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a b s t r a c t 

Solid polymer electrolytes (SPEs) based on sodium carboxymethyl cellulose (CMC) mixed with different 

percentages of acetic acid and constant percentage of glycerol (Gly) as a plasticizer, to enhance elec- 

trical properties, are prepared using casting technique. Then, the prepared SPE films are characterized 

using Ultraviolet-Visible spectroscopy (UV–Vis.), Fourier Transform Infrared spectroscopy (FTIR), Nuclear 

Magnetic Resonance (NMR), Scanning electron microscope (SEM) and Electrical Impedance Spectroscopy 

(EIS). Also, thermal properties of the studied SPEs are studied using Thermo Gravimetric Analyzer (TGA) 

and its derivative (DTA). The obtained results of UV–Vis. study indicated that the prepared samples pos- 

sesses three optical band gaps and that the optical band gaps decreased due to increasing acetic acid 

concentration up to 5 wt.%. FTIR results predict the presence of new absorption band around 1693 cm 

-1 . 

Acetic acid/CMC interaction is further described by 1 HNMR indicating chemical shift in carbonyl carbon 

( C = O ) in some samples and disappearing of it in another samples. Meanwhile, EIS results indicated 

that the highest ionic conductivity obtained equals 7.64E-06 S/cm at room temperature for sample A3. 

Finally, TGA curves showed that the thermal stability is changed with changing acid concentration and 

three stages of weight loss are observed. The obtained results indicated that CMC-Gly-acetic acid SPEs 

is a perfect choice to be used as a solid polymer electrolyte since the electrical properties of CMC are 

improved. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

Following up the structural changes as a result of different fac-

ors is the main goal of spectroscopic methods of analyses [1,2] .

uch method includes but not limited to UV–Vis, FTIR, XRD, NMR

eside SEM techniques [3–5] . Polymeric materials are considered

mong so sensitive materials for chemical as well as physical treat-

ents [6] . Accordingly, several techniques are required to study

olymers in order to functionalize their applications in appropri-

te applications [7] . 

Cellulose one of the most abundant material on the earth, this

act enable cellulose derivatives to be a hot topic of research ac-

ording to their abundant, biodegradable and easy handling as well

s low cost [8,9] . Among these applications, nanocomposite mem-
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ranes were prepared from graphene-loaded with sodium alginate

ith enhanced isopropanol dehydration performance via a perva-

oration technique [10] . Sodium alginate as a cost effective mate-

ial and ecofirendly could be further utilized as a matrix for organ-

cally modified clay particles prepared by treating with p-TSA for

eriving membranes that were tested for PV dehydration of IPA–

ater mixture [11] . Chitosan another member of polysaccharides

ith NH 2 group allow it for many functions is tried for membrane

12] . Graphene sheets are embedded in chitosan forming nanocom-

osite also act as membrane for ethanol and isopropanol dehydra-

ion via pervaporation. 

The growth of new solid polymer electrolyte materials play-

ng a very important role in developing and creating new elec-

rochemical devices, solar cells, batteries, and gas sensors [13] . In

he past, liquid electrolytes are considered as the main sources

f electrochemical power due to its high ionic conductivity. But

hese electrolytes have a lot of drawbacks like leakage, difficulty in

https://doi.org/10.1016/j.molstruc.2020.129013
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Table 1 

Designation and composition of the CMC-Gly- acetic acid SPE films. 

Acetic acid (wt.%) Plasticizer (Glycerol) Water (ml) CMC (g) Sample 

0.0 A1 

2.5 A2 

5.0 40 75 1 A3 

7.5 A4 

10.0 A5 

12.5 A6 

15.0 A7 
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handling liquids so it can be spillage, interact with electrodes

which gradually corrodes the electrodes and hence decreases the

device lifespan. Additionally, the solvent boiling point limits the

temperature range of the device operation and poor electrochem-

ical stability [14,15] . After the discovery of solid polymer elec-

trolytes in 1973, researchers recognized that these solid elec-

trolytes can be used instead of liquid electrolyte because they have

high ionic conductivity and excellent mechanical and thermal sta-

bility [16] . Also the use of these materials (i.e. SPEs), which are

considered as friends to the environment, eliminates the previous

problems of liquid electrolytes as it exhibits a lot of features such

as: simple preparation in different geometrical shapes, good con-

tact between electrode and electrolyte interface, no leakage, good

mechanical and adhesives properties and safety [17,18] . However,

SPEs possesses a considerable defect due to their higher degree of

crystallinity, but this problem can be overcome by the addition of

organic or inorganic salts/acids [19] . Since the detection of the first

ion-conducting polymer, namely, poly (ethylene oxide) dissolved in

alkali metal salts, various types of polymers have been investigated

to be used as a polymer electrolyte (PE). Research has involved

natural polymers such as starch, cellulose and chitosan as they

possess low- cost, availability and biocompatibility compared to

synthetic polymers [20,21] . Cellulose is the most abundant Polysac-

charide polymer in the environment suitable for various applica-

tions including SPE applications as it has very important properties

like availability, inexpensive, biodegradable, and renew-able [22–

25] . The use of cellulose and its derivatives as a polymer elec-

trolyte is noteworthy as they are predictable to bring a greener

future unlike harmful and toxic materials [26,27] . Carboxymethyl

cellulose (CMC) is one of the most important cellulose derivatives.

