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Abstract

Nowadays biodegradable polymer draws much attention to the researcher compared to the petroleum-based non-
biodegradable polymer due to the environmental and energy crisis. Aluminum industry waste red mud (RM) reinforced
with polyvinyl alcohol (PVA) organic-inorganic composite film was synthesized by sol-gel method. The effects of sodium
lauryl sulfate (SLS) as a compatibilizer on the composite were investigated. The composites were characterized by UV
absorption, Fourier transforms infrared spectrophotometer (FTIR), X-ray diffraction, scanning electron microscopy (SEM),
EDX. Chemical, mechanical and thermal properties of the composites were investigated with different amount of red
mud-PVA and also the comparison between them without and with SLS addition. Physical and chemical bonding in the
PVA, PVA-RM, and PVA-RM-SLS were shown through FTIR spectra. SEM images exhibit excellent compatibility between
PVA and RM in the composite. Degree of swelling and tensile strength were increased by 71.48% and 194.88% respec-
tively, and again percentage of elongation at break and solubility were decreased by 98.07% and 78.07% respectively for
the PVA-RM-SLS composite compared to virgin PVA. TGA thermogram reveals that PVA-RM-SLS system had more thermal
stability than pure PVA. All the results showed excellent adhesion between PVA and red mud and established the effect
of RM as filler and SLS as compatibilizer. This composite is suitable as packaging materials.
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1 Introduction

In the last few decades, researchers have been searching to
minimize the usability of petroleum-oriented product and
fuels due to the increase in environmental pollution and
limited sources of petroleum. Petroleum-based synthetic
polymer like polyethylene, polypropylene, ethylene-pro-
pylene, polyethylene terephthalate, polystyrene, polybuta-
diene, acrylonitrile-butadiene-styrene, etc. is often non-
biodegradable. These materials have been greatly using
in various fields of engineering and also human activities.
In the last decade, researchers are involved in develop-
ing bio-degradable polymers with base materials like cel-
lulose, starch, and proteins [1-3]. Polyvinyl alcohol (PVA),

starch and cellulose particle film were developed with the
addition of nanoparticle for packaging application [4, 5].

Renewable biopolymers, like proteins, lipid and poly-
saccharides can be formed into either stand-alone films or
coatings. The primary advantages of using these films are
environmentally friendly regarding recyclables and utiliza-
tion to compare to the conventional synthetic polymeric
film. Scientists have concentrated their research on eco-
composite materials due to strong rules and regulations
for a safer and cleaner environment [6, 7].

Polyvinyl alcohol (PVA) can be used as a water-process-
able polymer. It is used in a different industry for its exclu-
sive physical and chemical properties [8, 9. In PVA struc-
ture the hydroxyl groups combine to methane carbons
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with the carbon chain backbone. To form the polymer
complex assist with hydroxyl group may be a source of
hydrogen bonding [10]. Polyvinyl alcohol is a highly hydro-
philic, crystalline, water-soluble, biodegradable, low-cost
and non- toxic polymer. It is used in the packaging indus-
try because of its excellent chemical and thermal stabil-
ity, mechanical strength and great film-forming proper-
ties. PVA is a water-soluble polymer, so it has to be entirely
transferred into the insoluble material for used in the treat-
ment of wastewater with excellent mechanical properties.
The various properties like high modulus of elasticity and
abrasion resistance etc. superior to pure organic polymers
are obtained by incorporating inorganic materials in the
polymer backbone.

The composite materials are the combination of poly-
mer and fillers exhibit the resistance of heat, small gas
permeability, flammability and high modulus strength in
comparison with the single polymer [11]. The aspect ratio,
volume fraction, filler’s size and distribution and the intrin-
sic compatibility between the filler and matrix surfaces of
the composites have an essential factor on the mechanical
characteristics [12]. The yield strength of the composite
generally increases for the large aspect ratio (fiber type)
because of substantial local stress is transferring from the
polymer matrix by the filler [13]. The selection of surface
functional groups influences the creation of interfacial
interactions with filler and polymer and can guide the con-
struction of greater utility polymer composites. The mixing
of filler, such as starch [14], clay [15], sugarcane [16], wood
dust[17],TiO, [18], cement [19], organo-ceramics [20] and
carbon nanotubes [21] with PVA is a modern technique for
the development of biodegradable composite. PVA com-
posites have broad applications in the food packaging by
film [22] and in optical holography fiber [23], sizing and
finishing in textile industries, adhesives, coatings, emulsi-
fiers, colloidal stabilizers, solar cell [18] and fuel cell [24].

