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ABSTRACT: The present investigation deals with the
fine structural characteristics of heated and alkali-treated
sisal fiber using small-angle X-ray scattering (SAXS) tech-
nique for nonideal two-phase systems. The SAXS inten-
sities of heated and alkali-treated sisal fibers deviate from
Porod’s law, indicating that the samples belong to noni-
deal two-phase systems characterized by continuous varia-
tion of electron density at the phase boundary. The
macromolecular parameters such as the average periodic-
ity transverse to layers, specific inner surface, volume frac-
tions of void and matter phases, and so on of the samples
were evaluated by using one- and three-dimensional corre-

lation functions, which reveal all the information con-
cealed in the slit smeared SAXS patterns. As all the
samples under our purview of study have two-phase
structure with diffuse phase boundaries, the average thick-
ness of the transition region have been determined. This
analysis throws some light on the structural changes that
occurred in the dewaxed sisal fiber treated by NaOH solu-
tions and subject to heat treatments. VC 2012 Wiley Periodi-
cals, Inc. J Appl Polym Sci 125: 2356–2362, 2012
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INTRODUCTION

Small-angle X-ray scattering (SAXS) takes place in a
system having particle inhomogeneities of colloidal
dimensions. Such large spacings are found in some
complex molecules such as cellulose, collagens, pro-
teins, and so on. According to Porod’s law,1,2 the
intensity at the tail region of the SAXS curve de-
creases in proportion to x�4 for structures with sharp
phase boundaries, where ‘‘x’’ is the vertical distance
of the detector from the plane of the primary beam.
However, investigations3–6 on SAXS show distinct
deviations from Porod’s law, that is, intensity is
found to decrease in proportion to x�6 rather than
x�4. Ruland7 presented a method for analyzing the
deviations from Porod’s law in terms of a model
containing two phases and having a transition layer
of width E in which electron density varies continu-
ously from matter phase to void phase.

Sisal being a natural cellulosic fiber having macro-
molecular structure with molecular dimension lon-
ger than the wavelength of X-ray, SAXS technique
was used to evaluate the fine structural characteris-
tics of the air-dried sisal fiber along with the fibers
heated and treated with alkali solutions following

the procedures of Misra et al.4,5 SAXS theories have
been widely applied in the field of biopolymers by
Petoukhov et al.,8–10 Martel et al.,11 to synthetic poly-
mers by Patel et al.12 and to natural polymers by
Khan et al.13 In recent years, SAXS techniques
proved to be potential tools in the field of nanostruc-
tured materials as evident from the works of Marega
et al.,14 Neppalli et al.,15 Causin et al.,16 Gilbert
et al.,17 and many more.
The SAXS intensity patterns of sisal fibers both

treated and untreated show deviation from Porod’s
law, establishing that sisal fiber falls under nonideal
two-phase structure characterized by continuous
variation of electron density at the phase boundary.
Therefore, the mean square electron density gradient
h rgj j2i is proportional to the third momentR
x3~IðxÞdx of the smeared out SAXS intensity distri-

bution in reciprocal space and to the second deriva-
tive of the correlation functions at the origin.18 The
correlation functions are the Fourier transformation
of the SAXS pattern, which contain all the informa-
tion regarding the scattering particles. The structural
changes due to heat and alkali treatments are inter-
preted in terms of macromolecular parameters,
determined by using SAXS techniques.

SAMPLES

Sisal is a hard vegetable fiber obtained from the
leaves of the plant agave sisalana, growing mainly
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in tropical countries. The fiber is extracted from the
matured leaves by decortication. This fiber is now
world’s most important leafy fiber comprising of
more than half of the total commercial production of
all leaf textile fibers. It is not only a hard currency
earner but also finds extensive use in navies, fish-
eries, garments, and so on. The sample investigated
was obtained from Sisal Research Station, Bamara,
Orissa, India. To acquire pure scattering pattern of
sisal fiber due to the principal cellulose component,
the fiber was dewaxed following the method of
Roy.19 Further, it also imparts a ‘‘hohlraum charac-
ter,’’ that is, material was packed in layers like the
pages of a book.20 In cellulosic natural fibers, the
long axes of the microcrystallites form a constant
angle with the fiber axis so that the samples can be
taken as a two-phase densely packed highly oriented
system.21 The dewaxed sample heated at tempera-
tures 60, 75, and 90�C for 24 h are named as Sisal-
60�C, Sisal-75�C, and Sisal-90�C, respectively. The
samples soaked in NaOH solution for 90 h at pH
values 11, 12, and 13 and then air dried are referred
as Sisal-pH11, Sisal-pH12, and Sisal-pH13, res-
pectively. The air dried untreated sisal fiber is
known as Sisal-AD. All the samples were kept in
desiccator as cellulosic natural fibers are hygroscopic
in nature.

