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Halloysite nanotubes (HNTs) based thin membrane-like
fully biodegradable nanocomposites were produced by
blending individualized HNT dispersion with polyvinyl
alcohol (PVA). Stable individualized HNT dispersion
was obtained using several separation techniques,
sequentially, prior to blending with PVA. PVA was
crosslinked using malonic acid (MA) as crosslinker and
phosphoric acid as catalyst, to increase the mechani-
cal and thermal properties of HNT–PVA nanocompo-
sites. Crosslinking was also intended to make PVA
water-insoluble and hence more useful in commercial
applications. Examination of the composites indicated
that HNTs were uniformly dispersed in both PVA as
well as crosslinked PVA. Excellent mechanical proper-
ties of the HNT–PVA nanocomposites were achieved.
These nanocomposites are intended to be composted
at the end of their life rather than ending up in landfills
as most of today’s traditional petroleum based non-
biodegradable plastics. POLYM. COMPOS., 34:799–809,
2013. ª 2013 Society of Plastics Engineers

INTRODUCTION

During the past decade or so polymer property modifi-

cations using nanoparticles and formation of nanocompo-

sites has seen significantly increased interest. There are

several reasons why nanoparticles with nanometer scale

dimensions (1029 m) are of interest. Nanoparticles with

such small dimensions have been shown to improve not

only the mechanical properties of polymers but also, in

many cases, their functionalities as well [1–5]. In addi-

tion, only small loading of nanoparticles is sufficient to

obtain significant property changes.

Halloysite nanotubes (HNTs) based on aluminosilicate

clay nanosheets that are naturally rolled to form hollow

tubular structures are mined from natural deposits [6, 7].

While the ideal unit formula for halloysite is Al2Si2O5

(OH)4 � nH2O [n ¼ 0 for halloysite (7 Å) and n ¼ 2 for

hydrated halloysite (10 Å)], the chemical composition is

subject to variation due to the presence of impurities such

as Fe oxides [7]. Halloysite has been found to occur

widely throughout the world in weathered rocks as well

as in soils and has been identified as having formed by

the alternation of a wide variety of igneous and non-igne-

ous rocks [6–8]. It is often intermixed with dickite, kao-

lin, montmorillonite, and other clay minerals [8]. Since

the dominant morphology of halloysite is tubular, it is

commonly termed as HNTs [7]. Unlike other nanostruc-

tured clays that must be exfoliated, HNTs naturally occur

as cylinders with average diameters typically smaller than

100 nm and lengths ranging from 500 nm to over 1.2 lm
[8]. HNTs have been used as bioreactors, time-release

capsules, catalysts of polymer degradation, templates for

depositing other nanoparticles, polymer filler, or property

modifier as well as in ceramic applications [6].

HNTs have been widely used during recent years to

reinforce polymers and resins such as epoxy, polypropyl-

ene, polyamide, styrene rubber, and ethylene propylene

diene monomer rubber [9–18]. Although such nanocom-

posites possess good mechanical and thermal properties,

they are not biodegradable and need to be disposed of in

landfills at the end of their life [9–18]. In the case of

‘‘green’’ biodegradable soy protein based resin the addition

of HNTs was shown to improve its fire resistance [19].

Polyvinyl alcohol (PVA) is a thermoplastic and bio-

compatible petroleum based polymer. It is also one of the

rare polymers with a carbon–carbon single bond backbone

that is fully biodegradable [20]. Because of the hydroxyl

(–OH) groups on alternating carbon atoms PVA is

strongly hydrophilic and soluble in water, which helps to

promote its degradation through hydrolysis [20]. How-

ever, PVA has relatively low strength and thermal stabil-

ity for some applications. Fabricating biodegradable

HNT–PVA nanocomposites may be a potential way to

address some limitations of the PVA. Such nanocompo-

sites can have excellent mechanical properties and ther-

mal stability because the HNTs are stable even at very
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high temperatures [19]. HNT–PVA nanocomposites have

been reported earlier but without proper HNT individuali-

zation and any PVA modifications [21, 22]. The present

research shows that individualized HNT addition together

with crosslinking of PVA can achieve significantly better

properties.

