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Abstract

This work aims to study the influence of loading the inorganic nitrate salts of Cd, Co, Cr and Mg on the physical proper-
ties of the organic PVC/PMMA blend. The pure and composite (PVC/PMMA/nitrate salt) membranes were prepared via
the casting technique. The structure, morphology, thermal, optical properties and dielectric relaxation of the samples were
studied. XRD results showed that introducing the nitrate salts increase the films’ amorphicity. FTIR spectra confirmed
the complexation between the nitrate salts and the blend via hydrogen bonding. SEM revealed that the addition of Cd or
Mg salt turned the blend surface from a fingerprint-like morphology to wrinkle-like appearance or sponge-like structure,
respectively. Differential scanning calorimetry (DSC) confirmed the miscibility between PVC and PMMA and illustrated
that loading these salts decrease the melting point 7}, of the blend. UV-vis-IR spectroscopy showed that adding the Cd or
Mg salts maintain transmittance > 80% in the visible region. Moreover, the added salts create semiconducting behavior for
these films. The dielectric properties were studied in the frequency (f) range (10 Hz—20 MHz) at RT. The change of the ac
conductivity (c,.) with f was analyzed in view of ac universality law. An increase in ¢, with complexing nitrate salts was
reported. The electrical modulus (M', M") formalism predicts a non-Debye type conductivity relaxation and that the doped
films are ionic conductors. Based on the obtained results, the obtained membranes are candidates for Cr and Co batteries
application as well as water treatments and filtration process.

Keywords PVC/PMMA - Polymer/nitrates complexation - Band gap - Porous structures - Dielectric relaxation - Filtration
membranes

1 Introduction

Recently, fabrication of polymer membranes for water
purification, batteries, and other technological applications
attained increasing attention worldwide. The usual routes to
obtain membranes with specific properties involve blending
two or more polymers and/or forming composites via mixing
some metal salts with the blend [1-6]. The chosen polymers
for blend formation should be miscible, combatable, and
dissolve in the same solvent. Additionally, the added salts
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or dopants should be able to enhance the electric and opto-
electronic properties of the host material without damaging
or destroying its structure [7, 8].

Poly(methyl methacrylate) (PMMA), [CH,=C[CHj;]
CO,CHj;],,, has gained unlimited interest due to its high
transparency, UV stability, low water absorption, and low
refractive index. PMMA is rigid, hard, has a high electrical
performance, thermoplastic, exhibits good outdoor weather
resistance and resistance to hydrolysis [9, 10]. Avelino et al.
improved the thermo-oxidative stability, and UV-blocking
properties of PMMA by complexing with lignin [11].
PMMA-g-(Polyethylene glycol) (PEG) membrane formed
in water exhibited higher permeability, smoother surfaces,
higher porosity, and ~ 100% fouling reversibility compared
with those formed in ethanol [12]. Mahant et al. [6] found
that 50% (Polyvinylidene fluoride) (PVdF)/50% PMMA
membrane has a high porosity, electrolyte uptake and ionic
conductivity that make it a promising separator for Li-ion
batteries. An ionic conductivity of ~4.62x 107> S/cm at RT
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was achieved for the alumina-doped PVdF/PMMA by KI
[13].

