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a  b  s  t  r  a  c  t

Insulated  paper  had  been  prepared  from  cotton  linter  containing  certain  additives.  Strength  properties
had  been  studied  for all paper  prepared  from  cotton  linter,  before  and  after  impregnating  in  the  linseed  oil.
Also, the dielectric  constant  (έ) and  AC  electrical  conductivity  with  frequencies  over the range  (100  kHz
to 3 MHz)  and  at different  temperatures  were  studied.  Blended  cotton  linter  with  glass  fiber  or  polyester
fiber  increased  the  dielectric  constant.  Since  the  glass  fibers  lowered  the  power  factor  from  0.63  to  0.28%
and  enhanced  dielectric  constant.  The  addition  of hydrophilic  fibers  such  as  rayon  or  polyester  fiber  can  be
eywords:
nsulated paper
otton linter
inseed oil
ielectric constant (έ)

made paper  of  low  porosity,  low  density  and  high  dielectric  resistance.  Also,  the  addition  of lead  sulphate
improved  dielectric  constant  of  paper  since  it has  dielectric  coefficient  >20.  The dielectric  constant  in
sample  which  dipped  in  oil is  higher  than  the sample  without  oil.

© 2012 Elsevier Ltd. All rights reserved.

C electrical conductivity
trength properties

. Introduction

An insulator is a material that resists the flow of electric current.
t is an object intended to support or separate electrical conductors

ithout passing current through itself. Paper is among the cheap-
st and best electrical insulating known. Although the amount of
aper consumed in the electrical field is not large compared with
ther fields, paper is a very important insulating material in radio
nd telephonic fields and is used in many electrical applications as
art of the insulation of wiring, cables, and as layer insulators or
s dielectric paper for various types of capacitor (Arjan, Jos, & Paat,
007; Willis & Raju, 2003).

Electrical properties are in general; depend on the physical
nd chemical properties of the paper. The important electrical
roperties for a good electrical insulation paper are high dielec-
ric constant, high dielectric strength (electrical resistance) and
ow power factor (dielectric loss). Electrically insulating papers or
apacitor papers are made from cotton, linen and kraft pulp or
ixture of these pulps. The commercial capacitor paper is made
ithout the addition of sizing and filling material. It should be

ree from electrolytes as these led to electrolysis, high power fac-
or and shorter life. Also, the paper should be free from pin-holes,
onducting particles and chlorides (Fahmy, El-Meligy, & Mobark,

008).

The properties of electrically insulating paper can be improved
y addition of suitable fiber other than cellulosic and by mean of
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chemical modification. Addition of polyacrylic fibers or some syn-
thetic fiber decreased the tangent of the dielectric loss angle and
improved mechanical properties. These papers were used as elec-
tric insulators for cable having reduced air permeability (Johnston
& Bradley, 1989; Kaplan, Chekunaev, Bezhikina, & Nikolskii, 1994;
Samm,  1987).

Glass fibers are insulation, heat resistant fabric, corrosion resis-
tant fabric, regular fiber and high strength fabric. A glass fiber in
the paper forming composition exhibits a remarkably high dielec-
tric constant and improved dielectric strength as well as superior
chemical resistance (Jouw, Chen, Chaod, & Linc, 2001).

Solid substance of high dielectric coefficient (>20), e.g. lead sul-
phate, lead carbonate and titanium dioxide can be applied on paper
by mechanical means to impart high capacitance (Kaplan et al.,
1994). Paper has low dielectric constant compared to pure cel-
lulose. This due to large percentage of air voids, the presence of
which leads to ionization and dielectric breakdown even at rel-
atively low voltage and electrical gradient. To overcome the low
dielectric strength, paper used for insulation in power transmis-
sion cables, or as dielectric in capacitors, is impregnated with oil,
wax or certain resins because these materials have greater spe-
cific inductive capacity than air and of high dielectric property.
The dielectric constant of impregnated paper is a complex func-
tion of the electrical properties of individual cellulose fibers, paper
and impregnating material (Fahmy, Mobarak, & El-Meligy, 2008;
Pahlavanpour & Martins, 2003; Seok & Lae, 2004).
Impregnation, of deinked recycled old newsprint paper, by
linseed oil enhanced the breaking length of paper and remark-
ably improved its dielectric properties, i.e. the dielectric constant
increased greatly and the alternatively current conductivity

