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Synopsis

Pore analysis of untreated and alkali-treated samples of jute by the low-angle x-ray
scattering method was made. The measurements were made using the low-angle scatter-
ing camera of the latest design by Kratky.! The theories of Kratky?—* and Porod®~7
were used to evaluate and compare the various parameters of the scattering particles
present in both types of jute fibers. Babinet’s® reciprocal principle of scattering in
optics was taken into account.

INTRODUCTION

Several workers®~!2 in the early thirties of this century observed that
substances like protein fibers having polycrystals and colloidal powders
show low-angle scattering. Guinier’s!® theory was extended for the study
of colloidal particles of dilute systems where interference effects of the
particles were neglected. Kratky,! however, pointed out during that
time that the scattering by a dense assemblage of colloidal particles (mi-
celles) is not independent of interparticle interference. A good amount of
theoretical work has been put forward by Porod®” and Kratky?—* in recent
years, wherein they have emphasized pore analysis of the scattering par-
ticles in such systems, instead of determining particle dimensions.

We have used the low-angle seattering camera of latest design® capable
of measuring size range of particles up to a Bragg value 20,000 A and have
been able to measure intensities up to a scattering angle as low as 103
radian, corresponding to a Bragg value of 12,000 A. We have studied the
nature of variation in the parameters of the scattering particles in the
jute fibers when it was untreated (dewaxed) and when it was treated with
17.59%, NaOH solution.!-%18 The results of the two samples were com-
pared in an attempt to interpret the nature of variation in the fiber before
and after alkali treatment.

EXPERIMENTAL

A Radon House x-ray apparatus with a Machlett A-2 x-ray diffraction
tube of copper target was coupled with a highly sensitive voltage stabilizer.
The x-ray unit was constantly operated at 30 KV and 20 mA throughout
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Fig. 1. Plot of 7 vs. X: the scattering curves of the samples.

the expcriment to obtain an intense x-ray beam. The beam was mono-
chromatized by using a curved crystal monochromator after Johansson
and Guinier™®# to obtain Cul{, radiation (A = 1.54 f&). The entrance
slit width of the camera used was 120 g, providing high resolution. The
photographic techniques as detailed in our previous papers!®? were adopted
for recording of scattered intensitics. A Moll microphotometer was used
for measuring the intensities.

The Kratky camera uses a rectangular focus to get high intensities.
Therefore, it would have neccessitated a slit correction. But since the
sample is a highly oriented one,?! we can avoid such a correction by using
smeared-out intensity I for the evaluation of the parameters.?* The values
of T and X are plotted for both samples in Figure 1. Here, X is a function
of the scattering angle 26 and is given by

X = 2apb

where a is the sample film distance (here 230 mm) and p is the transforma-
tion ratio due to the microphotometer (here 100).

The jute sample was obtained through the Indian Jute Mills Associa-
tion Research Institute, Calcutta. For dewaxing, defatting, and reducing
the sample to a hohlraum system,?® i.c., substances lying in layers with
free spaces in between, we have adopted the same method as that of Roy.**
This we call the untreated sample (dewaxed). TFor preparing the alkali-
treated sample, short lengths of the dewaxed sample were soaked in 17.5%
NaOH solution at a temperature of 25°C for 30 min. The dewaxed fibers,
while still in the alkali bath, were stretched. The alkali was then drained
off and the fibers were washed with water several times till they were neu-
tral, and were then air dried.
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THEORY AND DISCUSSION

The characteristic constants of the low-angle scattering curves of a sam-
ple with a good degree of orientation can reveal certain macromolecular
parameters like specific inner surface, air fraction, and the transversal
parameters. We evaluated here only such parameters that are common
to both the dispersed and the dispersing phases, according to the methods
of Porod® and Kratky,® as applied to a two-phase system where inter-
particle interference is predominant. The percentage of air present in
the two samples will clearly give a picturc of the textile properties of the
untreated and alkali-treated fibers. Since we have used a transformation
factor, p = 100, proper reduction has been made throughout while evaluat-
ing the parameters.

