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Electrical properties of sugar palm nanocrystalline
cellulose reinforced sugar palm starch nanocomposites
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Abstract: In this study, the effect of sugar palm nanocrystalline cellulose (SPNCC) loading (0.00-0.10 wt %)
on the electrical resistance, resistivity, and conductivity of SPS/SPNCC (SPS - sugar palm starch) nano-
composite films were evaluated. The experiments were conducted using the four-probe method and
Ohm’s law, resistivity and conductivity equations were utilized to obtain the electrical properties. The
results revealed that the resistivity values of SPS/SPNCC films were found to be in the range of 3.1 - 10
to 1.5-10*(Q - cm).
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Wiasciwosci elektryczne nanokompozytow skrobi z palmy cukrowe;j
wzmocnionej wléknami nanokrystalicznej celulozy z palmy cukrowej

Streszczenie: Oceniono wplyw dodatku nanokrystalicznej celulozy otrzymanej z palmy cukrowe;j
(SPNCC) (0,00-0,10% mas.) na rezystancje elektryczna, rezystywnos¢ i przewodnictwo folii wytworzo-
nych z nanokompozytow (SPS/SPNCC) na bazie skrobi z palmy cukrowej (SPS). Badania przeprowadzo-
no metoda czterosondowa z zastosowaniem prawa Ohma; wlasciwosci elektryczne okre$lono na pod-
stawie réwnan rezystywnosci i przewodnosci. Stwierdzono, ze wartos¢ rezystywnosci folii SPS/SPNCC
miesci sie w zakresie konduktywnosci od 3,1-10% do 1,5-10* (Q2 - cm).

Stowa kluczowe: nanoceluloza z palmy cukrowej, skrobia z palmy cukrowej, biopolimer, rezystyw-

nos¢, przewodnictwo.

Electrical resistivity is a fundamental property that
quantifies how strongly a design material opposes the
flow of electric current. The surface resistivity decreases
with the increase in fiber content in composite materials,
while volume resistivity increases [1]. By determining the
conductivity and resistivity, new forms of biocomposites
are introduced as new materials that can either conduct
electricity or oppose the flow of electrical current. Some
materials resist the flow of current more than others,
and this is known as the electrical resistivity of the sub-
stance [2]. Lattice vibrations and phonon scattering play
arole in disrupting the mean free path of electrons. Most
engineering plastics and bioplastic materials are known
as electrical insulators. In insulators, a tiny amount of
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free passage are available to inhibit the ability of electric
current flow and effect the dissipation of energy from
the materials and resist a potential difference between
the end points to another of a given specimen of plas-
tic. According to Naik et al. [1], resistivity measurements
are often used to check the uniformity in synthesis and
processing. Humidity affects the volume resistance of
different insulators to different extents. However, for
some applications, a moderate electrical conductivity
is required in which materials with medium electrical
conductivity can be used for electrical static discharge
purposes, whereas those of high conductivity materi-
als can be utilized as electronic equipment housings for
which electromagnetic interference shielding proper-
ties are required [1, 3]. Naik et al. [1], used the compos-
ites of banana, hemp, and agave with HDPE (high den-
sity polyethylene) resin. The composites were separately
prepared in different ratios, 60:40, 55:45, 50:50, and
45:55 (wt/wt). They concluded that the surface resistiv-
ity decreased with higher fiber contents of the compos-
ites, while volume resistivity increased. Xie et al. [4] used
acrylated palm oil (APO) for the formation of an inter-
nally cross-linked nanostructure that could sustainably
be used as drug carriers through the radiation-induced
initiator method. Besides that, the electrically conduct-
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ing polymer composites have numerous advantages over
their pure metal counterparts, such as mechanical shock
absorption, corrosion resistance, lower cost, conductivity
control, ease of manufacture, reduced weight and high
flexibility [5-9].

