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bstract

Natural fiber reinforced composites is an emerging area in polymer science. Fibers derived from annual plants are considered a potential substitute
or non-renewable synthetic fibers like glass and carbon fibers. The hydrophilic nature of natural fibers affects negatively its adhesion to hydrophobic
olymeric matrices. To improve the compatibility between both components a surface modification has been proposed.

The aim of the study is the chemical modification of jute fibers using a fatty acid derivate (oleoyl chloride) to confer hydrophobicity and
esistance to biofibers. This reaction was applied in swelling and non-swelling solvents, pyridine and dichloromethane, respectively. The formation
f ester groups, resulting from the reaction of oleoyl chloride with hydroxyl group of cellulose were studied by elemental analysis (EA) and Fourier

ransform infrared spectroscopy (FTIR). The characterization methods applied has proved the chemical interaction between the cellulosic material
nd the coupling agent. The extent of the reactions evaluated by elemental analysis was calculated using two ratios. Finally electron microscopy
as applied to evaluate the surface changes of cellulose fibers after modification process.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Nowadays, one of the high attractive research lines is the
evelopment of natural fiber reinforced composites. The leading
eographic market in the use of natural fibers-based composites
s Europe [1]. Polymers have replaced many of the conven-
ional materials because of their advantages in ease processing,
n better productivity and possible cost reduction. Properties
f polymers may be modified using fillers and fibers to suit
igh strength/high modulus requirements. Composites rein-

orced with glass fibers have found applications in many fields,
ut their non-recyclability becomes a significant disadvantage
t the end of their lifetime.

Natural fibers provide with interesting properties the final
omposite, especially those related to the protection of the envi-

Abbreviations: Py, pyridine; dcm, dichloromethane; Mod�C, modification
egree referred to carbon increment; Modmolar, molar modification degree; Mm,
olecular weight for the cellulose monomer (C6H10O5)n: 162 g; w, t/1 of car-

ons in the modified fibers obtained from elemental analysis; w1, t/1 of carbons
n the non-treated fibers (experimental value: 0.4082); Mcri, carbon weight into
he coupling agent: 216 g; Mami, weight of the coupling agent introduced: 265 g;
EM, scanning electron microscopy; OH, hydroxyl group; OCl, oleoyl chloride
∗ Corresponding author. Tel.: +34 972 41 84 32; fax: +34 972 41 83 99.
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onment such as their capacity to be recyclable, renewable raw
aterial, and less abrasive and harmful behavior [2]. Thus, some

dvantages associated to the use of natural fibers as reinforce-
ent in plastics are their non-abrasive nature, biodegradability,

ow energy consumption and low cost. Additionally, natural
bers have low density and high specific properties. The specific
echanical properties of natural fibers are comparable to those

f traditional reinforcements [3]. Thus, the intrinsic properties
f natural fibers can satisfy the requests of the global market
4] especially for those industries concerned in weight reduc-
ion (i.e. automotive [5], aerospace). That is why they can be
otential substitute for non-renewable synthetic fibers [6].

However, the hydrophilic nature of natural fibers is a major
rawback for their application as reinforcement for compos-
tes. The poor moisture resistance of natural fibers leads to
ncompatibility and poor wettability with hydrophobic poly-

ers, and this reproves the interaction bonding at fiber/matrix
nterface [7]. Chemical or physical modifications are usually
pplied to impart bonding and adhesion affinity to polymeric
atrices, and dimensional stability. The use of compatibilizers
8], surface modification techniques such as alkali treatments
9–11], acetylation [12], graft co-polymerisation [13] or the
se of maleic-anhydride-polypropylene co-polymer (MAH-PP)
14,15] has been reported to overcome the incompatible surface

mailto:farners.corrales@udg.es
dx.doi.org/10.1016/j.jhazmat.2007.01.103
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olarities between the natural fiber and polymer matrix. Surface
hemical modification with coupling agents is usually applied to
ptimize the wetting of the biofibers by the polymeric matrix and
o improve the interaction and adhesion between the non-polar

atrix and the polar lignocellulosic fibers [16].
Many processing aids and coupling agents [17] have been

sed to improve dispersion and adhesion. In this sense, sev-
ral methods have been proposed trying the superficial chemical
odification of the fibers and the use of polymers capable of

oupling with the hydroxyl groups of the surface cellulosic
ubstrate.

In our laboratory, we have been studying a variety of reagents
ontaining a function able to modify the cellulose hydroxyl
roups and a second moiety to be used in the subsequent elabo-
ation of composite to establish continuous covalent linkages at
ber/matrix interfaces.