CMC is known as cellulose gum and sodium carboxymethyl cel-

lulose that can form a transparent film and own high mechanical

strength. Natural polymers. Also, CMC is a naturally polysaccharide

substance and used widely in many industrial applications such as

food, textiles, paper, adhesives, paints, pharmaceuticals, cosmetics,

and mineral processing. Also, It is a natural organic polymer that

is non-toxic, renewable, available in abundance, biocompatible and

biodegradable [28,29] . The aim of this work is to gain an insight

for CMC and acetic acid as a polymer host and as a proton donor

respectively to develop a new type of plasticized SPEs. Also, the

study focuses on the electrical properties of the prepared SPEs to

be applicable for electrochemical applications and optoelectronic

devices. Glycerol is chosen as a plasticizer according to its ability

to increase the flexibility of polymers and improve mechanical and

thermal stability of the prepared samples [30–32] . Accordingly, the

studied samples were subjected to different characterizing tools in-

cluding UV–Vis.; FTIR; NMR, SEM, EIS and TGA. 

2. Materials and method 

2.1. Sample preparation 

CMC is acquired from (K. Patel Chemo pharma PVT. India) with

average molecular weight of 2.5 × 105 g/mol while, acetic acid is

acquired from El Nasr Pharmaceutical Chemicals Co., Cairo, Egypt.

Solution casting technique is used to prepare our CMC-Gly-acetic

acid based SPEs. One gram of CMC (weighted by a digital balance)

is dissolved in distilled water and stirred with magnetic stirrer and

bar for 8 h until CMC powder is totally dissolved. Constant per-

centage of glycerol (wt. 40%) is added to CMC solution and stirred

for 1 hour. Then different weight percentages (start from 2.5 to

15 wt.%) of acetic acid are added to the CMC-Gly-solution and

stirred until there is no phase change and it became homogeneous.

The mixtures are then cast into glass petri dishes and left to dry

at room temperature for 3 to 5 days depending on the acetic acid
oncentration. The samples are abbreviated according to acetic acid

ontent as depicted in Table 1 . 

.2. Characterization of solid polymer electrolyte films 

.2.1. UV-Visible spectroscopy (UV–Vis.) 

The UV-Visible absorption spectra of CMC-Gly-acetic acid SPEs

re recorded in the wavelength range from 200 to 10 0 0 nm, using

 double beam spectrophotometer (JASCO model V-670 UV–Vis-

IR) at Spectroscopy Department, National Research Centre (NRC),

airo, Egypt. 

.2.2. Fourier transform infrared spectroscopy (FTIR) 

The absorption spectra of the prepared SPE films are conducted

sing attenuated total reflection (ATR) FTIR spectroscopy, Bruker

ERTEX 70, at Spectroscopy Department, National Research Centre

NRC), Cairo, Egypt. The spectra are recorded in the mid infrared

egion of the spectral range with a resolution of 4 cm 

−1 to char-

cterize the presence of different functional groups in CMC-Gly-

cetic acid SPE films. 

.2.3. Nuclear magnetic resonance (NMR) spectroscopy 

Nuclear magnetic resonance (NMR) that was operated by JEOL

CA-500 MHz at National Research Centre (NRC) to obtain both
 HNMR and 

13 CNMR. The 1 HNMR run was operated at 500 MHz

nd 125 MHz at 13 CNMR in (ppm) range. Samples were dissolved

n (40.00 μl) deuterated water (D 2 O) and applied to run with 16

cans for 1 HNMR and applied to run with 20 0 0 scans 13 CNMR. 

.2.4. Scanning electron microscope (SEM) 

The surface morphology of the studied films was examined by

canning Electron Microscope (SEM) model FEI, Inspect S, instru-

ent operating at 100KV, at Building Physics and Environment

nstitute, Housing & Building National Research Center (HBRC),

okki, Giza, Egypt. 

.2.5. Electrical impedance spectroscopy (EIS) 

For SPEs based on plasticized CMC/acetic acid, conductivity

s measured via electrical impedance spectroscopy using HIOKI

532–50 LCR Hi-Tester that is connected to a computer, at Build-

ng Physics and Environment Institute, Housing & Building National

esearch Center (HBRC), Dokki, Giza, Egypt. 

