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Abstract

Inverse gas chromatography (IGC) is a suitable ateth determine surface energetics
of natural fibores when compared to wetting techagqun the present study, the surface
properties of raw and chemically modified lignoatskic fibres have been investigated
by IGC. The fibres chosen for the study were flagmp, kenaf, agave, agave hybrid,
sisal and pineapple. The chemical treatments useat W% NaOH and 2% zein
treatment. The uniqueness of zein treatment is iha bio-based and therefore
maintains the biodegradable character of the nidibras. Fourier Transform Infra-Red
Spectroscopy (FTIR) and Environmental Scanning tedacMicroscope (ESEM) were
also performed to characterize the surface chamgébres. The surface energy and
acid-basic character of fibres were seen to beientted by the crystalline nature of
fibres. Bast fibres exhibited higher surface disper energy than leaf fibres which was
attributed to the intrinsic chemical compositionfibfes. Both alkai and zein treatments

were seen to decrease the dispersive surface energy
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1. INTRODUCTION

Surface properties are widely described in termshefsurface free energy which is
used for the description of interaction betweendssurfaces and is therefore directly

related to adhesion properties of materials.

The surface energy consists of a dispersive tegfmand a specific terms™" caused by
London forces and polar interactions respectivély. the dispersive component of
surface energy is highly sensitive to changes i shrface chemistryys® is an
appropriate parameter for the characterization aoys materiafs The dispersive
component of surface energy also gives informatitthe heterogeneity of the surface

Inverse Gas Chromatography (IGC) is being widelgdusn studies of adsorption
thermodynamics and the properties of organic andgamic materials. This technique
provides information about the adsorption propsrti&cid-base characteristics and a
better comprehension of surface chemistry. Onenefdrawbacks of IGC is that the
technique computes vapour preservation time ofrapudar solvent and therefore it is

not possible to evaluate the polar component dasarenergyys™).

Though there is a lot of literature on chemical ification of natural fibres, there are
only few studies relating to the characterizationl &hanges in acidity and basicity
characteristics of chemically modified natural &§r. In the present study, IGC was
used to characterize the surface properties of wadisn modified lignocellulosic bast
and leaf fibres. The surface dispersive energy thedacid-base characteristics were

evaluated and co-related to the changes occurtiriggichemical modifications.

IGC theory

The dispersive component of the surface energwedisas the specific free energy of
sorption, was measured with dispersive (non-pokmyi acid-base (polar) probe
molecules through pulse technique. The relatiowéen the retention volume and free

energy of sorptiodG’ is given by the following equation:

AG’s =RTInVg +K (1)



where R is the gas constant and K is the De Bo&earball/Rideal constant depending
on the chosen reference state AG’ is also related to the energy of adhesiop W
(between probe molecule and solid) by the equation:

AG’s =N, AW, ()
where a is the cross sectional area of the adsodrad M the Avogadro constant.
According to Fowkes, the dispersive contributiortted work of adhesion Wis given
by:

W, =22 G7) ©)

with vs° andvy, P as the dispersive surface energy of the solid ragsb and surface

tension of the liquid adsorbate respectiVeyombining the equations 2 and 3 :

RTINVC = 2N, [y°)’2 g P°)’2 + const 4)

Thus, the dispersive component of the surface dangi”) can be calculated from the
plot of RTINVPk versus af °)“? .This parameter is defined as the energy requived t
form a unit surface under reversible conditions #risl analogue to the surface tension

of a liquid and in practical terms, the higher theface energy the more the reactivity
of the surface.

A comprehensive insight in the Lewis acid/baseaagfinteractions can provide better
understanding of the influence of the chemical proes of the fibers, as well as their
ability to change via chemical modifications, whighof great importance in fibre-
matrix interface studi€sThe presence of acid and base active sites orttesurfaces
increases the possibility of specific intermolecutderactions with solvents and other

polymer matrice$

In order to measure how easily the surface carraatewith polar molecules, the
specific free energy of sorptiomG’, is determined. The difference between the
measured retention volumes of the polar molecubeisthe reference line given by the
n-alkane is used to calculate the specific inteoactiontribution to the free energy of
adsorption. To obtain Xand K,, AHs must be calculated for probe molecules. Thus, the
parameters can be determined by linearising Gutetaration relating the enthalpy
(AHs) with the acid-base number equatibt:

AH:. DN
_ S_
AN AN catip 5)




where DN and AN* are the donor and acceptor vatidke polar probes, respectively.
The constants Kand K, characterize the ability of the solid sample tcegt or to
donate electrons. When IGC is carried out at itdimilution, Ky and K, relate to the
Lewis acidity and Lewis basicity of the highest myesites. The overall acid/base
character of samples can be evaluated from the 0dK,/K,. At Ky/K; > 1, the surface

is considered to be basic, while fog/K, < 1, the surface is considered to be acfdic

2. MATERIALSAND METHODS

2.1. Samples preparation

Qood quality bast and leaf lignocellulosic fibréaX, hemp, kenaf, agave, agave hybrid
pineapple, and sisal) were procured from local sesir Zein was obtained from
Scientific Polymer Product Company, Ontario, NYI é&ther chemical reagents used in
this study were of analytical grade.

2.2 Chemical Modification of Fibres

2.2.1 Alkali treatment

The fibres were treated for 3 hours under ambientitions with 4% NaOH solution.
The fibers were further washed with water contgnatetic acid. Finally, the fibers
were washed again with fresh water and dried iovem at 70°C until completely dry.

2.2.2 Zein modification

Zein belongs to the characteristic class of pratéinown as prolamines which occur
specifically in cereals. The protein products froamn wet milling are corn gluten meal
(CGM) and corn gluten feed (CGF) and zein is oladias a by-product from corn
gluten medf***° 294 zein solution was prepared by mixing the negliveight of zein

with an ethanol/water mixture in the ratio of 80/dMe fibres were immersed in this
solution and were allowed to stand for 2 hours. &thanol/water mixture was drained
out and the nonwovens were dried in air and theamioven at 110°C until completely

dry.

3. MEASUREMENT OF PROPERTIES

3.1. IGC analysis

IGC measurements were carried out on a commeroiatse gas chromatogragsC,
Surface Measurements Systems, London, UK) equippéda flame ionization (FID)

and thermal conductivity (TCD) detectors. T system is fully automatic with SMS
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iIGC Controller v1.8 control software. Standard gkiteized (dymethyldichlorosilane;
Repelcote BDH, UK) columns with 0.4 cm ID and 30 icnhength were used.

About 1.5 g of the fibers (raw and chemically maati) was packed in the columns by
vertical tapping. The columns with the samples wareditioned over night at 333 K
with helium at 10 ml/min of flow rate, in order temove the impurities adsorbed on the
surface. After conditioning, pulse injections weaaried out with a 25Ql gas loop.
The retention volume and subsequent data were zethlysing GC Standard v1.3 and
Advanced Analysis Software v1.25 based on the emqstexplained in the previous
section. The pysical constants for probes used in IGC calculatiwere taken from the
literature and are reported in TableMeasurements of the dispersive interaction were
made with non polar probes (hexane, heptane, aa@mane and decane) at 298 K at a
flow rate of 10 ml/min of carrier gas (Heliunfor the acid-base studies, polar probes
(dichloromethane, ethyl acetate, acetone, aceilenédnd tetrahydrofuran) were used.
All experiments were performed at 0% RH. Methan9(89% purity) was used as a
non-interacting reference probe and the carrier @#zed was helium (>99.99%

purity), all supplied by Air Liquide Company.

32FTIR

Infrared spectra of the untreated and treated dilwere recorded with an FT-IR
spectrometer (Perkin Elmer FTIR). The spectra veeayzed over the range of 4000 —
650 cn'.

3.3 Environmental scanning electron microscope (ESEM)

ESEM analysis was carried out using a FEI ESEM-ERf&anta 200 scanning electron
microscope. Fibre samples were clamped and sedtionguch a way that a freshly cut

surface was presented to the analysing electram.bea

4. RESULTSAND DISCUSSION

4.1 Dispersive surface energy (ys°)

Untreated fibres

A series of n-alkanes was used to determine thpeditzve surface energy of the

different fibres. The dispersive surface energy natural fibres is dependent on
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microstructure as well as its chemical composi(®ae Table ). It is also related to

the crystalline and amorphous regions within tihees. Figure 1 (a) and (b) shows the

plot of RTINVS versusaN, (yf)y2 (Eq. 4) for the n-alkanes series for agave Silzed

agave hybrid fibres respectively. Excellent linearrections (0.9991-0.9996) were
obtained for then-alkanes series for all samples analyzed. The bdldispersive
surface energyy€) values of the different fibres are summarizedable 3. Flax fiber
presents the highest surface energy while agavedhgkhibited the lowest. It is quite
apparent (from Table 3) that the bast fibres exigher dispersive surface energy than
the leaf fibres. This can be attributed to differes in concentration of cellulose and
crystallinity of the fibres. Similar values foysf) in raw fibres were observed by Mills
et al’ who studied the dispersive surface energy of séuignocellulosic fibers at
different temperatures by IGC. They also observeuioportional co-relation between
surface dispersive energy and percentage of ceiulSuch a clear association was not
found in our studies as pineapple fibre which Hees highest percentage of cellulose
(~80%) exhibited loweys".