On the other hand, organic polyvinylchloride (PVC) is a
commercial polymer with excellent mechanical, insulation
properties and thermal stability, besides its recoverability
[14]. The large chlorine content of PVC executes it rela-
tively immune to ignition and burning [15]. These proper-
ties introduce PVC in various fields including the building
construction, food packaging and electronic equipment [15].
Moreover, the strong chemical resistance to the inorganic
acids, halogens, and alkalis, make PVC is an outstanding
polymer for the ultrafiltration membranes. However, due to
its high hydrophobicity, PVC suffers from fouling during
the filtration processes [16]. Addition of 3 wt% alumina to
PVC was found to increase its water permeability, the flux
recovery and reduce its fouling [17]. PVC complexed with
zinc molybdophosphate showed higher thermal stability than
pure PVC [18]. Arslan et al. [19] prepared PVC/Cu,(PO,),
and polystyrene/Ni;(PO,), ion exchange porous membranes
with high stability, by a sol-gel route. da Silva et al. [20]
reported that adding Copper Sulfide Nanoparticles increases
the radiation stability of PVC. Bhran et al. [21] reported that
the mechanical behavior of PVC was improved by blending
with Poly(vinyl pyrrolidone) (PVP). PVC/PVP membranes
can be applied for seawater treatment. Mg(OH),/lignin/
PVC exhibited thermal stability three times higher than
that of PVC and hence, the composite is more fire-resistant
[22]. Arsalan et al. [23] studied the effect of Co,(PO,), or
Ni3(PO,), on the thermal, dielectric and electrochemical
properties of PVC. Zhao et al. [24] reported a conductivity
of 3.57x 1073 S/cm at RT for 30% P(VC-VAc)/70% (PVdF)
film, prepared via a phase inversion method.

PVC and PMMA are miscible up to 60 wt% of PMMA
[25]. Such miscibility is owing to the hydrogen bonds involv-
ing the alpha hydrogen and the carbonyl group of PMMA
[26]. PVC/PMMA blend attracts many investigators [27] and
is commonly used in data cables, liquid crystal displays,
[6] and various electronic applications [27]. Blending PVC
and PMMA improve the mechanical, structural and thermal
properties of PVC [28, 29]. Other investigators add some
metal salts [27, 30] or metal oxides [31] to enhance the blend
properties and widen its applications. PVC and PMMA have
polar groups so they have high dielectric constant and can
form polymer—salt complexes.

Based on the last-mentioned survey, PVC/PMMA blend
can be used in a different industrial field based in polymer
membranes. The influences of nitrates of Cd, Co, Cr, and
Mg on the morphological, optical and electric properties of
PVC/PMMA are discussed, for the first time, as a compara-
tive study. The structural properties of the membranes were
investigated by XRD and FTIR spectroscopies as well as
SEM microscopy. In addition, different optical and electric
parameters were evaluated and discussed.

2 Experimental Procedures
2.1 Materials and Preparation

PVC (Polymer Laboratories, UK), and PMMA, 3.5 x 10* g/
mol, Acros Organics, were used for the blend preparation.
Tetrahydrofuran (THF, Aldrich, Germany) was used as the
solvent. Cd(NO3),-4H,0 (308.47 g/mol, LOBA Chemie),
Co(NO3),-6H,0 (291.03 g/mol, Sigma), Cr(NO;);-9H,0
(400.15 g/mol, LOBA Chemie), and Mg(NO;),-6H,0
(256.41 g/mol, Uniwin Chemical Co., Ltd), were the inor-
ganic salts used as additives. These salts were put in a hot
furnace at 50 °C for 8 h to reduce the water content before
use. The pure blend was prepared by dissolving 0.8 g PVC
and 0.2 g PMMA in 80 mL THF with continuous stirring
for 2 h at RT till the complete dissolution of the blend. The
other films were prepared by adding about 0.11 g of each
salt to the blend solution. The aqueous mixtures were cast
into glass Petri dishes put in the air for solvent evaporation
at RT. Care was taken to obtain homogenous membranes.

2.2 Measurements

X-rays diffraction of the pure and loaded blend was
obtained using a PANalytical’s X’Pert PRO. The vibra-
tional properties of the PVC/PMMA functional groups
were studied by Fourier transform infrared (FTIR) spec-
troscopy, using (JASCO, FT/IR-6200) in the wavenumber
range 4000-400 cm™!. The surface morphology combined
with the cross-sectional investigation and films’ thickness
were checked using scanning electron microscopy (SEM),
JEOL. The thermal properties were done via using the
DSC technique (DSC; Shimadzu DSC-60) in the tempera-
ture range RT—400 °C with a heating rate of 10 °C/min
in a nitrogen atmosphere. About 5 mg of each film was
placed in sealed Aluminum pans. Prior to use, the instru-
ment was calibrated with Aluminum oxide standard. The
accuracy of the heat flow was +0.01 mW. Optical transmit-
tance and absorbance spectra of the samples were recorded
using a Jasco V-670 spectrophotometer in the wavelength
range 200-1600 nm with an accuracy of +0.2 nm. Dielec-
tric properties (¢', €” and tan d) were recorded by a Hikoi
(Ueda, Nagano, Japan) model 3532 High Tester LCR, in
the frequency range 10 Hz-20 MHz, with capacitance
measurement accuracy on the order of 1x 10 pF, at RT.
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Fig.1 XRD patterns of PVC, PVC/PMMA blend and the blend
loaded with Cd, Co, Cr, and Mg nitrate