Red mud is generated through Bayer’s process for the
producing of aluminum from bauxite in the aluminum
industry. It is the main waste material originating 30 mil-
lion tons every year around the world [25]. The most cru-
cial factors about red mud are the cost of disposal, pollu-
tion and entail space abort industrial region. Therefore,
the utilization of this by-product is one of the leading
technological concerns of environment and industries
and its recycling for other products [26]. Composite
material composed of PVA as matrix and red mud as filler
drawing interest to the researcher in recent time because
of their unique characteristics and generate different
types of industrial application. For the small amount of
clay loading in the PVA matrix, mechanical, thermal [27,
28], flame radiant [29], corrosion protection [30-32] and
molecular barrier [33] properties of the composites were
developed. Researchers have been suggested that red
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mud may be used as low-cost filler for polymer compos-
ites or as an adsorbent for the removal of heavy metals
from wastewater [34]. The abrasive wear and mechani-
cal properties of the polymer were developed using red
mud as filler [35, 36]. Activated red mud was used as a
good adsorbent for phosphate and chromium adsorp-
tion [37]. Bhat and Bhatia were synthesized PVA/red mud
(modified) composite and analyzed the different proper-
ties of it [25, 38].

However, the character of the composites deterio-
rated due to the increase in filler content in the com-
posite. It happens because of less compatibility between
matrix and filler and phase separation during compos-
ite preparation. The compatibility between PVA and dif-
ferent filler can be improved with the incorporation of
proper cross-linking agents [2, 39], plasticizers [40], fillers
[41, 42], and compatibilizers.

The main objective of this work is the utilization of
aluminum industry waste red mud as low-cost filler in
PVA matrix and enhances it's chemical, mechanical and
thermal properties for different industrial application
mainly packaging industry. To investigate the effect of
SLS as compatibilizer on the films for better compatibil-
ity between the PVA and red mud and also enriches the
properties of the organic-inorganic composite films. The
present work describes the synthesis of PVA-red mud
composites films without and with compatibilizer using
the sol-gel method. Sodium lauryl sulfate was used as
compatibilizer. The morphology, element distribution,
transparency and functional groups of the composites
were characterized using SEM, EDX, and UV-Vis and FTIR
spectra respectively. The role of red mud as a filler and
sodium lauryl sulfate as a compatibilizer on the chemi-
cal properties such as the degree of swelling, solubil-
ity and boiling water resistance of the composites were
investigated. Mechanical and thermal properties of the
composites were also investigated.

2 Experimental
2.1 Materials

Polyvinyl alcohol was obtained from Central Drug House
(P) LTD; Mumbai, India having the molecular weight of
14,000 with 99% hydrolyzed and water solution pH is
about 5-7. Red Mud was collected from Nalco, Daman-
jodi, Odisha, India with particle size—100 + 120 Mesh.
Sodium Lauryl Sulfate (SLS) [98%, CH; (CH,),; OSO;Na] was
obtained from Merck Specialties Private Limited. Mumbai,
India with molecular weight 288.38, the anionic surfactant
of min 2.903 mval/g and 1% solution pH is 6-9.
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2.2 Synthesis of PVA-red mud composite films

Sol-gel technique synthesized PVA-red mud composite
films. Firstly, 5 g of PVA was mixed with 100 ml of distilled
water at around 80 °C. The mixture was stirring until a clear
solution was obtained. Two types of gels were prepared,
namely without SLS and with SLS.

Red mud in the wt% of 2, 4, 6, 8, 10, 20, 30, 40 and 50
concerning PVA in nine different batches was mixed to the
above solution. Each mixture was continuously stirring in
a mechanical stirrer (500 rpm) at normal temperature for
30 min. In this way, nine gel samples were prepared.

On the other hand, 1 wt% of Sodium lauryl sulfate
concerning 0.1, 0.2, 0.3,0.4, 0.5, 1.0, 1.5, 2.0, and 2.5 g of
red mud in nine different batches was added to red mud.
By adding a small amount of distilled water in different
batches, the thick solution was prepared. Each of this solu-
tion was added to the 100 ml 5% solution of PVA at the
room temperature under the same stirring condition as
done previously.

Finally, these eighteen gel samples and the control were
cast over thoroughly cleaned smooth glass plate covered
with the thick transparent sheet and kept in the open
atmosphere to evaporate the water for several days till
they have no weight variation. The films were then dried
at 50-60 °C about 8 h and the composites were ready for

use. The composition of each sample and its name has
been listed in Table 1.

