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ABSTRACT

It has been shown that the thermal treatment (<100 ° C) of cellulose fibers for
periods shorter than 24 hours causes, additionally to the yellowing, the
increment in tensile strength, elasticity modulus, toughness and resiliency,
besides less plastic deformation in fibers after traction. These phenomena
were interpreted from changes in hydrogen bonding monitored by FTIR.
Aiming at evaluating changes in the mechanical strength of bleached euca-
lyptus fibers, samples were subjected to thermal treatment at temperatures
ranging from 60°C to 100°C. The optical and mechanical properties, struc-
ture of linkages and crystallinity were monitored. Each year, new applica-
tions are developed by inserting the pulp as fibrous or not raw material, in
increasingly diversified segments. Theincreasein the strength of the samples
after thermal treatment has been justified by theincreased interfiber interac-
tion and possibility of formation of interplanar hydrogen bonding. Thether-
mal treatment, in the settings used here, representing agood alternative for
predicting the behavior of cellulose pulp optical properties.
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INTRODUCTION

Cdluloseisalinear b-1,4-glucan, andisthe most
abundant polymer availableworldwide. Itsstrength, low
density, biodegradability, high sustainability and easy
conversioninto other products*”-2! can beconsidered.
According tol? thesefeatureshaveincreased thein-
terestinitsincorporation in advanced materialssuch as
composites, nanocomposites, biomaterial sand engi-
neeringarticles.

Infact, thecelluloseis marketed in theform of fi-
bersand the strength of thesefibersisclosely linked to
peculiarities of theraw material and to forms of pro-
cessing. Actualy, the evaluation of the strength of the
fiberd® besidesanatomica factors, their arrangement
inthe production of the samplesisof great importance
duetoinfluencingthetropic state.

Many studiesontheeffect of heat onthe structure
of cellulose havebeen carried out intherecent litera-
turein order to understand the pyrolytic process. The
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main objectivesarethe controlling of thermal stability,
mainly for wooden, paper, and textilematerial §24. Al-
though many other recent studieson thethermal degra-
dation of cellulose have been carried out, the detailed
pathway of this processisnot understood clearly as
pointed out by?!. Becausethethermal degradation of
cdllulose occursthrough aseriesof complex features, it
isdifficult to eva uatethe mechanism of pyrolysisdeg-
radation. Low-temperature delaystheinitial process,
corresponding to areduction in the degree of polymer-
ization and the formation of the so-called
‘anhydrocellulose’ or “active cellulose’. High tempera-
ture pyrolysisof celluloseisexpressed by two com-
petitive degradationreactions: thefirst essentialy to char
and gas, the second to tars?.

Fiber strength of the naturd fiberscan bemodified
by thermd treatment™. Suggest thelack of interplanar
hydrogen bondingincellulosel 6 incrystd structureand
hydrogen-bonding systemin cdlulosel from synchro-
tron x-ray and neutron diffraction’® 21, Showed that the
hydroxyl in (C6) undergoes changes dueto heating,
being essentially positioning perpendicularly to the
scheme of theglycosidic ring. Thisrepositioning en-
ablesthearising of interplanar bonding and consequent
increaseinthedasticity modulusof thefiber. Mechani-
cal damagessuch asfoldsand collapsing also should
be eva uated, oncethey changetheeffort distribution
during thetestg®+6.18:19

Many works have been performed in order to de-
scribe the strength mechani smsin material scomposed
by afibrouschain. Theseworkshave, infact, culmi-
nated in the arising of two lines, being one based on
structural model sand the other one on molecular mod-
els. Thestructural modelsare morefocused on thetest
mechani cs, while the molecular modelsarebased on
assumptionsrelated to the energies of thebonds. Each
molecular or structura theory will fit better depending
onway the effort isapplied. However, both of them
convergeto acommon factor, theinterfiber interac-
tl On[15' 16, 18] .

