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results will allow to improve the thermoelectric and electrical properties of polymers and use
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1. Introduction

Nonequilibrium thermodynamics describes transport processes in systems that are not in global equilibrium.[1]. The
Seebeck effect is related to the theory of non-equilibrium thermodynamics [2]. Thermoelectric material converts heat into
electricity and vice versa via the Seebeck effect. Thermoelectric material is of particular importance for energy recovery
from waste heat and natural heat source [3]. Thermoelectric effects result from the interference of electric current and heat
flow in various materials. [4]. The Seebeck potential is directly proportional only to small changes in temperature, but large
changes in temperature give rise to a non-linear relationship with the Seebeck potential [5]. Conductive polymer is of
particular interest for thermoelectric applications due to their relatively high electrical conductivity and low thermal
conductivity [6].

The energy gap of a polymer is defined as the energy difference between two molecular orbitals, the upper occupied
one and the lower unoccupied one, which is usually expressed in electron volts [7-9]. Polymers have properties that make
them useful in many different applications of modern technology, especially in construction engineering [10].
Polyvinylalcohol has a semi-crystalline appearance due to hydrogen bonding and the role of the OH group. [11].
it is a widely applied polymer with highly interesting properties, an unique combination of extraordinary physical and
chemical properties made it suitable as a biomaterial in numerous significant applications [12]. PVP is a nontoxic,
temperature-resistant, biocompatible, inert and biodegradable polymer that can encapsulate drugs at a stable pH and deliver
hydrophilic and lipophilic drugs [13].

Polyacrylamide is used to describe any polymer one of whose monomers is acrylamide. [14]. It is a powerful antimicrobial
agent that has been used in many medical and industrial applications. It has also been used to improve the shelf life of food
products, as a preservative, and to reduce microbial growth in fresh produce. Additionally, polyacrylamide can be used to
treat water in order to reduce contaminant levels and prevent infections [15].

CMC is low cost, has excellent hydrophilicity and biocompatibility. It is low cost, has excellent hydrophilicity and
biocompatibility. However, it is difficult to achieve good conductivity because it has intrinsic disadvantages such as low
mechanical strength [16].

Potassium sulfate dissolves completely and rapidly in water. Its main characteristics are purity, it is a high-quality,
chlorine-free, , potent potash fertilizer, especially indispensable for economic crops that are sensitive to chlorine [17].
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Citric acid is a crystalline tricarboxylic acid, produced from lemons. [18]. It is used in the food,
cosmetic, chemical and pharmaceutical industries [19].

Michael et.al, The high Seebeck coefficient indicates that the metal/polymer/metal design can
develop a large entropy difference in internal energy of charge carriers between high and low-
temperature metal electrodes to develop electrical potential due to charge transport in conducting
polymer film through metal/polymer interface [20]. Sourav et.al, One of the major advantages of
polymeric semiconductors is that their thermal conductivity is mostly phononic (lattice thermal
conductivity) and remains low with increasing charge carrier concentrations, as needed for TE
application [21]. Sai C et.al, this review focuses on molecular perspective and engineering in two key
areas: thermoelectric properties in conducting polymers and thermal transport in polymers with
phonons as the dominant energy carrier. The review begins with a theoretical explanation of charge
and thermal transport in polymers from a molecular and mesoscale perspective. It reviews
thermoelectric polymer synthesis and modification methods for increasing thermoelectric efficiency
[22]. Khayal et.al, The Eg is measured by examining the &; optical parameter, whereas the types of
electronic transition in the films are detected using Tauc’s technique [23]. Szindler et.al, by adding
potassium iodide to the meh-ppv polymer it is possible to reduce its energy band gap from 2.16 eV to
1.88 eV and slightly influence on the HOMO and LUMO energy levels [24]. Hamizah et.al, the result
has shown that thicker film has lower energy band gap compared to the thinner one. However the
electrical conductivity showed an opposite behavior [25].