2.3 Characterization

The film thickness is a very important parameter of the
composites regarding its ranges of applications and the
feasibility of the film. In this work, the thickness was meas-
ured by the thickness measuring instrument, supplied by
M/S S. C. Dey & Co. Kolkata, India.

Hydrostatic balance determines the specific gravity of
the films. The weight in air divided by the loss of weight in
water is equal to the specific gravity of the film.

The optical density (OD) in the ultraviolet and visible
range of the composite films was estimated through
absorbance (A) value. If /|, and | were the incidents and
transmitted intensity of light respectively for the film thick-
ness, t then Optical Density (OD), is given by

OD =A=log <IT°>=I09<1?)=—I09T (1

The values of Absorbance for 100-micrometer thickness
for each were compared.

FTIR spectrophotometer (Model—Nicolet iS5, Thermo
Fisher Scientific, USA) was used to determine the

Table 1 Composition of various gels of PVA and red mud without and with SDS

Sl.no. Sample name PVAin Red mud (g)  Percentage of red mud with Sodium lauryl sulphate (1% Thickness (um)
100 ml water respect to the weight of the solid  of weight of red mud) (g)
(9 PVA
1 PVA 5 0 0 - 100
2 PVARM2 5 0.1012 2 - 85
3 PVARM4 5 0.2016 4 - 89
4 PVARM6 5 0.3021 6 - 105
5 PVARMS8 5 0.4019 8 - 100
6 PVARM10 5 0.5013 10 - 120
7 PVARM20 5 1.0024 20 N 115
8 PVARM30 5 1.5017 30 N 95
9 PVARM40 5 2.0023 40 N 105
10 PVARMS50 5 25014 50 - 105
11 PVARM2C 5 0.1022 2 0.0011 55
12 PVARMA4C 5 0.2013 0.0023 70
13 PVARM6C 5 0.3023 0.0032 60
14 PVARM8C 5 0.4016 8 0.0041 85
15 PVARM10C 5 0.5021 10 0.0053 95
16 PVARM20C 5 1.0023 20 0.0105 105
17 PVARM30C 5 1.5027 30 0.0157 75
18 PVARMA40C 5 2.0013 40 0.0207 920
19 PVARM50C 5 2.5023 50 0.0253 100
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functional groups present in the composite in the wave-
length range 4000 nm to 400 nm with 4 cm™' resolution.

The composite films were characterized by PAN Ana-
lytical XRD Instruments (Almelo Netherlands) using the
Cu Ka radiation generated from Cu X-ray tube. The films
were scanned from 10° to 70° with 2° min~' scan rate and
measuring the Bragg angle 26.

The morphology of PVA, PVARM8, PVARM20, PVARM8C,
and PVARM20C were analyzed by using the Scanning Elec-
tron microscopy (SEM) (CARL ZEISS EV018 special edition
Germany). The specimen for the PVA-Red mud composites
were cooled in liquid nitrogen mounted and coated with
platinum.

EDX (EDX Oxford instrument INCA Penta FETX3 Model—
EDS 8100 England) was applied to detect the element dis-
tribution profile on the external surface of the membrane

In the swelling test the osmotic swelling phenomenon
of the films was considered. Here the degree of swelling
is compared among the films in which about 0.1 g of each
film is allowed to be soaked in about 50 ml of water for
24 h [4]. If (W) and (W) are the weights before and after
swelling respectively then equilibrium-swelling index as
percentage basis is giving by the following formula.

] [w—w

m ')] X 100 Q)

I

The following way observed the solubility test. First, the
films were dried at 60 °C and then the weight (W,) of the
films was taken. After this, the films were kept inside the
water for 24 h at room temperature [5]. Again films were
dried at 60 °C and measured the weight (W,) of the films.
Percentage of solubility ware calculated by the following
formula,

| =Wy
S= lT x 100 (3)

The boiling test in water gave the measure of the hydro-
thermal stability of the film. Heat energy was supplied
to the system to observe the stability of the system at a
higher energy level. In this test about 0.2 g of the film was
added to the boiling distilled water (100 °C) and the dis-
solution characteristics of the film were observed. It was
seen that all the samples were going into the solution but
the time taken by them were different from one another.
Time taken to go into the solution was recorded in each
case by using a stopwatch and data obtained were com-
pared for 1 g of films.

