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Abstract Ionizing radiation of polymers is a promising technique that has found applications in
various fields such as food preservation, pharmaceutical production and natural bioactive agent
industries. Irradiation technology has several advantages like controlling the degree of degradation,
producing uniform molecular weight distribution, saving chemicals and environmentally friendly
process. This study was carried out to evaluate the effect of y-irradiation on the physical and struc-
tural properties of cellulose acetate (CA) polymer. Solid disks of CA were exposed to a cobalt-60
source (50 kGy) for different periods of time. Dilute solutions of irradiated and non-irradiated
CA were prepared and studied viscometrically and refractometrically. y-irradiation of CA causes
a decrease in the values of relative, specific, reduced and intrinsic viscosities. In addition, there is
a reduction in the values of molar mass, hydrodynamic volume, real and ideal chain dimensions
and the characteristic ratio of CA. On the contrary, y-irradiation increased the values of Schulz—
Blaschke constant, critical concentration and solute-solvent interaction. However, the values of
refractive index, dielectric constant, solubility parameters and cohesive energy density of the poly-

mer in dilute solutions are decreased due to the effect of y-irradiation.
© 2012 University of Bahrain. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

Polymers have replaced conventional materials in packaging
applications due to their functionality, lightweight, ease of pro-
cessing, and low cost (Risch, 2009). Thus, research in polymer
science is developing to producing a plethora of new elastomers,
plastics, adhesives, coatings, and fibers. It has been reported that
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(Byun et al., 2008) polymers can be degraded by acidic hydroly-
sis or enzymatic treatment. Although these methods are effective
in decreasing the molecular weight, they do have certain disad-
vantages such as high cost, low yield, long processing time, and
acidic wastes from the chemical or enzymatic treatment. An-
other method used for polymer degradation is irradiation using
negative or neutral rays. Irradiation in polymers destroys the ini-
tial structure by way of cross linking, free radical formation,
irreversible bond cleavages, etc., resulting in the fragmentation
of molecules and formation of saturated and unsaturated
groups. All these processes introduce defects inside the material
that are responsible for change in the physical and chemical
properties of the material (Sharma et al., 2007; Alwan, 2012).
y-irradiation is used for the final biological sterilization
(Hugo, 1995) of materials that can be subsequently used for
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manufacturing biomedical products. In addition, ionizing radia-
tion leads to the degradation of polysaccharides such as starch,
cellulose, and pectin by the cleavage of the glycosidic bonds. The
basic advantages of degradation of polymers by radiation in-
clude the ability to promote changes reproducibly and quantita-
tively, without the introduction of chemical reagents and
without the need for special devices to control temperature,
environment, and additives (Charlesby, 1981). Thus, this
technology is simpler and more environmentally friendly than
conventional methods. Over the past decades, interest in
controlling of degradation effects in radiation processing of
polymers has increased continuously (Hon and Chan, 1982;
Ershov, 1998; Gladius, 2001; Mowery et al., 2005; Alwan, 2012).

Cellulose acetate (CA) is a polymer derived from cellulose,
which is one of the most abundant polysaccharides on earth
(Rimdusit et al., 2008). CA is one of the most commercially
important cellulose derivatives. It has been used in several appli-
cations such as textiles, cigarette industries, and in separation
processes such as dialysis, reverse osmosis, gas separation, and
hemodialysis (Cao et al. 2007; Cerqueira et al. 2007). Moreover,
CA is used in medical applications, such as membrane material
for desalination, while other cellulose derivatives such as cellu-
lose acetatebutyrate are being used in capsule form as drug-
releasing (Hoenich, 2006). Bio-tech industry of these polymers
is closely connected with their solubility, processability, bioactiv-
ity and applicability. Therefore, it is based on their intrinsic
properties. One can hypothesize that the conformational-intrinsic
property relationships of each specific polysaccharide can be
manipulated by irradiation in order to adjust their applications.

Although several methods such as sulfation, phosphation,
and carboxymethylation, acid and alkaline hydrolyses, enzy-
matic digestion, and ultrasound irradiation have been applied
for the depolymerization of polymers and polysaccharides
(Leung et al., 2006; Moradali et al., 2007; Sandula et al.,
1999; Shin and Lee, 2003), y-irradiation with high energy has
not been used broadly in the research of CA. Hence, the aim
of the present study is to apply radiation technology to CA4,
so that its intrinsic properties have been studied.

2. Experimental

2.1. CA discolor preparation

The powder material of cellulose acetate (CA) has been supplied
by a local Libyan company (JOWF) and used without further
purification; The samples were ground with a mortar and pestle,
the powder samples were spread onto one face of a home-made
stainless steel die, in which the die is a Perkin—Elmer product,
the powder was placed between two mica sheets to avoid samples
sticking to the die, and pressed by a manually operated Perkin—
Elmer hydraulic press. After placing the second mica sheet on
the top of the powder, the plunger was carefully inserted, and
the die cylinder was rotated to remove the air present. The sample
was then pressed under a pressure in the range of 3-5 ton/in’ for
Smin to produce CA solid disks (0.5 cm thickness and 2.5 cm
diameter).