Currently in Malaysia, sugar palm fibers and sugar
palm stem are waste materials of the processed sugar
palm sap and fruits for food products [10-15]. After these
main products are extracted from the tree, the undesired
components of the plant, such as sugar palm fibers and
stem, are burnt and dumped, where they would decom-
pose naturally (Fig. 1) [16-20]. The findings from a few
studies have showed that sugar palm fibers have a huge
potential as a reinforcing component in various high-
performance polymer composite applications, as they are
rich in cellulose [21-26], hence, increasing its commer-
cial value as waste materials from sugar palm cultivation
[27-33]. Thus, this study continues experimenting with
the electrical properties of sugar palm nanocrystalline
cellulose reinforced with sugar palm starch biopolymer.

Fig. 1. Sugar palm fibers and stems, were burnt and dumped

after the main products were extracted from the trees

It is well known that the electrical conductivity of con-
ducting polymers depends on a number of factors, such
as the number of defect sites, extent of conjugation, the
presence of conjugated crosslinks between chains, the
degree of closeness of approach of different chains and
their orientations relative to each other [34]. The conduc-
tivity and insulation in solid substances are important in
determining the electrical carrying current or charge in
a material [35], thus making copper, silver and aluminum
the best materials for wiring buildings and appliances.
The objective of this paper is to determine the effect of
different sugar palm nanocrystalline cellulose (SPNCC)
loadings (0.00-0.10 wt %) on the resistance, resistivity,
and conductivity of SPS/SPNCC (SPS - sugar palm starch)
nanocomposite films. The films are then resized to 1 mm
(length) x 1 mm (width) x (0.120-0.130 mm) (thickness)
sized dimensions to fit into the electrical testing probe
instrument.

EXPERIMENTAL PART
Materials

The fiber and starch used was from sugar palm (Arenga
pinnata) fiber or ijuk fiber. This fiber is black/brown in
colour, with a varied diameter up to 0.50 mm. The fiber
becomes hardened when in contact with water. Sugar
palm fibers have some advantages over traditional rein-
forcement fiber materials in terms of cost, density, being
renewable, non-toxic, abrasiveness and biodegradabil-
ity. Sugar palm fibers (SPF) and sugar palm starch (SPS)
(Table 1) were obtained from sugar palm trees at Jempol,
Negeri Sembilan (Malaysia). Plasticizers, such as sodium
hydroxide, sodium chlorite, acetic acid, sorbitol (Table 2)
and glycerol (Table 3) were provided by Sue Evergreen
Sdn. Bhd. (Semenyih, Malaysia).

Table 1. Sugar palm starch specification

Properties Specification
Density 1.54 g/em?®
Ash content 0.20%
Amylose content 37.60%
Protein content 0.10%
Fat content 0.27%
Water content 15%
Table 2. Sorbitol specification
Properties Specification
Assay (HPLC) >99.0%
Heavy metals (as Pb) content <0.001%
Mannitol (HPLC) content <0.2%
Water content <0.2%
Table 3. Glycerol specification
Properties Specification
Assay 99.8%
Density 20/4° 1.257-1.262 g/cm?
Refractive index 1.471-1.473
pH 6.0-7.0
Sulphate ash content Max. 0.005%
Chloride (Cl) content Max 0.0001%
Sulphate (SO,") content Max 0.0005%
Ammonium (NH,") content Max 0.0005%
Arsenic (As) content Max 0.0004%
Copper (Cu) content Max 0.0005%
Iron (Fe) content Max 0.0005%
Lead (Pb) content Max 0.0005%
Sugar (glucose) content Max 0.0004%
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Fig. 2. The arrangement of four probes that measure voltage (V) and supply current (I) to the surface of the thin film

