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Abstract

Natural rubber was reinforced with sisal — oil pathybrid fibers. Composites were
prepared by varying the weight content of the sband chemical modification of the
bio- fibers. The interaction of three different égoof aromatic solvents, namely, benzene,
toluene and xylene with the rubber composites wadyaed. Textile composites were
also prepared by sandwiching a single sheet of &akaic between two pre-weighed
rubber sheets. The diffusion behaviour of the kexdomposites in benzene, toluene and
xylene was also analyzed. The mechanics of diffusi@s found to be different for
hybrid and textile biocomposites. The swelling ndigctor was also calculated for all the
composites. Swelling was found to be predominagégendent on the aromatic solvent
used and chemical treatments. Chemically modifiechposites were found to be less

prone to solvent permeation.
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1. INTRODUCTION

Bio-fiber reinforced composites are finding tremeusl applications in various fields
ranging from the automotive industry to the condion industry. The most attractive
aspect about natural fiber reinforced compositethes positive environmental impact.
Also the fact that they are low cost, light weighteave enhanced mechanical properties
and are free from health hazard makes it all theenmderesting.

The latest research and development results deaithgnatural fiber reinforced
plastics have shown the possibilities of partiplaeement of inorganic fibers in interior
components of cars and trucks such as door linipgssel racks and column trfim
Plastic/wood fiber composites are being used iargel number of applications in decks,
docks, window frames and molded panel compoReiitshas been reported that 460
million pounds of plastic/wood fiber composites weproduced in 1999 Recent
statistics show that the production of these comg®sn 2001 has increased to 700
million pound$. Another innovative approach is the use of natitars in concrete,
which provides a daunting challenge to the housestcoction industry especially in non-
industrialized countri@s As these fibers are cheap and readily availabée energy
required for the processing of these compositésws also the incorporation of random
vegetable fibers in cement matrices requires ordgnall number of trained personnel in

the construction industry.

The use of vegetable fiber reinforced foamed mateiave attracted attention
because of the possibility of reducing automobdastruction due to the hollow cellular
structure of fibers. Natural fiber reinforced paigthane foams have been found to have
low densities while in the case of natural fibeinferced epoxy foams; they combine
excellent tensile properties with low specific nfagsnother recent application is the
production of needle-punched non-wovens of pureurahtfibers or needle-punched
hybrid non-wovens of natural fibers and polypropgdibers, which are, used as semi-

fabricated forms for technical componénts



Diffusion in organic solvents is an important studyelastomeric compounds
because it can be used as a measure of theirdomgehaviour in a liquid environment.
It can also be an indirect estimation of the irgeidl adhesion in rubber composites. The
factors that affect swelling are type of solvenedjstemperature, structure of rubber
compound and presence of fillers or fibers. Thesgmee of fibers is of utmost
importance as it influences the sorption behaviaur rubber composites. The
reinforcement of natural fiber in rubber compos#esl their applications has been well
documented

In the case of systems containing hybrid lignodediic fibers the intrinsic
characteristics of both the fibers come into pl&gnerally it has been seen that the
presence of fibres restrict the entry of organigesats. But anomalous results were found
in the transport of organic solvent through coibefi reinforced natural rubber
composite . The authors found that the presence of coirrdibgid not completely
restrict the passage of solvent. At high leveldilzér loading it was found that sorption
decreased. Also composites containing chemicadlgtéd fibers were found to be less
prone to solvent sorption.

In another interesting study the interfacial adyesn sisal fiber reinforced SBR
composites was analysed by Kumar and Thofhasey observed a marked reduction in
swelling behaviour upon the incorporation of filaerd chemical modification. This was
attributed to increased hinderance and good fibeber interactions due to the presence

of bonding agents.