Tensile strength (TS), percentage of elongation at break
(%E) and Young modulus (YM) were estimated for all com-
posite (Lloyd 10K+ Universal material testing machine
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Ametek Company England) and ASTM-D-A 638 specifi-
cation. Eleven rectangular shaped samples were having
length 110 mm, width of 15 mm and thickness about
0.1 mm. Both gauge length and grip distance were 50 mm
with 250 kg load cell. The temperature and relative humidi-
ties were 28 °C and 60% respectively at the time of the test.

Thermogravimetric analysis of PVA—Red mud compos-
ite films were performed using DTH—60H SHIMADZU in
the nitrogen atmosphere with the temperature range from
28 to 600 °C with the heating rate of 10 °C/min.

3 Results and discussion
3.1 Preparation

The thickness of the composite films was reported in
Table 1. The average thickness of all the films was 100 pm.

Specific gravity was increased as the percentage of red
mud was increased according to Fig. 1, and the maximum
percentage of increase was 34.25 and 36.66 with and with-
out SLS respectively as shown in Table 2. An increase in
the specific gravity of the films is due to the enhancement
of compactness as more cross-links in the structure were
found.

3.2 Microstructure
Optical densities of the composite films using UV-Vis spec-

trometer were reported in Figs. 2 and 3. As wt% of red mud
loading was increased in PVA composite Absorbance value

Symbol Compatibiliser|
- Without
16— With

Specific Gravity at 28° C

1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60

Weight percentage of redmud present in the composite

1.0

Fig. 1 Study of the trend of specific gravity of the composite films
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Table 2 Maximum and minimum change in percentage of the chemical and mechanical properties of the composite

Test Neat PVA film  PVARM film, Change value with  Changein  PVARMSLS Changevalue Changein
max or min respect to neat PVA  percentage film, max percentage
value vale

Swelling 308.13 96.67 -211.46 —68.63 87.88 —220.25 —-71.48

Solubiliy 18.42 4.19 -14.23 -77.25 4.04 -14.38 -78.07

Boiling 41.93 252.87 211.44 504.27 271.92 229.99 548.51

Sp.gravity 1.162 1.556 0.398 34.25 1.588 0.426 36.66

Tesile strength 23.662 24.241 0.579 2.45 69.775 46.113 194.88

Elongation at break (%) 307.084 46.652 —260.432 —84.81 5.913 -301.171 —-98.07

Young'’s modlus 72.352 549.683 477.332 659.74 3209.716 3137.366 4336.25

A
41 A 4l Ty

Absorbance

Symbol Wave length, nm
300
400
500
600
700
800
900
1

Yhdqres

n n n 1 n 1 n n
0 10 20 30 40 50 60
Weight percentage of Redmud present in the composite

Fig.2 Variation of absorbance with different red mud loading of
the composite without using compatebiliser

is increased and went to the highest value at 30 wt% and
40 wt% loading of red mud without and with SLS respec-
tively due to red colored material. With the increasing per-
centage of the red mud, the transparency and the trans-
mittance of the films were decreased, and the absorbance
was increased. It is shown from each of the seven curves
that the value of the absorbance is not much affected by
the addition of the compatibilizer.

The variations of absorbance with wavelength for differ-
ent composites were shown in Figs. 4 and 5. The value of
absorbance was continuously decreasing with the increase
in wavelength for the composites from 2 to 10 wt% loading
of red mud because of the preset of the different elements
like iron and silica whereas absorbance was constant for
pure PVA film. The composites with 20-50 wt% red mud
showed a peak around 500 nm. This peak appeared due to

Absorbance

Symbol Wavelength,nm
—a— 300 nm
—e— 400 nm
—a— 500 nm
—v— 600 nm
—<4— 700 nm
—»— 800 nm
—o— 900 nm

o 10 20 30 40 50 60

Weight percentage of Redmud present in the composite

Fig. 3 Variation of absorbance with different Red mud loading of
the composite using compatebiliser

iron which is the main element in the red mud. Different
UV-Vis absorption peaks were reported for PVA/Ag,S, CdS/
PVA and Ag-PVA composites previously [43-45].