It isreasonableassumethat the strength of chain of
cellulosefibersisstrongly influenced by theinterfiber
interaction, mainly hydrogen bonding. At thetimeof the
fracture of the samples, these bonds are broken espe-
cidly dueto the magnitude of their energy when com-
pared, for example, to the glycosidic bonding present
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inthecd lulosechain. However, themechanicsof each
test may favor theloading of aparticular group of bond-
ing. Inthetensletest, for example, the hydrogen bonds,
themost important interaction between cdlulosicchains,
have an important role. Onthehand, inthetensiletest
with zero spacing, theintramolecular bonding (hydro-
gen bonding, electrostaticinteractions and coval ent
bonding) and structural defects start to play amore
important role, oncethefibersreceivetheeffort directly
from thetesting machine. In addition, another impor-
tant fact isthat theintrafiber hydrogen bonding may be
gradually broken considering that fracture does not
occur obligatorily, but only aresidua plastic deforma:
tion®.,

Exposureto distinct environmenta conditionsmay
modify the properties of the cellulosic pul p causing
changesinitsappearanceand initsintraand intermo-
lecular bonding structure. These changesarerelated to
hydrolytic, thermal, photo-induced and bacteria pro-
cesses or to their combination. Such processes have
theability to modify the optica and mechanica proper-
tiesof pul ps, and themonitoring of each of thesemecha-
nismswould requireaspecific andytica routefor their
evauation.

Inthe behavior of fiber propertiesover time, itis
very common useincubator testsat high temperatures,
ignoring the specificity of each method. Thisproblem
becomesvery clear when obtaining predictivedatare-
garding themechanicd properties. Itiscommontofind,
complementarily, information on physical properties
derived from thermd testsevenif they do not represent
theredity towhich thefibers are subjected over time.
Thesefindingsgenerally point out the hysteresis pro-
cess'Y, justifying the hysteresis effectson successive
pul p drying and rehydration. Thus, few studiesreport®
ontheeffect of thermd treatment about the strength of
non-rehydrated fibrousmaterias, especidly thosecom-
posed of short fibers, such aseucalyptusfibers, infor-
mation that would be very useful for inferences about
thepropertiesof materids.

Aiming at eva uating thechangesinthestrength of
bleached eucalyptusfibers, fibers sheets were sub-
jected to thermal treatment at temperatures ranging
from 60°C to 100°C in our studies. Following, tensile
strength, elasticity modulus, resilience, toughnessand
tensile zero span were evaluated. Thevariationsin
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crystallinity and length of fibersafter deformationin
the tensile test were also evaluated. It is common
knowledgethat the cellul osic pulp exposureto differ-
ent environmental conditionsmay modify its proper-
ties. Thechange modificationsin thefibersproperties
are very important to pulp and paper industry in a
genera way. In addition, only some papers havere-
ported the effect of thermal treatment on the strength
of fibrouscellulosic materids.

MATERIALSAND METHODS

Materials

Bleached eucalyptus pulp (ECF) collected be-
forethe drying line at Celulose Nipo-Brasileira-
CenibraS/A. wasused inthiswork. After sasmpling,
thefiberswereclassified in a60 mesh sieveto re-
move fines. Then, metals were removed by acid
leaching (pH: 2.0; T: 25°C, 48 hours). In the end,
the pul p was neutralized by using adiluted sodium
hydroxide solution and centrifuged to 30% consis-
tency. Thecdlul osic fibers sheets (grammage = 60g/
sgm and 200 g/sgcm) were exposed to thermal treat-
mentsand anaysis.

Methods

The sampleswerethermally treated inanot sedled
incubator with temperature control in periodsranging
from Oto 24 hoursand sampling interva sof 6 hours.
Thetemperaturesused in thetestsfor each retention
time were 60°C, 80°C and 100°C =+ 0.2°C. Ten
samplesfor fibers sheetswereanayzed for each time-
temperature set.

