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Abstract Jute fibres, an environmentally and ecologi-

cally friendly product, were chemically modified by

treatment with 1.26 M (5 wt%) solution of NaOH solution

at room temperature for 2, 4 and 8 h. The above samples

were characterized by small angle X-ray scattering (SAXS)

technique and XRD for macromolecular and microstruc-

tural parameters of fibres before and after alkali treatment

where as FT-IR and SEM was used for fine structural

details and morphological studies of the fibres. Differential

scanning calorimetry (DSC) and instron 1185 analyzed

thermal and mechanical behaviour of the fibres. Compari-

son and analysis of results confirmed some changes in the

macromolecular structure and microstructure of the fibres

after chemical treatment due to swelling of macromole-

cules and removal of some non-crystalline constituents of

the fibres. The findings conclude that change in crystal-

linity developed after alkali treatment resulting

improvement in mechanical strength of the fibres. How-

ever, the removal of structural constituents after alkali

treatment leads the thermal decomposition temperature of

the cellulose went down to 360.62 �C after 8 h alkali

treatment from 365.26 �C for raw jute fibre.

Introduction

During the past decade, increasing environmental aware-

ness, new global agreements and international governmental

policies and regulations have been the driving force behind

the renewed interest in the natural fibres. The attractiveness

of a plant-based fibre comes from its high-specific strength

and stiffness, natural availability and environmental

‘friendliness’. Natural cellulose-based fibres are gaining

increasing attention for their diversified applications in

engineering and their uses, such as building materials and

structural parts for the automotive application, where

lightweight is required. The approximate chemical

composition of the jute fibre [1] in wt.% is: cellulose (58–

63), hemicelluloses (20–22), lignin (12–15), small amounts

of protein (2%), mineral matter (1%) and trace quantities of

organic and inorganic pigments. The elementary units of

cellulose macromolecules are anhydro-D-glucose which

contains three hydroxyls (–OH) [1]. These hydroxyls form

the hydrogen bonds inside the macromolecule itself

(intramolecular) and between the other cellulose macro-

molecules (intermolecular) as well. Therefore, all

vegetable fibres are hydrophilic in nature, and their mois-

ture contents lies between 3 and 13% [2], which is one of

the reasons for the degradation of the fibres. Although, as

with most of the other plant-based natural fibres, cellulose

forms the main structural components, lignin and hemi-

celluloses also play an important part in determining the

characteristic properties of the fibres. Jute hemicelluloses,

which are thought to consist principally of xylan, poly-

uronide and hexosan have been shown to be very sensitive

to the action of caustic soda, which also exerts some effects

on lignin and a-cellulose [3]. Several authors have

employed the technique of mercerization for jute and the

changes occurring in the fibre properties have been
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investigated. Sarkar [4] treated jute fibres with NaOH

solution of concentration 1 and 8% for 48 h and observed

130% improvement in the tensile strength of the fibres in

both the cases. Similarly, jute fibres were treated with 2%

NaOH solution for 1 h by Samal et al. [5] and 13%

improvement in the tenacity of the fibres was reported.

Prasad et al. [6] observed that coir fibre when alkali treated

at 5% NaOH for 72–96 h showed improvement in tensile

strength by 10–15%, modulus by 40%. Rout et al. [7]

reported improvement of 35% in tensile strength, 60% in

flexural strength and 69% in impact strength of the com-

posites containing 5% alkali treated reinforced natural

fibres.

As jute fibres are cellulosic in nature and are com-

prised of macromolecules, the small-angle X-ray

scattering has been undertaken to analyze some macro-

molecular structure. To be specific the SAXS is due to

the heterogeneity of electron densities ocuring in matter

at colloidal dimension [8, 9]. There will be no scattering

if density is uniform. For the sake of demonstration, the

system is considered as the two-phase system (i.e., cel-

lulose and void) and the square of their density

differences ðDqÞ2 takes about hundred times the value of

that between crystalline and amorphous cellulose [10].

Hence we treat jute fibre as the system and the cellulose

and void as the two phases. The electron density dif-

ference between the two phases of the system, which

occurs over a distance of 10–100 nm, causes the small

angle X-ray scattering. This phenomenon was first

observed by many researchers [11–13]. Porod’s laws [14,

15] were applied to obtain physical parameters of den-

sely packed system for an ideal two-phase structure

having sharply defined phase boundaries. Latter, Vonk

[16] explained that always the electron density does not

change abruptly, but changes gradually over the certain

range between two phases. This range is called the width

of the transition layer E. Such a system is known as a

non-ideal, two-phase system. This model of non-ideal,

two-phase system can be considered as one in which the

hard core is coated with a soft sheath with a continu-

ously varying electron density.