Jute fiber is one of the most common biofibers used as rein-
orcement for natural fiber composites. Among all the other
ignocellulosic fibers, jute contains a reasonably high propor-
ion of stiff natural cellulose. The aim of this work is to study
he surface modification of jute fibers with a reagent able to
eact with hydroxyl groups of cellulose. Chemical modification
ith a fatty acid derivate was used to modify the surface prop-

rties of jute fibers and to improve the wettability and interface
dhesion [18]. Concretely, oleoyl chloride was used to block
he majority of accessible hydroxyl groups. Chemical modifi-
ation was applied in swelling and non-swelling solvents and
ifferent extents of modification were obtained. The extent of
odification reaction was evaluated by elemental analysis and
TIR techniques.

. Experimental

.1. Materials

Jute fibers were supplied by Celulosa de Levante SA (Tortosa,
pain). According to bibliography [19], the specific modu-

us for jute fibers and the specific gravity were 40 GPa and
.3 g/cm3, respectively. Chemicals and solvents were used with-
ut further purification. Oleoyl chloride from Aldrich Chemical
o. with 85% purity was used as coupling agent and 4-
imethylaminopyridine (DMAP) also from Aldrich Chemical
o. as catalyst. Pyridine and dichloromethane were applied
s reaction media for the modification reaction. The solvents
upplied by Panreac SA were dry commercial products and
horoughly dried over activated 0.4 nm sieves for a week. For
odification reactions in dichloromethane, triethylamine was

dded as co-solvent which acts as an acceptor for the liber-
ted hydrochloric acid. Commercial grade dichloromethane was
sed as the washing solvent after quenching the modification
eaction.

.2. Chemical modification reaction
Chemical modification was applied in pyridine or
ichloromethane solvents using oleoyl chloride as cou-
ling agent. Jute fibers were vacuum dried at 90 ◦C for 24 h
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efore being placed in a flask for chemical modification.
eactions were carried out in a dry nitrogen atmosphere by

uspending the fibers in the dry solvent (40 mL/g of fiber).
he modification reactions were conducted at 20 ◦C for both
olvents, at 40 ◦C and 60 ◦C for dichloromethane and pyridine,
espectively, and kept for different reaction times. The working
p of the reaction was completed by draining the liquid phase
hrough a sinter glass and washing the solid several times with
ichloromethane commercial grade. The modified jute fibers
ere dried under vacuum at 90 ◦C for 24 h and kept under
itrogen awaiting characterization.

.3. Characterization methods

The methods used to evaluate the modification degree were
ourier Transform infrared spectroscopy (FTIR) and elemental
nalysis (EA).

The FTIR spectra of the non-modified and modified cellulose
bers were obtained to detect the new absorption bands depicted

n the chemical modification. The FTIR was performed using a
TIR Matson Galaxy Series 5000 Spectrometer. The spectrom-
ter was used in the transmission mode with a resolution of
cm−1 in the range of 4000–400 cm−1.

Elemental analysis was employed to quantify the extent of
odification reactions. The elemental analysis was performed

sing a ThermoQuest Instruments analyzer where 1 mg of ultra-
ure sample was burned to determine the percentage of carbon,
ydrogen, sulphur and nitrogen contained. Samples were ana-
yzed three times to get the accurate percentage.

Scanning electron microscopy (SEM) was used to examine
he fiber surface before and after modification. The SEM obser-
ations were made with a Zeiss DSM 960 microscope. Dry
amples were coated with a thin layer of carbon before observa-
ion under the microscope mark, in order to increase the sample
onductivity.

. Results and discussion

Oleoyl chloride is a fatty acid derivate able to react with the
OH groups of jute fibers to afford ester groups. In this paper,
e examine the results of the modification reaction obtained
sing two solvents, pyridine (Py) and dichloromethane (dcm).
he treatment of the lignocellulosic fibers with oleoyl chloride
as been undertaken to bring a chemical modification of the
ubstrate by grafting oleoyl moieties on the cellulose backbone
ccording to the reaction in Fig. 1a.

The different swelling capacity of each solvent to the
ellulose fiber will lead to different degree of modifications,
hich measurements were made by means of FTIR spectra

nd elemental analysis results. The principal characteristic
f pyridine is its polar nature and his catalytic capacity for
he modification reaction proposed. Thus, the basic character
f pyridine allows the molecule to diffuse deeply inside the

nternal structure of the cellulose fiber increasing its ability
o interact with hydroxyl groups and making accessible more
ydroxyl groups to the coupling agent. On the opposite side,
ethylene chloride is a non-swelling solvent for cellulosic
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n and (b) accessibility of hydroxyl groups [21,22].
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Fig. 1. (a) Scheme of the modification reactio

bers, thus the esterification reaction will be limited to the
ydroxyl groups located on the external surface of the fiber.