dx.doi.org/10.1016/j.carbpol.2012.05.007
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Table 1
Strength properties of the prepared paper before and after impregnation in the linseed oil.

Sample Properties

Breaking length (m) Percent of
increasing %

Tearing resistance (g) Percent of
increasing %

Before
impregnation

After
impregnation

Before
impregnation

After
impregnation

Cotton linter 517.6 800.1 54.5 108 142.8 32.2
Blend  cotton linter (I) 675 950 40.7 124 160.2 29.1
Blend  cotton linter (II) 650.2 901 27.8 112 153 36.6
Cotton linter containing 10% lead sulphate 444.3 660.1 48.5 108 137.5 27.3
Blend  cotton linter (I) containing 10% lead sulphate 518.9 830.6 60.0 124 158.4 21.7
Blend  cotton linter (II) containing 10% lead sulphate 506.6 780.5 54.0 110 148.1 25.7
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lend cotton linter I: cotton linter containing 20% glass fiber.
lend cotton linter II: cotton linter containing 20% polyester fiber.

ecreased significantly due to impregnation. Even at elevated tem-
erature, the improvement in dielectric properties of paper, due to

mpregnation, was sustained (Fahmy, Mobarak, et al., 2008).
Dielectric constant measurement is a well-established tool in

he investigation of synthetic polymer materials. Many review
rticles (Burchard, 1983; Havriliak, 1999) deal with this subject,
resenting theoretical and experimental aspects and summaries
f many experimental data of this substance class. On other hand,
he dielectric and dynamic properties of polysaccharides have also
een discussed (Gilbert, 1993) although in general, the dielec-
ric constant of polysaccharides has been considered controversial
y many scientists up to now. Polysaccharides consist of anhy-
roglucose units, carrying two hydroxyl groups ( OH) and one
ethylol group ( CH2 OH). Dielectric relaxation separates dif-

erent molecular groups of a repeating unit of a polymer with
espect to the rate of its orientational dynamics (Einfeldt, Meiner,

 Kwasniewski, 2003). In this present work, we studied strength
roperties, dielectric constant (έ) and AC electrical conductivity of
lectrical insulated paper prepared from cotton linter containing
dditives before and after impregnating in linseed oil.

. Experimental

.1. Materials

Cotton linter (96% �-cellulose and D.P. 740), as a raw material,
lass fiber, polyester fiber, lead sulphate are additives and linseed
il as impregnated oil.

.2. Treatment of the cotton linter

Cotton linter with or without the addition of 20% glass fiber or
0% polyester fiber had been beaten in a Jokro beater at 5% consis-
ency until they reached 45 SR. The beaten pulps were extracted by
% HCl, for 1 h, and then the pulp washed properly till neutrality.
ead sulphate (10% PbSO4 based on oven dry pulp) added during
and sheet formation. After paper sheet formation, the papers were
onditioned for 24 h, at 50 RH and 20 ◦C.

Sheets had been impregnated in linseed oil for 1 h, at room tem-
erature and left till dry at room temperature. The sheets before
nd after impregnation had been subjected to the following tests.