In the present investigation, an effort was made to study

some mechanical and thermal behaviour of the raw (de-

waxed) and 1.26 M (5 wt%) solution of NaOH treated jute

fibres for 2, 4 and 8 h, and it was tried to correlate this

behaviour with their macromolecular structure analyzed by

small-angle X-ray scattering (SAXS) at room temperature.

Crystallinity and surface morphology was investigated by

XRD and SEM methods. FT-IR spectra were recorded to

study the fine structural characteristics of cellulose, hemi-

celluloses and lignin as per [17]. Thermal property and

mechanical properties of fibres were analyzed by DSC and

Instron 1185.

Experimental details and core mathematics

Materials

Jute fibres (Corchorus olitorous) were collected from

Central Research Institute for Jute and Allied Fibre Tech-

nology (CRIJAF), Kolkata.

Methods

Dewaxing

Collected fibres were dewaxed in a (1:2) mixture of alcohol

and benzene as done by Roy [18]. As a result of this

treatment, the specimen attains a ‘‘hohlraum’’ character

(according to Porod [19] and Ratho et al. [20]), i.e., the

substance occurs in layers like the pages of a book with

free space in between. This is treated as a raw sample in

this study.

Surface treatment

The jute fibres were cut to 500 mm of length and were

soaked in a 1.26 M solution of NaOH solution at 30 �C for

2, 4 and 8 h. The fibres were then washed several times

with distilled water to remove any NaOH sticking to the

fibre surface, neutralized with dilute acetic acid and

washed again with distilled water. Final pH maintained was

7.0. The fibres were then dried at room temperature for

48 h, followed by oven drying at 100 �C for 6 h for the

removal of moisture content. The 1.26 M solution of

NaOH treated fibres for 2, 4 and 8 h are regarded as M jute

2 h, M jute 4 h and M jute 8 h, respectively, hereafter. M

stands for mercerization because alkali treatment is also

known as mercerization.

Fibre testing

The weight changes of the fibres after different soaking

time in 1.26 M solution of NaOH were determined by %

weight loss calculated as:

%Weight loss ¼ ðW1 �W2Þ � 100=W1

where W1 was the weight of fixed amount of dry raw jute

fibres whereas W2 was the weight of dry fibres after being

treated with alkali solution. Fibre fineness was determined

in terms of linear density in accordance with ASTM

D1577-92. The linear density was calculated on the basis of

the weight of 100 single fibres of 60 mm length each and

converted into tex. The major constituents (a-cellulose,
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hemicelluloses and lignin) of the raw and alkali-treated jute

fibre samples were determined by chemical analysis as per

the standard procedure [21].

Scanning Electron Microscopy study

The scanning electron micrographs of the samples were

taken in Hitachi (S-3400N) SEM. The samples were coated

with a 20-nm thick gold layer.

Fourier Transform Infrared Spectroscopy (FT-IR)

The raw and alkali-treated jute fibres were analyzed by FT-

IR spectroscopy. Room-temperature FT-IR spectra were

recorded on solid samples in KBr pellets by means of a

Shimadzu FT-IR spectrometer (IRPrestige-21) with a res-

olution of 4 cm-1. The spectra were smoothened with

constant smooth factor for comparison.

Small angle X-ray scattering (SAXS)

X-ray measurement and computational analysis. Room-

temperature, smeared-out, small-angle X-ray scattering

data for jute fibres were collected form a line collimated

SAXSess camera (Anton Park, Austria). The Cu-Ka lines

were used as incident radiation from PANalitica X-ray

source (PW3830) at 40 kV (40 mA) operating voltage. The

sample to detector distance ‘‘a’’ was 26.45 cm. The scat-

tering intensities were collected in a two-dimensional,

position sensitive image plate (Packard Bioscience Inc.).

To have digitized data, the image plate was scanned in a

cyclone storage phosphor scanner (Perkin Elmer) with the

help of the supplied computer program ‘‘Optiquant’’. The

observed two-dimensional intensities were integrated over

a line profile to convert into one-dimensional scattering

data with the help of the supplied computer program

‘‘SAXS quant’’. All the computational works were per-

formed using a self-developed program written in

MATLAB 6.5. The program comprises the computation of

the relevant parameters by SAXS including one- and three-

dimensional correlation functions. The reliability of the

program was checked with the experimental data and

results for sisal fibre, available with the author.