3 Results and Discussions
3.1 XRD

XRD patterns of PVC, pure PVC/PMMA blend and the
blend loaded with 10 wt% of the Cd, Co, Cr, and Mg salts
are shown in Fig. 1. The amorphicity of pure PVC film is
indicated by the existence of a broad peak in the 20 region
(12°-35°). However, the small peak at 39° indicates some
ordering character in PVC. Similar results were reported
in Ref. [32]. Blending PMMA with PVC disappeared this
peak and made the main peak broader. This indicates that
the blend is more amorphous compared to PVC. Similarly,
although the § phase of PVdF has known peaks at 20.268°
and 39.89°, PMMA/PVdF blend displayed only one peak
at~20.26° [10]. Moreover, the films’ amorphicity has
increased after loading with 10 wt% salt. The absence of any
crystalline peaks for Cr, Co, Cd and Mg or salts indicates the
complete complexation between these salts and the blend in
its amorphous phase [30]. This rise in the films’ disorder is
expected to improve their optical and electric conductivities.

3.2 FTIR

To obtain information about the miscibility of PVC and
PMMA as well as the complexation in the blend/salt
membranes, FTIR spectroscopy was done as shown in
Fig. 2. The spectrum of the pure blend exhibits a broad
band centered at 3400 cm™! and assigned to stretching
of the O—H group. The existence of this band confirms
the presence of moisture [33]. The intensity of this band
decreased after CANOj; addition but enhanced in the other
films. The two adjacent bands at~2920 and ~2857 cm™!
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Fig.2 FTIR transmittance spectra of PVC/PMMA blend and the
blend doped with nitrate salts

for the blend are due to the asymmetric and symmetric
vibration of -CH;, -CH, and —-CH-CI groups [11, 31, 34].
After mixing the nitrate salts, these two peaks shifted to a
relatively higher frequency, as indicated by small arrows.
The two bands at 1725 and 1629 cm™" are assigned to the
asymmetric stretching of C=0 group of organic PMMA
and the symmetric C=C stretching of PVC, respectively
[35, 36]. No shifts are observed after salts addition. The
intensity of these two peaks increased simultaneously
for the blend modified with Cd, Co, and Cr salts. How-
ever, Mg salt addition increased the intensity of C=C
band at the expense of the intensity of C=0. The band at
1438 cm™! is arising from O-CHj; asymmetric bending
mode of PMMA. While the band at 1325 cm™! originating
from the overlapping of CH, wagging in PMMA and CH,
deformation mode of PVC cm™! [6]. The last two peaks
are weakened by Cd, Co, and Cr salts addition. Adding of
MgNO; greatly improved the band 1325 cm™ and at the
same time eliminated the band at 1438 cm™!. These results
show that Mg salt interacts with the blend differently to
that of the other salts.

The bands 1247 cm™ !, 1151 cm™! and 1067 cm™ ! are
assigned to the C—H rocking, C—O-C absorption, and the
stretching vibration of C—C bonds, respectively [34]. The
band at 962 cm™! is of CH, wagging vibration. The fre-
quency at 829 cm™! is assigned to symmetric C—Cl stretch-
ing [35]. The two adjacent bands at 687 and 610 cm™ !
demonstrate the C—CI bond of the isotactic and syndio-
tactic structure of PVC [34, 37]. The intensity of these
two peaks for the investigated films is lower than that of
the pure blend. This confirms the formation of H bonding
between the salts and the blend.