Table 1: Symbols of the most important physical quantities in the manuscript

Nomenclature & Symbols

S Seebeck effect CMCHYV Carboxymethyl cellulose high viscosity
Eq energy gap PAM Polyacrylamide

T temperature (° K) PVA Polyvinylalcohol

\ potential difference (v) PVP Polyvinylpyrrolidone

zT figure of merit PEG polyethylene glycol

o electrical conductivity(Sm™) p Resistivity (QQ m)

2. Materials and Measurements
2.1 Materials and Samples preparation
2.1.1 Materials

The solutions of Polyacrylamide( PAM), Polyvinylalcohol (PVA), Polyvinylpyrrolidone (PVP)
and polyethylene glycol (PEG) supplied by Sigma-Aldrich GMBH, but Carboxymethyl cellulose high
viscosity (CMCHYV) was obtained from National Oil Corporation Jowfe Oil Technology/ Ganfouda/
Benghazi/ Libya, , was supplied by Sigma-Aldrich GMBH

2.1.2 Samples preparation
2.1.2.1 The first part: Seebeck effect

Samples(PAM, PVP, PEG, CMCHYV) were prepared by dissolving 2.25 grams of polymer in 5
ml of twice-distilled water, then sodium chloride, sodium bicarbonate and potassium sulfate were
added in different concentrations (0.0, 0.028, 0.054, 0.079% ) each in a separate sample, and two
samples of each concentration were prepared. Samples were prepared in this way for all polymers used
in the first part of the investigation.

2.1.2.2 The Second part: energy gap

The CMCHYV and PVA solutions were prepared by dissolving the polymer in twice-distilled
water, then added to different concentrations of citric acid (0.0, 40, 57, 66, 72 %), while stirring at
room temperature (30° C), then the solutions were poured onto a level glass plate and allowed to dry at
room temperature, so thin films almost 0.02 cm thick were formed. The thickness was measured using
a digital micrometer.
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2.1.2.2.1 Preparation of citric acid

Squeeze the lemon into a graduated cylinder and add the same amount of water, then gradually
add the baking soda and filter the mixture. Add the calcium chloride solution to form a precipitate of
calcium citrate. Boil the mixture for two minutes and filter. Then gradually add sulfuric acid to form a
precipitate of calcium sulfide and citric acid. Filter the mixture through filter paper and concentrate the
acid over low heat to form crystals that are dried in the oven.

2.2 The theory
2.2.1 The first part: Seebeck effect

A potential difference (AV) occurs when there is a temperature difference (AT) between two
different conductors (A and B). The relationship between the potential difference and the temperature

difference results in the Seebeck coefficient (S) in the following equation [26]:

s= ¥ (1)
The Seebeck effect occurs when there is an intersection between two materials; it is a property of

the volume and not of the surface [26]. The performance of thermoelectric (TE) material is determined

by a dimensionless quantity called figure of merit (zT) which is expressed by [3, 27]:

T = S2cT )
where (o) is the electrical conductivity, (T) is the absolute temperature, and (k) is the thermal
conductivity. The Wiedemann Franz low is [28, 29]

S=LT (3)
Substitute from equation (3) into equation (2):

2T=% (@)

L
where L = Lorenz number = 2.45 x10° (w/Qk?) [28, 29].

2. 2.2 The Second part: energy gap
The relationship between energy gap, resistivity and temperature is expressed by the following
equation:

l
Eg = 2 Ky —5°F (5)

T
It is known that: (Kg) = Boltzmann’s constant = 8.617 X 10° ev K%, (p) is the resistivity, which is
equal to [30]:
RA

p=22 (6)

From Ohm's law, the resistance (R) = % A = Sample cross-sectional area, L = Sample length and T is
the temperature in Kelvin.

2.3 Experiments and Calculations
2.3.1 The first part: Seebeck effect

As shown in figure (1), the sample is divided into two parts, the first of which contains the cold
junction at room temperature (30° C ), and the other contains the hot junction, where this part is heated
by raising its temperature to (05° C) from room temperature, up to (95° C). Each of the two junctions is
connected across a voltmeter to measure the voltage difference resulting from the heating, and its
reading is recorded each time the temperature of the hot junction increases by ten degrees.