Crosslinking has been commonly used to improve the

mechanical and thermal properties as well as reduce solu-

bility of many polymers [23–27]. When used as resin,

crosslinked polymers can also improve composite proper-

ties. Crosslinking is a process of chemically joining two

or more molecules at different locations along their length

by covalent bonds. Crosslinkers are commonly selected

on the basis of their chemical reactivities with the func-

tionalities present on the polymers [23]. Glutaraldehyde

and glyoxal are two universally used crosslinkers for

polymers that contain amine groups such as proteins [24–

26]. Although both of them are effective in crosslinking

polymers, they are relatively toxic [27]. Therefore, less

toxic crosslinkers are of interest in the crosslinking reac-

tion, particularly to maintain the biodegradability of the

polymers.

Malonic acid (MA) is a dicarboxylic acid produced

from chloroacetic acid and can be used as a crosslinker

[28]. In terms of toxicity, it is a much better choice as a

crosslinker than glutaraldehyde or glyoxal [27]. Some

researchers have shown crosslinking of PVA using dicar-

boxylic acids, including MA, with sulfuric acid as catalyst

to obtain esterification [29, 30]. However, the effective-

ness of crosslinking has not been as good as expected

and, importantly, the mechanical and thermal properties

of PVA after crosslinking were not investigated in these

studies.

In this study, HNT clusters were individualized using

several techniques and membrane-like biodegradable

HNT–PVA nanocomposites were fabricated and their

properties characterized. PVA and HNT–PVA nanocom-

posites were crosslinked using MA, with phosphoric acid

as catalyst. High crosslinking levels of PVA and PVA in

HNT–PVA nanocomposites were achieved making PVA

water-insoluble. In addition, HNT loading in nanocompo-

sites could be easily controlled as desired. These thin

membrane-like nanocomposites had smooth surfaces and

their tensile and thermal properties were excellent. The

MA crosslinked HNT–PVA nanocomposites showed even

better properties.

MATERIALS AND METHODS

Individualization of HNTs

HNT powder was initially added into deionized water

at a weight ratio of 1:49. Tween1 80 [Sigma-Aldrich, St.

Louis, MO; HNT:Tween1 80 (w/w)¼10:1] was then

added into the mixture, as non-ionic surfactant, to help

individualize the HNTs. The pH value of the mixture was

adjusted to 10 to further avoid clustering of HNTs [8].

The mixture (at pH ¼ 10) was stirred using mechanical

stirrer (Polymix1, PX-SR 90 D, Kinematica Inc., Bohe-

mia, NY) at 908C and 1000 rpm for 1 h and followed by

ultrasonication (Branson Ultrasonics, Model 2510, Mum-

bai, India) at 658C for 1 h to form original HNT disper-

sion. The original HNT dispersion was kept standing for

2 days until it was stabilized. The supernatant of the HNT

dispersion was used as final individualized HNT disper-

sion while the solution at the bottom containing HNT

deposition was removed. The HNT content in the final

individualized HNT dispersion was 0.5% by weight. The

0.5% HNT content in HNT dispersion was found repro-

ducible and experimentally controllable as this experiment

was conducted over five times and the same results were

obtained.

Preparation of PVA and Crosslinked PVA Using MA

PVA powder (Mw 31,000–50,000, 98–99% hydrolyzed,

Aldrich, St. Louis, MO) was added to the deionized water

at a weight ratio of 1:9 to form PVA solution which was

maintained in a water bath at 808C and stirred for

30 min. MA powder (ReagentPlus1, 99%, Sigma-Aldrich,

St. Louis, MO) was then added to the PVA solution. The

weight ratio of MA and PVA was 1:10. The pH value of

the mixture was adjusted to 1 by adding phosphoric acid

(85 wt% solution in water, Mallinckrodt Baker, Phillips-

burg, NJ). The mixture was stirred at 908C for 1 h for

precuring. The precured mixture was then cast on Tef-

lon1 coated glass plates and slowly dried in an oven at

408C to form flat precured crosslinked PVA film. The

precured film was further hot pressed at 1008C under a

pressure of 0.2 MPa for 60 min to form cured crosslinked

PVA film. Carboxylic ester linkages are expected to form

between hydroxyl group of PVA and carboxylic groups of

MA at high temperature during the hot pressing [29, 30].

