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Abstract A facile, efficient and environment friendly method is established to prepare poly(vinyl alcohol) (PVA) based
graphene oxide-montmorillonite (GO-MMT) nanocomposites in aqueous media. GO-MMT nanohybrid is obtained by the
combination of GO and MMT in water without any reducing or stabilizing agents. The formation of GO-MMT nanohybrid is
due to the hydrogen bonding and crosslinking effects. The sodium ions within MMT sheets act as crosslinkers between GO
sheets and MMT platelets. The resultant nanocomposites are characterized by means of X-ray diffraction (XRD), scanning
electron microscopy (SEM), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and mechanical
testing. Compared to that of pure PVA, PVA nanocomposites show enhanced thermal stabilities and mechanical properties,
which results from strong interfacial adhesion of the nanoadditives in PVA matrix. The further increase in the tensile strength
and modulus results from strong interaction between PVA chains and layered GO-MMT as well as good mechanical
properties of GO-MMT hybrid, compared to PVA/GO and PVA/MMT nanocompsoites.
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INTRODUCTION

So far various types of inorganic nanofillers have been extensively studied for polymer reinforcements. The most
widely used nanofillers are one-dimensional (nanotubes, nanorods, nanofibers), two-dimensional (layered
silicates, clays) and three dimensional (silica, diamond)!'™!. Over the past decade, graphene oxide (GO) as a
layered carbon material has attracted great interest due to its superior mechanical, thermal and permeability
properties. GO is readily soluble in polar solvents like water due to the presence of oxygen atom on the surface,
as a result, GO can be uniformly dispersed in some polar mediums under sonication™!. There have been reports
about GO incorporating into a variety of polymer matrices as a filler to significantly improve mechanical and
other properties® '), Sodium montmorillonite (MMT) is made up of two silicate sheets mounted over an
aluminate sheet combined as a unit by van der Waals and weak ionic forces!'”. MMT shows hydrophilic
character and can form stable suspensions in water, which provides the compatibility of MMT with water soluble

polymers!'¥). Based upon the dispersion state of clay sheets in a polymer matrix, three different kinds of
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polymer/clay composites can be prepared, including conventional composites, intercalated nanocomposites and
exfoliated nanocomposites''’. Polymer/MMT composites with well-dispersed states of MMT show considerable
improvements in thermal, barrier, mechanical and flame retardant properties!'* '*. Poly(vinyl alcohol) (PVA) is
a typical hydrophilic water soluble polymer, which has been most extensively used in flexible water soluble
packaging films, textile sizing and in paper coating!'®. These applications arouse the attention in improving
thermal, mechanical and other properties of PVA. Environment friendly processing and biodegradability of PVA
make it fit for many fields of applications'' " '*.

Hybrid nanomaterials, such as carbon nanotube (CNT)-GO and CNT-MMT, are very attractive for polymer
reinforcement applications. This is because of the combined benefits from 2-D GO (or MMT) and 1-D CNTs
making 3-D architecture which in turn is capable for providing excellent functionalities and properties in the
final composite materials. Zhang et al.!"” incorporated CNT-MMT hybrid into nylon-6 and found the impressive
mechanical properties compared to the corresponding neat polymer. Also CNT-MMT hybrid was used to modify
PVA and epoxy resins for improving thermal and dynamic mechanical properties'®”. Cai et al.*" prepared CNT-
GO thin films by casting the solutions on glass cover-slips and found that electrical conductivity of the films was
increased with increasing the content of CNTs. Jehng et al.**' demonstrated the construction of high-sensitivity
H,0, sensors by incorporating a three-dimensional CNT-MMT network in Nafion polymer membranes.
Wang et al.”® dispersed single wall carbon nanotubes (SWCNT) and GO by RNA and then subsequently
reduced GO and removed the RNA by post-treatment with NaBH, and NaOH/HNO; consequently. Kim e al.**!
developed a CNT-GO double layer as a laser desorption/ ionization platform. The films exhibited durability
against mechanical stress. Zhang et al.'” explored an electrochemical platform based on the self-assembly of
CNT-GO hybrid, combined with horseradish peroxidase (HRP) and found excellent electrocatalytic behavior of
the resultant composite. Han ez al.”® prepared CNT-GO by electrostatic spray technique combined with an
efficient ultrasonic treatment and discovered excellent redox reversibility towards VO*'/VO," redox couples for
vanadium redox flow batteries. Dong et al.*”) produced stable aqueous dispersion of hydrophobic SWCNTs and
GO nanosheets without using any surfactant. Wang et al.® prepared CNT-GO fibers by using a coagulation
spinning technique. The hybrid fiber displayed a synergetic enhancement of mechanical strength, electronic
conductivity and electrical actuation performance. In a word, hybrid nanomaterials from the combination of
different nanomaterials are very charming in the modification of polymers and other applications, compared to
single nanomaterial.