The potential difference between each value and its value at room temperature was calculated, as
well as the temperature difference with room temperature. The relationship between the change in
potential difference and the change in temperature is plotted and the slope of the resulting curves is
determined, then, using equation (1), the energy gap was calculated, which was plotted with different
concentrations of additives in the solutions, also using equation (2) figure of merit was calculated and
it was plotted with different concentrations.
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Fig. 1 Schematic diagram of a Seebeck effect circuit

2.3.2 The Second part: energy gap
By applying a potential difference and modifying the temperature, the current intensity in the
samples was measured and then from the equation (6), the resistivity was calculated, which was used

to calculate the energy gap from the equation (5).

3. Results and discussion
3.1 The first part: Seebeck effect

The results showed that the addition of different concentrations of additives to the solutions did
not cause any change in the voltage resulting from a change in the temperature of the solutions PEG,
except for a few small values. Therefore, these results have been placed in the table (2), which
indicates the appearance of a voltage difference with a change in temperature. However, the addition
of sodium chloride, sodium bicarbonate and potassium sulfate in different concentrations did not cause
any noticeable change.

Table. 2 Results of the change in the potential difference of solutions (PEG) with changing
temperature and concentration of additives.

A V(mv)
T(c) | AT(’c) | 0.0 NaCl (%) NaHCO; (%) K, SO, (%)
%

0.028 | 0.054 | 0.079 | 0.028 0.054 0.079 0.028 0.054 0.079
30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
35 5.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.1
40 10 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.2
45 15 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2
50 20 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2
55 25 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3
60 30 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3
65 35 0.1 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.4
70 40 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4
75 45 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.4
80 50 0.2 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.4
85 55 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.5
90 60 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.5
95 65 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.5 0.5 0.6

Furthermore, there was no change in the potential difference resulting from the change in temperature
with the change in sodium chloride concentration in the solutions (NaCl), so the results have been

placed in the table (3).
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Table. 3 Results of the change in the potential difference of solutions (PEG) with changing
temperature and concentration of (NaCl).

PVP
T(Cc) | AT(%c) A V(mv)
NaCl (%)
0.0 0.028 0.054 | 0.079

30 0 0.0 0.0 0.0 0.0
35 5 0 0 0 0
40 10 0 0 0 0
45 15 0 0 0 0.1
50 20 0.1 0.1 0.1 0.1
55 25 0.1 0.1 0.1 0.1
60 30 0.1 0.1 0.2 0.1
65 35 0.1 0.1 0.2 0.2
70 40 0.2 0.2 0.2 0.2
75 45 0.2 0.2 0.2 0.2
80 50 0.2 0.2 0.2 0.2
85 55 0.2 0.2 0.3 0.3
90 60 0.3 0.3 0.3 0.3
95 65 0.3 0.3 0.3 0.3

Figure (2) shows the relationship between the change in potential difference and the change in
temperature for solutions (PVP) containing different concentrations of (NaHCQO3). It is clear that the
amount of change in potential difference increases with increase in the amount of change in
temperature and also with increase in the concentrations of (NaHCO3) in the solutions.

1-0.00%  2- 0.028 %
3-0.054 % 4- 0.079 %
3.0
5| PVP/NaHCOS
-
= 20
=
J—_
= 15
<10
0.5}
0.0 10 20 30 40 50 60
AT (°c)

Fig. 2 Relationship between the change in potential difference and the change in
temperature for solutions (PVP) containing different concentrations of (NaHCO3)

Also, figure (3) shows the relationship between the change in potential difference and the change in
temperature for solutions (PVP) containing different concentrations of (K,SO,4). As we observe, the
results indicate what figure (2) indicates, namely that the amount of change in potential difference
increases with increasing amount of change in temperature due to the Seebeck effect and also with
increasing concentrations of (K,SO,) in the solutions.
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1-0.00 % 2-0.028 %
3-0.054% 4-0.079 %

PVP/K,SO 4
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05 /
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AT (°c)
Fig. 3 Relationship between the change in potential difference and the change in
temperature for solutions (PVP) containing different concentrations of
(K2 SOy).