After treatment, thewhiteness, CIELAB-bydlow-
nessrate, tenslestrength, tensilestrength, tensilezero-
gpan, tear rate and crystallinity weredetermined. The
standards used aredescribed: Preparationsof Samples:
Tappi T205 sp-02 and Tappi T220 sp-01; Tensile
strength: Tappi T494 om-01; Tensle Zero Span: Tappi
T231 cm-96; Tear Rate: Tappi T404 cm-92; White-
ness: Tappi T525 om-92 and CIELab: Tappi T524-
om-94 and Tappi T1213 sp-03.

Theinterfiber interaction was based on equation 1
and toughnesswas obtai ned through theintegration of
the stress-strain curveof thetensiletest™.

B= 821 ;Z—Tensile Zero Span,
(82-9T)
km; T - Tensilestrength, km

Thecrystdlinity variationswere eva uated through
theratio betweentheheight of theinfrared pesksinthe
1,429 cm* and 897 cm™ (A, /A4,.); 1,372cm*and
2,900cm™ (A, /A.,,,) areasaccording to the meth-
odology used by Akerholm et al. (2004). The spectra
were collected between 500 cmrt and 4000 cm?, with
64 scansand 1,926 cmr* resol ution by using aNicol et
thermo FC 330 FTIR.

After thetensletest, fibers sheetsweresampledin
the fracture area and were exposed to 100°C during
24 hoursin order to eliminateresidua water for evalu-
ation of thelength of thefibersafter thetest. Theverifi-
cation of length of thefibers sampled was performed
ontheAnkersmid Cis 100 anayzer which eva uatesthe
szeof theparticlesthroughtheincidenceof alaser beam.
The Threshold parameter was set to 235 and the num-
ber of scans 3000.

@)

RESULTSAND DISCUSSION

Evaluation of optical properties

Whitenessisoneof themostimportant parameters
intheoptica quality evaluation of bleached cellulose
pul p and itsstability has been object of study in many
works. Consequently, the effect of heating onthisprop-
erty shal not be neglected”8 %19, Thevariance analy-
sisof theresultsof pulp whitenessafter thermal treat-
ment has shown that both thetime and the exposure
temperatureare significant (p<0.05). Another impor-
tant indicator for thecedlulose pulp optica qudity isthe
yellownessrate, Cielab-b, obtained fromtheanaysis
of CIELab whiteness. Aswell aswhiteness, thispa
rameter hasal so shown dependence ontimeand tem-
perature (p<0.05). Theresultsshow the pul p yellow-
ing trend over time at thetwo temperatures, however
moreevidently at higher temperatures, asdemonstrated
inFigure 1a. Figure 1b showsthewhitenessevolution
over timeat 80°C and 100°C temperatures indicating
thedeclining trend dueto theriseof timeand tempera-
ture. Thisbehavior iswell known and has dready been
discussedin literature!® 19,
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Figurel(a) : Cielab ver susexposuretimeto80°C and 100°C
temper atur esand (b) Whitenessver susexposur etimeto 80°C
and 100°C temperatures.

Theformation of oxidized Sructures, asthosedem-
onstrated by!'% and the content of transition metals
and hexenuronic acid are often pointed out asbeing
responsiblefor the whiteness reversion. In arecent
work!, have correlated the whiteness reversion to
theformation of organochlorinated compounds. The
carbonyl groupsareresponsiblefor thewhitenessre-
duction duethe exposureto heat and light, while car-
boxylic groups cause reduction dueto heat exposure.
However, inthiswork, itisimportant to emphasi ze
thetransition metals, especially Cu, Mnand Fe, were
removed at undetectablelevel sby atomic absorption
spectrometry, being their influence minimized onthe
whitenessreversion processes observed.
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Mechanical properties