Inspiring by the studies from CNT-GO and CNT-MMT, in this work, we synthesized GO-MMT nanohybrid
with the expectation of extraordinary reinforcement properties. The formation of GO-MMT nanohybrid is a
result of two contributing factors, i.e. the hydrogen bonding interaction and the crosslinking effects originated
from sodium ions (Na') acting as ‘crosslinkers’’ between GO sheets and MMT nanoplatelets. These two types
of physical interactions between GO sheets and MMT nanoplatelets lead to the formation of GO-MMT hybrids
in water™, The resultant GO-MMT hybrid was introduced into PVA matrix to improve thermal and mechanical
properties. Structural and morphological characterizations are carried out by XRD, SEM and TEM. DSC
measurements are used to characterize the crystalline properties of the nanocomposites. Thermal and mechanical
properties are evaluated by TGA and tensile testing experiments, respectively. A synergistic effect between GO
and MMT in PVA/GO-MMT nanocomposites on improving thermal and mechanical properties of PVA is
observed.

EXPERIMENTAL

Materials

MMT used in this work was purchased from Kunimine Industries Co., Ltd., Japan. PVA was provided by
Beijing Yili Fine Chemicals Co., Ltd., China. The average polymerization degree of PVA was (1750 + 50)
(molecular weight: 77000 g/mol). Deionized water was used throughout the experiments. H,SO, (purity 95.0%
—98.0%) and graphite flakes (purity > 99.85%) were purchased from Sinopharm Chemical Reagent Co., Ltd.,
China. H;PO, (purity > 85.0%), HyO, (purity > 30%,), KMnO, (purity > 99.5%), and HCI (purity 36.0%
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—38.0%) were obtained from Beijing Chemical Works, China. Ethanol (purity > 99.7%) was purchased from
Tianjin Fu Yu Fine Chemical Co., Ltd., China. All the reagents were used as received.

Preparation of Graphene Oxide

The modified Hummers method was utilized for the preparation of GO. A mixture of concentrated H,SO,/H;PO,
in 9:1 (360:40 mL) was prepared and mixed to graphite flakes (3.0 g, 1 wt. equiv.) and KMnO, (18.0 g, 6 wt.
equiv.) at 40 °C. The mixture was heated to 50 °C and stirred for 12 h, cooled to room temperature and poured
onto ice (400 mL) with 30% H,0, (3 mL). Then, the mixture was sifted through a metal U.S. Standard testing
sieve (W.S. Tyler, 300 pm) and then filtered through polyester fiber. The filtrate was centrifuged (4000 r/min for
4 h), and the supernatant was decanted away. The remaining solid material was then washed with 200 mL of
water, 200 mL of 30% HCI, and 200 mL of ethanol; for each wash, the mixture was sifted through the U.S.
Standard testing sieve and then filtered through polyester fiber with the filtrate being centrifuged (4000 r/min for
4 h) and the supernatant was decanted away. The material remaining after this extended, multiple-wash process
was coagulated with 200 mL of ether and the resulting suspension was filtered over a PTFE membrane (pore size
0.45 pm). The solid obtained on the filter was vacuum-dried overnight at room temperature, obtaining the final
product™*33.