EXPERIMENTAL

The SAXS measurements were taken by a compact
Kratky camera, ‘‘Anton Paar KG, A-8054, GRAZ,
AUSTRIA-EUROPA,’’ using a ‘‘Phillips PW-1729 X-
ray generator’’ with entrance slit of 150 lm, counter
slit of 375 lm, and a copper target operated at 40 kV
and 30 mA. The monochromatization was achieved
using a nickel filter of 10 lm thick. The samples
were irradiated with CuKa(k ¼ 1.54 � 10�10 nm)
radiation. The body of the compact camera forms a
tightly sealed evacuated space, which encases all
the construction units except the registration device,
which in our case was a proportional counter. The
X-ray radiation enters this space through a 0.25 lm-
thick beryllium window from the front side and
scattered radiation leaves through a similar window
at the opposite side. By this construction, the
entire radiation path between the two windows
runs through vacuum, thus avoiding scattering by
air molecules. The distance of the samples from
the counter slit was 20 cm and the temperature of
the room was maintained at 22.5�C by an air
conditioner.

THEORY

The detailed theory and procedures of this SAXS
investigation have been described in the previous

works of Misra et al.4,5 on air-dried sisal and cotton,
respectively. The straightforward formulae to com-
pute the various macromolecular parameters of
heated and alkali-treated sisal fibers are outlined
below.
In the evaluation of various macromolecular

parameters, the characteristic parameter R is given
by

R ¼ 3

2

2p
ka

� �2
R1
0 x3~IðxÞdxR1
0 x~IðxÞdx (1)

where x represents the position coordinates of the
scattered intensity from the center of the primary
beam and ‘‘a’’ represents the distance between
sample and detector slit. The ratio R is a useful
parameter for characterization of macromolecular
structures. In ideal two-phase structures, the gradi-
ent at the phase boundary is infinity and conse-
quently R goes to infinity. On the other hand, if R is
finite, the electron density changes from one phase
to other continuously over a transition layer of
width E.
The three-dimensional correlation function C(r),

which gives the relation between macromolecular
structure and SAXS intensity pattern, given by
Merring et al.22 modified by Misra et al.,4,5 can be
written as

CðrÞ ¼
R
xeIðxÞJ0ðkxrÞdxR

xeIðxÞdx (2)

J0 is the Bessel function of first kind and zero
order. The characteristic parameter R as given by
Vonk18 is

RV ¼ �3
d2CðrÞ
dr2

� �
r¼0

(3)

The value of E, the width of transition layer can
be obtained from the three-dimensional correlation
function of the sample normalized to unit at the ori-
gin in real space. The relation given by Vonk18 for
the width of transition layer is

EV ¼ � 4

R

dCðrÞ
dr

� �
r¼EV

(4)

In order to obtain Ev, it is required to calculate the
values of C(r) for various values of r in real space.
For a layer structure, Kortleve et al.23 have shown

the use of one-dimensional correlation function
C1(y). The expression for C1(y) is given according to
Mering et al.22 and modified by Misra et al.,4,5 can
be written as
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C1ðyÞ ¼
R1
0 x~IðxÞ J0ðzÞ � zJ1ðzÞ½ �dxR1

0 x~IðxÞdx (5)

where z ¼ 2pxy
a and J1 is the Bessel function of first-

order and first kind. According to Vonk,18 the posi-
tion of first subsidiary maximum in one-dimensional
correlation function C1(y) gives the value of the aver-
age periodicity transverse to the layers.