Preparation of SPNCCs

The sugar palm starch (SPS) was obtained from the
stem of a mature sugar palm tree. Initially, the tree was cut
down using a chainsaw and the mixture of woody fiber
and starch powder from the interior part of the stem was
collected. In order to gain a uniform SPF size (2 mm), the
grinding and screening process was done using a Fritsch
Jaw Crusher Pulverisette mill 1. The procedure for the cel-
lulose preparation was adapted from a previous report
[36]. The extraction of sugar palm cellulose (SPC) from SPF
was carried out using two main processes; delignification
and mercerization. Both were performed in accordance
with ASTM D1104-56 (1978) and ASTM D1103-60 (1977)
for the removal of lignin and hemicellulose, respectively.
SPNCCs were prepared by acid hydrolysis of the obtained
cellulose [19, 37]. The operating conditions employed for
the successful continuity of this process included aqueous
H,SO, (60 wt %), mechanical stirring with a rotation speed
of 1200 rpm at 45°C temperature for a period of 45 min.
The ratio of the obtained cellulose to H,SO, solution was
5:100 (wt %). The hydrolyzed cellulose samples were
washed 4 times by centrifugation (6 000 rpm, 20 min, and
10°C) to eliminate the leftover sulphuric acid. The sus-
pension was then dialyzed against distilled water until
a constant pH was reached (6.5 to 7). Then, the resultant
suspension was sonicated for 30 min.

Preparation of the SPS/SPNCC nanocomposite films
The solution casting method was used in fabricating the

plastified SPS/SPNCC composite films. A blend of sorbitol,
glycerol, starch, SPNCCs and distilled water was formed

and sonicated to acquire a homogenous nanocomposite
film. Briefly, a solution of SPNCC was prepared by mix-
ing and sonicating it with 180 cm?® of distilled water with
a known concentration of SPNCC (0.00, 0.02, 0.04, 0.06, 0.08
and 0.10 wt % on starch basis) for 30 minutes. Then, 10 g of
SPS and plasticizer (30 wt % on starch basis) were mixed with
the SPNCC solutions and stirred at 1000 rpm for 20 minutes
at 80°C in a disperser for the starch to be gelatinized. This
procedure was to ensure that the starch granules were uni-
formly dissolved and a homogenous dispersion was simul-
taneously formed [38, 39]. The ratio of plasticizer used was
1:1 of sorbitol and glycerol. Then, the film-forming suspen-
sion was left to cool and placed under a vacuum to remove
air bubbles inside the suspension before 45 g of the suspen-
sion was cast into each petri dish with a 15 cm diameter.
The petri dishes containing the film-forming solution were
placed in an oven at 40°C overnight.

Methods of testing
The film was prepared for the required dimension size

of the four-probe test apparatus (Fig. 2). In determining
the resistivity and conductivity (Fig. 3) for natural fiber
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Fig. 3. Electrical conductor
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composite materials, the four-probe test method was
used. The theory of using the four-probe test at constant
temperature induced the resistance R value. Conductivity
is the reciprocal of the resistivity value across length L
from one end point to the other of a material. The dis-
tance from one probe to another (S) is fixed at 1 mm.

Ohm’s Law V =1IR D

where: V — voltage, [ — current.
Resistivity 0 =27tSR [()-m] 2
Conductivity o = 1/g [Siemens/m] 3)

From the equation above, resistivity is gained from the
resistance value measured from the four-probe instru-
ment. The current was recorded using a Keithley 236
Source Measure Unit while the voltage measurements
were recorded using Picotest M3500A Digital Multimeter.
From the experiments, the current value was constant
at 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, 0.15, and 0.20 pA and
voltage value was determined for each constant current
value. The resistance can be calculated by using Ohm'’s
Law, Equation (1). Unit g is the resistivity of the conductor
and its units are Ohm-meter. A semiconductor has electri-
cal conductivity intermediate in magnitude between that
of a conductor and insulator. From the equation (3), the
conductivity o is inversely proportional to the resistivity
of a material and carries the unit Siemens/m.

RESULTS AND DISCUSSION
Measurement of resistance

The resistance R was measured using Ohm'’s law by
the computed voltage and experimental current input.
The readings were taken ten times for each concentra-
tion sample with various current supply values using the
four-probe method. The four-probe apparatus is one of
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Fig. 4. Voltage (mV) and current (uA) measurement
of SPS/SPNCC films

the standard and most heavy used apparatus for the mea-
surement of resistivity of semiconductors. Figure 4 shows
the experimental readings of SPS/SPNCC films resistance
with concentration of SPNCCs 0.00, 0.02, 0.04, 0.06, 0.08
and 0.10 wt %.