Preparation of GO-MMT Hybrid

For the preparation of GO-MMT (1:3 by weight) hybrid, GO (0.03 g) was dispersed in distilled water by
sonication (0.5 h) and mixed with a dispersion of MMT (0.1 g) in distilled water (100 mL) at room temperature.
Then the mixture was continuously stirred at room temperature for 96 h. Solid GO-MMT hybrid was separated
from liquid by centrifugation (10000 r/min, 20 min). The obtained solid was dried under vacuum at 60 °C for
24 h to remove the solvent.

Preparation of Nanocomposites

1 g of PVA was dissolved in distilled water (10 mL) at 90 °C. 0.01 g (1 wt%) or 0.05 g (5 wt%) of GO-MMT
nanofiller was dispersed in distilled water by sonication separately at room temperature. The nanofiller
dispersion was added to PVA solution, and the resulting mixture was refluxed at 100 °C for 6 h. Then the
mixture was cooled to room temperature, air dried by being spread on a polystyrene petri dish and kept under
vacuum at 60 °C for 24 h. For reference purposes PVA nanocomposites with 1 wt% and 5 wt% loading levels of
GO and MMT were also prepared under the similar conditions. The resultant samples were designated as
PVA/GO1, PVA/GOS, PVA/MMT1, PVA/MMTS, PVA/GO-MMT1, and PVA/GO-MMTS. The number “1”
and “5” represented the weight percentage of the fillers in the nanocomposites.

Characterization

The interlayer spacing of GO, MMT, GO-MMT and their respective nanocomposites were examined by X-ray
diffraction (XRD) analysis with a D8 advance X-ray diffractometer operating at 40 kV voltage and 200 mA
current using monochromatic Cu-Ka radiation (4 = 0.15418 nm) source. The morphology of the nanofillers was
observed by means of a transmission electron microscope (TEM, JEM-1011) with an accelerating voltage of
100 kV. TEM samples were prepared by placing several drops of GO, MMT or GO-MMT water dispersions on
carbon-coated copper grid and subsequently dried in an oven. The dispersion state of fillers in PVA matrix is
investigated by scanning electron microscopy (XL30 FESEM FEG, FEI Co.). The samples were fractured in
liquid nitrogen, and the fracture surfaces were coated with gold before SEM observation. Thermogravimetric
analysis (TGA) was performed with a Q600 thermal analyzer (TA Instruments, New Castle, DE, USA) from
25 to 800 °C at a heating rate of 10 K/min under nitrogen. The nitrogen purge flow was maintained at a rate of
100 mL/min. Differential scanning calorimetery (DSC) was recorded from 25 to 300 °C on a Mettler Toledo
DSC STARe system at a heating rate of 10 K/min under nitrogen atmosphere. The tensile properties were
measured on a WSM-20kN universal testing machine at room temperature. The crosshead speed was maintained
at the rate of 20 mm/min and the dogbone-shaped specimens with dimensions of 20 mm X 4 mm X 0.12 mm
were used. The exact dimensions of each specimen were measured before the test.
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RESULTS AND DISCUSSION

Structure and Morphology of GO-MMT Hybrids

The morphology of the nanofiller was investigated by TEM technique. Figure 1 shows TEM images of GO,
MMT and GO-MMT nanofillers. The size of GO sheets is about several micrometers, and the platelets of MMT
can also be clearly seen with the length of several hundred nanometers. TEM images of GO-MMT hybrid show
that the individual GO and MMT platelets were bound together, forming mixed filler. Although GO sheets and
layered MMT may tend to re-stack, hydrogen bonding between GO and MMT can hold them together as a single
unit after GO and MMT are mixed with sonication and stirred for a long time. Additionally the GO and MMT
surfaces may become charged and Na' ion acts as a linker between them!*”’,