In a study involving hybrid fiber composites, thaerfacial adhesion of short
sisal/coir hybrid fibre reinforced natural rubbengosites was investigated by restricted
equilibrium swelling technique by Haseena ét.alhe authors found that as fibre content
and penetrant size increased, the solvent uptale faand to decrease due to the
increased hindrance and good fibre—-rubber intemactrhe bonding agent added mixes
showed enhanced restriction to swelling and it wasn that the ratio of change in
volume fraction of rubber before and after swellitogthe volume fraction of rubber
before swelling ¥, - Vi/Vp) was lower for bonding agent added composites,nwhe

compared to an unbonded one.



It is obvious from the literature that the solvaorption of hybrid bio-fiber reinforced
natural rubber biocomposites has not been extdgsistidied. Also the sorption
characteristics of woven biocomposites need to bdressed. This manuscript

investigates the sorption uptake of organic solv@mtybrid and woven biocomposites.

EXPERIMENTAL
Sisal fiber was obtained from Sheeba Fibers, Pamda Tamil Nadu. Oil palm fiber

was obtained from Oil Palm India Limited. Naturalbber used for the study was
procured from Rubber Research Institute of Indiaft&am. All other ingredients used

were of commercial grade.

Fiber Preparation
The chemical constituents and physical propertiédbers are given in Table | & II.

Sisal and oil palm fibers were first separated frandesirable foreign matter and pith
material. The fibers were then chopped to diffetengths. Sisal and oil palm fibers of
lengths 10 mm and 6 mm were treated for 1 hr. wdtium hydroxide solutions of

varying concentrations viz., 0.5, 1, 2 and 4 %aHnthe fibers were repeatedly washed
with water and air-dried.

In this particular analysis a unidirectional typefabric weave having a count of 20 is

used (See Chart I). The properties of woven s&aid are given in Table llI.

Preparation Of Composite
Formulation of mixes is shown in Table IV a & b.tNi@l rubber was masticated on the

mill for 2 minutes followed by addition of the irgglients. The composite materials were
prepared in a laboratory two-roll mill (150 x 300mnihe nip-gap, mill roll, speed ratio,
and the number of passes were kept the same theathixes. The samples were milled
for sufficient time to disperse the fibers in thatnx at a mill opening of 1.25 mm. The
bonding system consisting of resorcinol and hexhyhethe tetramine was incorporated

for mixes containing treated fibers. The fibers evadded at the end of the mixing



process, taking care to maintain the directionarhgound flow, so that the majority of
fibers followed the direction of the flow.

The sisal fabric — natural rubber textile compasiteere prepared by sandwiching a
single layer of sisal fabric between two layerspoé-weighed rubber sheets which was
then compression moulded at 150° C under a presgut20 for 8 minutes [See Figure

1]. The formulation of different composites is giva Table V.

5. MEASUREMENT OF PROPERTIES
Solvent sorption is evaluated in terms of weightré@ase for composite specimen

immersed in solvents benzene, toluene and xyleneoatn temperature. Circular
specimens of thickness 2 mm were dried in vacuumo@n temperature for two days
and the weight of dried specimen was measured uamgelectronic balance. The
thickness of the samples was also measured. Tigheaeispecimens were then immersed
in the solvents. The specimens were periodicallporeed from water bath and the
surface solvent was wiped off. The weight gainh&f $pecimen has been measured as a
function of time until equilibrium or saturated t&taf solvent uptake has been reached.
The molar percentage uptake Qr the composite samples was determined using the
following equation:

(Wz _Vvl)/M

Q= =x100 [1]

1

where W is the weight of the sample after swelling ; W the weight of the sample
before swelling and Mis the molecular mass of the solvent. The sorptata were
evaluated by plotting the mole percentage uptakiefcomposite versus square root of
time for different solvents.