The cured (crosslinked) PVA film was then immersed

into deionized water at RT for 12 h until the system got

stabilized in order to partially remove phosphoric acid,

remaining MA, and noncrosslinked PVA. The water-

immersed and cured crosslinked PVA film was then dried

at 408C to form final crosslinked PVA film. The PVA

film was prepared by casting PVA solution without the

addition of MA as control, for comparison.

Fabrication of HNT-PVA Nanocomposites

The PVA solution (10% by weight) was added to the

final individualized HNT dispersion at desired PVA and

HNT weight ratios. The HNT dispersion and PVA solu-

tion mixtures were stirred at 908C for 1 h. The mixtures

were cast on Teflon1 coated glass plate and slowly dried

in an oven at 408C to form HNT–PVA composite sheets

(5, 10, and 20 HNT loading, by weight, in the compo-

sites). The HNT–PVA nanocomposite sheets were hot

pressed at 1008C and 0.2 MPa for 60 min to form the

final nanocomposites.
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Preparation of Crosslinked HNT–PVA Nanocomposites
Using MA

The 10% (by weight) PVA solution was added to the

final individualized HNT dispersion at desired PVA and

HNT weight ratios. The HNT dispersion and PVA solu-

tion mixtures were stirred at 908C for 1 h and ultrasoni-

cated at 658C for 1 h. MA powder (ReagentPlus1, 99%,

Sigma-Aldrich, St. Louis, MO) was then added to the

mixtures. The weight ratio of MA to PVA was 1:10. The

pH values of the mixtures were adjusted to 1 by adding

crosslinking catalyst phosphoric acid (85 wt% solution in

water, Mallinckrodt Baker, Phillipsburg, NJ). The mix-

tures were stirred at 908C for 1 h for precuring. The pre-

cured mixtures were then cast on Teflon1 coated glass

plates and slowly dried in an oven at 408C to form flat

precured crosslinked HNT–PVA nanocomposites (5, 10,

and 20% HNT loading, by weight, in the nanocompo-

sites). The precured composites were further hot pressed

at 1008C under a pressure of 0.2 MPa for 60 min to form

crosslinked HNT–PVA nanocomposites as stated earlier.

The crosslinked HNT–PVA nanocomposites were then

immersed into deionized water at RT for 12 h until the

system got stabilized in order to partially remove phos-

phoric acid, remaining MA, and noncrosslinked PVA.

The water-immersed and cured crosslinked HNT–PVA

nanocomposites then dried at 408C to form final cross-

linked HNT–PVA nanocomposites with an average thick-

ness of 0.5 mm.

Characterization

TEM and SEM Analysis. HNT–PVA nanocomposites

(10% HNT loading) and MA crosslinked HNT–PVA

nanocomposites (10% HNT loading) were initially frozen

by liquid nitrogen and then cut into thin sections (40–100

nm thickness) using microtome (Leica EM UC7/FC7 Cry-

oultramicrotome, Leica Microsystems, Cambridge, UK)

with a diamond cutter. The thin sections of HNT–PVA

nanocomposites were observed with transmission electron

microscopy (FEI TecnaiTM F20 TEM, FEI Company,

Hillsboro, OR). Copper grids with 300 mesh size were

used to hold the specimens for TEM.

HNT–PVA nanocomposites (10% HNT loading) were

also sputter coated with gold to prevent charging and

improve the image contrast. Their surface topographies

were observed using a scanning electron microscope

(SEM Leica 440, Leica Microsystems, Cambridge, UK) at

an accelerating voltage of 15 kV.