Fig. 1 TEM images of GO, MMT and GO-MMT hybrid

Figure 2(a) shows the XRD patterns of GO, MMT and GO-MMT hybrid (1:3 by weight). For MMT, an
obvious peak is found at 26 = 7.90°, which corresponds to dyy-spacing (1.12 nm). The relatively low d-spacing
of MMT is a result of removal of water molecules from the nano-layers. The peak at 26 = 19.6° is assigned to the
100 and 020 reflections and other peak at 26 = 29.1° corresponds to (Mg Fe)SiO; salts!'®**. In the XRD profile
of GO, a diffraction peak is found at 260 = 9.3° which is assigned as 001 reflection indicating the graphitic
interlayer distance of about 0.95 nm. The XRD profile of GO-MMT nanoadditive clearly shows the two
diffraction peaks at 26 = 7.40° (broadened peak) indicating 1.19 nm interlayer distance and 26 = 28.90° with the
elimination of GO peak. A slight shift of 001 peak of MMT to lower 26 values having broader shape indicates an
increase in the inter-gallery distance as compared to pristine MMT, which shows that the MMT layers are
incorporated fully with GO as there is no GO peak in the hybrid system.
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Fig. 2 XRD patterns of (a) nanofillers and (b) PVA nanocomposites
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Structure and Morphology of PVA/GO-MMT Nanocomposites

Figure 2(b) shows the XRD patterns of pure PVA and PVA nanocomposites. It can be seen that the basal
reflections (001) of the nanoadditives (for both MMT and GO) do not appear in the 26 region of 2° —15° for all
PVA nanocomposites, even in the case containing 5 wt% nanofillers. The peak at 26 = 19.9° is observed
consistently in all the composite samples, which results from crystalline PVA. The absence of the basal
diffraction peaks in the XRD profiles implies the formation of exfoliated structures in the final nanocomposites
where the reinforcement phase has been well dispersed within the polymeric matrix™*>!. In such nanocomposites,
the improved dispersion of the layered nanoadditives increases the interaction of matrix with the nanoadditives
on the layer surfaces of MMT and GO!"-***7. Further analysis shows that there is an obvious slope in the region
below 8° in the XRD patterns of PVA nanocomposites with 5 wt% nanofillers, in spite of MMT, GO or GO-
MMT as nanofillers. This phenomenon can be ascribed to the complex results from the structures with different
interlayer distances, meaning that the nanofillers are not completely exfoliated structures.

Figure 3 shows the dispersion state of PVA nanocompoites with 5 wt% nanofillers in PVA matrix. The
nanofillers are homogeneously dispersed in the PVA matrix. In the representative SEM images of PVA
nanocomposites, it can be seen that the hybrid and pure nanofillers are well dispersed within the bulk polymer.
The dispersion state of filler in a matrix is the key factor for the improvement in mechanical properties of the
final material.

Fig. 3 SEM images of PVA nanocomposites: (a) PVA/GOS, (b) PVA/MMTS and (c) PVA/GO-MMTS5

Effect of Fillers on Glass Transition Temperature (T,) and Crystalline Properties of PVA