According to Vonk,18 relation between correlation
functions C(r) and C1(y) at origin exists and is given as

3
d2CðrÞ
dr2

� �
r¼0

¼ d2C1ðyÞ
dy2

� �
y¼0

(6)

Using the following relation given by Vonk18

ðDgÞ2
hg2i ¼ �D

dC1ðyÞ
dy

� �
y>EV

(7)

the value of ðDgÞ2
hg2i can be computed, where Dg is the

electron density difference between the two phases.
According to Vonk18 for nonideal two-phase struc-

ture the relation

u1u2 ¼
hgi2
ðDgÞ2 þ

EV

3D
(8)

holds good. Here u1 and u2 are the volume fractions
of the matter and void phases, respectively. For this
purpose, the phase boundary is chosen at the middle
of the transition layer. Taking the sum of the volume
fractions of the two phases to be unity, relations (7)
and (8) can be used to get the values of u1 and u2 as

u1 ¼
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4u1u2

p
2

(9)

u2 ¼
1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4u1u2

p
2

(10)

The distance statistics can be worked out according
to Porod1,2 for the calculation of the transversal lengths.
In an irregular two-phase system, if arrows are shot in
all possible directions, the average intersection lengths
of the arrows in two phases are called transversal
lengths and are denoted by ‘1 and ‘2. According to Mit-
telbach et al.,24 the transversal lengths in matter and
void phases, respectively, are given by

‘1 ¼ 4u1

V

S
(11)

and

‘2 ¼ 4u2

V

S
(12)

For a layer structure the specific inner surface S/V
is defined as the surface of the phase boundary per
unit volume of the dispersed phase and is given by
Vonk18 as

S

V
¼ 2

D
(13)

A second method for the estimation of the value
of width of transition layer is given by Vonk.18 The
functional relation of ~IðxÞ with x at the tail region of
SAXS pattern for a nonideal two-phase system is
given by

x~IðxÞ ¼ pc
2
ðkaÞ3x�2 � kacp3E2

3
(14)

where ‘‘c’’ is a proportionality constant. The value of
ER, the width of transition layer can be calculated
from Ruland plot (plot of x~IðxÞ versus x�2) by least
square method of fitting straight line at tail region
data of SAXS pattern.

Background correction

In every SAXS experiment, a continuous background
scattering is always superimposed over the SAXS
pattern of the sample. Both Vonk and Ruland meth-
ods of estimation of width of transition layer yield
results, which are sensitive to errors in the tail
region of SAXS pattern. The correlation functions at
the origin are also very sensitive to the errors at the
tail region of SAXS curve. Therefore, care has been
taken to separate SAXS intensities ~IðxÞ from the con-
tinuous background scattering ~IbgðxÞ. In the SAXS
patterns of all the samples in the domain of our
investigation, intensity values at the tail region of
the SAXS curve remain constant where X-ray scatter-
ing due to samples are very small. So, one is justi-
fied in deducting a constant background intensity
corresponding to the minimum intensity value in
SAXS pattern. These background corrected data at
the tail region must be subjected to the following
two conditions to show their correctness. The stand-
ard deviation r25 at the tail region must be below
0.5 and coefficient of line regression c4–6 in the
same region must approach unity. These back-
ground-corrected SAXS intensities have been used in
our subsequent analysis.

Calculations

Because of instrumental limitations, SAXS data can-
not be collected up to zero angle. Therefore, initial
five intensity data of each sample were fitted to
Gaussian curve of the form ~Iðx ! 0Þ ¼ pe�qx2 by least
square method. The values of p and q thus found

2358 KHAN, BISOYI, AND SHUKLA

Journal of Applied Polymer Science DOI 10.1002/app



out and used in the same equation to obtain scatter-
ing patterns towards zero angles for all samples
under the purview of our study. The complete
scattering patterns of all the samples are shown in
Figure 1. As shown in the Table I, the standard devi-
ation r and the coefficient of line of regression c for
each sample have optimum values and prove the
error free collection of SAXS data at the tail region
of SAXS pattern to which correlation functions at the
origin are very sensitive to errors. The negative
intercept obtained from the Ruland plot and finite
value of R and RV suggest that all the samples under
investigation possess nonideal two-phase structure.