Theory. It has been shown by Vonk [16] that, for a general

two-phase system having isotropic structure, the relation

16p3

Z 1
0

S4IaðsÞds ¼
Z 1

0

gradgj j2dVr ð1Þ

holds good, where Ia(s) is the desmeared intensity in the

absolute unit, g is the deviation of the electron density of

the sample at any point from the mean value and s is the

co-ordinate in the reciprocal or Fourier space given by the

relation s ¼ 2h=k, where 2h, the scattering angle, is equal

to x/a. Here x is the position coordinate of the scattered

intensity from the centre of the primary beam. The above

equation can be regarded as parallel to the well-known

relation

4p
Z 1

0

S2IaðsÞds ¼
Z 1

0

g2dVr ð2Þ

where
R1

0
S2IaðsÞds is generally known as the invariant.

If absolute intensities are not available, a very useful

parameter R, given by the ratio of Eqs. (1) and (2) can be

obtained as

R ¼ gradgj j2

g2
¼ 4p2

Z 1
0

S4IaðsÞds

�Z 1
0

S2IaðsÞds

¼ 6p2

Z 1
0

S3~IðsÞds

�Z 1
0

S~IðsÞds ð3Þ

Here Ia(s) and ~IðsÞ are the desmeared and smeared-out

intensities, respectively, in arbitrary units.

The ratio R is a useful parameter for the characterization

of the structure. In any ideal two-phase structure, the gra-

dient at the phase boundary is infinite and consequently R

also goes to infinity. On the other hand, if R is finite, the

electron density changes from one phase to the other

continuously over a region known as the transition layer of

width or thickness E. The above equation has been trans-

formed to variable x by Misra et al. [22] as

R ¼ ð3=2Þð2p=kaÞ2
Z

x3~IðxÞdx

�Z
x~IðxÞdx

¼ ð3=2ÞK2A3=A1 ð4Þ

The value of R obtained from Eq. 4 determines the nature

of the sample, as to whether it belongs to an ideal or non-

ideal two-phase system.

In case of non-ideal two-phase system, the important

parameter is width of the transition layer, E. The value of E

can be obtained from C(r), the three-dimensional correla-

tion function of a sample, normalized to unity at the origin,

in real space. The equation connecting E and C(r) has been

given by Vonk [16] as

Ev ¼ �4=R1ðdCðrÞ=drÞr¼Ev
ð5Þ

In order to obtain E, it is required to evaluate the value of

C(r) at various values of r in real space. It has been shown

by Mering and Tchoubar [23] that C(r) can be calculated

from the expression

CðrÞ ¼
Z 1

0

S~IðsÞJ0ð2prsÞds

�Z 1
0

S~IðsÞds ð6Þ

where J0 is the Bessel function of the zero-order and first

kind. In the above expression, the three-dimensional
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correlation function C(r) is determined from the smeared-

out intensity ~IðsÞ, where the slit correction for infinite

height given by the relation, ~I ¼
R1
�1 Ið

ffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ t2
p

Þdt is

incorporated [24] and contained in the Bessel function J0.

Here ‘t’ is the arbitrary variable representing the slit height

and C(r) has been written in terms of x by Misra et al. [22]

as

CðrÞ ¼
Z 1

0

x~IðxÞJ0

2prx

ka

� �
dx

�Z 1
0

x~IðxÞdx ð7Þ

For a layer structure, Kortleve and Vonk [25] have used the

one-dimensional correlation function C1(y). Mering and

Tchoubar [23] have shown that

C1ðyÞ ¼
Z 1

0

sIðsÞ J0ðZÞ � ZJ1ðZÞ½ �ds

�Z 1
0

sIðsÞds ð8Þ

Here Z ¼ 2psy and J1 is the Bessel function of the first

order, first kind. When changed to the x variable, the above

equation [22] reduces to

C1ðyÞ ¼
Z 1

0

x~IðxÞ J0ðZÞ � ZJ1ðZÞ½ �dx=

Z 1
0

x~IðxÞdx ð9Þ

where Z ¼ 2psy=ka. It was shown by Vonk [16] that the

position of the very first maximum in the one-dimensional

correlation function gives the values of average periodicity

transverse to the layers, D. The value of D can be obtained

by picking up the position of the first subsidiary maximum

in C1(y) versus y curve.

The equation:

dC1 yð Þ=dyð Þy [ Ev
¼ �1 Dgð Þ2

.
D g2
� �

ð10Þ

derived by Vonk [16] can be used to calculate the value of

Dgð Þ2= g2
� �

; where ðDgÞ is the electron density difference

between the two phases. Here, the slope is taken at a point

where y is greater than Ev. It has been also proved by Vonk

[16] that the second differentials of C(r) and C1(y) at the

origin are given by the relation

d2C1 yð Þ=dy2
� �

y¼0
¼ 3 d2C rð Þ=dr2
� �

r¼0
ð11Þ

For a layer structure, as shown by Vonk [16], the

specific inner surface, S/V, defined as the phase boundary

per unit volume of the dispersed phase, can be written as

S=V ¼ 2=D ð12Þ

For a non-ideal, two-phase structure, the following

relation holds good [16]:

g2
� �	

Dgð Þ2 ¼ /1/2 � ES=6Vð Þ ð13Þ

where /1 and /2 are the volume fractions of the matter and

void region, respectively. For this, the phase boundary is

shown at the middle of the transition layer. Assuming the

sum of the volume fraction of both phases to be unity the

values of /1 and / 2 can be determined from the above

relation.