Journal of Inorganic and Organometallic Polymers and Materials (2020) 30:1306-1319

1309

3.3 SEM Analysis

Figure 3 shows the films’ surface and edges morphology.
The pure blend displays a dense, smooth, non-porous or
cracked surface of fingerprint-like morphology. In addi-
tion, there are no apparent interfaces between PMMA
and PVC indicating the good miscibility of the blend.
10 wt% CdNO; induced some roughness to the surface
and a wrinkle-like appearance without visible cracks or

(a)
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pores. Doping with CoNO; created pores of non-uniform
shape, sizes or distribution. A similar result for CrNO,/
blend film, but with relatively smaller pores and presence
of linear/branched cracks on the film’s surface. MgNO;
addition improved the formation of pores throughout
the film. The surface appears rough with a sponge-like
structure. Similar results were reported for PVC/PMMA
pure blend and blend loaded with nano-sized GeO, [34].
The average thickness of the pure membrane is 105.5 um,

(2) CdNOs/blend
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Fig. 3 a SEM analysis (top-surface) of PMMA/PVC/nitrates membranes. b SEM analysis (cross-section) of PMMA/PVC/nitrates membranes
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Fig.3 (continued)

decreased to 96.6 um, 81.8 pm, and 42.1 um for the blend
mixed with Cd, Co, or Mg nitrates, respectively. How-
ever, CrNO,/blend membrane has 122.67 um thickness.
This indicates that all types of added salts interact differ-
ently in the PVC/PMMA/THEF solution. As seen, the size
of the pores throughout the edges is larger than that of the
films’ surfaces. These asymmetric structures, i.e. a dense
top surface on a porous interlayer, make these membranes
candidate for filtration applications [17].
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Figure 4 shows the three porous membranes; Co, Cr, and
Mg nitrates/blend at a higher magnification. Many circular
pores of diameters in the range 1-14.65 pm are appearing
on the surface of CoNO; doped blend. The pores on the
MgNOjs/blend are more uniform in size. Cr salt introduced a
small number of pores with the smallest average diameters.
The observed micron-sized spherical pores are a result of
the solvent evaporation and indication of the amorphicity of
the membrane. These pores increase the electrolyte uptake,
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Fig.4 a—c Top surface of the
porous membranes at higher
magnification (the left) and
pores size/distribution (the
right)
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provide pathways for fast ions transport and enhance the
membrane ionic conductivity. Therefore, these membranes
could be used as separators in liquid batteries [38].

3.4 DSC Analysis

DSC is one of the most effective thermal techniques in
investigating the thermal transitions & the miscibility in
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I CoNO3/blend

Pores' number -
£ 2 z 2

w
S

0.0-1.0 1.0-1.5 154.0 4.0-15.0
Pores' diameters (um)

I CrNO3/blend

0.0-0.5 050.70 0.70-1.0 1.0-9.0
Pores' diameters (um)
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polymeric materials [39, 40]. DSC curves of PVC/PMMA
blend and PVC/PMMA loaded with 10 wt% nitrate salts in
the temperature range 30-400 °C are elucidated in Fig. 5.
The broad exothermic peaks that appeared in some films
in the temperature range, 130-180 °C, were assigned to
the relaxation associated with the crystalline regions in the
investigated films [41], see T~ values in Table 1. The endo-
thermic peak at about 288.8 °C was assigned to the melting
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Fig.5 DSC spectra of PVC/PMMA blend and the blend doped with
nitrate salts

point of the PVC/PMMA blend. This value is higher than
the reported one by Alghunaim [3], 278.9 °C, which refers
to the difference in the blend composition. On the other
hand, observing one T, of the blend confirms the miscibility

between its constituents [40], in other words, we have a
homogeneous film structure. A decrease in T, values was
observed with complexing with different metal nitrate salts,
see Table 1. T,,, decrement confirms the interaction between
metal salts with PVC/PMMA blend matrix, as confirmed
by FTIR. It is owing to the reduction in the ordered asso-
ciation of the blend with salt complexation which causes a
decrease in the blend crystallinity [39]. This suppose agrees
with XRD observations. No decomposition of the studied
films was reported up to 400 °C which may be due to an
increase in their thermal stability.