Alkali treatment

It can be observed that there has been a signifateange inys” when the fibres were
subjected to 4% NaOH treatment. While 152 of all the fibres decreased upon alkaline
treatment, mercerized pineapple fibres registeretherease. Alkaline treatment is one
of the most commonly used chemical treatments &unal fibers. Treatment of the
cellulose fibers with alkali results in swellingurthg which the natural crystalline
structure of the cellulose —cellulose I- changeséitulose 1l. The degree of swelling
can be influenced by the concentration, the typalkdli, the temperature and the time

of treatmen’t.

In order to understand changes in surface energyhwust look at the supramolecular
chemistry of cellulose which is indeed a complesués Cellulose exists mainly in four
different polymorphs, named cellulose |, Il, llicatv. Cellulose | is found in nature
and it occurs in two allomorphg and }. Cellulose Il is the crystalline form formed
after re-crystallization. Figure 2 shows the stwoes of cellulose | and Il. The basic
differences in both are that the chains in celllbsun in a parallel direction while

cellulose 1l has an antiparallel packing. Also, tinéer-chain hydrogen bonding in



cellulose | is O6-H...03 while in cellulose Il it 86-H....02°. During mercerization,
cellulose | is converted to cellulose Il which leetmodynamically the more stable
configuration and hence will exhibit lower surfatispersive energy.

The extent of transformation from cellulose | tdlWese Il depends on experimental
conditions and nature of fibores. Amongst all théura fibres in the study, pineapple
fibore has the maximum cellulose content (~80%). tAe amount of cellulose is
significantly higher in pineapple fibres, some dfetswollen cellulose may not
recrystallize into cellulose IlI, resulting in lardeaction of disordered amorphous

cellulose which might account for the highe?.

4.1.3 Zein treatment

For the zein treated fibres, it can be observetiWfavalues have decreased for all the
fibres except pineapple fibre. The amino acid cositimn in zeiri° indicates the
presence of both polar and non-polar constituettie, major proportion being
glutamine. The dispersive surface energy is cabgddndon dispersion forces which
are directly proportional to the polarizability asdrface area of the fibres. Due to
interactions between amino groups in zein and hgdrgroups in natural fibres, there
are less free functional groups available hencegtiarizability of the fibres decreases
which creates a lowering of London dispersion fercehis leads to a decrease in the
dispersive specific energy of the fibres. Similasults have been reported by other

researchers whefe® has been co-related to the polarizability of thetesyt.

") and Acid-Base Char acteristics

4.2 Specific Free Energy of Desorption (AG,

A series of polar probes were used to determindAfig™) of all the fibres. Figure 3a

and b presents the plot &TInV_ versus aN, (\(E)y2 of the kenaf fibres before and

after alkaline treatment respectively. The specifiee energy of desorption was
calculated using the difference between the desorginergy of the polar probe and its
dispersive increment, as shown in Figure 3(b) d&edrésults are presented in Table 4.
All the raw fibers exhibited maximum interaction tkvi acetonitrile which is an
amphoteric compound that can interact both witldiacnd basic constituents. Similar
results were found in studies by Heng et al. whib al extensive investigation into

determination of surface energies of natural fibtealkali treated fibres present an



acidic nature evident from the greater interactith basic probes compared to acidic

probes.

The specific free energies of desorption were cdrdeinto acid-base constants using
the Gutmann concept (Eq. 5). The Ka and Kb valwesttfe respective fibres were
estimated from the slope and intercept of the r&spelinear regression line afH/
AN as a function of DN/AN. These values are sumpaatiin Table 5. Due to space
constraints all 21 graphs are not shown. The libeaf the plots (Figure 4a and b)
gives values in the range of 0.92—-0.98, which ssiggthat the Gutmann’s acid—base
concept is valid for the studied system and theifipanteractions may be considered
due to electron donor—acceptor interactions. Théase of all fibers in the study
presented a Lewis base character as seen in TaBlienBar results were observed by
other researchers for hemp fikfeand it was attributed to the presence of extrastiv
like triglycerides, which exhibit basic behaviowatural fibres also contain lignin
which exhibits a dominant Lewis base character laedce that could influence the
results. Another reason could be the inter ana inyidrogen bonding between hydroxyl
groups, that result in free ether linkages whichlda@ontribute to the basic character of
natural fibre&’. Amongst all natural fibres, agave fiber preseheslowest Kb/Ka ratio
1.33, while agave hybrid exhibited the highesior&ti83.