From figure (4), it can be seen that the Seebeck effect coefficient (S) increases with increasing
concentrations (C) of (NaHCOg3) and (K;SO,4) in (PVP) solutions. Moreover, the Seebeck effect
coefficient for solutions containing (NaHCO3) is higher than that for solutions containing (K2SO,).

400——
PVP

NaHCO;

0.02 0.04 0.06 0.08
concentration(%)

Fig. 4 Concentration of NaHCO3 and K,SO, vs Seebeck effect coefficient of PVP solutions.

Since (zT) is related to (S), the form of figure (5) is similar to figure (4) except that the values of
(zT) are smaller than the values of (S). Similarly, it can be seen that the figure of merit increases with
increasing concentrations of (NaHCO3) and (K,SO,) in (PVP) solutions. Moreover, the figure of merit
for solutions containing (NaHCO3) is higher than that for solutions containing (K,SOy,).

2.0 ——
PVP
Lo} NaHCO;

1.2}
0.8} K250,

7T (X 107)

0.4

0-0 002 004 0.06 0.8
concentration(%)
Fig. 5 Concentration of NaHCO3; and K,SQO4 vs figure of merit of PVP solutions.
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When sodium chloride is added to CMCHYV solutions, the amount of change in potential

difference resulting from the Seebeck effect increases with increasing temperature change, but
decreases with increasing sodium chloride concentration, as noted in figure (6).

1-0.00 % 2- 0.028 %
3-0.054% 4-0.079%

CMCHV/ NaCl

lb 2.0 3.0 4b 5.0 6;0 70
AT (°c)
Fig. 6 Relationship between the variation of the potential difference and the variation of the
temperature for CMCH) solutions containing different concentrations of (NaCl).

Figure (7) shows the relationship between (AV) and (AT) for CMCH) solutions to which
NaHCO3; was added at different concentrations. The amount of change in (AV) increased when the
amount of change in (AT) increased, but increasing the concentrations of NaHCOj3 decreased (AV).

1-0.00% 2-0.028 %
3-0.054% 4-0.079%

CMCHV/NaHCO,

100

o)
o
o

o))
o
o

A V(mv)

'S
o
o

[
o
o

0.00

10 20 30 40 50 60 70
AT (°c)

Fig. 7 Relationship between the variation of the potential difference and the variation of the
temperature for CMCH solutions containing different concentrations of (NaHCO3).

The same results from figures (6) and (7) are shown in figure (8) by adding different

concentrations of K,SO4 to CMCHYV solutions, where (AV) increases with an increase in (AT) and
decreases with an increase in the concentrations of K,SO..
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1- 0.00 % 2- 0.028 %
3-0.054% 4-0.079 %

CMCHV/ K,SO,

10 20 30 40 50 60 70
AT (°c)
Fig 8 Relationship between the variation of the potential difference and the variation of the
temperature for CMCH solutions containing different concentrations of (K,SO,).

The relationship between the Seebeck effect coefficient and the concentrations of additives in
CMCH solutions in figure (9) shows that the coefficient values decrease with increasing
concentrations.

120

= 100}

S NaCl

% 80} 3

£

X 60f NaHCO,

= 40} K.SO

w 22~y
201 cMCHV

2.0 4.0 6.0 80
2
concentration(% X 10 )
Fig. 9 Concentration of NaCl, NaHCO3 and K,SO, vs Seebeck effect coefficient of CMCHV solutions.

There is an inverse relationship illustrated in figure (10) between figure of merit and the
concentrations of additives in CMCHYV solutions.

T (X 16"

0.02 0.04 0.06 0.08
concentration(%)

Fig. 10 Concentration of NaCl, NaHCO3; and K,SO, vs figure of merit of CMCHYV solutions.
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When adding different concentrations of sodium chloride, sodium bicarbonate, and potassium
sulfate, the change in potential difference resulting from the Seebeck effect increases with increasing
temperature, but decreases with increasing concentration of these materials, as shown in Figures (11),

(12), and ( 13).
1-0.00% 2- 0.028 %
3-0.054% 4-0.079 %

PAM/NaCl

100

A V(mv)
[#)) [00)
S O
o o
N —

I
o
o

()
o
o

0.00 : : - . : :
10 20 30 40 50 60 70
AT (°c)

Fig. 11 Relationship between the variation of the potential difference and the variation of the
temperature for PAM solutions containing different concentrations of NaCl.