3.5 Optical Characterization

Figure 6a depicts the transmittance (T %) of the PMMA/
PVC membrane loaded with different nitrate salts. The T %
value in the visible part of the spectra is around 80% for
the pure blend, increased very slightly for Mg/blend and to
86% for Cd/blend. However, doping with Co and Cr salts
decreased T % to be in the range 62-74% and 50-85%,
respectively. These salts shift the absorption edge to higher
wavelengths. Moreover, Cr/blend do not permit any light
transmission before 300 nm wavelength. Figure 6b shows

Table 1 The melting

temperature, T, indirect and Film T, (°C) T (°C) Indir. E, (eV) Dir. E, (eV) Ey (eV)
direct optical bandgap and PVC/PMMA (blend) 288.8 154.4 43 4.9 0.53
g\r,bca/cg‘l\f[‘;iffng%f:;;};i P cdNOyblend 276.2 144.8 4 46 0.55
PVC/PMMA loaded with 10 CoNOs/blend 259.4 134.4 2.1 3.7 1.723
wt% nitrate salts CrNO;/blend 264.2 - 1.9 34 1.56
MgNO,/blend 272 155.5 42 4.8 0.52
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Fig.6 The optical transmission spectra (a) and the absorption coefficient (b) of the pure and doped membranes
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the absorption coefficient (o« =Abs./film’s thickness). As
seen, a for any blend/salt film is higher than that of the pure
blend. This is owing to the pore network that can enriches
the absorption property of the porous membranes through
the polarization of electromagnetic waves [34]. The sharp
increase in @ at 4 < 260 nm is owing to the C—Cl bond [32].
The absorption peaks between 225 and 235 nm is assigned
to 7 — z’* transitions due to the presence of C=0 unsatu-
rated bonds [3]. Another absorption band for the pure blend
and that loaded with Co, Cr and Cd nitrates is observed at
275 nm and shifted to 280 nm for Mg/blend film. This shift
is attributed to the interaction between the blend chains and
Co, Cr and Cd ions. Similar observations were reported for
poly(pyrrole-co—N-methylpyrrole)-ZnO, [42].

Figure 7a, b shows the indirect and direct optical band-
gap (E,) ofl the membranes calculated using Tauc’s rela-
tion; (ahv)n = A(hv — Eg), where hv is the photon energy,
A is a constant, and m =2 and 1/2 for the indirect and
direct allowed transitions, respectively. The indirect and
direct E, of the pure blend are 4.3 and 4.9 eV, respec-
tively. Adding Mg and Cd nitrate salts decreased these
values, as listed in Table 1. Co and Cr nitrates, however,
significantly narrowed E, of the blend to be in the range
1.9-2.1 eV and 3.4-3.7 eV for the indirect and direct
E,, respectively. Alghunaim [3] reported the decrease of
direct E, of this blend from 5.01 to 3.92 eV after dop-
ing with 10 wt% CoCl,. Sangawar and Moharil reported
60-70% transmission in the visible region and indirect E,
of 3.21 eV for (80% PVC/20% PMMA) [43]. Mohammed
[10] reported a direct Eg for PVDF/PMMA of 5.85 eV,
decreased to 5.65 eV after doping with 10% ZnO nano-
particles. Nadimicherla et al. [44] found that the indirect

and direct E, of PVC(50%)/PEO(50%) blend are 4.15 and
4.10 eV and reduced to 3.22 and 3.24 eV, respectively
after mixing with 10% KI. As indicated in XRD and SEM
results, the added nitrate salts increase the disorder char-
acter inside the membranes and the formed pores represent
pathways for the movement of free charges.