FTIR spectroscopy and spectra of pure PVA and com-
posites were studied and illustrated in Fig. 6 and Table 3.
A wide absorption was observed around 3267 cm™! for the
O-H stretching vibrations as hydrogen bonded hydroxyl
groups absorbed moisture which was present in the sam-
ples [46]. A number of absorption bands at 2915 cm™' due
to C-H stretching and bending [47], 1719 cm™' for C=0
stretching, 1420 cm™' C-H bending vibration of CH, group
[48], 1326 cm™" due to C-C stretching vibration, 1086 cm™
of C-0 stretching of ether group [49] were generated in
pure PVA film [50]. The peaks at 3267 cm™' for O-H stretch-
ing and 2915 cm™" for C-H stretching and bending in pure
PVA film were moved towards the smaller wave number
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7
Symbol Red mud
wt%
6L - 0
o 2
A 4
v 6
Sr < 8
> 10
- 20
8 4r . - 30
& - 40
B * 50
(2]
8 3f
<
2L
1L
- i = |

500 600 700 800 900 1000

Wavelength, nm

oLl—
200 300 400

Fig.4 Variation of absorbance with wavelengths for the compos-
ites without using compatebiliser

Absorbance

0 , T = n n n -
200 300 400 500 600 700 800 900 1000

Wavelength,nm

Fig.5 Variation of absorbance with wavelength of the composite
using compatebiliser

as well as slightly fewer intensities in the composites.
The graph shows that there was a change in intensities
and shifting of the functional group of the wave num-
ber of films relative to pure PVA. These happened due to
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Fig.6 FTIR spectra of the composite films

intra-molecular and inter-molecular H- bonding between
red mud and PVA matrix.

X-ray diffraction is an important technique to analyze
different material like ceramics, polymers, ceramics and
composite materials with crystalline domains. This analysis
was the comparative study of the XRD pattern between
neat PVA film, and different composites which were shown
in Fig. 7 and Table 4 showed the value of 26 and d;,,—
spacing of different film. Pure PVA film has limited crystal-
linity as it has hydrogen bond interaction which is between
the hydroxyl groups. The peek at the low 26 angle (19.580)
is the most important one. The value of 26 of neat PVA film
is higher than all other composites, so the percentage of
crystallinity is more significant for neat PVA film. Similar
XRD results were found for Ag,S-PVA and CdS-PVA nano-
composites [43, 44]. Angle 26 value was increased that is
the diffraction peak of the films was displaced towards
the larger 26 value and corresponding d,,,—spacing is
decreased on the increase of the percentage of filler con-
tent. With the incorporation of SLS diffraction peak shifted
to higher value and d,,,—spacing goes to a lower value.

The morphology of pure PVA film was shown in Fig. 8a,
b. PVA composites with red mud and red mud/SLS were an
exhibit in Figs. 9a, b, 10a, b, 11a, b and 12a, b respectively.
The SEM micrograph shows the dense and smooth sur-
face of the composite. The morphological analysis clearly
showed the proper mixing of red mud particle in the PVA
matrix [4].

The element distribution of neat PVA and its composites
were reflected in Figs. 13, 14 and 15 and Table 5. In the
neat PVA film, there are two elements one is carbon, and
the other is oxygen. Also of the above two elements, iron
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Table 3 Data for Fourier transform infrared absorptions of neat PVA and composite films

Sample OH stretching C-Hstretch-  C=0 stretching O-H bending C-H bending C-OH stretching C=0 symet-
ing/bending ric stretching
PVAO 3267 2915 1719 1420 1326 1086 916,832
PVARM10 3263 2908 1654 1413 1325 1085 916,832
PVARM20 3265 2911 1654 1406 1326 1082 964,818
PVARM10C 3262 2914 1654 1420 1326 1084 917,832
PVARM20C 3275 2910 1654 1420 1326 1083 917,825
and 71.48% without and with SLS respectively which is
also shown in Table 2. This is because the swelling was
%MWW more restricted as the number of cross-linked increases
PVARM20C | oot as the red mud forms cross-link with PVA segment. The
e —— T researcher also observed that the DS decreases with the
‘\ incorporation of citric acid and gluter aldehyde in starch
_ JPVARMBC = W ] and PVA blend film [4]. The graph also shows that there
é | was a slight decrease in DS of the composites with SLS
5 PVARMAO | o compared to non-SLS composites because of the increase
z st bt S e in the compatibility between matrix and filler. The solu-
£ | bility of the composites was demonstrated in Fig. 17. The
PVARM20 WJLMWWMWMWMMWMW graph showed that solubility was decreased as the amount
PVARMS [W“W of red mud increased in the films and also less due to the
A o g presence of SLS. The maximum amount of decrease of
PVA the solubility was 77.25% and 78.07% without and with
ol SLS respectively, shown inTable 2. It happened due to the
, . , . , . , number of cross-links between matrix and filler increased
0 10 20 30 40

Angle of Diffraction 26 (degree)

Fig. 7 XRD analysis for PVA composite film

and sodium are also present in the PVA/red mud compos-
ites as these two elements are present in the red mud.