Sol–Gel and Swelling Analyses. PVA and MA cross-

linked PVA specimens (crosslinked PVA film and the

crosslinked resin in HNT–PVA nanocomposites, 10%

HNT loading) were fully dried at 1058C for 12 h prior to

conducting the sol–gel test. The specimens were weighed

to obtain their initial dry weights and then immersed in

distilled water in 150 mL glass bottles. The glass bottles

with the specimens were then placed on a shaker table

(MAXQ 4450, Thermo Scientific, Waltham, MA)

maintained at 808C and 150 rpm for 2 h until the control

(noncrosslinked) PVA was completely dissolved. The

remaining solid contents for the crosslinked specimens

were then washed three times with distilled water and

filtered using a Whatman1 filter paper (Number 4, 20–25

lm pore size) to obtain final residues. The water soluble

portion (sol) and particles smaller than the pore size of the

filter paper were removed. The final residues of the cross-

linked PVA and the crosslinked HNT–PVA nanocompo-

sites were dried at 1058C for 12 h to obtain their dry

weight (gel). Ratios of the dry gel weight of the cross-

linked PVA to their corresponding initial dry weight were

used to determine the PVA gel (crosslinked) percentages.

The HNT weight in the crosslinked HNT–PVA nanocom-

posites were regarded as constant before and after the test.

PVA and MA crosslinked PVA specimens (crosslinked

PVA film or the crosslinked resin in HNT–PVA nano-

composites, 10% HNT loading) were dried at 1058C for

12 h prior to conducting the swelling test. The specimens

were weighed to obtain their initial dry weight and then

immersed in distilled water in 150 mL glass bottles at RT

for 24 h. The surface water from the swollen specimens

was wiped using Kimwipe1 paper tissue to remove

excess water weighed again to obtain the swollen weight.

Ratios of the weight of absorbed water by the specimens

to their corresponding initial dry weight were used to

determine the swelling power of the control and cross-

linked PVA. The HNT weight in the crosslinked HNT–

PVA nanocomposites was regarded as constant, before

and after the test.

ATR-FTIR Spectroscopy. Chemical analysis of HNT–

PVA nanocomposites (10% HNT loading) and its MA

crosslinked specimens was carried out using FTIR spec-

trophotometer (Nicolet Magna-IR 560, Thermo Scientific,

Waltham, MA) in attenuated total reflection (ATR) mode

using a split pea accessory. Spectra, averaged over 64

scans, were taken in the range of 4000–800 cm21 wave-

number at a resolution of 4 cm21. All nanocomposite

specimens were dried in an air circulating oven at 408C
for 12 h prior to conducting the spectroscopy. The surface

chemistry (ATR-FTIR) and the bulk chemistry (of the

cross-section) of crosslinked PVA were found to be iden-

tical confirming that there was no difference between the

surface and the bulk chemistry.

Tensile Properties and Moisture Content. The speci-

mens for PVA, HNT–PVA nanocomposites (5, 10, and

20% HNT loading) and their corresponding crosslinked

specimens were cut to 10 mm 3 60 mm strips and were

tensile tested using an Instron universal testing machine

(model 5566). These tests were conducted as per ASTM

D-882-02. Specimen gauge length of 30 mm and strain

rate of 0.02/min were used for all specimens. Specimens
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were conditioned at 218C and 65% RH for 3 days prior to

testing.

Percentage moisture content (MC%) for all conditioned

specimens were measured as per ASTM D 2654-89a. To

obtain the MC% values specimens were dried in an oven

at 1058C until their weight stabilized. The MC% values

were calculated on the dry weight basis.

Thermogravimetric Analysis (TGA). Thermogravi-

metric analysis (TGA Model Q500, TA Instrument, New

Castle, DE) was used to characterize the thermal degrada-

tion behavior of all specimens. Specimens were dried in

an air circulating oven at 458C for 12 h prior to conduct-

ing the tests. All TGA tests were performed between 25

and 8008C under a nitrogen atmosphere (gas flow rate of

60 mL/min) and at a scanning rate of 108C/min.