For the two-phase structure, an idea of the statistical

distribution of crystalline (matter) and void regions can be

formed by shooting arrows in all the possible directions.

The average length of the arrow in the two phases are

called the transversal lengths �l1 and �l2. They are given by

Mittelbach and Porod [26] as

�l1 ¼ 4/1V=S and �l2 ¼ 4/2V=S ð14Þ

with the range of inhomogeneity �lr as

1=�lr ¼ 1=�l1 þ 1=�l2 ð15Þ

The length of the coherence for a specimen, as given by

above workers is

lc ¼ 2

Z 1
0

CðrÞdr ð16Þ

The value of E can also be calculated by the Ruland

method [27] from the plot of ~IðxÞX vs. X�2, known as

Ruland plot. The functional relationship of ~IðsÞ with s at

the tail end of the SAXS pattern, for non-ideal, two-phase

system, is given by

~Iðs!1Þ ¼ pc=2ð1=s3 � 2p2E2=3sÞ ð17Þ

Here c is the proportionality constant. For an ideal two-

phase structure, E = 0 and hence the above equation

reduces to Porod’s law. The above equation, when

transformed to x, takes the form

~Iðx!1Þ � x ¼ pc=2ðx�2 � p3c=3ðkaÞÞE2 ð18Þ

The value of E can be calculated from the graph of
~Iðs!1Þ � x vs. x�2, known as Ruland plot.

Background correction. In no experimental set-up it is

possible to record the SAXS pattern of the sample alone. A

continuous background scattering is always mixed with the

SAXS pattern of the experimental sample. It is, therefore,

essential to apply the background correction to estimate the

effect of continuous background scattering. Therefore

special care must be taken to separate the SAXS intensity
~IðsÞ from the continuous background scattering ~IbgðsÞ [16].

X-ray diffraction

Principle. The strains developed in the crystallites due to

chemical treatment manifest as change in lattice planes,

causing line shifting. These changes in the lattice planes

are measured by X-ray diffraction method. Microstress

causes diffraction line broadening, while macrostress cau-

ses line shifting. The relation between the broadening

produced and the nonuniformity of the strain can be given

by the formula b ¼ D2h ¼ �2Dd tan h=d derived by
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differentiating the Bragg law. Here b is the extra broad-

ening, over and above the instrumental breadth of the line

due to a fractional variation in plane spacing Dd=d to be

calculated from the observed broadening.

If di indicates the untreated (unstressed) spacing and ds the

spacing in the treated (strained) fibre, the microstrain in the

particles in the direction normal to the diffracting plane is

e ¼ Dd=d ¼ ðds � du=duÞ ð19Þ

If ds [ du, then Dd=d is positive which indicates that the

residual stress is tensile and if ds \ du, then Dd=d is

negative indicating generation of residual compressive

stress in the surface. This value of Dd=d, however, includes

both tensile and compressive strains. Assuming both are

equal for micro-crystallites, the value of Dd=d must be

divided by two to obtain the maximum tensile strain alone,

or maximum compressive strain alone [28]. Again,

maximum microstress present in the sample can be

defined as

rstress ¼ eE=2 ð20Þ

Putting the value of the e, we obtain

rstress ¼ DdE=2d ð21Þ

where E is the elastic constant or generally known as

Young’s modulus of the material.

The crystallite size of the samples was calculated using

well-known Scherrer formula [29]. The crystallinity index

(CrI) of the fibres was calculated according to the Segal

empirical method as follows [30].

Experimental techniques. The X-ray diffraction data

were collected using a Philips Analytical X-ray Instrument,

X’Pert-MPD (PW 3020 vertical goniometer and 3710 MPD

control unit) employing Bragg-Brentano parafocusing

optics. The XRD patterns were recorded with a step size of

0.01� on a 5–50� range with a scanning rate of 2� per min.

Line focus Ni-filtered CuKa radiation from an X-ray tube

(operated at 40 kV and 30 mA) was collimated through

soller slit (SS) of 0.04 rad., fixed divergence slit of 1� and

mask (5 mm) before getting it diffracted from the sample.

Experimental control and data acquisition were full auto-

mated through computer.