3.3 Chemical property

The swelling behavior of the composite was shown in
Fig. 16. From the graph, it was observed that the degree
of swelling (DS) was decreased with the increase of red
mud content and maximum decreased were 68.63%

as the amount of red mud increased in the composites.
Presence of SLS increases the compatibility as the solubil-
ity was slightly decreased. Lopez et al. [1] observed that
with the increase of rosin as filler in the starch/PVA/rosin
blend the solubility was decreased to 10 wt% of rosin
loading and then increased. Yoon et al. showed that the
solubility decreases with the increase of poly (methyl
methacrylate co-acrylamide) in starch-PVA composite
films [5]. The —OH group present in the PVA is used to form
hydrogen bonding with the PVA-red mud composite, and
in the presence of SLS it forms powerful cross-linking in
the composite. Hence, the affinity of water for -OH group
in the composites decreases, and the degree of swelling
and water solubility decrease with the increase of red mud
in the composite [4].

Table 4 XRD data for neat PVA

) . Sl. no Wit% of red  Without SDS With SDS
film and different composites mud
20 () d;po—spacing (A) 20 () d;p0—spacing (A)
1 19.580 4.53010 - -
2 18.336 4.83056 18.370 4.82974
3 20 18.426 4.0815 18.862 4.70480
4 40 18.690 4.74504 19.582 4.53344
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WD = 8.0 mm cv Mag = 10.00 K X Time :11:28:46 WD = 8.5mm cv Mag = 10.00 K X Time :11:36:24

ﬁ? EHT = 15.00 kV CRNN Signal A = SE1 Date :1 Apr 2016 [S— 1pm EHT = 15.00 kV CRNN Signal A = SE1 Date :1 Apr 2016
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Fig. 10 a, b SEM micrograph for PVARM20
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1um EHT = 15.00 kV CRNN Signal A = SE1 Date :1 Apr 2016 'ziln EHT = 15.00 kV CRNN Signal A = SE1 Date :1 Apr 2016
4 WD =10.0 mm c Mag = 10.00 K X Time :13:09:24 WD = 10.0 mm [4Y) Mag= 500K X Time :13:12:03

1 pm EHT = 15.00 kV CRNN Signal A = SE1 Date :1 Apr 2016 1pm EHT = 15.00 kV CRNN Signal A = SE1 Date :1 Apr 2016
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Fig. 12 a, b SEM micrograph for PVARM20C

Element Weight% Atomic%
CK 48.52 57.51
oK 47.42 42.20
PtM 4.06 0.30
Totals 100.00
05 1 15 2 25 3 35 4 45 5 55
Full Scale 559 cts Cursor: 0.000 k|
Fig. 13 EDX for pure PVA film
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Element Weight% Atomic%
CK 49.85 59.86
OK 43.85 39.53
Fe K 0.80 0.21
PtM 5.51 0.41
e e AT T a———. Totals 100.00
05 1 15 2 25 3 35 4 45 5 55
Full Scale 559 cts Curzor: 0.000 ke
Fig. 14 EDX for PVARM20
Element Weight% Atomic%
CK 49.37 59.56
OK 43.42 39.33
Na K 0.80 0.51
Fe K 0.70 0.18
PtM 5.71 0.42
Totals 100.00

05 1 14 2 25 3 35 4 45 5 55
Full Scale 1213 cts Cursor: 0.000 ke

Fig. 15 EDX for PVARM20C

Figure 18 showed that as the red mud amount increases
in the PVA composite the boiling water resistance was

increased. According to Table 2, the percentage of increase 350 P Er—
was 504.27 and 548.51 without and with SLS respectively. T °“’$3fth‘Jf |

The hydrothermal stability of the film directly depends : —e With
upon the number and the strength of the cross-links and
the hydrogen bond present in the composite. The loading
of red mud increases the strength of the cross-links and
H- bonding at the interface with Fe,0;, SiO,, etc. Hence,
more external energy necessary to break these additional
cross-links, so boiling resistance increases. In the presence
of compatibilizer, the bond strength is slightly higher so
it requires more external energy to break the bonds for

Equlibrium swelling index

Table 5 Element content for the external surface of neat PVA film

and PVA composites from EDX S0
Carbon wt% Oxygenwt% Iron wt% Sodium wt%
0 1 1 1 1 1
PVA 48.52 47.42 - - 0 10 20 30 ) 40 59 60
Percentage of redmud present in PVA composites
PVARM20  49.85 43.85 0.80 -
PVARM20C 49.37 43.42 0.70 0.80
Fig. 16 Study of the swelling index of the composite films
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Fig. 18 Study of the boiling water resistance of the composite films

solubilization. Researchers also observed the addition of
nano-clay and nano-SiO, to the PVA composites would
enhance the water resistance compared to pure PVA film
[51-53].