DSC measurements were performed to investigate the glass transition temperature (7,), melting point (7;,) and
crystalline behavior of PVA and PVA nanocomposites. The T}, and AH,, (fusion heat) are measured from the
maximum position of the endothermic peak and its area on the DSC curves, respectively. Figure 4 shows DSC
heating curves of pure PVA and PVA nanocomposites. Pure PVA has a T, at 87.5 °C, and the T, does not change
noticeably in the PVA nanocomposites except for PVA/GOS, in which T, increases to 103.4 °C (curve (c) in
Fig. 4). This rise is attributed to the presence of graphitic sheets in the matrix*®\. A melting peak is found at
about 190 °C for pure PVA. The position of this peak changes due to the addition of nanoadditives. However,
this melting peak is diminished in the case of PVA/GOS. The possible reason can be that the signals are so weak
or too broader to be measured. This phenomenon requires more investigations. The melting peak with the
increased intensity for the PVA/GOL shifts to 215.2 °C. In the case of PVA/MMT composites, the melting peak
shifts to lower temperature with the increase of MMT concentration (from 176.6 to 170.6 °C). For PVA/GO-
MMT nanocomposites, the melting peaks are located at 176.0 °C and 192.1 °C for PVA/GO-MMT1 and
PVA/GO-MMTS, respectively. The change in the melting peak of PVA suggests the strong interactions between
PVA and the fillers. It is noted that the T}, of the nanocomposites containing MMT decreases by increasing the
concentration of MMT within the PVA matrix, while the T}, is increased with increasing the concentration in the
case of GO-MMT.

Although GO and MMT both have the similar structures (2-D geometry), their surface nature is quite
different. For example, GO is much more hydrophilic than MMT, because GO possesses a large number of
oxygen containing groups on its surface compared to that of MMT. These differences make GO more compatible
to PVA matrix. So the dispersed state of GO in PVA matrix is much better than that of MMT. As a result, there
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are more chances of forming hydrogen bonding between GO and PVA backbone and hence strong interaction
compared to MMTP) At the same time, the hydrogen bonding among the PVA chains was reduced due to the
presence of well-dispersed GO sheets. The mobility of PVA chains will increase if the content of GO is low
(such as 1 wt%), so the thick crystalline lamella can be formed during crystallization. In addition, the presence of
a small amount of GO showed a nucleation for the crystallization of PVA (Table 1). However, when the content
of GO is high (such as 5 wt%), the strong interaction between well-dispersed GO sheets and PVA chains leads to
the reduction of PVA mobility, which makes the difficulty of PVA crystallization. In contrast, the presence of
MMT does not reduce the hydrogen bonding among the PVA chains due to poor interaction between MMT and
PVA and poor dispersed state of MMT (compared to GO), so the mobility of PVA chains does not change
(compared to pure PVA). Moreover, the presence of MMT blocks the crystallization of PVA to some extent
(Table 1).
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Fig. 4 DSC curves (second heating) of PVA and its composites: (a) PVA, (b) PVA/GO1, (c) PVA/GOS,
(d) PVA/MMT], (¢) PVA/MMTS, (f) PVA/GO-MMT] and (g) PVA/GO-MMTS5

Table 1. DSC data of PVA and PVA nanocomposites

Sample T, (°C) T, (°C) T, (°C) AH,, (J/g) Xe (%)
PVA 87.5 189.7 165 15.6 11.2
PVA/GO1 84.0 215.2 193 59.4 429
PVA/GOS5 103.4 - - — -
PVA/MMTI1 87.5 176.7 142 18.8 13.6
PVA/MMTS5 89.9 170.8 130 15.9 11.5
PVA/GO-MMT1 90.8 178.7 157 19.1 13.8
PVA/GO-MMTS5 89.7 192.3 167 19.5 14.0

On the other hand, the AH,, values are reduced by increasing the content of MMT, but it does not change by
increasing the concentration of GO-MMT. In case of GO-MMT the values of AH,, for all the nanocomposites are
higher than that of pure PVA. This indicates that the total crystallinity of PVA is influenced by the presence of
nanoadditives. The degree of crystallinity (X;) can be calculated by the following equation:

X, = AH,/AH,’ (1

where AH,," is the melting heat of 100% crystalline PVA (about 138.6 J/gl***!1). The results about 7, o Tmy AHpy
and X, are summarized in Table 1. The X, of PVA nanocomposites exhibited an increasing trend compared to
pure PVA. The possible reason is that the added nanofillers serves as nucleation sites promoting the
crystallization of PVA, so the degree of crystallinity of the nanocomposites is higher than that of pure PVAM*~*4,
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Effect of Fillers on Thermal Stability of PVA