Thethermd treatment wassignificant inthe change
of thetensile strength and tensile zero span according
totheanalysisof variance (p<0.05). Figures 2 show
theevol ution of thetenslestrenght and tensile zero span
versus exposuretimeat 60 ° C and 100 ° C tempera-
tures, demongtrating theincreasing trendin both of them.
Theedimination of residua water moleculesafter ther-
mal treatment could provokeabetter inter-chain asso-
ciation between cellulose chainsonto the cellul osefi-
bers. The sametrend wasreported by!*® dsoworking
with unrefined pulps. It has a so been noted that the
effectsaremorepronounced at higher temperatures.
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Figure 2 : Tensile strength versus time after exposure to
60°C and 100°C (a) and Tensile Zero span versus time after
exposureto 60°C and 100°C (b)
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Figure 3 showstheinterfiber interaction () increase
to 60°C and 100°C temperatures versus the exposure
time, cal culated according to equation 1. It should be
taken into account that therateis based on the struc-
tura theory proposed by, Asshownin Figure 3, the
interfiber interaction showed aconsiderableincrease
after thermal treatment especidly for treatment at 100
°C. Thisbehaviour can be associated with anintensifi-
cation of OH interactions between fibersafter thermal
treatment. He same way more hydrogen bonding abil-
ity whenthefibersweretreated at high temperature.
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Figure3: Interfiber interaction. Sampleexposed to 60°C and
100°C
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Figure4(a) : Stress-gtrain intheeastic zonefor the sample
with no exposur eto temper atur e and exposed to 60°C and
100°C during 24h and (b) Resilience for the sample with no
exposur etotemper atur eand exposed to 60°C and 100°C dur-
ing 24h.

Figure 4ashowsthe stress-strain behavior inthe
elastic areaduring thetensletest on the sampleswith
no exposureto heat and exposed during 24h to 60°C
and 100°C. The results show a 29.5% increase in the
elasticity modulus after thermal trestment. It may also
be observed that the el astic zone was not changed,
remaining at 0.33 mm. As aresult of the elasticity
modulusincrease, therewas al so resilienceincrease
(Figure4b).

Itisnotedin Figure5athat longer strain valueswere
obtained after thermal treatment, withasignificantin-
creaseinrupture stressfor thermal treated samples. As
observed for the el asticity modulus, theresults origi-
nated from sampl es exposed to greater temperatures
were higher. Figure 5b shows the toughness of the
samplesand it can be noted higher valuesfor this pa-
rameter after thermal treatment as consequenceof fi-
ber interaction modification provoked by higher tem-
peratures.
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Figure5(a) : Sress-strain behavior for samplesbeforeand
after exposureto 60°C and 100°C during 24h and (b) Tough-
nessfor B samplewith no exposuretotemperatureand ex-
posed to 60°C and 100°C during 24h.

TABLE1: Lengthof fibers

Before Traction

After Traction

Origin
100°C and 24h

0.7476 mm
0.7476 mm

0.8703 mm
0.8396 mm
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TABLE 1 showsthe medium length of thefibers
before and after the traction tests. It’s clear that the
lengthsof thefibersare higher after thetest. Thether-
md treatment reduced theductility of thefibersascon-
sequence of the modification of fiber interaction as
showed in Figure 3. Data presented on fiber length af -
ter traction are statistically different according to the
Tukey test at 95% confidence (TABLE 1).

Theeasticity modulus and the strength to rupture
may be changed by the formation of higher density of
intraand intermolecular interfiber bonding and larger
crystal packaging that would restrict themovement of
thefibers, microfibrilsand crystd planesduringthetest.
Therefore, some hypotheses may beraised to explain
theincreaseinthetenslestrength with thethermd trest-
ment. Thefirst oneistheincrease of the crystallinity,
considering theamorphous areaasthe place of higher
fragility and less packaging, causing thusapremature
fracture. Another possibility isthemodification of the
hydrogen bonding, enabling the increase in the
interplanar andinterfiber interaction, mainly reflectedin
thetenslestrength. A third hypothesisisthetransition
betweenthel - IB crystallineforms, once IB isther-
modynamically morestable.