The two integrals in the relation (1) and all other
integrals were calculated by numerical methods
by applying Simpson’s one-third rule. Using the
relation (2), C(r) was computed for various values
of r for all samples and shown in Figure 2. Then
�½ð4=RÞðdCðrÞ=drÞ� for all samples were computed by
numerical differentiation method using five-point
central difference formula with a constant interval of
10�1 nm and are shown in Figure 3. The points at

which a unit slope straight line intersects these
curves give the values of width of transition layers
Ev by Vonk method. Like other natural cellulosic
fibers, sisal possesses a layer structure and hence
one-dimensional correlation function C1(y) was com-
puted for various values of y using relation (5) and
shown in Figure 4. The values of D, the average pe-
riodicity transverse to the layers for all the samples
were obtained from the first subsidiary maximum
of this plot. With the help of relation (13), the value
of S/V, the specific inner surface was calculated
for all the samples. The second differential coeffi-
cients of one- and three-dimensional correlation
functions at origins, that is, ½d2C1ðyÞ�=dy2

� �
y¼0

and
½d2CðrÞ�=dr2� �

r¼0
of each sample were determined by

using five-point forward difference double differen-
tiation formula. The slopes ½dC1ðyÞ�=dyð Þy�EV

calcu-
lated by numerical methods were found to be nearly
constant for each sample separately. From the rela-
tion (7), the values of ðDgÞ2=hg2i for each sample
were computed and the volume fractions and trans-
versal lengths in both phases were computed with
the help of relations (9, 10, 11, 12), respectively. The
Ruland plot for all the samples were shown in
Figure 5 where straight lines have been fitted by
least square technique at the tail region of the SAXS
patterns. Making the use of slopes and y-intercepts
of each line, the values of width of transition layers
ER were calculated.

RESULTS AND DISCUSSION

The results have been computed using the detailed
theories and procedures outlined above. The rele-
vant constants are tabulated in Table I. The macro-
molecular parameters for heated and alkali (NaOH)-
treated samples were shown in Table II along with
air dried sisal fiber for comparison. Most of the mac-
romolecular parameters investigated are pictorially
represented in Figure 6. This figure depicts the phys-
ical meanings of periodicity transverse to layers D,
width of transition layer E, transversal length in

Figure 1 The smeared-out SAXS patterns of sisal fibers.

TABLE I
The Relevant Constants of Air-Dried and Heat- and Alkali-Treated Samples of Sisal Fibers

Samples!
constants; Sisal-AD Sisal-60�C Sisal-75�C Sisal-90�C Sisal-pH11 Sisal-pH12 Sisal-pH13 Units

p 27512.563 15827.734 15596.594 19064.723 29354.912 7135.598 7304.912
q 958.77 874.60 1016.86 914.96 1001.86 698.37 665.33
Ibg 99.12 89.11 71.83 108.01 80.27 66.02 108.01
r(R) 0.15 0.04 0.03 0.01 0.02 0.02 0.03
R 7.26 7.08 7.60 8.82 5.58 12.9 18.90 �10�5 nm�2

Rv 7.35 7.17 7.71 8.88 5.57 12.99 18.96 �10�5 nm�2

½d2CðrÞ�=dr2� �
r¼0

�2.45 �2.39 �2.57 �2.96 �1.86 �4.33 �6.32 �10�5 nm�2

½d2C1ðyÞ�=dy2
� �

y¼0
�7.32 �7.08 �7.58 �8.79 �5.72 �12.89 �18.89 �10�5 nm�2

c 0.96 0.91 0.92 0.90 0.94 0.97 0.93
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matter phase ‘1, transversal length in void phase ‘2,
volume fraction of matter phase u1, and volume
fraction of void phase u2.

The standard deviation r25 of the scattering data
at the tail-region for all the investigated samples
came out to be much less than the permissible value
of 0.5. Besides, the coefficient of line of regression
c4–6 for all the samples approaches unity in the
aforesaid region. The above results show the correct-
ness of collected SAXS data at the tail region at
which correlation functions are most sensitive. The
value of the characteristic parameter R for each sam-
ple is finite, which suggests the nonideal structure of

all samples.18 The values of (R, Rv) and (Ev, ER) eval-
uated by two different methods are nearly equal.
This proves the correctness of our analysis. There is

a good agreement in the values of 3 d2CðrÞ
dr2

���
r¼0

and

d2C1ðyÞ
dy2

���
y¼0

for all the samples under our purview of

investigation (Table I). This favors the discussion of
Kratky et al.26 that cellulosic samples are isotropic in
nature.
The value of width of transition layer of each sam-

ple calculated by two different methods (relations 4,
14) is nearly equal. This indicates the correctness of
our approach. Again, there is no significant variation

Figure 2 Three-dimensional correlation functions of sisal
fibers.

Figure 3 The curves showing the values of

�½ð4=RÞðdCðrÞ=drÞ� against ‘‘r’’ values. The straight
line is an equidistant line from both the axes.