Mechanical properties analysis

Tensile tests of single jute fibres were carried out using an

Instron 1185 at National Institute of Research on Jute and

Allied Fibre Technology (NIRJAFT), Kolkata. A gauge

length of 10 mm was employed with a cross-head speed of

5 mm/min. A total of 50 fibres of both treated and

untreated samples having length 50 mm with magnification

50:1 were tested and the mean values were considered.

Thermal analysis

DSC measurements were performed using a (TA Instru-

ment, USA, Model no. Q 10) thermal analyzer. A heating

rate of 10 �C/min and a sample weight of 3–4 mg in an

aluminium crucible with a pin hole were used in a nitrogen

atmosphere (50 mL/min).

Results and discussion

Chemical analysis

Figure 1 shows the weight loss of the fibre and its major

constituents with the alkali treatment time. The weight of

the fibres was found to be decreasing after each alkali

treatments. The content of hemicelluloses and lignin

gradually decreased with treatment hours but the content of

a-cellulose remained almost constant before and after

alkali treatment of the jute fibre. Similar observations are

also reported by Ray et al. [31] in case of another species

of jute fibre, Corchorus capsularies.

Surface morphology by SEM

The surface morphology of raw and mercerized jute fibres

was analyzed by scanning electron microscope (SEM).The

SEM pictures of both raw and mercerized surfaces are

shown in Fig. 2. The surfaces of raw jute were found to be

smooth and showed their multicellular nature, whereas

rough surface morphology and fragments on the surface of

the mercerized jute fibre were observed (Fig. 2). It is also

found that roughness increases as the treating time

increases. The rough surface morphology was typical for

the treated fibres, because of the removal of lignin and

0

20
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80

100

0

Alkali treatment time (h)

)g( ssol thgie
W

Fibre

α-Cellulose

Hemicellulose

Lignin

2 4 6 8

Fig. 1 Loss of the weight of the constituents of the jute fibres after

alkali treatment
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hemicelluloses and other structural effects [32]. Thus,

alkali treatments results in significant change of morphol-

ogy of the fibre surface and is effective for increasing

available contact between fibre and polymatrix.

FT-IR study

IR spectra of the raw and the alkali-treated jute are shown in

Fig. 3 from wave number 4000 to 450 cm-1. The charac-

teristic features of the spectrum of the jute are due to its

constituents lignin, hemicelluloses and a-cellulose [33].

The 2900 cm-1 band has been chosen as an internal stan-

dard, as it is present as a prominent peak in the IR spectra of

raw and alkali-treated jute fibres. This internal standard,

though not fully established, has been adopted for making a

comparative study of the spectra. The summary of the

results, including the significance of the bands, the ratios of

absorbance maxima of individual bands, and the 2900 cm-1

band ðAv=A2900Þ are recorded in Table 1.

The 3350 cm-1 band, ascribed to H-bonded H–O

stretching [34], had almost the same absorbance intensity

ratio for the alkali-treated jute samples and raw jute fibre.

This finding is in concurrence with the almost constant

a-cellulose contents even after mercerization of the jute

fibres, as shown in Table 1. The 2900 cm-1 is assigned to

C–H stretching in methyl and methylene groups [34]. The

band near 1735 cm-1 which is assigned to the C–O

stretching of the carboxyl and acetyl groups in hemicellu-

loses of the jute fibre [35], was prominent in raw jute fibre.

This was found weak after 2 h and absent after 4 h alkali

treatment, as shown in Table 1. This can be explained on

the basis of removal of hemicelluloses after alkali treat-

ment, which is mainly due to the removal of acetyl group

present in hemicelluloses after alkali treatment [36]. The

absorbance at 1455 cm-1 is attributed to CH3 deformation

(asymmetric) in lignin. The absorption intensity ratios were

found to decrease after alkali treatment of jute fibre. This

may be due to the loss of lignin after alkali treatment. The

band 1370 cm-1, which is ascribed to the C–H deforming

(symmetric), may be attributed to lignin, a-cellulose, or

Fig. 2 Surface morphology of

different jute fibres: (a) raw

jute, (b) M jute 2 h, (c) M jute

4 h and (d) M jute 8 h

Fig. 3 Infrared spectra of raw and alkali-treated jute fibres
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xylan, were found with higher absorption ratio for raw jute

in comparison to the alkali-treated jute. The medium band

at 1240 cm-1, ascribed to C–O stretching in the acetyl in

xylan, was found prominent in raw jute, but decreases with

alkali treatment due to the removal of acetyl group present

in the hemicelluloses. The band 1030 cm-1, which is

assigned to aromatic C–H– in plane deformation and C–O

deformation for primary alcohol in lignin, was found with

higher absorption intensity ratio in raw jute compared to

alkali-treated fibre. This observation may be ascribed to the

loss of lignin from the fibre after alkali treatment. The

830 cm-1, band which is assigned to the aromatic C–H out

of phase vibration in lignin was found with higher absor-

bance intensity for raw jute fibre as compared to the alkali-

treated jute.