TGA was used to investigate thermal decomposition behaviors of neat PVA and PVA nanocomposites. Figure 5
shows TGA plots for pure PVA and PVA nanocomposites. The thermal decomposition behavior of all the
materials studied presents three regions when they are heated from 25 to 800 °C. For pure PVA, the weight loss
in the first stage, occurring in the temperature region of about 50—150 °C, is attributed to the loss of the absorbed
solvent. The second stage, a big weight loss occurring at about 230-375 °C, is attributed to the degradation of
PVA. The third stage for weight loss (at about 375-550 °C) is attributed to the further decomposition of the
remainders. Table 2 also displays thermal degradation temperatures for 5 wt% mass loss (7s), 10 wt% mass loss
(T10%), the half weight loss (T5q,) and the char yield at 600 °C. The Tso, and 7)oy, of PVA composites are
probably related to the cleavage of residual carboxylic acid, hydroxy and other oxygen containing groups on the
surfaces of nanoadditive!®”. The value of T, stays in the range of 134.5-142.6 °C for PVA/GO, 229.8-240 °C
for PVA/MMT and 263.2-231.6 °C for PVA/GO-MMT with the contents of 1 wt%—5 wt% fillers. The
maximum increase in Ts, values is observed in the case of PVA/GO-MMT1, which is an increase of 170 K to
that of pure PVA. Tsy, values of the nanocomposites are 39-102 K higher than that of pure PVA. The
improvement in thermal stability is due to the presence of nanofillers, which acts as barriers for heat transfer and
diffusion of volatile degradation products in the nanocomposites'*> *!. The char yield at 600 °C for all the
nanocomposites is found to be higher than that of pure PVA. The maximum char is produced by PVA/GO-
MMTS that is 8.2 wt% to the initial weight. The presence of the nanofillers effectively increased the weight
residues of the nanocomposites. The increase in char formation is ascribed to the high heat resistance exerted by
the nanofillers'*”). On the basis of the above mentioned results, it is clear that the thermal stability of PVA/GO
(or MMT) nanocomposites is improved, which is further enhanced by the presence of the GO-MMT over that of
pure PVA.
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Fig. 5 TGA curves of (a) PVA, (b) PVA/GOL, (c¢) PVA/GOS, (d) PVA/MMT]I, (e) PVA/MMTS,
(f) PVA/GO-MMT1 and (g) PVA/GO-MMTS (under nitrogen)

Table 2. Summary of the TGA results for PVA and its nanocomposites

Sample Ty, (°C) T100 (°C) Tsg0, (°C) Char yield at 600 °C (%)
PVA 932 206.5 3235 34
PVA/GOI 134.5 256.4 369.8 5.1
PVA/GO5 142.6 215.1 378.5 7.5
PVA/MMTI 229.8 259.7 362.3 5.0
PVA/MMTS5 240.0 283.6 363.9 6.9
PVA/GO-MMTI 263.2 361.0 4255 6.0

PVA/GO-MMT5 231.6 339.6 418.3 8.2
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Effect of Fillers on Mechanical Properties of PVA