Differential Scanning Calorimetry (DSC). Differential

scanning calorimetry (DSC, Model Q2000, TA Instru-

ment, New Castle, DE) was used to analyze the glass

transition temperature (Tg), melting temperature (Tm),

enthalpy of fusion (DHf) and crystallinity of PVA, HNT–

PVA nanocomposites (10% HNT loading) and their corre-

sponding MA crosslinked specimens. All specimens were

dried in an oven at 1058C for 12 h prior to conducting

the test. All DSC analyses were performed under an inert

atmosphere by flowing nitrogen at the rate of 50 mL/min,

between 220 and 2508C and at a scanning rate of 108C/min.

RESULTS AND DISCUSSION

HNT Individualization

Unlike other nanolayered clays that must be exfoliated,

HNTs naturally occur as small cylinders which average

30 nm in diameter. The HNT specimen used in this

research was unprocessed and hence the nanotubes within

were clustered. This was confirmed from the SEM photo-

micrographs in a previously published report [8]. There-

fore, many separation techniques were employed in this

study to individualize HNT clusters. These techniques

include: high speed mechanical stirring, ultrasonication,

addition of non-ionic surfactant, and changing the solution

pH.

Shear force from high speed mechanical stirring was

used to effectively break down the HNT clusters. Ultraso-

nication generates intense and high frequency sound. The

sound itself consists of regions of high and low pressure

that move through a material as waves. As these waves

pass through the liquid in the bath, each tiny portion of

liquid vibrates back and forth in response to these pres-

sure fluctuations which results in breaking of the clusters

of HNTs [8].

Non-ionic surfactant Tween1 80 was used as a dis-

persant to improve the separation of HNTs [31]. The

change of pH value is one of the key factors to separate

HNTs. HNTs carry a negative charge on the basal or

‘‘face’’ surface of their crystals but the charge on crystal

edges varies with the pH of the ambient environment.

The amphoteric nature of the edge surface may be

ascribed to the protonation and deprotonation of hydroxyl

groups coordinated with exposed Al ions under acid and

alkaline pH conditions, respectively [7]. It has been

reported that at pH 7.5 and above, the HNTs tend to repel

each other since the charge on both the edge and face sur-

face is negative [32]. As a result, the system defloccu-

lates, and loses cohesion. In this study, uniform and stable

HNT dispersion was obtained after using these separation

techniques sequentially. This stable HNT dispersion was

used to prepare HNT–PVA nanocomposites.

Mechanism of Uniform HNT Dispersion in Acidic
Crosslinking Condition

The individualized HNTs in dispersion can aggregate

and deposit when pH value is changed to acidic values.

However, after HNT dispersion was mixed with PVA

solution, the aggregation did not occur for many days,

even in acidic condition, during PVA crosslinking. This is

possibly because the high viscosity of the PVA solution

prevents them from coming closer due to the change of

charges on edge surfaces of the HNTs in acidic environ-

ment. The surface of HNTs may be even wrapped by

polymers. Earlier research has shown that polyaniline

does wrap around HNTs. Silicone oil with polyaniline-

wrapped HNTs dispersed in it was shown to have electro-

rheological properties [33]. Figure 1 shows a schematic of

this mechanism. It shows individualized HNTs can aggre-

gate with each other in acidic situation during opposite

charge attracting. However, as mentioned earlier, high

viscosity of PVA solution can help individualized HNTs

to retard or even prevent aggregation by immobilizing

them.