Macromolecular structure of fibres

The experimental SAXS patterns for raw and alkali-treated

jute fibre at room temperature attain a minimum and stable

value at x� 4 mm. Hence the intensity at x = 4 mm is

treated as background scattering intensity, subtracted from

the observed intensity and plotted in Fig. 4. The back-

ground-corrected SAXS intensities were used for

subsequent calculation and plots. At the outset, five back-

ground corrected intensity values near the origin were fitted

to Gauss curve [37] ~Iðs! 0Þ ¼ p expð�qx2Þ by least

square technique. The values of the constants p and q were

obtained as 191.4 and 419.9 for raw jute, whereas 97.7 and

621.5 for 2 h alkali-treated jute, 103.5 and 518.1 for 4 h

treatment and 140.8 and 403.0 for 8 h alkali-treated jute,

respectively. Taking the values of p and q, the scattering

curves for all the cases were extrapolated to x = 0. Each

extrapolated point is indicated by the symbol ‘‘D’’, as

shown in Fig. 4. The method of the extrapolation has little

effect on the relevant part of the correlation function;

neither the position nor the height of the first maximum of

the one-dimensional correlation function is affected. The

two integrals in Eq. 4 were calculated by the numerical

integration using Trapezoidal rule and the value of R was

found to be positive for all the samples, as tabulated in

Table 2. The small but positive value of R indicates that the

electron density gradient at the phase boundary is finite,

suggesting the sample to be a non-ideal, two-phase system

[37]. After proper background correction, to have a clear

idea on the samples, double logarithmic plot was

employed, and is shown in Fig. 5. The slope of the each

plot is given in the bracket of the legend for each sample.

In all the samples, the slope is greater than -4, indicating

that the samples are of non-ideal, two-phase system [38].

For the various values of r and y, the three and one-

dimensional correlation function for the samples were

computed, respectively, and are shown in Figs. 6 and 7. It

is reported [39] that the cellulose fibrils in jute fibre and in

leafy fibres like sisal are arranged in layers. That is why

one-dimensional correlation functions is applied and cal-

culated for all the samples of the jute fibres. According to

Table 1 Absorbance intensity ratio of IR spectra of raw and alkali-treated jute fibre

Position of bands (cm-1) Assignment Raw Jute

(Av/A2900)

M Jute 2 h

(Av/A2900)

M Jute 4 h

(Av/A2900)

M Jute 8 h

(Av/A2900)

3350 H–O stretching (H bonded) 1.07 1.07 1.068 1.066

2900 C–H stretching in methyl and methylene 1.0 (0.11) 1.0 (0.158) 1.0 (0.073) 1.0 (0.114)

1735 C–O stretching in carbonyl and un-conjugated b-ketone 1.023 0.548 Nil Nil

1455 C–H deformation and CH2 bending 1.09 0.92 0.75 Shoulder

1370 C–H deforming (asymmetric) 1.093 0.987 Nil Nil

1230–1240 C–O stretching in acetyl group 1.102 0.993 Nil Nil

1030 Aromatic C–H in plane deformation 1.45 1.4 1.3 1.28

830 Aromatic C–H out-of-plane vibration 0.2 0.151 Shoulder Shoulder

Fig. 4 Background-corrected, smeared-out scattering curve for dif-

ferent jute fibres
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Vonk the width of transition layer (Ev) was obtained from

the plot �ð4=RðdCðrÞ=drÞÞ versus r in Fig. 8.

The value of average periodicity transverse to the layer

(D) were obtained from the position of first subsidiary

maxima in one-dimensional correlation function (Fig. 7).

The value of specific inner surface (S/V), the volume

fraction of matter and void (/1 and /2), the transversal

length in matter an void ð�l1 and �l2Þ, the range of inhomo-

geneity �lr and the length of the coherence, �lc were

estimated. All main SAXS parameters are tabulated in

Table 2. All the tabulated data are consistence with those

observed for other natural fibres like cotton [40], and sisal

[41].

The width of the transition layer can also be calculated

using the Ruland’s method. Plot between X�2 vs. ~IðxÞ � X

is popularly known as Ruland’s plot. The Ruland’s plots

were plotted taking 40 background corrected intensity

values are shown in Fig. 9. Straight lines were fitted taking

15 extreme points of the tail region of the corresponding

scattering curve. The negative intercept of the regression

line confirms the non-ideal, two-phase system [42].