The conductivity of the plasticized SPEs is measured in a fre-

uency range 50 Hz: 1 MHz at several temperatures started from

98 to 388 K. The SPE films are cut into suitable size and sand-

iched between two stainless-steel blocking electrodes of the

ample holder that connected to the LCR tester. 

.2.6. Thermo gravimetric analysis (TGA) 

Thermal characteristics of polymers are studied using thermo

ravimetric analyzer (TGA) and its derivative (DTG). Thermal anal-

ses are conducted using TGA thermal analyzer (STD-Q600, USA)

t a heating rate of 5 °C /min from 24 °C to 511 °C in nitrogen

tmosphere to predict the mass loss. 
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Fig. 1. Optical absorption spectra of SPE films based on CMC and CMC doped 

with acetic acid appreciated as presented in Table 1 in the wavelength range from 

200 nm to1000 nm. 

Table 2 

Refractive index values for pure CMC and CMC 

doped with different concentrations of acetic acid 

and their indirect allowed band gap values. 

Structure N E 1 (eV) E 2 (eV) E 3 (eV) 

A1 2.34 1.52 3.24 4.7 

A2 2.35 2.5 3.18 4.52 

A3 2.52 1.55 2.57 4.46 

A4 2.34 1.99 3.22 4.51 

A5 2.49 2.69 2.69 4.79 

A6 2.50 2.63 2.63 4.91 

A7 2.45 2.82 2.82 4.8 
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. Results and discussion 

.1. UV–Vis absorption spectra analysis 

The absorption spectra of SPEs based on CMC/acetic acid in the

V–Vis. spectral region are recorded in the wavelength ranging

rom 200 nm to 10 0 0 nm as presented in Fig. 1 . The studied sys-

em shows a shift (red) toward the longer wavelength region with

ncreasing the content of acetic acid in the prepared SPEs. The ab-

orption shoulder shift refers to the complexation occurs between

MC and acetic acid. Additionally, it refers to the changes happens

or the optical energy gap because of changing the degree of crys-

allinity of CMC [33] . The absorption shoulder observed at 225 nm

ay be attributed to n → π ∗ transition of electrons. The changes

ccurred in the absorption edge due to the addition of acid is pre-

ented in Table 2 in terms of the band gap. As presented in the

able that the absorption edge value is decreased with increasing

cid concentration up to 5 wt.% afterthought it increased again. 

.2. Optical energy gap of CMC/acetic acid SPEs 

As indicated in Fig. 1 that the absorption edge of CMC under-

oes a red shift with acetic acid addition. This shift indicated that

he gap width is decreased due to increasing acetic acid. As re-

orted by the Beer-Lambert law that the absorption coefficient is

elated to the absorbance of the material through [34] : 

= 2 . 303 ( A/L ) (1) 

here, α is the absorption coefficient, A is the absorbance of

he studied samples and L is the thickness of the prepared films.

ptical transitions between the conduction and valence bands
tarts when the material absorbs photons of energy (h υ) equal to

r greater than the energy difference between the characteristic

ands. As reported by Davis and Mott that the values of the op-

ical energy gap together with the type of electronic transition can

e determined through using the following equation [35] : 

( αhυ) 
n = B ( hυ − E g ) (2) 

here, h υ is the incident photon energy, E g is the optical energy

ap and n is a constant refers to the type of transitions where it

akes values of 2, 2/3, 1/2 and 1/3 for direct allowed, direct for-

idden, indirect allowed and finally indirect forbidden transitions

espectively [36,37] . 

Also, Davis and Mott reported that the two different types of

ransitions, direct and indirect allowed, can be determined near the

dge of the fundamental absorption band. This energy gaps can

e determined by plotting both ( αh υ) 2 and ( αh υ) 1/2 as a func-

ion of energy. The type of transition between the valence band

nd the conduction band can be determined using the David and

ott equation and making the derivative for the equation with re-

pect to the photon energy. After that, divide the two equations

n each other ( αh υ / D αh υ) then plotting the relation between

hem and the incident energy. As a result, it is concluded that the

ype of transition is indirect allowed transition since n equals 1/2

hich also reported in the literature. Fig. 2 depicts the variation of

 αh υ) 1/2 for all samples with the incident energy. 

By extrapolating the straight portions of the curve on the x-axis

he indirect allowed energy gap values, where the electrons cross

he conduction band at different K- space, can be obtained for all

amples [38] . It is found that the optical energy gap of pure CMC is

nfluenced and decreased by acetic acid presence. As presented in

he figure that the prepared samples possess more than one band

ap. 