Based on Fig. 4, the resistance values are derived from
the current and voltage readings across the SPS/SPNCC
films. Each resistance result was measured with an
increase in the current value. In this particular analysis,
conducted for a film with concentration of 0.10 wt %, we
see the greatest potential difference value across the cir-
cuit, and this shows that the voltage from one contact to
another inside the circuit through the film is the largest
among the five formulations. The lowest resistance is for
the SPS/SPNCC film with a concentration of 0.04 wt %
SPNCC, having a resistance value of 484.34 - 10> Q. Thus,
the effect on the conductivity value of the material
allows the electricity to flow is low from one end point
to another.

Resistivity of SPS/SPNCCs films at different SPNCC
concentration

Accurate electrical and analytical measurements allowed
us to determine the dependence of resistivity with differ-
ent concentrations of SPNCC values at room temperature.
The value of resistivity was obtained from the resistivity
formula from the four probe measurement. The value of
resistivity was calculated based on the resistance gained
from the graph data presented in Fig. 4. This concluded that
the relationship of resistivity and resistance are directly
proportional and correlated with each other, which carries
the same characteristics in materials at room temperature.

Figure 5 shows the measurement of resistivity with dif-
ferent amounts of current being applied.

The resistivity was determined with different amounts
of current ranging from (0.00 to 0.20 pA) supplied by the
digital multimeter. From the graph shown in Fig. 5, the
resistivity values increased with the higher fiber loading
of the SPNCCs. The differences between the concentra-
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Fig. 5. Resistivity curve of SPS/SPNCC films
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tion of SPNCCs by the analytical technique and electri-
cal resistivity readings are reported in Fig. 5. It is shown
that with 0.1 wt % concentration of SPNCC resulted in the
greatest resistivity value, which was 14.68-10° (QQ - mm).
This is due to the high volume resistivity of starch. These
results are in agreement with the Naik et al. [1] find-
ings that showed that resistivity increases with higher
amounts of SPNCCs contents in a matrix of sugar palm,
starch biopolymer composite.

Conductivity of SPS/SPNCC film at different SPNCC
concentrations

In daily life, natural and synthetic fiber reinforced
polymer composites are used extensively in household
appliances. Thus, by measuring the electrical conductiv-
ity of a material, it can be vital to prevent current leak-
age and exceeding the amount of current allowed to flow
through the human body. Figure 6 shows the conductiv-
ity of SPS/SPNCC films.

The conductivity was determined with different
amounts of current ranging from 0.0-0.20 pA, and the
concentration of SPNCCs in the film from 0.00-0.10 wt %.
Figure 6 depicts that the values of resistivity and conduc-
tivity of the material are inversely proportional to each
other. From 0.00 to 0.05 pA the conductivity of SPS/SPNCC
films show a huge spike that reduced and remained sta-
ble after 0.1 nA. It was found that the peak conductiv-
ity occurred with films carrying the concentration of
0.00 wt % and current value at 0.02 pA, where the fiber
holds more charge before it is discharged and becomes
stable. It is also discovered that 0.10 wt % concentration of
SPNCC gave the least electrical conductivity value, which
is 6.813 - 10° S/mm. The trend observed from the 0.10 wt %
concentration trace shows a good result with an increase
in current value. The same concept could not be applied
to other concentrations since the highest amount of con-
ductivity in SPS/SPNCCs film is at 0.00 wt %, which has
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Fig. 6. Conductivity of SPS/SPNCC films with different concen-
tration of SPNCCs

a value of 31.84-10* S/mm. These results corroborate the
findings of a great deal of the previous work by Bhardwaj
[5] using rice husk reinforced plastic, which has a resis-
tivity of 90.9-10* Q- cm where they described that the
electrical conductivity increased as the natural fiber con-
tent in the rice husk/epoxy increased.