Air Fraction
The primary beam intensity (Py) is given by
Py = The area under the primary beam curve

Exposure time of sample

Exposure time of primary beam

The average value of Py, obtained in the above manner by adopting the
film shift device,? is equal to 463.8 cm?, after taking the transformation
factor into account.

The invariant @, adopted by Debye and Bueche? and Porod?® is defined by

Q = f I(X)XdX for slit-corrected intensity
0

and
Q= f I(X)XdX  for slit-smeared intensity.
0

This is the case for a two-phase system, where @ is a characteristic func-
tion of the scattering curve and is independent of the shape and size of the
scatterer but depends upon the scattering power, the mean square fluctua-
tion of the electron density Ap? of the two phases, and on the primary
beam intensity P,. Here,

Ap? = (p1 — p2)? W1y
= Ap? ww,
w1 + Wy = 1
where pi, p; are the electron densities of the two phases, matter and void,
respectively and w;, ws are their volume fractions.
The invariant ¢ of the scattering curve has been used by Kratky,?
Porod,® and also by our group'?20.2%.% for the determination of specific

inner surfaces. In the present case, J was found by I(X)X versus X curves
and planimetering the area under the curve. The values thus obtained
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Fig. 2. Plot of T 23 vs. X to find the characteristic constants K of the samples.

are 40.4X10~* cm? for the untreated sample and 83.8 X 10—* cm? for the
alkali-treated sample.

Kratky et al.?2 and Rothwell®! have pointed out that the seattering curve
with the smeared-out intensity I has a decrease proportional to X3 and
X~ for slit-corrected intensity, toward the very high angular range in the
low-angle region. 'This is based on the fact that there is a homogeneous
electron density distribution within each phase. Therefore, the curves
I(X)X?versus X show an asymptotic behavior for large values of X. Thus,

Lim [(X)X* = K

X
where K is the characteristic constant, or the run constant of the curve.
Thus, by exploiting the tail portion of the scattering curve, we get K values
(Fig. 2) for the two samples of 16.5X10~% and 28.0X 1073, respectively.

The correction of the scattering curve due to the fluctuation of the elec-
tron density as proposed by Luzzati, Witz, and Nicolaieff3? has, however,
not been taken into account because of the nonestablishment of a rigorous
theory supporting their suggestions. We therefore proceed with the above
expression as pointed out by Porod.®

The effective sample thickness D is given by Kratky3?:

dq
D = 6c-¢

where §, is the crystalline density of the jute fiber (whose constituents are
mostly cellulosic). The value of 8, is assumed to be 1.60 as suggested by
Porod?* for untreated sample and 1.59 for alkali-treated sample. Taking
the apparent density §, as 1.48 and 1.5, respectively, for untreated and
alkali-treated sample,® and ¢, the inner diameter of the Mark capillary,
as equal to 1.59 mm and 1.80 mm for the two samples, D values of 0.147
cm and 0.170 cm are obtained for the untreated and alkali-treated samples
respectively.

Almost identical masses of the two samples were exposed to the x-ray
beam. The electron density pis given by

30
CEA

p=2
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where Y 01is the sum of the atomic number and >4 is the sum of the atomic
weights. The values of p are calculated to be 0.85 and 0.84 in case of un-
treated and alkali-treated samples, taking > 0/>_ 4 as0.53 for the untreated
fibers by Kratky® and as 0.52 for the alkali-treated fibers as calculated
by us.?

We assume that the sample contains air in order to account for the ex-
perimental values of the invariant

Qexp = j; I(X)XdX

being equal to 40.4X10—* cm? and 83.8X10~* cm? in the two samples.
The Qexp is compared with Qu, obtained by the relation®

~ 7.9X10~%
QOwm = —~>2<—1r~— A3N2 PoD (ap) p? wiwe

where N = Avogadro’s number = 6.0228 X102 and the other symbols
have their usual meanings.