3.4 Mechanical property

The bonding ability between the matrix and reinforcing
phase is one of the key factors in deciding the properties of

a composite material. Tensile strength (TS), percentage of
elongation at break (E%) and Young's modulus (YM) of the
PVA, PVARM and PVARMC films are shown in Table 6 and
Figs. 19, 20 and 21 respectively. The resistance of the film
to direct pull is a measure of tensile strength which is an
important parameter for various applications of the com-
posites. It was observed from Fig. 10 that tensile strength
was almost equal for PVA, PVARM2, and PVARM6 but
decrease for PVARM10 and again increase and decrease
for 30% and 50% loading of red mud respectively. In the
presence of SDS in all the above composition, the tensile
strength was increased significantly. Compare to pure PVA
tensile strength was increased greatly for PVARM2C and
PVARM10C. The composites with 6%, 20% and 50% load-
ing of red mud and SDS had the greater tensile strength,
and it was increased by 2.45% and 194.88% without and
with SLS respectively compared to pure PVA film.

Percentage of total elongation at fracture of the com-
posites was decreased as wt% content of red mud was
increased as shown in Fig. 11. Due to the incorporation of
SDS in the composites, the above physical quantity was
further reduced. The percentage of reduction was 84.81
and 98.07 for the two batches.

Young modulus of the PVA/red mud composites
increases as filler amount is increased. For PVA/RM/SDS
composites Young's modulus firstly increased up to 10 wt%
of the filler content and then decreased with the increase
of the filler amount. The maximum percentages of increase
were 659.74 and 4336.25 for the two types of composites.

The increase of TS and the decrease of E% with the
loading of red mud irrespective of the compatibilizer is
the effect of the formation of the interfacial interaction.
The molecular chain mobility of PVA restricts by the inter-
facial interaction between PVA and red mud molecule. The
increase of mechanical strength of the films compared to
pure PVA is the cause of the interfacial interaction between
the different molecules. Percentage of elongation at break
has decreased due to the fixing between PVA chain and
solid filler particle red mud which rendered them smaller
flexibility against the load. So at the higher red mud load
on the composite, the matrix stiffness is improved due to
the formation of molecular assemblies in the matrix by
the presence of dispersed red mud phase in the laminated
form. This can also be seen from the SEM of the PVA and
PVA-red mud composite films shown in Figs. 8,9, 10, 11
and 12.

PVA is a highly polar matrix in the generation of intra-
and inter-molecular hydrogen bonding among the -OH
and —COOCH; groups. Due to the incorporation of red
mud in the composites, the presence of —-OH groups
on the particle surface may take part in the generation
of hydrogen bonding between PVA and red mud. The
strength of the composites depends on the degree of
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Table 6 Data for mechanical

. . Sl.no Wt% Tensile strength Elongation at break (%) Young’s modulus
properties of different of red
Neat PVA film and different mud Without SDS  With SDS Without SDS  With SDS Without SDS  With SDS
composites
1 23.66215866 - 307.0842762 - 7235181755 -
2 22.71289696 58.78683575 236.2120991 29.56672132 95.58607426 2687.920327
3 2271021776 51.7838907 276.7690167 19.22225088 92.91139824 2795.189264
4 10 15.98293038 69.77544016 152.2190958 49.10533233 87.39136616 3209.71758
5 30 24.24081727 60.41839833 96.72225451 16.41475769 388.277916 1584.321558
6 50 17.62066382 47.18686077 46.65246763 5.913293295 549.6825899 2176.763732
80 350 —
— Symbol Compatibiliser
Symbol Compatibiliser F Without
“w—  Without ) " Ithou
¢ 300 i
i —o— With 5 —o— With
/ —_ = 250
~ <
60 -
£ S E
I P L §n 200
= / § S £
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Fig. 19 Variation of tensile strength of the composite films

bonding. In the presence of SLS, the crosslink is more
powerful, so tensile strength is increased compared to
the composite without SLS. So, for the same above rea-
son, Young’s modulus is also increased.