After alkaline treatment, basic character was fotmdiecrease for all fibres except
kenaf. Alkalization cleans the fiber surface bysdiving extractives and hemicellulose.
This would increase the acidic character of theeBbdue to exposure of cellulose,
which is predominantly acidic. Kenaf fibres shoveeslurprising increase of Kb/Ka ratio
which at this point cannot be interpreted. Moretaystic investigation is necessary.
Another reason for the anomalous results can bewtd to the fact that adsorption of
probes onto the fibres is largely affected by thespnce of waxes leading to gas-liquid

interaction between probes and waxes rather thsusgjad interactions.

Zein treatment resulted in increase in basic chardor agave, kenaf and hemp fibres
when compared to raw fibres. The increase in ldgswas due to reduction of the
accessible hydroxyl groups in the natural fibred gnesence of amino groups. The

alkaline treated fibres were found to be more adidan the zein coated fibres.



4.2 FTIR and ESEM

The FTIR spectra of untreated and alkali treateggpple and hemp fibres are given in
Figure 5 a & b respectively. In the untreated sisal pineapple fibres, the peaks around
3329 cnt and 1050.98 chare assigned to —OH stretching, and —C-O / C-Gcsiirey
vibrations respectively. The peaks ranging fromQt2@00 cri are assigned to C-H
and CH stretching vibrations. The peak at 1731 cpnesent in raw pineapple and sisal
fibre corresponds to C=0 in acids and esters afypraric and uronic acids which are
the main constituents of hemicelluloSé* This peak is absent in NaOH treated fibres
due to the removal of hemicellulose by alkali tneant. The intense peak around 1300
cm* is reflects the In the FTIR spectra of zein ®eapineapple and sisal fibres, the
peak at 1071 cih assigned to C-O stretching is less intense inttbated fibres
indicating interactions between functional groufi$ie emergence of new bands on the
zein coated kenaf fibres around 1530cmre assigned to C-N stretching and is
indicative of the fact that zein coating has madifithe fibre surface. Another
interesting observation is the presence of two peaiund 3300cthwhich is attributed

to the presence of amide group in zein treatead$ibFigure 6 (a), (b) and (c) presents
the SEM of untreated, alkali treated and 2% zesatead sisal fibres. The untreated
fibres show the unidirectional structure of therdibvhile alkali treated fibre presents a
rough surface due to removal of non-cellulosic titunents. Fibre fibrillation is also
evident. The presence of zein coating on fibreglésrly seen by the presence of

macrospheres on the fibre surface (Figure 6 c).

CONCLUSIONS

The surface properties of untreated and chemicadiglified lignocellulosic fibres were
analysed by inverse gas chromatography measuremidr@sdispersive surface energy
of natural fibres was found to be dependent on etedncomposition and crystallinity
of natural fibres. Bast fibres exhibited higherfaoe energy than leaf fibres. Alkali
treatment resulted in a decrease for all natutaled. This was attributed to the
conversion of cellulose | to cellulose 1l which gimore stable had a lowes”. The
lowering ofys® in zein coated fibres was attributed to interactidetween hydroxyl
groups and amino groups which led to decreaseem fiolar groups and subsequently
total polarizability of the fibres. All the naturdibres were found to have a pre-

dominant basic character due to the ether linkagesent in the cellulosic structure. It
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is quite apparent that IGC coupled with EDS is @seasful technique for characterizing

surface properties of natural fires.
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TABLES CAPTIONS

Table 1. Physical constants for probes molecules used @d&periments.

Table 2. Chemical composition of fibres

Table 3. Dispersive component of the surface tension (fJamd of the fibers surfaces
before and after treatments.