The width of the exponential absorption edge or the
Urbach energy (Ey) is related to a by the relation [45];
a = a, exp (;—Z) This equation can be rewritten as
Ln(a) = Ln(ap) + ]%;r, where o and r are constants. Ey is

the inverse of the slope of the curves shown in Fig. 8, and its
values are listed in Table 1. Increasing Ey; is an indication of
increasing the disorder in our membranes. Ey; of the pure
blend is 0.53 eV. Loading the nitrate salts led to states’ redis-
tribution from the band to tail and allowing an increasing
number of band-to-tail and tail-to-tail transitions. This result
is consistent with XRD and SEM analysis.

3.6 Dielectric Properties

The dielectric measurements are frequently carried out
to investigate the relaxation behavior and ac conduction
mechanism in polymeric materials [46, 47]. As known,
the dielectric constant €' is a direct measure of the stored
charge inside the blend while the dielectric loss &”
expresses the dissipation of energy due to Joule’s heating
effect. This is done by migrating or rotating the molecules
when subjected to an electric field. Hence, the dependence
of both ¢’ and tan 6 (=¢’"/¢") of the films on the applied
frequency f will be reported.

Fig.7 The indirect (a) and the 5 5
direct (b) bandgap calculation - (a) S 45F (b)
(Tauc’s plots) of the pure and [ 19 !
doped membranes I 40k
P g
4F @ 1 pureblend I
- O 2 CdNO3/blend 35k A
° A 3 CoNO3/blend o |
= 4 CrNO3/blend £l
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21 —25t
a L 2 L
S
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» WY e 4 L
2./\ ““““““ N/; 15k
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Fig.8 Urbach energy (Ey;) determination for the prepared membranes

3.6.1 Dielectric Constant and Dissipation Factor Study

The plots of &' of the PVC/PMMA blend, the inset, and
the synthesized blend/salt films at different frequencies
f (10 Hz-20 MHz) and at RT are shown in Fig. 9a. The
rise in ¢’ at the low f is referred to the ability of dipoles
in the blend film to orient themselves in the direction of
the applied field. With increasing f, these dipoles fail to
follow the change in the applied field, so ¢’ decreases. The
value of &’ of the blend at 10 Hz is about 3 and increased,
for example, to 291 when complexed with CrNO;. Such
significant increase is owing to (i) the free charges that
build-up at the electrode-film interface which encourages
the dipoles to orient themselves in the electrolyte [14] (ii)
the conversion of the medium to a heterogeneous one and
consequently the interfacial polarization (IP) plays a great
role [48].

The change of tan ¢ versus f of the pure blend and blend/
salt films is depicted in Fig. 9b. The accumulation of free
charges near the electrodes causes the higher values of tan
6 at low f. While, the decrease in tan & with f reflects the
decrease in the polarization resulted from the decrease in
charge build-up with increasing f. One peak is observed
indicating the existence of relaxing dipoles. On the other
hand, tan d increases with salt complexation and this refers
to the enhancement of the free charge motion within the
blend matrix. In general, the shift in peak position to higher
findicates the reduction of the relaxation time and the peak
broadening reflects the overlapping of interfacial polariza-
tion (IP) relaxation process and the merged a-, f-relaxation
processes [49]. In the present work, more details about the
relaxation processes will be discussed in the dielectric mod-
uli section.
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3.6.2 AC Conductivity Measurements

The variation of AC conductivity (o,,.) of the pure blend and
blend/salt films with increasing fis shown in Fig. 10a while the
dependence of ¢, on the salt type at 52.4 kHZ, 1 and 4.5 MHz
is plotted in Fig. 10b. Two regions were observed in Fig. 10a.
Region I, the frequency independent plateau region, it is in
correspondence with the dc conductivity [50]. Region I indi-
cates the resistive conduction through the blend/salt films. This
behavior is owing to IP, i.e., there is a charge accumulation at
the electrode—film interfaces and consequently the number of
charge carriers available for transportation is decreased lead-
ing to the semi-stability in o,.. However, a significant increase
of o, with increasing f was observed in Region II. At higher
/, the mobility of charge carriers is enhanced and eventually
contribute to higher ionic conductivity [51]. The change of 5,
with f could be analyzed in view of ac universality law [52],
0,.(w) = 0, + A(w)*, where o is the frequency independent
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Fig. 10 a AC conductivity o, as a function of frequency for the pure blend and electrolyte films, b values of o, of the prepared films at some

selected frequencies 52.4 kHz, 1 and 4.5 MHz

Table2 dc conductivity (o), stretching parameter ($), power law
exponent (s) and relaxation time (zy) of the pure blend and the
blend/M nitrates films