Table 2 presents the different values of the optical band gap

or all samples. Where, it is observed that this new type of SPEs

ased on CMC/acetic acid possesses three optical band gaps due to

he amorphousity of the prepared samples. The first band gap val-

es are observed at 1.52, 2.5, 1.55, 1.99, 2.69, 2.63 and 2.82 eV for

amples A1, A2, A3, A4, A5, A6 and A7, respectively. Meanwhile, the

econd optical band gap are observed at 3.24, 3.4, 2.57, 3.22, 3.37,

.71 and 3.56 eV respectively for the same sequence. Finally, the

hird band gap are observed at 4.7, 5.426, 4.48, 4.57, 4.69, 4.91 and

.8 eV for samples A1, A2, A3, A, A5, A6 and A7, respectively. Ad-

itionally, it is concluded that the sample A3 is the best one as it

ossesses the lowest value of band gap and that the first band gap

s the real band gap as it requires minimum energy for electron

ransport between the two bands. The reason for such a decrease

n the optical energy gap may be due to the formation of chemical

onds between the CMC chain and acetic acid. Also, this decrease

n the optical band gaps makes this type of SPEs very efficient for

lectrochemical applications and optoelectronics [37] . 

.3. The dependence of the refractive index of pure CMC on acetic 

cid concentration 

In the field of developing optically polymeric materials, the in-

ex of refraction plays a significant and effective role as it is one of

he most important factors in designing new dispersion devices for

ll types of spectra and in optical systems of communications [33–

0] . It is stated that the refractive index (n) of an optical material

s a dimensionless quantity that describes how the electromagnetic

adiation propagates through the polymeric materials under study

nd it can be calculated in terms of energy gaps E g using equation:

n 

2 − 1 

n 

2 + 2 

= 1 −
√ 

E g 

20 

(3) 
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Fig. 2. Relation between ( αh υ) 1/2 and photon energy (h υ) for pure CMC and CMC doped with different concentrations of acetic acid as indicate in Table 1 . 
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Table 2 presents the variations of CMC refractive index due to

changing acetic acid content in the prepared films. It is observed

that the values of the index of refraction of pure CMC and that

of doped CMC are changed with increasing acetic acid. Where, the

CMC refractive index changes from 2.34 to 2.35, 2.52, 2.34, 2.49,

2.50 and 2.45 respectively by changing the acid concentration from

2.5 wt.% up to 15 wt.%. As presented in the table, the highest re-

fractive index belongs to the sample A3. 
.4. FTIR spectroscopy 

Fig. 3 shows the FTIR absorption spectrum of pure CMC in the

id infrared region. The spectra are further assigned as indicated

n Table 3 and according to the previous work the band assign-

ent is accomplished [41,42] . From the figure, a broad absorption

and is observed at 3333 cm 

−¹ that is due to O 

–H stretching of

he hydroxyl group. Meanwhile, the bands observed at 2922 cm 

−¹
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Fig. 2. Continued 

Table 3 

FTIR band assignment for pure CMC and CMC doped with 2.5wt%, 5wt%, 7.5wt%, 10wt%,12.5wt% 

and 15wt% acetic acid. 

Wavenumber (cm 

−1 ) 

Band Assignment 
A1 A2 A3 A4 A5 A6 A7 

3333 3332 3391 3367 3358 3360 3390 O-H stretching 

2922 2922 2920 2922 2922 2922 2918 C-H symmetrical stretching 

2881 2878 2880 2878 2880 2880 2883 C-H asymmetrical stretching 

1762 1763 1770 1755 1753 1750 1751 C = O group 

– 1693 1692 1691 1691 1691 1696 COO group 

1587 1589 1587 1590 1589 1590 1586 COO 

−stretching 

1414 1414 1414 1414 1414 1414 1415 O-H stretching 

1321 1320 1319 1320 1320 1320 1320 C-H stretching 

1270 1270 1268 1270 1269 1269 1265 C-O symmetrical stretching 

1105 1105 1104 1106 1106 1105 1102 C-O-C 

1024 1024 1022 1027 1025 1025 1022 C-O stretching 

919 918 – 919 918 918 – O-H out of plane bending 

4000 3500 3000 2500 2000 1500 1000 500
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

A
bs

or
ba

nc
e,

A

wavenumber (cm-1)

Fig. 3. FTIR spectrum of pure CMC. 
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nd 2881 cm 

−1 are attributed to the C 

–H asymmetrical stretching

f CH 2 and the C 

–H symmetrical stretching of CH 2, respectively.

owever, the bands at 1762 cm 

−1 and 1587 cm 

−1 can be assigned

or C = O group of the carboxylic group and the COO 

−stretching of

he carboxylic group, respectively. 
Additionally, the band observed at 1414 cm 

−1 is assigned to the

 

–H stretching of CMC, the band at 1321 cm 

−1 is related to the

 

–H stretching in the methyl group and the band at 1270 cm 

−1 

s due to the C 

–O symmetric stretching. Additionally, the absorp-

ion band characteristic for the C 

–O 

–C symmetric and asymmetric

tretching appeared at 1105 cm 

−1 . Finally, the two bands appeared

t 1024 cm 

−1 and 919 cm 

−1 could be assigned to the C 

–O stretch-

ng of CH 2 OCH 2 and O 

–H out of plane bending respectively. 