6. RESULTS AND DISCUSSION
6.1. Hybrid Biocomposites

6.1.1 Effect of fiber loading on solvent uptake



The variation of toluene sorption with time as adion of fiber loading is shown in
Figure 2. Here it can be seen that maximum solgenption is exhibited by the gum
compound. Upon biofiber incorporation, solvent kptalecreases and minimum uptake
is shown by 50 phr composite. This is due to tloe laat the uptake of organic solvents
is predominantly dependent on voids that are ptasenatural rubber. The presence of
fibres in rubber matrix will thus restrict the enof solvent. Biofibres are composed of
hydrophilic cellulosic units and therefore do nbow affinity to organic solvents. Hence
solvent uptake decreases upon biofibre incorparatio

The variation of solvent uptake in different orgarsolvents (benzene, toluene and
xylene) as a function of fibre loading is presenitedrigure 3. Here it can be seen that
solvent uptake is dependent on the size of solwveiécules. Uptake is maximum when
the solvent used is benzene and minimum uptaker®aghen xylene is used as the
solvent. We can also co-relate the diffusion precggh speed of the diffusing solvent
molecules. Diffusion is related to the velocitytbé diffusing molecules by the equation

given below:

1. _
D==Ac 2
3 (2]

where C= mean velocity of molecules
A= mean free path (distance traveled by moleculesdan two consecutive collisions)
Since the velocity decreases with size of penatyatmolecules, diffusion also decreases

upon using high molecular weight solvents.

6.1.2 Effect of chemical modification on solvent uptake

Mercerization is an economical and effective methedd for improving the interfacial
incompatibility between the matrix and the fibdrichproves the fiber surface adhesive
characteristics by removing natural waxy materidigmicellulose and artificial
impurities by producing a surface topograffhyn addition to this, alkali treatment can
lead to fibrillation ie breaking down of fibers ansmaller ones. All these factors provide
a large surface area and give a better mechamotaillacking between the fiber and
matrix. As the strength of NaOH increases, the amotisurface area created increases,



providing better mechanical interlocking betweem fiiber and matrix. Besides the
removal of hemicellulose and waxes, the treatmatit WaOH solution promotes the
activation of hydroxyl groups of cellulose unit lbyeaking the hydrogen bond. The
authors in a previous study observed that merdesizaf sisal and oil palm fibers in

natural rubber composites resulted in enhancedlégmsperties®

Figure 4 presents the variation of toluene sorptigth time as a function of chemical
modification. From the graph it can be seen thawmared to untreated, the composites
containing treated fibres show lower solvent uptakeong the composites containing
treated fibres, minimum solvent uptake is showncbgnposites containing 4 % NaOH
treated fibres. This clearly indicates that strangeerfacial adhesion is present in alkali
treated composites. Due to the presence of a stnvedace, there are fewer gaps in the
interfacial region which makes it difficult for s@nt to enter the interfacial region.
Another factor is that stronger adhesion resultsgimer packing within the rubber- fiber
network due to which, the distance traveled bydtfieising solvent molecules between
two consecutive collisions decrease (mean free)patid consequently results in
lowering of solvent uptake ( See equation 2).

It can also be seen that among the compositesinomgasilane treated fibres, minimum
solvent uptake is exhibited by fluorosilane treatsmmposites (P) and maximum by
vinylsilane treated composites (Q). The reactiorcimaism can be explained as follows.

First silane reacts with water to form silanol amdalcohol.

NH3(CHy)3Si(OGHs)3 + 3HHO ———»  NHE(CHy) Si (OH) + 3G Hs-OH [3]

In the presence of moisture the silanol reacts wvagdroxyl group attached to the

cellulose molecules of the fiber through an ethd@ge with removal of water.

NH, (CHy)s Si (OH) + H0 + Fiber-OH____ . NH{CH,)s Si(OH), ~O-Fiber [4]
- H,0

Similar reactions takes place for fluro silane &yl silane coupling agents. The rubber

matrix gets attached to the organo functional grofipsilane coupling agent either



through a covalent bond or hydrogen bond. Hereptssibility of hydrogen bonding is
greater due to the presence of nitrogen in aminageand fluorine in fluro silane group,
while no such possibility exists in vinyl group. &lschematic sketch of the interaction

between rubber, amino and fluoro silane couplingnagnd fiber is shown in Figure 5.