The reactions were carried out in a dry nitrogen atmosphere
sing 4-dimethylaminopyridine as catalyst (10% of the coupling
gent weight) and the amount of the coupling agent equivalent
o the number of the estimated hydroxyl group on the cellulosic
ubstrate.

Fig. 2 shows the infrared spectrum of the jute fibers after the
odification reaction in pyridine at 20 ◦C during 24 h, and Fig. 3

hows the spectrum for the same reaction in dichloromethane. It
an be observed the great dependence of the extension reaction
o the solvent nature. Thus, while the reaction in pyridine leads
o a considerable increasing of carbonyl peak, almost no modi-
cation could be observed for the reaction in dichloromethane.

However, if the modified jute fibers were submitted to ele-
ental analysis, some significant differences on the carbon

ercentage could be found between the non-treated jute fiber and
he oleoyl chloride modified jute fiber. Therefore, the quantifi-
ation of the extension reaction was deduced from the elemental
nalysis results and a molar modification degree was expressed
ccording to Eq. (A.1).

The application of Eq. (A.1) to elemental analysis results gave
odification degrees of 29% and 0.4% for the fibers modified

n pyridine and dichloromethane, respectively.
Moreover, another expression was deduced from elemen-

al analysis results to estimate the recovering degree achieved
ith the coupling agent. In this case, the difference between
he carbon percentage of modified fibers and the carbon per-
entage of pure fibers was related with the subtraction between
he carbon percentage for the theoretically all-modified fibers
75.42%) and the carbon percentage of pure fibers. This ratio

Fig. 2. (a) Oleoyl chloride spectrum; (b) jute fiber non-treated spectrum and jute
fiber modified in pyridine 24 h at 20 ◦C.
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ig. 3. Jute fiber non-treated spectrum and jute fiber modified 24 h in
ichloromethane (dcm) at 20 ◦C.

as named modification degree referred to carbon increment
Mod�C) and was calculated according to Eq. (A.2). Thus,
he modification degrees referred to carbon increment were of
9.4% and 2.3% for the same reactions commented above. When
he time reaction was increased up to 48 h, Fig. 4, an increase in

olar modification degree of 1.6% was found for the reaction
n dichloromethane.

In order to increase the modification degree when using
ichloromethane, higher temperature (40 ◦C) was assayed with-
ut any significant improvement. So, triethylamine base was
dded to the reaction (1.05 equiv. with respect to the oleoyl
hloride moles). In this case, the hydrogen cation liberated
o the reaction media was neutralized and a displacement of
he reaction to the modified fiber was favored. Consequently,
igher modification degrees were obtained and significant cova-
ent bonding between the cellulose and the coupling agent was
etected by FTIR spectroscopy [20]. The characteristic ester

eak at 1737 cm−1 (C O) confirmed the chemical modification.
oreover, the increase of the C–H aliphatic bands at 2918 cm−1

nd 2852 cm−1 corroborated the reaction between the fibers and

Fig. 4. Jute fiber modified at 48 h reaction.
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ig. 5. Jute fibers non-treated spectrum and jute fibers modified 24 h at 40 ◦C
n dichloromethane/triethylamine.

he oleoyl chloride. The spectrum at Fig. 5 shows the modifica-
ion reaction for the non-swelling solvent, which was stabilized
s 22% (Mod�C).

The different behavior between both solvents can be
xplained on the different swelling capacity of every solvent.
wing the heterogeneous phase of the reaction, the esterifica-

ion reaction taking place will be a function of the accessibility
f the hydroxyl groups. Accessibility is the capacity of coupling
gents to achieve the hydroxyl groups in conditions that will
ccur by means of diffusion mechanism of the coupling agent
olecules to the cellulose fiber.
Rowland and Roberts [21] and more recently Joly [22] deter-

ined experimentally the accessibility of hydroxyl groups, as
hown in Fig. 1b. These authors explained that accessibility is an
nverse function of the hydroxyl group capacity to form hydro-
en bridges enlaces. This indicates that OH in position 3, is more
ccessible that in position 6, and this are more accessible than
he group in position 2. Due to the higher swelling capacity of
yridine, the solvent increases the accessible hydroxyl groups of
he fibers, allowing modification not only for the more external
ydroxyl groups but also for those in the cavities and in internal
ayers. Conversely, the use of dichloromethane does not allow
he modification below the external layer.