Resistance of layered film

The durability and resistance of a material can be
increased by adding an extra layer of materials. Thus, it is
important to know how this additional, protective layer can
enhance the overall physical behavior and protection to sur-
roundings. This study measured the effect of the number of
layers in the film on the changes in resistance of the mate-
rials. The readings were taken ten times for single, double
and triple layers of SPS/SPNCC films having 0.10 wt % of
SPNCCs concentration with different current supplies from
0.0-0.50 pA using the four-probe-method. Figure 7 shows
the resistance values of layered SPS/SPNCC films.
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Fig.7. Resistance of materials with a different number of SPC/SPNCCs
film layers
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Based on Fig. 7, the resistance values are derived from
current and voltage readings across SPS/SPNCC films with
0.10 wt % of SPNCCs concentration. Each resistance result is
measured by increasing the current values. In this particular
analysis of current value at 0.5 pA, films with three layers of
SPS/SPNCCs shows a resistance of 94.68 - 10* 3, which car-
ries a higher resistance value compared to single and double
layered films. This shows that the current and voltage pass-
ing through the single layered film is slightly lower com-
pared with film with two and three layer sample. The low-
est resistances, as shown above, are from SPS/SPNCC films
with single layers that have a resistance value of 76.37 - 10* Q.
It is observed that SPS/SPNCC films with higher currents
will increase the resistance value of the film thus giving
more protection from electrical circuit current leakage.

Measurement of resistivity on layered effect
The resistivity was determined with a current supply

ranging from 0.0-0.50 pA. The value of resistivity was cal-
culated based on the resistance gained as shown in Fig. 7.
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Fig. 8. Resistivity of materials with different number
of SPC/SPNCC film layers

This revealed that the relationship of resistance and the
number of layers of applied film are directly proportional
and correlated with each other. Hypothesis of increasing
values of film layer will increased the resistance value
of a material and sample were determined at room tem-
perature. Figure 8 shows the resistivity measurement of
SPS/SPNCC films with 0.10 wt % SPNCCs concentration
with applied different number of film layers.

Figure 8 shows that the resistivity value increased
for more layers of SPS/SPNCC films. This means that
the fiber inhibits the current exponentionally with the
increasing number of applied SPS/SPNCC layers. The
differences between fiber loading of SPNCCs according
to this analytical technique and the electrical resistiv-
ity readings are reported in Fig. 8. It is shown that three
layers of SPS/SPNCC films carry more electrical resistiv-
ity compared others. This hypothesis can be applied to
other layers of film since the lowest amount of resistiv-

Current, pA

Fig. 9. Conductivity of materials with a different number
of SPC/SPNCC film layers

ity for a current value of 0.5 pA was for a single layer of
SPS/SPNCC, which had a value of 4.8-10° (- mm).

Effect of SPS/SPNCCs film layers on conductivity

Electrical conductivity is the degree to which specific
material conducts electricity and it is also a fundamen-
tal property of materials that quantifies how strongly it
resist or conduct electric current. Electrical conductiv-
ity is measured in Siemen’s per meter (S/m) and it is the
reciprocal of the electrical resistivity of the materials on
low applied current. The conductivity is calculated from
the experimental result of resistance and resistivity from
previous data collected using the four-probe measure-
ment device. Figure 9 shows the conductivity of the films
with concentration 0.10 wt % of SPNCCs.

In Fig. 9, it is observed that the conductivity value
decreases following an increase in the resistivity value.

Table 4. Comparison of resistivities in different natural/synthetic fiber composites