For the calculation of air fraction, we have used the same procedure
as used in an earlier paper?® by our group. Now setting

Oth = Gexp:

we obtain wyw, = 0.214 X103 for the untreated sample and wyw. = 0.392-
X103 for the alkali-treated sample. Assuming wy~1 (approx.), we get
a volume fraction of air w; of 0.214X10~2% and 0.392X 102 in the two cases.
Thus, the value of air fraction of the untreated sample is found to be 0.029,
and that of the alkali-treated sample, 0.049,. The two different air frac-
tions calculated in the two cases clearly show that the crystalline to non-
crystalline ratio in the fiber is changed. This may throw light on some
textile properties having close correlations between fiber crystallinity and
certain physical properties such as density, tensile modulus, and ultimate
tensile strength. This can also give some information about the fabric
in assessing its value as clothing material.

Specific Inner Surface

The specific inner surface (O/V) defined as the phase boundary area
per unit volume of the dispersed phase (per A3 of the sample volume) is
calculated by using the Porod? relation

Q _38r K wy = 16'32-~£-w1w2 for A = 1.54 A.
ap  Qexp
Now substituting the values of X and w,w: for the samples, the specific
inner surface of the untreated fiber is obtained as 6.2XX10~¢ A-! and that
of the alkali-treated fiber, as 9.3X10—¢ A—1. The values of the specific
surface of the raw and 12.59, NaOH-treated fibers by the airflow method
has been reported by Roy® to be 9.21X10%¢cm?/cm? and 11.52X10? cm?/

=2 . = w
Vo Ap Qexp !
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em?, respectively. The order of this value agrees fairly well with the orders
of our values.

Transversal Parameters

Besides amorphous cellulose, formation of open structures due to the
combination of unremoved lignin with hemicellulose and air may be the
cause of the void spaces in jute. The earlicr reports of Statton® and Sen?3®
reveal that the void volumes of jute are different from those of other cel-
luloses. This may be due to the complicated structure of jute, as compared
to that of pure cellulose. Since the scattering system like cellulose in jute
is of complicated nature, one has to be content with finding some param-
eters giving a general characterization of size, polydispersity, and shape.
In case of dry cellulose, Hermans et al.*® have speculated that the shape
of the scattering curves will largely be determined by the shape and size
of the microvoids and will not provide information on the cellulosic sub-
stance itself. However, assuming a two-phase system of “matter” and
“void,” according to Babinet’s® reciprocal relation, the scattering will be
the same if “matter” and ‘“void” exchange their positions. Thus, using
the theories of Kratky?—* and Porod,*—7 the complementarity of void and
matter can also be employed to get a measure of the size of the scattering
particles. In a system where the particles vary in shape and size, the x-ray
scattering pattern can best yield certain size parameters and some broad
features of the structure. The concept of size can be explained in the form
of the average of the intersects, i.e., the chords cutting the two effective
phases having uniform electron densities in each of them.** We then
measure the average intersection lengths of these two phases as l; and I,
for matter and void, respectively. Thesc are also called transversal lengths
and form a measure of the size of the phases.

In order to evaluate them from the scattering curve, we have to take
note of the specific inner surface O/V. From geometric considerations,
these transversal lengths are related to (O/V) as follows:

I = 4w
©/V)
and
I, = Aw
O/v)

The mean dimensions of the transversal lengths [, and I, are related to the
range of inhomogeneity /, as follows:

in analogy with the reduced mass in mechanics. Since w; =~ 1 for the scat-
tering material, I, is equal to l,. Now, this I, can be used for interpreting
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certain results such as the size of the two phases building up the scattering
system.

In the light of the above discussion, the values of A evaluated for the un-
treated and alkali-treated ﬁbers are 137.7 A and 168. 7 A respectively. The
values of I are 644.2 X 10 A and 430.5 X 10 A in the respective cases.
The large variation in the values of these transversal lengths for the two
fibers show the existence of anisotropy and polydispersity in the particles.