The main objective incorporating nanofillers into PVA matrix is to improve mechanical properties and thermal
stability. Figure 6 shows the stress-strain curves of neat PVA and its nanocomposites with 1 wt% and 5 wt%
filler loadings. It can be seen that tensile properties of PVA are improved by the addition of nanofillers.
Compared to neat PVA, the PVA/GO nanocomposites with GO loading of 1 wt% and 5 wt% show the increase
of 65.2% and 84.1% in tensile strength, and 196.6% and 224.1% in elastic modulus, respectively. Similarly, the
tensile strength of PVA is increased by 4.8% and 13.0%, the elastic modulus by 41.4% and 62.1% respectively,
after loading 1 wt% and 5 wt% of MMT. The effect of GO-MMT hybrid on mechanical properties of PVA is
more pronounced, compared to the cases containing GO or MMT alone. Tensile strength increases with
increasing the contents of GO-MMT. PVA/GO-MMT]1 shows 153% and 337.9% increment in tensile strength
and elastic modulus, respectively, while PVA/GO-MMTS5 shows 199% enhancement in tensile strength and
396.6% in elastic modulus as compared to neat PVA. From Table 3, it is clear that the elongation at break of
PVA nanocomposites decreases with increasing the loading of fillers. The reason is attributed to strong
interaction between fillers and the matrix and enhanced rigidity of the PVA chains caused by presence of GO,
MMT and GO-MMT, which restrict the movement of the polymer chains'> ***!. From the above results, it is
clear that the presence of GO-MMT nanoadditive enhances the ability of PVA to sustain mechanical stress. The
improvements in tensile stress and elastic modulus result from efficient load transfer ability of PVA
nanocomposites from matrix to filler due to better dispersion of the reinforcement phase®”.
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Fig. 6 Stress-strain curves of neat PVA and its nanocomposites at a crosshead speed of 20 mm-min ™'

Table 3. Mechanical properties of PVA and PVA nanocomposites

Sample Tensile strength (MPa)  Elastic modulus (GPa) Elongation at break (%)
PVA 27+1.3 0.29+0.16 227+ 7
PVA/GOL1 446+1.9 0.86+0.21 158+ 6
PVA/GOS5 49.7+2.5 0.94+0.25 95+4
PVA/MMTI 28.3+33 0.41=+0.16 103+4
PVA/MMTS 30.5+2.9 0.47+0.18 67+6
PVA/GO-MMT1 683+ 1.7 1.27+0.34 122 +38
PVA/GO-MMT5 80.7+3.6 1.44+£0.42 90+ 4

The significant improvements in tensile strength and modulus in the final PVA nanocomposites by loading
GO-MMT hybrid make it interesting to compare the mechanical properties of PVA/GO-MMT with PVA/GO
and PVA/MMT composites. Generally the morphology of nanocomposites and interfacial interaction between
nanofillers and PVA matrix have important effects on the mechanical properties. The key to comprehend the
improved mechanical behavior of PVA/GO-MMT composites lies in examining the collective behavior of
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stacked platelets along with PVA matrix. GO is more hydrophilic than MMT because GO has more oxygen
containing polar functional groups, which can form hydrogen bonds with PVA. Thus GO-MMT hybrid is more
compatible with PVA than MMT and less compatible than GO. On the other hand, it has been reported that
MMT platelets are mechanically stronger than GO sheets”' %, The mechanical properties of GO-MMT hybrid
are probably intermediate between GO and MMT. The combination of MMT platelets with GO sheets
potentially forms a hybrid with high strength and rigidity. Polymer chains, adhered by strong physisorption
forces onto the rigid GO-MMT nanolayers, become equally a portion of rigid material and exhibit higher tensile
strength and elastic modulus. Thus the increase in the tensile strength and modulus results from strong
interaction between PVA chains and layered GO-MMT as well as good mechanical properties of GO-MMT
hybrid, compared to PVA/GO and PVA/MMT nanocomposites.

CONCLUSIONS

GO-MMT nanohybrid was successfully synthesized and used as a new filler to prepare PVA nanocomposites. A
synergistic effect between GO and MMT in the GO-MMT hybrid on improving thermal and mechanical
properties of PVA is observed. Compared to pure PVA, the thermal and mechanical properties of PVA/GO-
MMT system are greatly improved. The presence of nanofillers influences the crystalline properties and
crystallization behavior, depending on the kind of nanofillers. Furthermore, compared to PVA/GO and
PVA/MMT nanocomposites, the increments in tensile strength and elastic modulus in the PVA/GO-MMT
nanocomposites are the highest. This phenomenon results from strong interaction between PVA chains and
layered GO-MMT as well as good mechanical properties of GO-MMT hybrid.
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