.3. Mechanical properties
Mechanical properties of the paper, namely tensile strength,
reaking length and tearing resistance hade been measured (Casey,
981).
2.4. Electrical properties of the prepared paper sheets

Dielectric constant measurements on cotton linter and blending
cotton linter had been made over the frequency range of 100 kHz
to 3 MHz  in the temperature range of (303–373 K). The depen-
dence of AC electrical conductivity on the frequencies at different
temperatures (303–373 K) of cotton linter and cotton linter con-
taining certain additives had been discussed. An empirical relation
can express the frequency dependence of AC conductivity (Parker,
1997; Saleh, Gould, & Hassan, 1993) as follows:

�AC ∝ (2�f )n

where f is the frequency and n is not a constant for all substances,
but it is a function of temperature, approaching unity at low tem-
peratures and 0.5 or less at high temperature.

The dielectric constant (έ) can be calculated as follows:

έ = Cd

ε0A

where C is the capacitance of the measured sample in farad, d is the
sample thickness in meter, A is the cross section area of sample, ε0
is the permittivity of vacuum = 8.85 × 10−12 F m−1.

3. Results and discussions

3.1. Effect of blending cotton linter, lead sulphate and
impregnation in linseed oil on the strength properties of the
prepared paper

Treated cotton linter or blended cotton linter extracted with 1%
HCl for one hour in a reflux had been used to get rid of metal ions
which reduce aging time of the paper and ultimately causes the
mechanical and dielectric degradation. It was clear from Table 1
that the tensile strength and tearing resistance of the paper made
from cotton linter blended with 20% glass fiber or polyester fiber
had higher properties than paper made from cotton linter. This
is due to the fact that blending of cotton linters improved the
inter fiber bonding of pulp and gave papers more strength prop-
erties (Khristova, Kordsachia, Patt, & Karar, 2006). But the addition
of 10% lead sulphate decreased the breaking length as shown in
Table 1 since it forms a weaker filler–fiber bond (El-Meligy, Abdel-
Kader, & Mohamed, 2010), but its addition is necessary to improve
the dielectric properties because of its dielectric coefficient is >20
(Kaplan et al., 1994). The last prepared papers were impregnated
with linseed oil using dipping technique, then the impregnate

paper sheets had been hang to dry in air at room temperature.
Table 1 showed that the strength properties of the prepared paper
enhanced after impregnating the paper in linseed oil. This is due
to the fact that the oil filling the air voids in the paper and a
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Fig. 1. (a–c) Dielectric constant (έ) as a function of frequencies at T = 303 and 373 K for (a) cotton linter, (b) cotton linter containing glass fiber, (c) cotton linter containing
polyester. (d–f) Dielectric constant (έ) as a function of frequencies at T = 303 and 373 K for (d) cotton linter containing lead sulphate, (e) cotton linter containing glass fiber
and  lead sulphate, (f) cotton linter containing polyester and lead sulphate. (g–i) Dielectric constant (έ) as a function of frequencies at T = 303 and 373 K for (g) cotton linter,
(h)  cotton linter + glass fiber, (i) cotton linter + polyester. All samples in linseed oil. (j–L) Dielectric constant (έ) as a function of frequencies at T = 303 and 373 K for (j) cotton
l hate, 
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inter  containing lead sulphate, (k) cotton linter containing glass fiber and lead sulp

ydrocarbon compound forms additional hydrogen bonds, which
ead to stronger fiber to fiber bond (Parker, 1997). Also, linseed
il is a drying oil, when it exposes to air, the atmospheric oxygen
ttacks the double bonds of the polyunsaturated fatty acids present

n linseed oil, which leads to cross-linking of the fatty acids chains
nd hence solidification of the oil which gives a strong film to the
aper (Fahmy, Mobarak, et al., 2008; Parker, 1997), so, the strength
roperties of the paper increased.
(L) cotton linter containing polyester and lead sulphate. All samples in linseed oil.