This kind of bonding cannot be possible for theylisilane group. The hydrogen bond
formed by the fluorine to the matrix will be strargthan hydrogen bond formed by
nitrogen to the matrix due the high electronegatiaracter of fluorine atom . Thus in
fluro-silane treated composites fiber / matrix ekibe will be very stronger compared to
amino-silane treated and vinyl-silane treated casitps. Due to the stronger fiber /
matrix adhesion, the uptake of solvent will be lesdlurosilane treated composite as
seen in the figure. Thus fluro-silane treated fibbentaining composites show lowest
solvent uptake compared to other silane treatecplesmThe sample Q i.e. composite
containing vinyl silane treated fiber exhibits tlaegest uptake of solvent. As the fiber-
matrix adhesion is very weak in vinyl silane treatomposite, maximum uptake of
solvent takes place. Composites containing amilamesitreated fibers show medium
water uptake. In these composites the adhesiohetantatrix is not as strong as in fluro
silane, but stronger than vinyl silane treated cositp.

The improved interfacial adhesion in chemically mied composites can be further
understood by looking into fracture topography bé tsystem. Figure 6 depicts the
scanning electron micrographs (SEM) of tensile tireec surfaces of untreated, alkali
treated (4 %) and silane treated composites. Figye shows the tensile failure surface
of composite containing untreated composite. Thesgmce of cavities is clearly visible
in both the figures. This indicates that the leskebhdhesion between the fibers and the
matrix is poor and when stress is applied it caukedfibers to be pulled out from the
rubber easily leaving behind gaping cavities. TiEMSof composite containing fibers
treated with 4 % NaOH is presented in Figure 6 Th)s figure shows short broken fibers
projecting out of the rubber matrix. This indicatkat the extent of adhesion between the
fibers and rubber matrix is greatly improved ancewlstress is applied the fibers break

and do not wholly come out of the matriigure 6 (c) presents the tensile fracture of



composite containing fluorosilane treated fiberrdHee can see the presence of rubber
particles adhering to the fiber surface and no idemable cavities indicating good
interfacial adhesion.

The variation of solvent uptake in different orgarsolvents (benzene, toluene and
xylene) as a function of chemical modification iegented in Figures 7. As expected
uptake is found to be maximum when the solvent usdgtnzene and minimum uptake
occurs when xylene is used as the solvent. Th@mgashe same as explained in Section
6.1.

6.2. Textile biocomposites
Figure 8 presents the variation of toluene uptakentreated and treated composites.

Contrary to expectations, it can be seen that caeitggcontaining chemically modified

fabric show higher solvent uptake than untreatedicating that poor interfacial adhesion
is present in the composites. The minimum solvegstake is exhibited by composite

containing thermally treated sisal fabric. This gests the better interfacial bonding in
the composite due to removal of water and increasgstallinity of fabric.

The variation of solvent uptake in different orgarsolvents (benzene, toluene and
xylene) is depicted in Figure 9. Here also we aam that uptake is maximum when the

solvent used is benzene and minimum uptake ocdues wylene is used as the solvent

6.3 Swelling index values
Swellingindex which is a measure of the swelling resistaofcéhe rubber compound is

calculated using the equation:
Swelling index % =ix100 [5]
W

where A = amount of solvent absorbed by sample

w = initial weight of sample before svirag.

The diffusion mechanism in rubbers is essentiabpynected with the ability of the
polymer to provide pathways for the solvent to pesg in the form of randomly
generated voids. As the void formation decreasds filer addition, the solvent uptake

also decreases. Table VI shows the swelling inddues of composites at different fiber



loadings and that of composites containing cheryid¢edated fibres in different organic
solvents.