Authors Mj;;iziﬁesm Composite materials Eledri(gl_ ZZiiStiVity
Orlova [40] Four-probe method Silicon Silicon carbide 3-10°t020-10°
Naik and Mishra [1] Concentric ring probe Banana HDPE 3.8-10" to 4.5- 10"
Naik and Mishra [1] Concentric ring probe Hemp HDPE 3.2-10"% to 3.8-10"
Naik and Mishra [1] Concentric ring probe Agave HDPE 3.3-10" to 3.9-10"
Bhardwaj [5] Four-probe method Rice Husk Epoxy 90.9-10*
Malik et al. [3] Four-probe method Silicon Carbide Boron Nitride 3.7-10%t08.1-103
Lukianova et al. [41] Four-probe method Silicon Nitride Y,0,-ALO, 3.16-10° to 1.73 - 10"
Lukianova ef al. [41] Four-probe method Silicon Nitride MgO - ALO, 3.87-10"
Soltys et al. [42] Impedance analyzers Glass Alkali halide 1.09-10" to 2.93 - 10"
Soltys et al. [42] Impedance analyzers Glass Sodium borate 4.55-10% to 6.37-10*
Soltys et al. [42] Impedance analyzers Glass Vanadate 4.61-10° to 2.13-10*
Devi et al. [43] Two-probe electrode Natural rubber Polypyrrole 16 to 1.21 - 10°
Current study Four-probe method SPS SPNCCs 3.14-10% to 1.47-10*
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The conductivity was determined with the supplied cur-
rent ranging from 0.00-0.50 pA. It was shown that when
the current is increased to 0.10 pA, a peak in the conduc-
tivity of SPS/SPNCC films is displayed. It is also shown
that the maximum value of conductivity occurs at three
layer films with the value of 92.87-10* S/mm. It is also
noted that a single layer of SPS/SPNCCs had the least
electrical conductivity value, i.e. 0.00 pA to 0.10 pA is
2.68-10° S/mm. An increasing trend was observed from
0.00 pA to 0.10 pA and a cutoff point is determined for
SPS/SPNCC:s film at 0.10 uA and eventually the conduc-
tivity value decreased uniformly. These traits occurred
until the amount of current was 0.50 uA, which brings
the meaning of limitations of current flow and conduc-
tivity parameter for every layer.

Electrical properties of SPC/SPCC films and other
polymer composites

Table 4 shows a comparison of the resistivity values
in polymer composites. From Table 4, silicon carbide/
boron nitride had the lowest resistivity value from [3 - 10
to 20- 107 (Q- cm)], indicating that the current can flow
through it and act fully as a conductor [3]. According to
Orlova [40], the resistivity value of composites was depen-
dent on the residual porosity derived from natural wood
(eucalyptus, beech, sapele) and the Si content. SPS/SPNCC
films with different concentrations of SPNCCs carries the
highest resistance values [3.14 - 10 to 1.47-10* (QQ- cm)]
compared to layered films from untreated banana fiber,
which showed the highest surface resistivity [3.8 - 10 to
4.5-10" (Q2- cm)]. SPS/SPNCC films are insulating materi-
als that can be used for human protection against electro-
static and electric shock where the minimum and maxi-
mum allowable current flow through is 0.11 mA to 5 mA.

CONCLUSIONS

The resistance and resistivity of SPS/SPNCC film
values increase at higher SPNCC concentrations and
current input applied to the film. With SPS film, the
resistivity increased from 3.78 - 10° (Q- mm) at 0.02 pA
to 13.19-10° (Q-mm) at 0.20 pA. This compared to
SPS/SPNCC concentrations of SPNCCs at 1.0 wt % that
have lower resistivity of 2.7-10° (Q- mm) at 0.02 pA
and higher compared to SPS film, 14.68 - 10° (- mm) at
0.20 pA. For the layered effect of electrical resistivity
of various concentration of SPS/SPNCC films at room
temperature, it can be summarized that for the single
layer of SPS/SPNCC films, the resistivity increased from
0.37-10°(Q2- mm) at 0.05 pA to 4.8-10%(Q2 - mm) at 0.50 pLA.
This can be compared to SPS/SPNCC concentrations of
SPNCCs at 1.0 wt % for 3 layer film that have a lower
resistivity of 0.11-10° (QQ- mm) at 0.05 pA and increase
resistivity value to 5.95 - 10° (Q2- mm) at 0.50 pA. There are
also no changes to the physical appearance of the film
due to the small amounts of current were tested. The

resistivity increases uniformly by increasing the cur-
rent supply thus this hypothesis applies to conductiv-
ity, which will decrease in value with the increase in the
current being supplied.
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