Fig. 4 shows the FTIR spectra of pure CMC and that of CMC

oped with acetic acid. The influence of acetic acid on the molec-

lar structure of carboxymethyl cellulose sodium is also presented

n table (3) where the existence of acetic acid in SPE films causes

 shift in the band at 3333 cm 

−1 of pure CMC with increasing the

oncentration up to 5 wt.%, 7.5 wt.%, 10 wt.%, 12.5 wt.% and 15 wt.%

nd becomes at 3391 cm 

−1 , 3287 cm 

−1 , 3358 cm 

−1 , 3360 cm 

−1 

nd 3390 cm 

−1 respectively as shown in Fig. 4 . 

Also, there is a new band appeared at 1693 cm 

−1 , 1692 cm 

−1 ,

691 cm 

−1 , 1691 cm 

−1 , 1691 cm 

−1 and 1696 cm 

−1 which may be

ttributed to the presence of COO 

− stretching of acetic acid. Mean-

hile, the band observed at 1762 cm 

−1 which is due to the C = O

tretching of the hydroxyl group is disappeared with the increase

f acetic acid concentration to 5 wt.%, 7.5 wt.%, 10 wt.%, 12.5 wt.%

nd 15 wt.%. Furthermore, the intensity of the COO 

− stretching

and at 1587 cm 

−1 of pure CMC is decreased with increasing the

oncentration up to 5 wt.% and then starts to increase as a re-

ult of the addition of more acetic acid which is in agreement

ith the results of UV–Vis. study. The obtained results of FTIR indi-

ated that the COOH protons of acetic acid becomes free ions and
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Fig. 4. FTIR spectra of pure CMC and CMC doped with different concentrations of 

acetic acid. 
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i  
a strong complexation between CMC and acetic acid takes place

[43] . The observed shift in the CMC characteristic bands refers to

the changes occurred in the molecular structure of CMC because of

acetic acid addition. 

3.5. NMR spectroscopy 

For CMC pure as shown in Fig. 5 , 1 HNMR could be assigned to

the following resonant regions: protons represented by two peaks

at δ ppm = 3.107 and 3.254 for alcoholic hydroxyl groups located

on the sugar moiety. After that δ ppm = 03.4: 04.1 are for the me-

thine sugar protons of the moiety. After that around δ ppm = 05.1

the phenolic O–H protons appeared under the solvent broad band

of D O. 
2 

Fig. 5. 1 H NMR for CMC pure dissolved in D 2 O deuterated sol
The 13 CNMR for pure CMC as in Fig. 6 , peaks could be classi-

ed into three major regions: the most shielded sp3 carbon atoms

f the aliphatic carbon atoms shown at δ ppm: 62.7 – 72.78. The

edium deshielded sp 

2 carbon atoms of the aromatic ring carbon

toms have a broad band at δ ppm: 102.51. These variations in

he chemical shift are due to the attachment of high electroneg-

tive atoms to the aromatic rings, such as oxygen, which increase

he deshifting effect on these particular carbon atoms. The highly

eshielded sp 

2 carbonyl carbon atoms could be represent the ex-

remely deshielded aldehyde carbonyl carbon atoms the true car-

onyl carbon atom C = O are displayed at δ ppm = 178.38. 

The interaction with acetic acid were identified in 

1 HNMR

f sample A3 and in 

1 HNMR of sample A7 that appeared in

igs. 7 and 8 , as COCH3 group of CMC with acetic acid peak

t 1.760 and at 1.768 ppm. Similarly, in 

13 CNMR for the A3 and

7 that documented in Figs. 9 and 10 , there are a chemical

hift in peaks of carbonyl carbon atom C = O from 178.38 ppm

o173.808 ppm for A3 and disappearing of it in A7 sample, also ap-

earing of peak at 161.427 ppm for A3 and at 166.349 ppm which

lso represent the interaction of acetic acid and CMC. 

.6. Scanning electron microspore 

The studied samples were then subjected to SEM investiga-

ion in order to point out what their surface features. Accordingly,

he surface morphologies of the SPEs films based on CMC/acetic

cid are presented in Fig. 11 . It was observed that the there are

ome sedimentation as indicated in sample A2, A5. The surface

orphologies of the remaining samples indicated that, the studied

MC/acetic acid show smooth and compact structure. 