The effect of the catalyser was also investigated and modifi-
ation reactions using 0%, 1% and 10% of coupling agent were
ested. The modification reactions were conducted at 40 ◦C and
0 ◦C for dichloromethane and pyridine, respectively, and were
ept for 24 h. From the results, it could be said that the presence
f catalyser in pyridine solvent did not affect spectacularly the
odification degree. It was proposed that the catalytic behavior

f the solvent itself was enough for the modification reac-
ion, and any improvement could be observed with additional
atalyser (modification degree referred to carbon increment
ncreased from 54% to 80% in presence of 0% and 10% of catal-
ser). However, for the reactions in dichloromethane, Fig. 6,
ore significant dependence with the presence of the catalyser

as observed. Thus, an increase of the intensity of carbonyl
roup peak was observed with the amount of the catalyst. This
eant that the modification degree enhanced with the amount

f catalyser, which gave modification degree referred to carbon
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Fig. 6. Modification reactions spectrum in 4-DMAP.
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ig. 7. Modification reactions in two amounts of OCl in dichloromethane.

ncrement of 5% in absence of catalyser, 8% and 22% in presence
f 1% and 10% of 4-DMAP, respectively. It could be concluded
hat in dichloromethane the catalyst influence was more impor-
ant. Using catalyst, the reactions took place quickly. For this

eason the use of catalyser was essential in posterior reactions.
fterwards, the influence of the reaction time was studied for

eactions from 3 h to 168 h. In the case of a non-swelling solvent
40 ◦C) the modification degree referred to carbon increment

d
o
c

Fig. 8. SEM microphotographies of (a) jute fibers non-treated; (b) jute fibe
s Materials 144 (2007) 730–735

ncreased from 8% to 49% and the results for the swelling solvent
60 ◦C) increased from 18% to 84%.

Many authors reported the synthesis of modified fibers using
oupling agent in excess with respect to the hydroxyl groups in
he cellulose fiber. In this work, the synthesis with two differ-
nt amounts 1:0.1 and 1:1 molar ratio of hydroxyl groups and
oupling agent were studied. The results obtained were notewor-
hy, especially in pyridine where the molar modification degree
ncreased from 9% to 80%. In dichloromethane the molar mod-
fication degree enhanced from 5.6% to 22% for 1:0.1 and 1:1

olar ratio, respectively (Fig. 7).
The volume ratio was also investigated and reactions using

0 mL or 80 mL/g of fiber were carried out. The increase of the
olvent amount decreased considerably the modification degree.
he effect was less important for pyridine.

Finally, fiber surface was evaluated by scanning electron
icroscopy (SEM). Higher roughness was observed for the fiber

urface after chemical modification with oleoyl chloride (Fig. 8).

. Conclusions

One of the most important factors in the formation of compos-
te materials is the compatibility of both components at interface.
n this paper, the chemical modification of cellulosic fibers with
fatty acid coupling agents in order to improve the wetting and
dhesion of the fiber surface by the polymer macromolecules
ave been studied.

Therefore, oleoyl chloride has been used as coupling agent
o turn the hydrophilic surface of jute fibers into hydropho-
ic, leaving an olefinic residue able to react with the matrix.
he esterification of hydroxyl groups during the modification

eaction has been evidenced by FTIR spectroscopy, which estab-
ishes the development of ester bonds between hydroxyl groups
f cellulose fiber and the coupling agent. Elemental analysis was
mployed to quantify the modification degree. Complementary
echniques like scanning electron microscopy (SEM) proved the
ffectiveness of the modification reaction.
The results confirmed higher modification degrees using pyri-
ine as solvent medium. In this swelling solvent the accessibility
f hydroxyl groups was improved. It was assessed that the effi-
iency of the reaction depends to the solvent polarity and his

rs modified 3 h in pyridine; (c) jute fibers modified 24 h in pyridine.
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atalytic capacity; which are two factors governing the exten-
ion of the modification reaction. Other factors like temperature,
ime, and amount of coupling agent, volume ratio and catalyst
ontribute to the increasing of modification degree.

The carbon chain incorporated with the fatty acid derivate
s inducing hydrophobicity to the fiber surface, which might
mprove its wettability when used as reinforcement for poly-

eric matrices and decrease the water absorption. The procedure
escribed in this communication is applicable to any substrate
earing hydroxyl groups at their surface.
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ppendix A

odmolar (%) = Mm × (w − w1)

3 × (Mcri − (w × Mami))
× 100 (A.1)

here Mm is the molecular weight for the cellulose monomer
C6H10O5)n: 162 g; w the t/1 of carbons in the modified fibers
btained from elemental analysis; w1 the t/1 of carbons in the
on-treated fibers (experimental value: 0.4082); 3 the number of
ydroxyl groups in the monomer; Mcri the carbon weight into
he coupling agent: 216 g; Mami is the weight of the coupling
gent introduced: 265 g.

od�C(%) =
[

(%Cmodified fiber − %Cfiber)

(%Cmodified cellulose − %Cfiber)

]
× 100 (A.2)
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