Figure 4 One-dimensional correlation functions of sisal
fibers.

Figure 5 The plot of x~IðxÞ versus x�2.
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in the values of width of transition layer of all the
samples. This means that heat and alkali have no re-
markable effects on the corrugation of phase
boundary.

The values of D, the periodicity transverse to
layers for heat-treated samples increases with the
rise in temperature. This shows the swelling behav-
ior of particles under action of heat. In alkali-treated
samples the periodicity transverse to layers increases
with increase in the pH value of alkali solution
showing the swelling of particles. However, at pH ¼
13, the same parameter decreases. The reason for
this may be due to the rupture of particles produc-
ing particles of different dimension.

There is no remarkable change in the value of 2EV

D ,
the volume fraction of transition layer for all the
samples. It is a measure of the degree of corrugation
of the phase boundary. This indicates that heat and
alkali have no significant effects on the degree of
corrugation of the phase boundary.

The specific inner surface S
V for heat-treated sam-

ples decreases with the rise in temperature. This
means that particles swell under action of heat. In
alkali-treated samples, the specific inner surface
decreases with increase in the pH value of alkali so-
lution. This shows the swelling nature of particles

with rise in concentration of alkali solution. How-
ever, at pH ¼ 13, the same parameter increases. This
result indicates that cellulosic particles break at pH
value of 13 of alkali solution.
The increase in the value of u1, the volume frac-

tion of matter phase with temperature suggests the
swelling property of matter phase. In addition, for
the same reason, the same parameter increases with
the increase in the pH value of the alkali solution.
As at pH ¼ 13, the particles rupture producing new
particles, having different dimension from the origi-
nal ones, the volume fraction of matter phase
decreases. The volume fraction of void phase u2,
changes in opposite manner as that discussed for u1

values. The transversal lengths ‘1 and ‘2 in the mat-
ter and void phases, respectively, changes in accord-
ance with the values of u1 and u2, respectively,
along with the D values except for the alkali treated
fiber at pH ¼ 13. The transversal length in void
phase ‘2 has the same meaning as that of average
size of microvoid and is found to decrease with
increase in temperature. This conclusion is in con-
sistent with the above discussion.
Similar trend in the variation of macromolecular

parameters are also observed when air-dried sisal
fiber is taken into account, justifying our approaches
and analysis. Based on the detailed analysis
described above, a statistical lamellar model of sisal
fiber5 has been represented by Figure 6 depicting
almost all the macromolecular parameters.

CONCLUSIONS

From the above calculations and results, it has been
inferred that air-dried, heated, and alkali-treated si-
sal fibers are nonideal two-phase systems. The mat-
ter phase in sisal fiber swells with increasing tem-
peratures and also when treated with NaOH
solutions of increasing concentrations. Heat and
NaOH solutions do not affect the corrugation of
phase boundaries between matter and void phases
of sisal fiber even though phases breaks at pH ¼ 13.

TABLE II
The Effect of Heat and Alkali on Various Macromolecular Parameters of Sisal Fiber

Samples!
Parameters ; Sisal-AD Sisal-60�C Sisal-75�C Sisal-90�C Sisal-pH11 Sisal-pH12 Sisal-pH13 Units

D 911 921 926 939 919 944 819 �10�1 nm
S/V 2.19 2.17 2.16 2.13 2.18 2.12 2.44 �10�2 nm�1

Ev 22.29 23.98 23.03 22.12 23.75 21.30 21.13 �10�1 nm
ER 22.65 22.59 21.61 21.42 22.30 21.03 20.48 �10�1 nm
2Ev/D 4.97 5.21 4.97 4.71 5.17 4.51 5.16 %
/1 86.32 86.79 87.02 88.88 88.15 93.63 92.27 %
u2 13.68 13.21 12.98 11.12 11.85 6.37 7.73 %
‘1 1572.75 1598.67 1611.55 1669.14 1620.20 1742.14 1533.63 �10�1 nm
‘2 249.24 243.33 240.45 208.86 217.80 145.86 104.37 �10�1 nm

Figure 6 Statistical lamellar model of sisal fiber: (1) Peri-
odicity transverse to layers, (2) Matter phase, (3) Void
phase, (4) Transversal length in matter phase, (5) Transver-
sal length in void phase, (6) Width of transition layer.
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