.7. Electrical impedance spectroscopy 

.7.1. Conductivity results 

The ionic conductivity of CMC-Gly-acetic acid SPEs is presented

n Fig. 11 . As the conductivity depends on different factors includ-
vent worked at 500 MHz with range from 0 to 10 ppm. 
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Fig. 6. 13 C NMR for CMC pure dissolved in D 2 Odeuterated solvent worked at 125 MHz with range from 0 to 200 ppm. 

Fig. 7. 1 H NMR for CMC with acetic acid (A3) dissolved in D 2 Odeuterated solvent worked at 500 MHz with range from 0 to 10 ppm. 
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Fig. 8. 1 H NMR for CMC with acetic acid (A7) dissolved in D 2 Odeuterated solvent worked at 500 MHz with range from 0 to 10 ppm. 

Fig. 9. 13 C NMR for CMC with acetic acid (A3) dissolved in D 2 Odeuterated solvent worked at 125 MHz with range from 0 to 200 ppm. 
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Fig. 10. 13 C NMR for CMC with acetic acid (A7) dissolved in D 2 Odeuterated solvent worked at 125 MHz with range from 0 to 200 ppm. 

Table 4 

The ionic conductivity and activation energy of pure CMC and 

CMC doped with different concentrations of acetic acid at room 

temperature. 

Structure AC conductivity (S/cm) Activation Energy (eV) 

A1 5.89E-07 0.8280 

A2 1.91E-06 0.7887 

A3 7.64E-06 0.6087 

A4 2.39E-06 0.9064 

A5 1.43E-06 0.9480 

A6 1.21E-06 0.9739 

A7 1.06E-06 0.9864 
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Table 5 

AC conductivity compared with that obtained from literature at room 

temperature. 

Structure AC conductivity (S/cm) Ref. 

Methyl cellulose-NH4F 6.40E-07 [3] 

CMC- OA 2.11E-05 [5] 

Chitosan- AA 1.40E-09 [6] 

CMC- NH 4 F 2.68E-07 [46] 

CMC-Gly- acetic acid 7.64E-06 Present work 

a  

d  

r  

h  

a  

d  

a  

a  

[

V  

t  

a  

d  

a  

f

3

 

i  

t  

p  

t  

t  

c  

f  
ng temperature, concentration of the dopant ions and the type of

harge carriers [43] , the conductivity of the prepared SPEs is cal-

ulated using equation: 

= t/ R b A (4) 

here, t is the thickness of the SPE film (cm); A is the electrode-

lectrolyte area of the film ( cm 

2 ) and R b is the bulk resistance. 

Fig. 12 shows the variation of the conductivity with acid con-

entration of the prepared SPEs. As shown in the figure that the AC

onductivity at ambient temperature increases from 5.89E-07 S/cm

f pure CMC (sample A1) to 7.64E-06 S/cm of the sample contain-

ng 5 wt.% of acetic acid (sample A3).The conductivity increased

ith increasing acid concentration until reach to a maximum value

nd then starts to decrease see Table 4 . Table 5 shows the high-

st values of AC conductivity of CMC/other polymers doped with

ther salts/acids obtained by other researchers at room tempera-

ure. Where, the table shows that the obtained values of conductiv-

ty is comparable to that of the present work. These results showed

hat CMC, as other polymers, can host as a good proton conduc-

or for application in electrochemical devices such as rechargeable

roton batteries. 

As mentioned early in ref. [43,44] that the reason for increas-

ng the conductivity is that the ionic mobility increases with the
ddition of acetic acid which is directly proportional to the con-

uctivity. This increase in conductivity means that the amorphous

egions increases within the SPEs. Also, it may be due to the

igh dispersion of H 

+ because of the interaction between CMC and

cetic acid that leads to the increment of conductivity. The con-

uctivity starts to decrease after the addition of more than 5 wt.%

cetic acid and this is due to the formation of ion clusters as the

ssociation of ions increases by the addition of more acetic acid

41,42] . These results are in good agreement with that of UV–

is. and FTIR studies. Where, the conductivity enhancement is at-

ributed to the complexation has been occurred between CMC and

cetic acid. Additionally, these changes mean that the electronic

istribution within CMC is changed due to the addition of acetic

cid which confirmed that the prepared SPEs can be used in the

abrication of optoelectronic devices. 