1-0.00 % 2- 0.028 %
3-0.054% 4-0.079 %

PAM/NaHCO; 1

o

2007

0.00

10 20 30 40 50 60 70
AT (°¢c)

Fig. 12 Relationship between the variation of the potential difference and the variation of the
temperature for PAM solutions containing different concentrations of NaHCO3
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1-0.00%  2-0.028 %
3-0.054% 4-0.079 %

PAM/ K,SQO, L

"=/

0.00

10 20 30 40 50 60 70
AT (°c)
Fig. 13 Relationship between the variation of the potential difference and the variation of the
temperature for PAM solutions containing different concentrations of (K,SQOy).

The relationship between the Seebeck effect coefficient and the concentrations of additives in
PAM solutions in figure (14) shows that the coefficient values decrease with increasing concentrations.

120! PAM
O NaCl
S 80t
£
X NaHCO,
ol
© 40¢
2 K480,
0.0 :

20 40 60 80

concentration(% X 10'2)

Fig. 14 Concentration of NaCl, NaHCO3 and K,SO,4 vs Seebeck effect coefficient of PAM solutions

There is an inverse relationship illustrated in figure (15) between figure of merit and the
concentrations of additives in PAM solutions.
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7 ot PAM

002 004 006 008
concentration(%)

Fig. 15 Concentration of NaCl, NaHCO3 and K,SO4 vs figure of merit of PAM solutions.

3.2 The Second part: energy gap

The relationship between the energy gap of thin films of PVA to which different concentrations
of citric acid are added and the temperature is an inverse relationship. Similarly, the relationship
between the energy gap and the acid concentration is inverse, as shown in figure (16). The energy gap
values decrease until the temperature reaches (420°K), and then their values remain almost constant.

1-0.0% 2-40%
3-57%  4-66%

5-72 %
0.20} PVA
< 0.18}
9
s 0.16F
o _
0.14} *
0.12} SW
0. o'Ll

420 440
T(k)
Fig. 16 Energy gap of PVA/CsHgOy thin films vs different concentrations of citric acid

The relationship between the energy gap of thin films of CMCHV to which different
concentrations of citric acid are added and the temperature is an inverse relationship. Similarly, the
relationship between the energy gap and the acid concentration is inverse, as shown in figure (17).
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1- 0.0% 2-40%
3-57% 4-66%
5-72%

0oa6f . T—e

CMCHV

400 220 240
T(°k)
Fig.17 Energy gap of CMCHV/ CgHgOy thin films vs different concentrations of citric acid

Conclusion

In the first part of the study, the Seebeck effect coefficient and the amount of change in potential
difference increased with increasing temperature and also with increasing concentrations of sodium
bicarbonate and potassium sulfate in PVP solutions, but decreased with increasing temperature and
also with increasing concentrations of sodium chloride, sodium bicarbonate and potassium sulfate in
CMCHY solutions and PMA solutions. However, the amount of change in potential difference occurs
in a small variation compared to the increase in amount of change in temperature and no change occurs
with increasing concentrations of additives in PEG solutions. The use of materials with a high Seebeck
coefficient is one of the many important factors for achieving efficient behavior in thermoelectric
generators, zT value has been successfully presented as a parameter that can be useful for
optimization, thus revealing the strengths and weaknesses of all samples, which could be useful for use
in many fields. A large S is needed for a good thermoelectric material to have a high ZT.

The decrease in the energy gap of the thin films in the second part of the research is observed. It
is known that the lower the energy, the closer the valence band is to the conduction band and the
electrons are able to contribute to the intensity of the current passing through the samples.

These results will allow to improve the thermoelectric and electrical properties of polymers and use
them in many fields such as industry, medicine and science.
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