The concept of shape cannot be defined rigorously in case of a nonpar-
ticulate system. However, it is possible to speak of whether the scattering
regions are isometric or anisometric in one or two dimensions. Thus,
broadly we can distinguish three limiting cases of globular, fibrillar, and
lamellar systems. The characteristic number f, is defined as?-2°

11
fc—“_

2 1
where [, is called the coherence length and [, is the range of inhomogeneity.
The increase in the ratio suggests a rising anisometry in the scattering
system.
The length of coherence I, derived from the scattering curve is given
by the relation?

where E is the integrated slit-smeared scattering energy and is given by
E = f I(X)dX.
0

The values of E for the untreated and the alkali-treated samples are ob-
tained as 18.8 X 1072 and 39.7 X 102 cm?, respectively. On substltutlng
the known values, we get I, values in the above two cases as 524.5 A and
533.9 A.

From a knowledge of I, and I,, the characteristic number f, in the un-
treated and alkali-treated fibers are obtained as 1.91 and 1.58. The de-
crease in the values of f, shows that the anisometry is less in the alkali-
treated fiber than in the untreated one, i.e., there is a more orderly arrange-
ment of the micelles after alkali treatment.

Since the anisometry is not very large, the course of the scattering curve
may be used in a reasonable low-angle region accessible for measurement,
to determine the shape of the scattering system. Thus, the plot of 7(X)X?
versus X (Fig. 3), being a bell-shaped curve, shows that the scattering
particles are lamellar in shape in accordance with the suggestions of Porod*!
and Hosemann and Bagchi.42 We have drawn plots of I(X)X? versus
X side by side for both fibers. Both show bell-shaped curves, the alkali-
treated one having less pronounced flatness.
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The anisotropy and polydispersity in the particles play an important
role. TIn a plot of log IX? versus X?, its transition to a flat curve with de-
creasing scattering angle enables one to conclude that extended lamcllae
exist. The shape of such a curve deviates very little from a straight line
unless there is strong polydispersity.® Though one cannot absolutely
conclude that lamellar-shaped particles exist, yet the flatness of the curves
log IX? versus X2 (Fig. 4) at small angles indicates the presence of such
lamellae in the fibers.

Such lamellar structures have been reported by Kratky et al.®® in case
of regenerated, air-swollen cellulose by small-angle x-ray scattering meth-
ods. Preston,*® in his study of the size of the crystallites in natural cel-
lulose, has observed such sheet-like structures mostly by using the method
of x-ray wide-angle line-broadening and supported by low-angle scattering
and electron microscopy method. Mukherjee and Woods** have also
observed such sheet-like particles in cellulose fibers such as ramie, cotton,
and jute by wide-angle x-ray and eclectron microscopy methods. These
observations may stand as a supporting evidence for our findings of lamellar
structures of the scattering particles in jute.

The evaluated results are presented in Table 1.

CONCLUSIONS

Low-angle x-ray scattering has been applied in a very small-angular
region to study jute fibers before and after treatment with 17.59, NaOH.
Since cellulose, the main constituent of the fiber, is of complicated nature,
and because of interparticle interference, emphasis has been placed, on
pore analysis for finding certain parameters giving a general characteriza-
tion of size, shape, and polydispersity. The main parameters studied
arc the specific inner surface, range of inhomogeneity, coherence length,
the characteristic number, and the air fraction in the fiber before and after
alkali treatment. The anisotropy and the polydispersity in the scattering
particles have also been studied. Polydispersity is found to be low in the
alkali-treated fiber compared to the dewaxed fiber. The steep nature of
the scattering curve in the low-angle region shows the agglomeration of
particles forming larger ones by rearrangement of micelles. Though there
is a displacement of the maxima due to reorganization of micelles by alkali
treatment, the shape of the scattering curve remains unchanged, behaving
in a similar way as that for ramie and other fibers studied earlier by oth-
ers.#—% The percentage of air fraction and the specific inner surface in-
crease in the fiber after alkali treatment. This may be due to a decrease
in the crystalline-to-noncrystalline ratio. The characteristic number de-
creases after treatment with 17.59, NaOH. The length of coherence re-
mains almost the same, with a slight rise after treatment with alkali. The
transversal parameters are changed after strong alkali-treatment. The
fiber has lamellar-shaped particles in it, which becomes pronounced when
the fiber is treated with alkali.
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