3.2. Dielectric constant (έ)

Dielectric constant measurements on cotton linter and blended
cotton linter had been made over the frequency range of 100 kHz

to 3 MHz  in the temperature range of (303–373 K). The variation
of dielectric constant cotton linter containing additives as a func-
tion of frequency at different temperatures had been shown in
Fig. 1(a–L), the blended cotton linter by glass fiber or polyester fiber
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(l)

(l)

Fig. 2. (a–c) AC conductivity as a function of frequencies at T = 303 and 373 K for (a) cotton linter, (b) cotton linter containing glass fiber, (c) cotton linter containing polyester.
(d–f)  AC conductivity as a function of frequencies at T = 303 and 373 K for (d) cotton linter containing lead sulphate, (e) cotton linter containing glass fiber and lead sulphate,
(f)  cotton linter containing polyester and lead sulphate. (g–I) AC conductivity as a function of frequencies at T = 303 and 373 K for (g) cotton linter, (h) cotton linter containing
glass  fiber, (I) cotton linter containing polyester. All samples in linseed oil. (j–L) AC conductivity as a function of frequencies at T = 303 and 373 K for (j) cotton linter containing
lead  sulphate, (k) cotton linter containing glass fiber and lead sulphate, (L) cotton linter containing polyester and lead sulphate. All samples in linseed oil.
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ncreased the dielectric constant. Since the glass fiber lowered the
ower factor from 0.63 to 0.28% and enhanced dielectric constant
Jouw et al., 2001; Kaplan et al., 1994), the addition of hydrophilic
bers such as rayon or polyester fiber can be made paper of low
orosity, low density and high dielectric resistance (Johnston &
radley, 1989; Kaplan et al., 1994). Also, the addition of lead sul-
hate improved dielectric constant of paper since it has dielectric
oefficient >20 as mentioned before. From these Fig. 1(a–L), it is
lear that, the dielectric constant almost decreases with increas-
ng frequencies. This may  be due to the fast variation of the field
ccompanied with the applied frequency and the electric dipoles
re no longer able to rotate sufficiently fast to follow the field vari-
tion. This will lead to a decrease in the dielectric constant which
ncreases the frequency. The dielectric constant in sample which
ipped in oil is higher than the sample without oil. This may  be due
o that the oil has greater specific inductive capacity than air.

The dielectric constant almost increases with increasing tem-
erature. This can be attributed to the orientation of the dipoles
which formed from the charge carriers) in the direction of the
pplied electric field. In general, temperature has a complicated
nfluence on the dielectric constant, which in turn depends on
lectronic and ionic polarization, dipole orientation polarization,
pace charge polarization, etc. The variation of the dielectric con-
tant with frequency could be used to elucidate which type of
ontributions is present. The space charge polarization contribu-
ion is mainly noticeable in the low frequency region. In contrast,
ipole orientation polarization can be exhibited by materials even
p to 1010 Hz, while electronic and ionic polarization always exists
elow 1013 Hz. Since higher values of the dielectric constant can
e observed in lower frequency regions at which the space charge
olarization contribution is predominant.

.3. AC electrical conductivity

The dependence of AC electrical conductivity on the frequen-
ies at different temperatures (303–373 K) of cotton linter and
lended cotton linter had been shown in Fig. 2(a–L) the conductiv-

ty increased with increasing temperature and this behavior was
cceptable because the thermal energy activates the charge car-
iers and increased their mobilities with the result of increasing
onductivity.

Also the conductivity increases with increasing frequencies, due
o the electrons in a molecular orbital excited to a higher energy
evel and tunneling through a potential barrier to a non-occupied

tate of a neighboring molecule. The available experimental results
n the frequency dependence of AC conductivity have revealed a
onsiderable similarity of behavior for the samples under investi-
ation.
lymers 90 (2012) 147– 151 151

4. Conclusion

1.  Tensile strength and tearing resistance of the paper made from
cotton linter blended by 20% glass fiber or polyester fiber had
higher properties than paper made from cotton linter.

2. The strength properties of the prepared paper enhanced after
impregnating the paper in linseed oil.

3. The dielectric constant in sample which dipped in oil was higher
than the sample without oil.

4. The conductivity increased with increasing temperature.
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