fraction of water increases is due to the plastigieffect of the water.
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Figure 2. The glass transition temperature against water content for the viscose fibres-
water system

Bryant et al., (1959) studied the effect of tempee@on mechanical properties of
viscose material in the wet and dry state. On nraagstiffness at different temperatures for
wet and dry fibres, they observed that the swebiatpn of water resulted in a lowering of
the glass transitions as well as the stiffnest®iscose fibres. They further established that
the glass transition temperatures of dry viscoskecatton fibres are above 240°C, and below
0°C in the wet state. The lowering of the glasesit;on hence the stiffness of the fibres in
wet state is explained by the plasticising effdatater. Wallenberger (1978) studied the
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effect of absorbed water on the mechanical progedf different fibres. On comparing the
strength and elastic modulus of viscose for a wdtadried sample, it was found that
viscose lost 50% of its strength in the wet stiitean be concluded that, the loss in strength
in the wet state is due to the tendency of therguotdroxyl groups in the amorphous regions
to bond to water which in turn beak the hydrogendsystem holding the molecular chains
of the cellulose together hence increase in maodecubbility. Thus only small amount of
energy at relatively low temperature will be regudito cause the change of the polymer from
the glass to the rubbery state.

The good fit of the Fox model to the experimentdatd the agreement with the
results from other researchers, as indicated alimewjdence that the Fox theory can be
applied for the prediction of the humidity-depenidglass transition of viscose fibres.

3.5 Glass Transition Temperature for Lyocell

The estimation of the humidity —dependent glagssiteon of Lyocell fibres by the
Fox theory without taking into account the crystaty effect was not successful. Even after
considering the crystallinity effect, there waskla€ fit of the model to experiment values,
figure 3. When SOLVER software was applied, an gous fraction of 3 was recorded and
is unexplained and this suggests further researdtumidity dependence glass transition of
lyocell fibres.
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Figure 3. The glass transition temperature against water content for the lyocell fibres-
water system

4 Conclusions and Recommendations

From the comparison of the applicability betweegédavolume stainless steel pans
and small volume aluminium pans, it can be condutiat, for better heat capacity signal
and saving of costs, aluminium pans are better idrge volume stainless steel pans for the
thermal analysis of cellulose fibres. However, gozaie is needed during sealing of samples
in order to avoid shape deformation of the alummeapsules. Close monitoring is needed
especially during taking the sample in to and duhe heating furnace as the DSC jaws do
not support the aluminium capsule properly- therthe possibility of tilting the pan, which
results in failure. In order to take advantageeitdr signal effects and low costs of
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aluminium pans relative to large volume stainlésglpans, it is recommended that, the
manufacturer improves the shape of the aluminiuns pa suit the jaws of the DSC
equipment.

For the Foxy equation to be used for predictioglags transition of cellulosic
material, a consideration should be taken intactlgstallinity factors. The fit of the
theoretical curve to the experimental data obtafn@a this research leads to the conclusion
that, the Fox equation can be used to predict ldmsdransition and other mechanical
properties of cellulose materials at a given moestiontent/ relative humidity.
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