It can be seen that for all the solvents, the gompound shows the maximum value for
swelling index indicating maximum swelling and nmmim crosslinks. As fibre is added
to the matrix, swelling decreases since the fibbestrict the entry of the solvent. Among
the alkali treated fibres, | shows maximum swellindex value and L shows minimum
swelling index. This suggests that for compositeated with 4 % NaOH there exists a
strong interface due to better adhesion betweenendnd fibre and this prevents entry of
solvent and results in minimum swelling. Among tk#ane treated composites,
fluorosilane treated composite exhibits minimum ling index value and vinylsilane
treated composites give maximum swelling index &allihis shows that fluorosilane

treated fibres provide better adhesion than otifeames.

The swelling index values of the various textilenpmsites in different organic solvents
are given in Table VII. It can be seen that forth# solvents, swelling index value is
maximum for composites containing alkali treatedakifabric. This indicates that
swelling is maximum in composite TBA suggesting kel of adhesion and extent of
crosslinks between sisal fabric and rubber magribess. One can also see swelling index
value is minimum for composite containing heat tedasisal fabric indicating that
swelling is minimum in this composite. This is #itited to the fact there is a great deal
of bonding between the matrix and fabric due to phesence of larger number of
crosslinks. This show that thermally treated contpesprovide better adhesion and a

stronger interface than other chemical modification

It is interesting to note that in textile biocomppes chemical modification of sisal fabric
has resulted in higher swelling index value whighhe reverse to what we observed in
hybrid biocomposites. We must keep in mind thatrttexhanics of diffusion in textile
composites is different from short fiber compositBise major contribution to interfacial
strength in textile composites is the alignmentyafns in warp and weft direction.
Chemical treatment results in the partial unwindofigyarns (as hemicellulose dissolves

off) and hence the alignment gets antagonized. fésslts in lowering of strength of
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composites. Another reason is that as sisal fabltomposed of thick strands and knots,
the alkali and silane coupling agents did not patetinto the fabric and therefore the
interfacial properties between the sisal fabric amober matrix has not been improved
enough. It can be seen that the highest swelliggxnis exhibited by alkali treated
composite while the lowest values are exhibitedth®rmally treated composites. This
could be attributed to the fact that upon heatttneat the crystallinity of cellulose
increases due to the rearrangement of moleculactate at elevated temperatutéghe
thermal treatment also results in moisture lostheffabric thereby enhancing the extent
of interfacial bonding between fabric and rubberkimg it difficult for solvent to
penetrate the rubber-fabric interface.

CONCLUSIONS

The diffusion of organic solvents in hybrid biocomsgges and textile composites was
investigated. Hybrid biocomposites were fabricabgdreinforcing natural rubber with
sisal and oil palm fibres. Textile biocompositese@vabricated by incorporating woven
sisal fabric in natural rubber. The mechanics &fudion were found to be different for
hybrid and textile biocomposites. In hybrid biocrapes, solvent uptake was found to be
predominantly dependent on natural rubber and fibcerporation resulting in lower
solvent uptake. Composites containing chemicallydified biofibres exhibited lower
solvent uptake due to increased interfacial adimesfmong the different organic
solvents used, diffusion was found to be minimumxgdene and maximum for benzene.
In the case of textile biocomposites, chemicallydified composites exhibited higher
solvent uptake. Uptake was found to be maximuntdatile composite containing sisal
fabric treated with 4 % NaOH. This was attributedite weak interfacial adhesion due to

partial disruption of the alignment of yarns in théric.