Film 0,4 (S/cm) S s Ty (sec.)
PVC/PMMA (blend) 4.01x107% 091 - -
CdNO,/blend 592%x107° 0.6 0542 594x107°
CoNO,/blend 229%x107%  0.67 0569 9.26x107°
CrNOs/blend 524x107%  0.65 0404 4.41x1076
MgNO,/blend 4.11x10™ 037 0538 1.95x107°

dc conductivity, i.e., 6, at zero Hz, w is the angular frequency,
A is a pre-exponential constant, and s is the power law expo-
nent. The values of o4, by extrapolating the plateau region
to zero Hz, A, and s for the different films are presented in
Table 2. As clear, the values of s lay in the range 0.37-0.91.
CrNO; and CoNOj; have higher values of s compared to other
salts. In addition, there is a consistency between the calculated
o, and o, with respect to the effect of salts complexation.
In the present work, the maximum value of ¢, was for Cr/
blend which equals 6.05x 10~° S/cm at 20 MHz compared to
2.37% 1077 S/cm for the blend. This value is greater than the
reported one by Sim et al. where they found that the compl-
exation by LiCF;SOj; salt increases the ionic conductivity of
PEMA/PVAF-HFP blend up to 4.13x 10~ S/cm [53]. But it
is smaller than the value of 2.23 x 10> S/cm that was reported
by Khan and Wahid [30] for PVC/PMMA loaded with 15 wt%
of LiClO, salt at RT. Arunkumar et al. [35] reported a value of
1.16x10™* S/cm for PVC/poly(butyl methacrylate) (PBMA)/

LiClO, films increased to 7.12x 10~* S/cm after loading 10
wt% Al,O; particles. Yanilmaz and Zhang [38] reported a
value of 3.2x 1073 S/cm for PMMA/PAN (50/50) membrane
films prepared by centrifugal spinning and checked their use
as separators in Li-ion batteries.

As a summary, complexing the blend with metal salts
increases o, in general in the ascending order MgNOj;,
CdNO;, CoNO;, and CrNO; salt doped films, see Fig. 10b.
These salts increase the free charges within the pure blend.
They increase the disorder/amorphous character and create
pores, as confirmed by XRD and SEM. These encourage the
charge motion within these pores’ pathways. In addition, there
is a good correlation between the values of optical band gaps,
direct & indirect, and the o, values as listed in Tables 1 and 2.
For example, the blend/CrNO; film has the lowest indirect Eg
value, 1.9 eV, and the highest o, 5.24 X 1078 S/em.

3.6.3 Dielectric Moduli Studies

The complex electric modulus formalism has been used for
further analysis of dielectrics data by suppressing the polariza-
tion effects of the electrode. This gives more information about
the relaxation processes. As known, the electric modulus M*
is defined as M *:g—i:M "+j M” where € is the dielectric
permittivity, M’ and M" are real and imaginary parts of the
electric modulus, respectively.

’ €

M= —c
[(€' + (7] M

@ Springer
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Figure 11a, b shows M’ and M" moduli of the pure blend
and blend/salt films as a function of the angular frequency
o (=2xf) at RT. As clear, the increase in M’ with increasing
o indicates that the conduction in the blend/salt is assigned
to ions. The zero value of M' and M" at lower f'side is due to
the high capacitance accompanied by the electrode polari-
zation [37]. Besides, it gives evidence on the non-Debye
behavior in the investigated blend/salt, i.e., the conduction
here depends on the viscoelastic and dipolar relaxations
beside the free ions [54]. M" exhibits a relaxation peak
at the middle region of w, see Fig. 11b. Before this peak,
long-range mobility was suggested, however, after it, the
ions were spatially confined in a narrow potential well, i.e.,
short-range mobility [55]. The presence of relaxation peaks
in the modulus formalism confirms that the films are ionic
conductors [56]. There is a peak shift towards higher @ when