2.2. Solutions preparation

Acetone was used as a solvent for the native and irradiated
CA-disks. The solvent was then, also, used to make different
concentrations by diluting the native and y-irradiation mother

solutions. The native and y-irradiation solutions were labeled
M, and M, M, and M3, respectively.

2.3. y-Irradiation

Irradiated in air at room temperature by a Canadian *°Co v-
source (Theratron 780; Theratronics Ltd.) located in the Radi-
odiagnosis and Radiotherapy Center at Benghazi city. Each
CA discolor was exposed to the radiation at a constant dose
rate of 50 rad/min for different periods of time. Monitoring
the change in each sample was made immediately after irradi-
ation, and at intervals afterward for each sample, by using the
solution viscometric technique.

2.4. Measurements

2.4.1. Viscosity measurements
In determining the efflux time of the solutions, methodology
stated by ASTM (1989) was used. The efflux time for solvent
(tucerone) and cellulose acetate solution (¢¢4) were measured
by glass capillary viscometer made by Brand at W-Germany
(Kulicke, 2004). The accuracy of the viscosity measurements
was +0.015.

The measured values have been expressed in terms of rela-
tive, n,, specific, #,,, and reduced, #,.4, viscosities of dilute cel-
lulose acetate in acetone as follows:

lCA/laz’etane =1, (1)

Nsp =1, — 1 2
Nsp

od = 3

Mred C ( )

where C is the mass concentration of CA4 in acetone.

2.4.2. Refractive index measurement

Refractive indexes of solutions have been measured by refrac-
tometer (Bausch and Lamp, New York) with a precision of
0.01%. The technique is described in detail elsewhere
(Kratochvil, 1987). The Measurements have been thermo-
stated to +0.1 °C; at 25 °C.

3. Results and discussion

3.1. Weight parameters and their kinetic behavior

Fig. 1 shows plot of native (M) and irradiative (M;—M3) rel-
ative viscosity values against mass concentration (C,). This fig-
ure demonstrates that viscosity increases monotonically with
the increase of concentration of the CA solution. Furthermore,
consideration of the plots indicates that the rate of increment
in the viscosity values after y-irradiation is less than those be-
fore irradiation. This could be attributed to the reduction in
the polymer chains (O’Donnell, 1991).

Thus it is clear that y-irradiation produces significant changes
in the viscosity of the CA solution and as the absorbed dose in-
creases, the CA4 solution shows a significant decrease of viscosity.
The decrease in the viscosity occurs by the radiolysis of CA4. This
result is consistent with other studies on starch, agar, alginate,
and carrageenan (Aliste et al., 2000; Graham et al., 2002).

The linear plots of Fig. 2 show agree with Schulz—Blaschke
equation for native (Mg) and y-irradiated (M;—M3) samples
(Schoff, 1999).
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Figure 1 Relative viscosity vs. concentration for native and

different degradable CA in acetone solution at 25 °C.
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Figure 2 Reduced viscosity vs. specific viscosity for native and

different degradable CA4 in acetone at 25 °C.

Neea = (1] + ko [M]15p 4)

where #.q 1S reduced viscosity, [n] intrinsic viscosity, K,
Schulz—Blaschke constant and #,, specific viscosity.

However, [y#] and k;, before and after y-degradable CA were
estimated from the typical linear plot of Schulz—Blaschke.

The values of relative average viscosity molar mass
< M,>,, in Tables 1-3 were calculated according to the follow-
ing form of Mark-Houwink equation (Johnston and Sourira-
jan, 1973).

] =446 x 10> em® g7 < M,>07! (5)

p
Reduction in the values of intrinsic viscosity and average
relative molar mass could be attributed to the marked scission
effect on the polymer chain (Reichmanis et al., 1993).
Thus for the CA4 in acetone solution, the solute—solute con-
tact is greater than that for degradable one and consequently,

Table 1 Mark—Houwink parameters.

sa'lfrlr)le lCXpOSUl’C/min [1’[]/C1’1’l3 gil < MV>F

M, 0.00 1656.6 1784583.73
M, 30.00 1232.2 1190420.7
M, 60.00 857.2 724613.973
M; 90.00 622.3 467566.682

Table 2 The average number of bonds for C4 in acetone at
25°C.

Sample N

M, 6890.30
M, 4596.22
M, 2797.74
M; 1805.30

Table 3 The characteristic ratio for CA in acetone at 25 °C.

Sample Coe

M, 195.57
M, 160.96
M, 157.74
M; 152.37

for irradiated CA4, the solute—solvent interaction is greater than
that of the non-irradiated one (Kurata and Tsunashima, 1999;
Fujita, 1997).