Thefirst two hypotheseswere evaluated by using
the spectroscopy intheinfrared area. Figures6ae 6b
showstheinfrared spectrum with Fourier transforma
tion (FTIR) for thesamplewith no (red) and with (ye-
low) thermal treatment to 100°C during 24h. In Figure
6b thereis change (disappearance) in the absorption
band at 3,270 cm?, where there is intermolecular
C20H—O06 and intramolecular C30H—OS5 hydro-
gen bonding. Great change has al so been observed
between 3,340 cm* and 3,360 cm® concerning the
hydrogen bondingin the carbon six hydroxyl. Accord-
ing tol?®, changesin 3,270 cm™* and 3,340 cm® often
occur when exposed to heat. According to Maréchal
& Chanzy (2000), the 3,340 cm™ area associated to
the 1,060 cm arealindi cates strong hydrogen bonding
in secondary alcohols, however these areas may be
modified by heating below 120°C, which does not in-
dicate its breakdown, but the arising of the weaker
bonding.

In addition, the disappearance of the peak at 3,400
cnmrt may al so be seen in Figure 6a, concerninginter-
molecular hydrogen bonding in C60H-- and thesignal
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intensification of theweak hydrogen bonding at 3,460
cnrt. No change was observed in theintermol ecul ar
hydrogen bonding among C60H—O3. The only
change observed in the spectrum of Figure6b isthe
disappearance of the peak at 695 cm'?, concerningthe
OH stretch outwardsthe scheme. Theresultsshow that
the exposureto heat causesrestructuringin hydrogen
bonding more bonding ability with possible conse-
guences on the mechanical propertiesof thefibersat
hightemperature,

(a)

TH

ib)
Figure6(a, b) : FTIR spectrabeforetreatment (red) and after
exposureto 100°C during 24h with different ranges.

Figure 6ashowed changesin theareaconcerning
the hydrogen bondinginthe hydroxyl at C6 (3,400 crm
13,460 cm™) indicating that such modification may
have occurred® 28, Showed that the hydroxyl in (C6)
undergoes changesdueto heeting, being essentidly po-
sitioning perpendicularly to the scheme of the glyco-
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sidic ring. This repositioning enables the arising of
interplanar bonding and consequent increaseintheeas-
ticity modulusof thefiber.

The modification of hydrogen bonding may also
causemgor changesincrystdlinity. Figure 7 showsthe
ratio between the peak heightsat 1,372 c* and 2,900
cm?t, and between the peaks at 1,429 cmr! and 897
cmri2 28, Showed rati o between the height proportion
of theseinfrared peaksand cellulosecrystalinity. Fig-
ure 7 showed increasing trends versus the exposure
timeto 100°C, and it is an indication of possible rise in
thecdlulosecrystdlinity dueto degradation of theamor-
phousareasor restructuring.

Accordingto?!, cryddlinity affectsthetensle prop-
ertiesof thefibersinaway that the elasticity modulus
and hardnessincreaseand theflexibility decreaseswith
theincreaseof crystalinity index.

Ratio, . [ g A(1a72Al2000) 223
20 m Al1420VA a07)
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Time, h

Figure7: Ratio between the height of 1372/2900 and 1429/
897 peaksver susthe exposur etimeto 100°C.

CONCLUSION

It has been demondtrated in this study that thether-
mal treatment (<100 ° C) of cellulose fibers in periods
shorter than 24 hours causes, additionally to the yel -
lowing, theincrementintenslestrength, € asticity modu-
lus, toughnessand resilience, besideslessplastic de-
formationinthefibersafter traction. Theincreaseinthe
strength of the samplesafter thermd treatment hasbeen
justified by theincreased interfiber interaction and pos-
sbility of formation of interplanar hydrogen bonding.
Thethermd trestment, inthe settingsused here, dthough
representing agood aternativefor predicting the be-
havior of cellulose pulp optical propertieslover time,
does not provide subsidiesfor the same analysisre-
garding mechanicd properties.
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