O 1 pure blend

0.5

0.4

0.3

o (rad./sec)
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CoNO3/blend <
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Fig. 11 Variations of M’ and M" versus frequency for the pure blend
and electrolyte films

@ Springer

doping CrNO; and CoNO;, compared to the other salts.
This suggested an improvement in both the charge carriers’
motion and the hopping probability of ions from one site to
another one. A similar feature has been reported by Khu-
tia and Joshi [31] when applied DC bias voltage (0-25 V)
across PVC/PMMA/NIO films. It was noted that M" of Cr
and Co salts is lower than that of Mg and Cd salts. This may
owe to the plurality of relaxation mechanism in CrNO,/blend
and CdNOj/blend films [28]. The relation between M" with
w, Fig. 11b, could be analyzed in view of the relaxation
function @, suggested by Kohlrauch—Williams—Watts [57];

¢ B
omen[(2)] 5

where f is an exponent having values from O to 1 and indi-
cates the departure from Debye relaxation [54], and 7, is the
relaxation time, the time taken for the dipoles to return to its
original random orientation. The values of § of the studied
films were found and presented in Table 2 with the help of
following relation [5].

1.14

/= WM @)

where FWHM is the peak full width at half maximum. In
addition, 7,, has been found, see Table 2, by using the fol-
lowing Equation [58].

™ = 1/®max. (5)
where wpax is the angular frequency at which the relaxa-
tion peak appears. The decrease in 7, for Cr/blend and Co/
blend infers that the complexing with these salts enhances
the cooperative segmental motion of the blend chains which
may be due to an increase in free volume in the polymer
matrix. Finally, the M"- M’ plot for the pure blend, the inset,
and blend/salt films is depicted in Fig. 12. As obvious, semi-
circles behavior was observed through the whole frequen-
cies. Complexing CrNO; and CoNOj; reduce the radius of
these semi-circles which confirm an increase in the ionic
conductivity [14].

4 Conclusion

Pure PVC/PMMA membranes and that loaded with 10 wt%
of Cd, Co, Cr or Mg nitrate salt were prepared and investi-
gated, as a comparative study. The improvements in the opti-
cal and dielectric properties of the samples were explained
based on the modifications induced in the structure and mor-
phology of the blend after adding the salts. XRD and FTIR
spectroscopy showed an increase in the amorphous nature
and complexation between the nitrate salts and the blend.
SEM analysis showed significant morphological changes in
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the films’ surface and porosity. DSC analysis reveals the
decrease in T, values with complexing with different metal
nitrate salts. Such decrease confirms the interaction between
metal salts with PVC/PMMA blend matrix. The prepared
membranes exhibit high transmittance, 50-85% in the vis-
ible and near IR regions. CoNO; and CrNOj; greatly reduced
the direct (indirect) Eg of the blend from 4.9 eV (4.3 eV)
to 3.7eV (2.1 eV) and 3.4 eV (1.9 eV), respectively. This
means increasing the semiconducting behavior of the com-
posites. The dielectric constant (e') and dissipation factor
(tan 8) of the pure blend were 2.89 and 0.03 and increased
with complexing nitrate salts. AC conductivity (¢,.) show
two regions, frequency independent plateau region and
significant increase of ¢, with f region. o, increases with
complexing nitrate in the ascending order MgNO;, CdNO;,
CoNOs;, and CrNO; salt doped films. Non-Debye type con-
ductivity relaxation was found from the electrical modulus
formalism. Finally, a decrease in the relaxation time (TM)
for Cr/blend and Co/blend compared with other salts was
reported. In short sentences, introducing Co, Cr or Mg
salts produce porous membranes valid for water filtration
application. The significant reduction in E, of the blend
with maintaining a relatively high transmittance encourage
the utilization of these membranes for some optoelectronic
applications. Moreover, Cr and Co salts exhibited the higher
impact on the optical and electric properties of the blend,
and this make these composites candidate for Cr and Co
battery applications.
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