Table 4 Specific free energy of desorption of untreated @meated fibres

Table5 Acid-base constants (KKp) of the fibers surfaces before and after treatsent
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Tablel

Probe Cross-sectional area (#8°) Surface tensiony)) (mJ/nf) DN (kcal/mol) AN* (kcal/mol) Specific characteristi
n-Hexane 5.15 18.4 - - Neutral
n-Heptane 5.73 20.3 - - Neutral
n-Octane 6.30 21.3 - - Neutral
n-Nonane 6.90 22.7 - - Neutral
n-Decane 7.50 23.4 - - Neutral
Acetonitrile 2.14 27.5 14.1 4.7 Amphoteric
Ethyl Acetate 3.30 19.6 17.1 15 Amphoteric
Acetone 3.40 16.5 17.0 2.5 Amphoteric
Dichloromethane 2.45 24.5 0 3.9 Acid
Tetrahydrofuran 2.90 22.5 20.0 0.5 Basic
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Table?2

Cellulose Hemicellulose  Lignin Pectin Waxes
Fibres (%) (%) (%) (%) (%)
Flax 71 18.6-20.6 2.2 2.3 1.7
Hemp 70-74 17.9-22.4 3.7-5.7 0.9 0.8
Sisal 66-78 10-14 10-14 1.9 0.3
Kenaf 45-57 215 8-13 3-5 -
Agave 59 37.4 2.5 - -
Agave 62 23 5.6 - -
hybrid
Pineapple 70-82 10-12 3-4 - -
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Table3

Dispersive surface energy (ys°)

Fibre Raw material  Alkaline Treatment  Zein Treatien
Agave 42.01 34.69 38.01
Agave Hybrid 37.17 29.72 35.17

Flax 51.37 43.23 43.38
Hemp 46.68 41.92 40.54
Kenaf 42.83 35.50 38.01
Pineapple 39.58 41.74 42.19
Sisal 37.49 35.09 36.78
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Table4

Specific free energy of desorptiai@°" (kj mol™®)

Acetonitrile Ethyl acetate Acetone THF DCM
Fibre Raw 4% NaOH  Zein Raw 4% NaOHZein Raw 4% NaOH Zein Raw 4% NaOF Zein Raw 4% NaOH Zein
Flax 17.666 13.354 8.228 9.468 7.186 8.241 7.622 58%. 6.830| 10.50 7.992 9.178 10.836 8.344 9.560
Hemp 18.627 11.830 19.285 8.892 7.088 7.172 7.445.4965 5.870| 9.809 8.858 8.327 9.100 8.634 7.326
Kenaf 11.673 5.754 18.63p 7.515 5.879 7.132 6.285.8306 6.147| 8.161 3.431 4.830 7.382 5.519 9.481
Sisal 18.597 9.140 15.637 6.614 6.237 6.773 5.287.5024 5460 7.753 6.831 8.088 6.712 5.998  14.947
Pineapple 16.305 11.879 8.583 8.067 7.415 9,033537.6 5.951 9.590 8.749 8.251 9.011 8.531 7.765  10.676
Agave 16.550 7.060 9547 7.806 6.286 6.335 6.6246874. 4.799| 9.683 7.060 7.125 8.126 6.205 6.525
Agave hybrid  18.793 9.708 8.583 7.459 5148 6.335408 3.420 4.799 8.018 6.411 7.125 7.589 4.264 780.6
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Table5

. Raw Alkaline Treatment Zein Treatment

Fibre Ka Kp Ko/Ka Ka Kp Ko/Ka Ka Kp Ko/Ka

Agave 0.11 0.15 1.36 0.08 0.07 0.88 0.09 0.14 1.56
Agave Hybrid 0.09 0.33 3.67 0.07 0.03 0.43 0.08 0.07 0.88
Flax 0.12 0.22 1.83 0.09 0.16 1.78 0.11 0.02 0.18
Hemp 0.11 0.27 2.45 0.10 0.03 0.30 0.09 0.28 3.11
Kenaf 0.09 0.14 1.56 0.03 0.25 8.33 0.05 0.41 8.20
Pineapple 0.10 0.28 2.80 0.09 0.12 1.33 0.10 0.20 2.00
Sisal 0.08 0.26 3.25 0.08 0.07 0.88 0.09 0.18 2.00
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FIGURES CAPTIONS

Figure 1. Plot of RTInVy versus aN, (yf)y2 for the n-alkanes series on&) Agave

fibers and ) Agave Hybrid fibers
Figure 2: Hydrogen bonding pattern for (a) cellulose | anddgllulose II

Figure 3: Plot of RTInVs versus aN, (yf)% for polar probes in kenaf fiber, (a) before
and p) after 4% NaOH treatments.

Figure 4. Plot of AHJAN* versus DN/AN* for Flax &) and for hemplf), before and
after treatment.

Figure5: FTIR spectra of untreated and treated pineappitedi

Figure6: ESEM of (a) untreated (b) 4% NaOH and (c) 2% zssal fibres.
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