.7.2. Temperature dependence of ac conductivity 

The dependence of conductivity upon temperature is also stud-

ed to predict the behavior of ions upon heating and to discuss

he mechanism of conductivity of polymeric materials [42] . Fig. 13

resents the relation between Log σ and 10 0 0/T for all samples in

he temperature range from 298 K to 388 K. The figure shows that

he ionic conductivity of the studied SPE films is increased with in-

reasing temperature and follow a linear relationship. The reason

or increasing the conductivity may be attributed to the increase
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Fig. 11. SEM micrographs of SPEs films based on CMC/acetic acid. 
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in the free volume for ions motion through CMC backbone. Addi-

tionally, the linear relationship confirmed that the conductivity of

the prepared SPEs obeys the Arrhenius theory [43,45] . This behav-

ior of conductivity upon heating refers to that no phase changes or

transitions taking place in the prepared polymer matrix. From the

slope of this relation, the activation energy can be calculated using

the Arrhenius equation: 

σac = σo e 
− �E 

KT (5)

where, σ ac is the AC conductivity, σ o is the pre-exponential factor,

T is the absolute temperature, K is the Boltzmann constant and �E

is the activation energy. 

The relation between the activation energy and acid concentra-

tion is also presented in Fig. 12 . From the Figure, it is obvious that

the activation energy gradually decreased with increasing acid con-

centration to 5 wt.% due to the enhancement of ion density. How-

ever, at higher contents of acid, the activation energy is increased

as the movement of ions has been impeded at higher acid con-

tents. The values of the activation energy for the prepared SPEs

are presented in Table 4 . Additionally, it is clear from the figure

that the conductivity is inversely proportional to the activation en-
rgy. Additionally, the values of activation energy agree with that

f UV–Vis. and FTIR and confirmed that the sample A3 is the most

uitable for application in electrochemical devices. 

.7.3. Dielectric results 

Dielectric constant and dielectric loss (loss factor) are consid-

red two of the most important physical quantities to discuss the

lectrical behavior of SPE films. Figs. 14 and 15 presents the vari-

tion has been occurred in both quantities for all studied samples.

oth dielectric constant and dielectric loss are calculated using the

ollowing equations: 

 

′ = Cd/ ε o A (6)

 

′′ = σ/ ε 0 ω (7)

here, C is the capacitance of the SPEs under study, εo is the per-

ittivity of free space and ω is the angular frequency. It is clear

rom the figures that the sample named A3 has the highest dielec-

ric constant and dielectric loss respectively in comparison with

ther samples. 
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Fig. 12. The dependence of CMC-Gly- acetic acid SPEs ionic conductivity and acti- 

vation energy on acetic acid concentration at room temperature. 
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Fig. 16. TGA curves for all SPE films from ambient temperature to 511 °C. 
The figures shows that, in the range of low frequencies, the val-

es of both dielectric constant and dielectric loss are maximum but

s the frequency starts to increase both dielectric constant and di-

lectric loss begins to decrease, and this phenomenon is observed

t reasonable frequencies. However, in the high frequency range

hese two physical quantities are approximately constant. The rea-

on for this change in both quantities with the change in frequency

s mentioned before is that the dipoles keep track of the applied

eld direction at low frequencies. Where, the decrease in dielectric

onstant and dielectric loss at moderate frequencies happens as

he dipoles do not have enough time to orient themselves quickly

n the direction of the applied filed so they begin to log. However,

t high frequencies the dipoles cannot orient themselves [40–44] .

urthermore, as for crystalline and semi-crystalline polymers, the

rystalline regions dissolve progressively with frequency into amor-

hous regions and hence the number of charge carriers increases

eading to the enhancement of conductivity. This behavior influ-

nces the dynamics of CMC and hence the CMC dielectrics. 

.8. Thermal analysis 

Thermograms of TGA and its derivatives (DTG) for pure CMC

nd CMC-Gly-acetic acid are indicated in Fig. 16 and Fig. 17 respec-

ively as a function of temperature. TGA curves and DTG results

how that the thermal stability of the prepared films is changed
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Table 6 

Thermal parameters of CMC and CMC doped with different percentages of acetic acid obtained from both TGA 

and Dr TGA analyzers. 

Samples TGA analyzer Dr TGA analyzer 

Stage no. Weight loss (%) Temperature range ( °C) DTG peaks( °C) DTG minima ( °C) 