Table |

PROPERTIES OF SISAL FIBRE
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Chemical constituents (%)

Cellulose 78
Hemicellulose 10
Lignin 8
Wax 2
Ash 1
Physical properties of sisal fibre
Diameter (mm) 0.1212
Tensile strength ( MPa) 530-630
Young's modulus (GPa) 17-22
Microfibrillar angle 20-25
Elongation at break (%) 3-7
Table Il
PROPERTIES OF OIL PALM FIBRE
Chemical constituents (%)
Cellulose 65
Hemicellulose -
Lignin 19
Ash content 2
Physical properties of oil palm fibre
Diameter pm 150-500
Tensile strength ( MPa) 248
Young's modulus (MPa) 6700
Elongation at break % 14
Microfibrillar angle (°) 46

Table Il

Properties of sisal fabric
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Properties of sisal fabric
Yarn distance (weft) 3 mm
Yarn distance (warp) 5 mm
Twist (turns per mm) 10
Areal density 1500
(g/n)

Table IV a (Hybrid biocomposites)

Formulation of mixes A to E (Fiber Loading)

Mixes [phr]

Ingredients| Gum | B C A D E
NR 100 | 100 100 100 100 100
Zn0O 5 5 5 5 5 5

Stearic acid 15| 1.5 1.5 1.5 1.5 1.5

TDQ® 1 1 1 1 1 1
CBS 06 | 0.6 0.6 0.6 0.6 0.6
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5
Sisal fiber - 5 10 15 20 25
Fiber length,
(10mm)
Oil palm - 5 10 15 20 25
fiber
Fiber length
(6 mm)

a- 2,2,4 trimethyl-1,2-dihydro quinoline
b- N-cyclohexylbenzothiazyl sulphenamide

Table IV b (Hybrid biocomposites)

Formulation of mixes (I to R)
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Ingredients I J K L P Q R
NR 100 100 100 100 100 100 100
ZnO 5 5 5 5 5 5 5
Stearic acid 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Resorcinol 7.5 7.5 7.5 7.5 7.5 7.5 7.5
Hexd 4.8 4.8 4.8 4.8 4.8 4.8 4.8
TDQ 1 1 1 1 1 1 1
CBS 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Sisal fiber 21 21 21 21 21 21 21
Treatment 0.5% 1% 2% 4 % 0.4 % 0.4% 0.4%
NaOH NaOH NaOH NaOH Fluoro- vinyl- 3-amino
1 hr 1hr 1 hr. 1hr silane triethoxy propyl tri-
Fiber length, (10 silane ethoxy
mm) silane
Oil palm fiber 9 9 9 9 9 9 9
Treatment
0.5% 1% 2% 4% 0.4 % 0.4% 0.4%
Fiber length NaOH NaOH NaOH NaOH Fluoro- vinyl 3-amino
(6 mm) 1 hr 1 hr 1 hr 1hr silane triethoxy propyl tri-
silane ethoxy
silane

a- Hexamethylene tetramine
b- N-cyclohexylbenzothiazyl sulphenamide
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Table V (Textile biocomposites)

Ingredients Gum T B TBA TBAS TBMS TT
NR 100 100 100 100 100 100 100
Zn0O 5 5 5 5 5 5 5
Stearic acid 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Resorcinol - - 7.5 7.5 7.5 7.5 7.5
Hexd - - 4.8 4.8 4.8 4.8 4.8
TDQ 1 1 1 1 1 1 1
CBS 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Sulphur 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Sisal fabric - 4 4 4 v v 4
Treatment - - - 4% SilaneA Silane Heat
NaOH 1100 Al74
1hr

c- 2,2,4 trimethyl-1,2-dihydro quinoline
d- N-cyclohexylbenzothiazyl sulphenamide
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Table VI

Swelling index
Samples Benzene Toulene Xylene
Gum 618.97 540.6 258.9
B 506.4 474.8 198.7
C 500 4706 Lo
A 516.8 469.4 189
D 480 422.9 .
E 390.7 349.6 182.69
! 290.9 220.8 135
J 268.7 206.4 1315
K 250.1 2013 129.6
L 181.2 166 123
P 310.3 280.7 2105
Q 376 333.9 240
R 339.5 310 208
Table VI
Swelling index
Samples Benzene Toulene Xylene
T 425.6 386 205
B 408 382.3 .
TBA c67 2 538.2 262
TBAS 3836 | 487 296.3
TBMS o1 519.1 201
I 3329 | 3069 256
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