The linearity increases in the Logarithm of relative average
viscosity molar mass vs. Logarithm of intrinsic viscosity of CA
in acetone solution in the plot of Fig. 3 verifying Mark—
Houwink equation.

Fig. 4 shows plot of Schulz-Blaschke constant k,, values
against exposure time, it reflects how far the values of
Schulz—Blaschke constant of the polymer increase with
increasing the exposure time. This could be attributed to scis-
sion on the polymer chains.

3.2. Size parameters and their kinetic behavior

The values of hydrodynamic volume (¥7,), average number of
bonds (#), root-mean-square end-to-end distance < 2>'/2, and

S —

In [n] (cm3g?)
»H
1

12.5 13 135 14 14.5
In<M>,

Figure 3 Mark—-Houwink plot for CA4 in acetone at 25 °C.



The influence of gamma irradiation on the intrinsic properties of cellulose acetate polymers 49

0.9

0.8

0.7

0.6

0.5

0.4

KeLARB. Unit]

0.3

0.2

0.1 A

0 20 40 60 80 100 120 140 16C
texposure(Min)

Figure 4  Schulz-Blaschke constant vs. y-exposure time for CA4
in acetone at 25 °C.

root-mean-square radius of gyration < $*>'/2 of CA in ace-
tone were calculated according to the following mathematical
expression, respectively (Debye, 1946; Flory, 1949):

Vi=(2/5)n < M, > /N, (6)
n=2<M>/M, (7)
[ =¢ <r>"/ <M>, (8)
< S =< 2512)(6)' ©)

where M, is the molar mass of CA repeating unit, and Flory
viscosity constant, @, is defined as (Kurata and Tsunashima,
1999):

® =2.1x102mol™! before irradiation and ® = 2.7x
10* mol ™" after irradiation.

Indeed, the study of the relation of real root-mean-square
radius of gyration vs. y-exposure time for CA, in acetone at
25 °C, demonstrates the reduction in root-mean-square radius
of gyration with increasing y-time. This is in accordance with
the previously discussed results on this work.

Fig. 5 represents the linear plot of Stockmayer—Fixman
equation (Van Krevelen, 1997):

[/ < M,>* =K, + B < M,>" (10)

in which the intercept (K, = 0.5433 cm® g~ !(is the ideal Mark-
Houwink constant and the slope (B = 0.54> = 5cm’ kg™!) is
the interaction parameter, while A4, is the second virial
coefficient.

Therefore, the values of hydrodynamic expansion factor,
oy, ideal intrinsic viscosity [],, ideal root-mean-square end-
to-end distance (< r2>(1)/2), and ideal root-mean-square radius
of gyration (< SZ>(1)/2) of CA in acetone were calculated
according to the following expression (Kulicke, 2004), the sub-

script zero is used to indicate unperturbed dimensions.

; 1+B<M,>?

a K, (11)
it (12)
<> =g < P> (13)
<8Py = <(;2)|>/12’/2 (14)
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Figure 5 Stockmayer—Fixman plot for y-irradiated CA in

acetone at 25 °C.

The relation between hydrodynamic expansion factor and
v-exposure time for CA, in acetone at 25 °C, demonstrates
the reduction in the hydrodynamic expansion factor with
increasing y-irradiation time, due to the marked scission on
polymer chains (O’Donnell, 1991). This is in accordance with
the average number of bond, n, characteristic ratio, C, calcu-
lated from the following expression (Kulicke, 2004).

<>

=7

[ is the bond length = 1.43 x 1075 cm.
Table 3 illustrated the decrease in the characteristic ratio by

increasing y-irradiation due to the decrease in the short-range
interactions.

Co

(15)

3.3. Cohesion parameters and their kinetic behavior

Refractive index, dielectric constant, solubility and cohesive
energy density parameters are related with each other as fol-
lows (Sun, 1994):

& =n’ (16)
_ (e — 1)

5 = (30.3) ) (17)

5= (C.ED)"? (18)

where, n,, ¢,, is the refractive index, dielectric constant, 9, is the
solubility parameter, C.E.D, is cohesive energy density of na-
tive and irradiated CA4 in acetone.

Fig. 6 shows linear increase in the values of cohesive energy
density with increasing concentration at 25 °C. However, fur-
ther consideration of the plots in Fig. 6 indicates that the -
irradiation has a reduction effect on such values due to scission
effect on the CA chain. This is in accordance with the values of
viscosity parameters described above.

4. Conclusion

From the obtained data, one can notice that cellulose acetate
undergoes random chain scission due to the effect of y-irradi-
ation. The periods of exposure time have considerable
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Figure 6 Cohesive energy density vs. concentration for native
and different degradable CA4 in acetone at 25 °C.

influence on the amount of scission and consequently on the
intrinsic properties and their parameters. The intrinsic proper-
ties play a major role in the kinetics of cellulose acetate
degradation.
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