A1 1 19.13 31.69–168.30 308.05 89.14 

2 43.89 168.30–318.36 272.38 278.78 

3 7.64 318.36–508.68 404.15 

A2 1 19.95 38.50–158.77 267.44 119.75 

2 48.69 158.77–361.05 313.93 275.47 

3 7.14 361.05–509.04 

A3 1 19.72 41.10–170.75 267.53 103.24 

2 49.39 170.75–337.22 314.56 

3 6.17 362.35–510.33 

A4 1 19.25 47.10–156.17 262.36 108.26 

2 50.1 156.17–334.62 311.86 274.67 

3 6.66 334.62–507.74 

A5 1 18.52 47.74–161.37 262.82 125.05 

2 50.12 161.37–339.82 315.21 

3 7.14 339.82–509.04 

A6 1 19.48 34.60–181.29 272.59 119.82 

2 47.5 181.29–343.86 307.03 

3 7.11 343.86–507.74 317.15 

A7 1 18.05 49.04–173.35 270.18 115.21 

2 48.46 173.35–335.92 314.42 

3 7.37 335.92–507.74 
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Fig. 17. DrTGA curves for all SPE films from ambient temperature to 511 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7 

Onset temperature as ( °C), endset tem- 

perature as ( °C) and the inflection point 

as ( °C) of CMC and CMC doped with dif- 

ferent concentrations of acetic acid ob- 

tained from both TGA and Dr TGA ana- 

lyzers. 

Structure T onset T endset T p 

A1 44.5 332.3 87.1 

A2 64.6 327.6 120.4 

A3 53.8 324.3 103 

A4 61.2 318.9 108.2 

A5 74.7 327.6 125.2 

A6 65.8 333.3 119.9 

A7 69.1 328.7 114.6 

a  
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a  

r  

o  

i

 

p  

s  

s  

1  

[
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s  
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d  

i  
with changing acid percentages as shown in Figs. 16 and 17 . In

the case of pure CMC three stages of weight loss are observed as

shown in Fig. 16 . The first loss in weight is about 19.13% in the

temperature range from 31.69 to 168.30 °C. The initial loss in the

weight is attributed to the presence of moisture in SPE films as

polysaccharides have a strong ability to absorb water (moisture)

from its surroundings [46,47] . The second weight loss is 43.89% in

the temperature range from 168.30 to 318.36 °C and this loss is due

to the loss of COO from the SPE films [47] . The rate at which the

weight is being lost due to temperature increases follow the ap-

propriate route as the temperature increases the final degradation

causes loss in weight of 7.64% in the temperature range 318.36–

508.68 °C which may be a result of the degradation of the ma-

terial remaining into carbon residues. As a result of adding acetic

acid, it is observed that there are also three stages of weight loss

which also presented in Fig. 16 for sample A3 where the thermal

stability increases. Table 6 presents the thermal behavior of differ-

ent SPE films as a function of change in weight loss and its deriva-

tives. Meanwhile, the different thermogravimetric parameters such
s T onset ,T endset and T p are tabulated in Table 7 . Where, T onset refers

o the extrapolated onset temperature that defines the temperature

t which the weight loss begins while the weightloss finished is

eferred as T endset . Meanwhile, the point of greatest rate of change

n the weight loss curve that is known as the inflection point (T d )

s determined from the Dr TGA graph. 

For more explanation, Dr TGA peak (first endothermic peak) for

ure CMC appeared at lower temperatures than that for the doped

amples which means that the CMC-Gly-acetic acid films are more

table. Moreover, the films are decomposed completely at around

00 °C which means that they are stable up to this temperature

47–49] . 

For electrochemical power applications (such as gas sensors, so-

ar cells and batteries) and thermoplastic applications, the thermal

tability is an important property as it reveals that CMC can be

sed as SPE [50] . 

. Conclusion 

Collecting the above data one can conclude the following point:

Based on UV- Vis results, the optical band gap of pure CMC is

ecreased with the addition of acetic acid and that the sample A3

ossesses the lowest band gap. 

FTIR results confirmed that the protons ( H 

+ ) of the hy-

roxyl group (COOH) of acetic acid are dissociated and a strong

nteraction between CMC and acetic acid takes place. Where, the
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haracteristic bands of CMC are shifted to the higher wavenumber

ange. 

The interaction of CMC and acetic acid was further identified

y 1 HNMR, the obtained shifts confirming the results obtained

y FTIR. SEM micrographs indicated that almost all samples are

mooth and compact structure while only two samples were a lit-

le bit show sedimentation. 

Electrical conductivity of CMC at room temperature is increased

rom 5.89E-07 S/cm to 7.64E-06 S/cm by increasing acetic acid con-

entration from 0 to 5 wt.% and decreased at higher concentra-

ions. Highest electrical conductivity belongs to the sample con-

aining 5 wt.% acetic acid and that the temperature dependence of

MC/acetic acid SPEs obeys the Arrhenius theory. 

The decrease in both dielectric constant and dielectric loss with

ncreasing frequency is attributed to electrode the polarization

henomena (EP). 

TGA results showed that the thermal stability of CMC is in-

reased because of acetic acid addition. 

Finally, it is concluded that the plasticized SPEs based on CMC

nd acetic acid can be used in the fabrication of optoelectronic and

lectrochemical devices. 
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