The values of ER, the width of the transition layer,

determined by Ruland method [27], were computed for

each sample on substituting the values of slope (m) and y

intercept (b) of the line in the relation, ER ¼
fð�6b=mÞ1=2g=f2p=kag and were tabulated in Table 2.

The standard deviation of the intensities rðp~IÞ was

Table 2 The various physical parameters of the raw and alkali-

treated jute fibre derived from SAXS study

Samples

parameters (unit)

Raw

jute

M jute

2 h

M jute

4 h

M jute

8 h

R (10-2 nm-2) 3.0542 4.8648 4.7496 4.6046

D (nm) 85.0 114.0 100.0 86.0

S/V (910-2 nm-1) 2.35 1.75 2.0 2.30

Ev (nm) 4.75 4.0 4.05 4.20

ER (nm) 4.55 3.84 3.85 3.91

/1 (%) 0.806 0.896 0.88 0.85

/2 (%) 0.194 0.104 0.12 0.15

�l1 ðnmÞ 137.11 204.15 176.09 146.06

�l2 ðnmÞ 32.8 23.8 23.9 25.94

�lr ðnmÞ 26.52 21.3 21.0 22.0

lc (nm) 38.78 39.19 38.45 35.5

2Ev/D (%) 10.5 7.01 8.1 9.76

r 0.03 0.19 0.02 0.02

0

1

2

3

4

5

6

-3.5

Log X

goL
)x(

Raw Jute (-3.06)

M Jute 2h (-2.60)

M Jute 4h (-2.80)

M Jute 8h (-2.98)

-3 -2.5 -2 -1.5

Fig. 5 Double logarithmic plot of background-corrected, smeared-

out scattering curve for different jute fibres

Fig. 6 The curve showing the three-dimensional correlation function

C(r) against r values for raw jute, M jute 2 h, M jute 4 h and M jute

8 h

Fig. 7 The curve showing the values of one-dimensional correlation

function C1(y) against y values for raw jute, M jute 2 h, M jute 4 h

and M jute 8 h
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calculated at the tail region of the SAXS curve of the

samples and values are well with in permissible limits (0.5)

(Table 2) [37].

Table 2 shows that the average periodicity transverse to

the layer D was increased after the alkali treatment in

comparison to the raw jute fibres. Similarly, the value of

the volume fraction of the matter region /1 and the value of

transversal length in matter phase �l1 were found to increase

after alkali treatment. This suggests the swelling behaviour

of the cellulose after the alkali treatment. It is also observed

that maximum swelling was at the 2 h alkali treatment.

This may be due to heavy dissolution of hemicellulose and

Lignin at this particular treatment hour. The values of E,

width of the transition layer, calculated by two different

methods, i.e., Vonk [16] method and Ruland [27] plot

method, referred as Ev and ER, respectively, are in per-

missible range of deviation.

XRD analysis

Figure 10 shows the room temperature X-ray diffraction

pattern of raw jute fibre samples before and after alkali

treatment for 2, 4 and 8 h. The pattern shows the 002 peak

is slightly shifting toward lower angle indicating the

increase in d spacing. The microstress and percentage

crystallinity are also calculated from the diffractrogram and

presented in Table 3.

From the table, it is clear that the FWHM of diffraction

peak decreases after alkali treatment. The degree of crys-

tallinity (CrI%), using the Segal empirical method found to

increase after alkali treatment. Ray and co-workers also

reported similar observation [31]. The extent of crystal-

linity formation by NaOH treatment was also determined

from the improvement in the intensity of the peaks [31].

Fig. 8 The curve showing the value of ð�4=RÞdCðrÞ=dr against r
values for different jute fibres; the values of Ev for representative fibre

are given in the parenthesis

Fig. 9 Ruland plot ~IðxÞ �
X vs. X�2 values for (a) raw

jute, (b) M jute 2 h, (c) M jute

4 h and (d) M jute 8 h
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Mechanical properties

Figure 11 shows the variation of linear density (tex) of the

fibre with alkali treatment time. The figure shows a

decreasing trend of the tex with treatment time. In the

present case, linear densities of the fibers decrease from 4

to 2.8, from raw jute to 8 h alkali-treated jute, respectively.

Figure 12 shows the variation of strain at break point,

tenacity and modulus of the fibre with alkali treatment

period. The figure shows that the modulus increased by

33% at 2 h of treatment, after which the increase was by

50% and 78% for 4 and 8 h treatments, respectively.

Tenacity at break decreased after 2 h treatment, but was

found to increase by nearly 22.5% after 8 h treatments.

Percent (%) breaking strain was reduced by 44% after 2 h

treatment, whereas the reduction was 55.5% and 72.2%

after 4 and 8 h treatments, respectively. Thus, the results

show that alkali-treated fibres were stiffer and brittle in

comparison to raw fibres, as reported for Corchorus

capsularies [31].