Priya et al. reported that the tensile strength was
increased with the cellulose fiber loading and attained
a maximum value at 20 wt% of cellulose fiber in starch-
PVA composite film [4]. Addition of poly (methyl meth-
acrylate co-acrylamide) in the starch-PVA composite
films results in the increase in TS and a decrease in E%
[5]. Tensile strength and elongation (%) were increased
first and then decreased with the starch and barley husk
loading in the PVA matrix [2].

3.5 Thermal property

The TGA thermograms of PVA, PVARM20 & PVARM20C
were compared in Fig. 22 and Table 7. Thermal stability
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Fig.20 Variation of percentage of total elongation at fracture of
the composite films

improves with the addition of red mud and also SDS.
Lopez et al. reported that in TGA thermogram there were
three degradation steps in three different temperatures
ranges [54]. The first weight loss of about 10% was due
to the vaporization of the trapped solvent or the release
of absorbed moisture. It was happened from temp 50
to 150 °C and was not dependent on the composition
of the samples. There were also physically and chemi-
cally bound water in the virgin PVA and PVA composite.
Physically bound water or free water acts as a plasticizing
effect and also improving the movement of PVA chain;
hence, the crystallinity decrease in the matrix. The chemi-
cally bound water disrupts the intra- and inter-molecu-
lar hydrogen bonding in the matrix and also form new
hydrogen bonds [55]. Dehydration reaction occurs on the
chain of the polymer and formation of volatile products
were the cause of second weight loss which was about
70% between the temperatures 250 and 350 °C. The
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Fig. 22 TGA analysis for PVA composite films

thermal degradation temperature was slightly shifted to
the higher temperature due to the incorporation of red
mud and compatibilizer. Third weight loss which is about
90%, happened from temperature 400 to 500 °C due to
the degradation of the polyene residues to yield carbon
and hydrocarbons, and also to cleavage backbone of PVA
composite or the decomposition of carbonaceous mat-
ter [56]. The loss of weight was greater for the loading of
red mud in the films as illustrated in Table 7. According
to the table, it was also shown that the weight percent-
age at 600 °C that is the residual weight was greater in
PVA red mud composite compare to virgin PVA film and
most significant in PVA red mud composite with the com-
patibilizer. Hu et al. reported that the thermal stability of
the PVA/starch and PVA/starch/g-PLA composites were
superior to the virgin PVA film [57]. Remaining weight
was increased with increasing silica nanoparticles which
was reported by Jia et al. [58].

4 Conclusions

PVA-red mud organic-inorganic composite films were suc-
cessfully prepared by using the sol-gel process and with
2-50 wt% of red mud loading. Effects of sodium lauryl sul-
fate (SLS) were established for the composite films. UV-Vis
study established that transparencies of the composites
were decreased with the increase of red mud loading in
the composites. FTIR spectra show about the different
functional groups present in the composites. In XRD study
26 value of all the composites was less than that of the
neat PVA film which proved the higher percentage of crys-
tallinity of neat PVA film compared to other composites.
The degree of swelling and solubility of PVARMSLS
composite films was decreased by 71.48% and 78.07%
respectively and again boiling water resistance was
increased by 548.51% compared to neat PVA film. So
these films had greater hydrothermal stability and can be
used in the adsorption process of heavy metals removal
from wastewater. Tensile strength and Young's modulus of
the composite were increased by 194.88% and 4336.25%
respectively, and 98.07% decreased the percentage of

Table 7 Variation of weight

- Temp.(°C) Weight percentage Wt% Temperature (°C)
percentage with temperature
and temperature with weight PVA PVARM20 PVARM20C PVA PVARM20 PVARM20C
percentage in TGA graph for
different samples 100 92.49 96.51 95.07 80 246.59 264.71 257.23
200 86.85 91.27 90.36 60 270.95 290.03 282.21
300 40.14 51.83 49.04 40 300.22 315.49 318
400 15.72 26.00 31.26 30 321 336.5 414.47
500 3.29 17.8 2248 25 33343 411.9 460.34
600 0.704 16.58 17.34 20 352 452.81 549.53
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elongation at break (E%) compare to neat PVA film. These
results established that in the presence of red mud and SLS
the mechanical strength of the composites enhanced. TGA
analysis proved that the higher thermal resistance of the
PVARMSLS composites compares to pure PVA film. Chemi-
cal, thermal and mechanical properties of PVARMSLS com-
posite films were improved for its utility in food packaging,
biodegradable packaging, coating, and textile industries.
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