In untreated jute fibres, hemicelluloses and lignin

remain dispersed in the inter-fibrillar region separating the

cellulose chain from one another. The cellulose chains are,

therefore, always in a state of constraint. Removal of he-

micelluloses and lignin after alkali treatment, removed

internal constraint and the fibrils became more capable of

rearranging themselves in a compact manner, leading to a

closer packing of the cellulose chain, which causes

improvement in fibre strength and its mechanical proper-

ties. This is also responsible for the increase in the

crystallinity of the fibre after alkali treatment as supported

by our XRD analysis.

Thermal analysis

DSC analysis was carried out on the raw and alkali-treated

jute fibres to determine the thermal behaviour of fibre. DSC

analysis also enables the identification to be made of

chemical activity occurring in the fibres as the temperature

is increased. DSC analysis curve of raw and alkali-treated

jute fibres are shown in Fig. 13. A broad endothermic peak

observed in the temperature range of 60–140 �C in both

Fig. 10 X-ray diffraction pattern of jute fibre samples before and

after alkali treatment

Table 3 The observed and calculated parameters from the X-ray

diffraction pattern

Parameters Rawjute Mjute 2 h Mjute 4 h Mjute 8 h

Peak position (2h) 22.5 22.48 22.46 22.44

FWHM (2h) 2.772 2.437 2.424 2.402

d (nm) 0.394 0.395 0.3954 0.396

Crystallite size (nm) 29 32 33 34

e 0 0.002 0.003 0.004

I002 (counts/s) 1664 1836 1974 2102

Iam (counts/s) 569 554 585 615

CrI (%) 65.80 68.81 70.36 70.74

rstress (10-4) (N/tex) 0 1.12 1.68 2.24

2.5
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Fig. 11 The variation of linear density with alkali treatment time
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Fig. 12 The variation of strain at break point, tenacity and modulus

of the fibre with alkali treatment period
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alkali treated and raw jute corresponds to the heat of

vaporization of water absorbed in the fibres. It is reported

[43] that in cellulose fibres, legnin degrades at a tempera-

ture around 200 �C while the other polysacrides such

cellulose degrades at higher temperature. The first exo-

thermic hump in the DSC curve for raw jute fibre is about

290.2 �C which is due to the thermal degradation of

hemicellulose and the glycosidic linkages of cellulose. The

very strong second endothermic peak at about 365.26 �C

indicates the degradation of cellulose, leading to the for-

mation of char. In addition, there is one more step with a

peak at 431.7 �C. In this step, the rest of the char is oxi-

dized and the rest of the mass consumed [44]. In the DSC

curve for different alkali-treated jute fibre, it is found that

the exothermic hump for decomposition of hemicellulose

are very weak after 2 h alkali treatment and almost missing

after 4- and 8-h alkali treatment. This may be due to the

removal of hemicellulose from the fibre after alkali treat-

ment. This is also supported by our chemical analysis plot

(Fig. 1) and FT-IR spectra. According to the second

endothermic peak, it can be deduced that the degradation

peak of the cellulose shifted to lower temperature,

360.62 �C from 365.26 �C after 4 and 8 h alkali treatment.

This lowering of the decomposition temperature leads to

the reduction in the thermal stability of alkali-treated fibres.

Dipa Ray and coworkers [45] also reported the same.

Conclusion

Jute fibres (Corchorus olitorous) were chemically treated

with 1.26 M (5 wt%) solution of NaOH for 2, 4 and 8 h.

The chemical analysis of fibre and FT-IR studies revealed

that hemicellulose and lignin removed after alkali treat-

ment and rough surface morphology of treated fibre as seen

in SEM micrograph was also due to the removal of these

structural constituents. The value of periodicity transverse

to the layer, D, volume fraction of the matter phase, /1 and

the value of the transverse length in matter phase, �l1; as

determined by SAXS, were found to increase after the

alkali treatment. This suggests the swelling behaviour of

the cellulose in the fibre due to the mercerization. Swelling

is found maximum at 2 h alkali treatment. This may be due

to the heavy dissolution of the hemicelluloses at this

treatment time. Microstructure analysis of fibre by XRD

revealed that the degree of crystallinity increased after

alkali treatment. This could be due to the removal of non-

crystalline structural components out of the cell wall of the

fibre, leading to the closer packing of cellulose chain

resulting improved mechanical strength. But the alkali

treatment led to the thermal decomposition temperature of

the cellulose went down to 360.62 �C after 8 h alkali

treatment from 365.26 �C for raw jute fibre may be due to

the removal of some basic structural constituents, hemi-

cellulose and lignin.
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