TEM and SEM Analysis of HNT Dispersion in PVA and
Crosslinked PVA

Figure 2a–c shows typical TEM images of HNT–PVA

nanocomposite and MA crosslinked HNT–PVA nanocom-

posite and SEM image of HNT–PVA nanocomposite sur-

face, respectively. All nanocomposites had 10% HNT

loading. Both TEM images clearly show that the HNTs

were individualized and the uniformly dispersed within

the PVA or crosslinked PVA. As mentioned earlier, high

FIG. 1. HNT clustering (a) and PVA surrounded HNTs without cluster-

ing (b) in acidic environment.
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viscosity of the PVA solution can help individualized

HNTs to retard or even prevent aggregation by immobi-

lizing them. The degree or uniformity of dispersion of the

HNTs within the polymer plays an important role on its

mechanical properties [34]. Also, since the HNTs are uni-

formly dispersed, both mechanical and thermal properties

of the nanocomposites would also be expected to be uni-

form [8]. The SEM image shows no obvious HNT aggre-

gation at the surface of the HNT–PVA nanocomposite

and that most of HNTs have been incorporated in the

bulk of the PVA films.

Sol–Gel and Swelling Analyses

A study of crosslinking PVA with dicarboxylic acids,

including MA, with sulfuric acid as a catalyst has been

described earlier [29]. However, our preliminary study

showed no difference in the extent of crosslinking

between MA crosslinked PVA catalyzed by sulfuric acid

and phosphoric acid. As a result, in all subsequent experi-

ments, phosphoric acid was used as a catalyst to crosslink

PVA and HNT–PVA nanocomposites because of its lower

toxicity compared to sulfuric acid [27].

Sol–gel and swelling analyses were performed for non-

crosslinked (control) and crosslinked PVA, as well as for

the resin in the crosslinked HNT–PVA nanocomposites to

evaluate the level of crosslinking. Table 1 presents the

sol–gel and swelling results for MA crosslinked PVA as

well as control PVA. The results show that the PVA gel

(crosslinked component) percentages of the crosslinked

PVA and the resin in the crosslinked HNT–PVA nano-

composites were 93.1 and 94.8%, respectively, while the

control PVA dissolved completely during the sol–gel test.

The high gel percentage suggests that the PVA was cross-

linked by MA when catalyzed by phosphoric acid. The

results also show that the swelling powers of crosslinked

PVA and the resin in the crosslinked HNT–PVA nano-

composites were 52.3 and 51.0%, respectively, much

lower than control (noncrosslinked) PVA (107.3%), fur-

ther confirming the crosslinking.

ATR-FTIR Analysis

When MA is made to react with PVA, the carboxylic

groups (COOH) in MA react with the hydroxyl groups

(OH) in the PVA forming ester linkages. Figure 3A shows

typical carboxylic ester linkages in MA crosslinked PVA.

Figure 3B-a and b shows ATR-FTIR spectra for control

HNT–PVA nanocomposite and MA crosslinked HNT–PVA

nanocomposite. Since HNTs cannot crosslink with MA,

ATR-FTIR spectra only indicate the chemical changes

within the PVA resin in HNT–PVA nanocomposites before

FIG. 2. TEM images of (a) HNT–PVA nanocomposite and (b) crosslinked HNT–PVA nanocomposite

and SEM images of (c) HNT–PVA nanocomposite. All contain 10% HNT loading.

TABLE 1. Sol–gel and swelling power results of PVA and MA

crosslinked PVA.

Tests

Control

PVA

Crosslinked

PVA

PVA in

crosslinked

HNT–PVAa

nanocomposites

Gel percentage (%) 0 93.1 (8.3)b 94.8 (7.2)

Swelling power (%) 107.3 (5.2) 52.3 (9.2) 51.0 (8.0)

a 10% HNT.
b Values in the parentheses are % coefficient of variation.
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and after crosslinking. A broad band at 3500–3200 cm21

wavenumber seen in both spectra is a result of the O–H

stretching vibration resulting from the strong intra-molecu-

lar and inter-molecular hydrogen bonding [35–37]. The

absorption band observed between 3000 and 2820 cm21

wavenumbers is due to the stretching of aliphatic C–H

bonds [36]. The absorbance intensity ratio for O–H to C–H

bands showed a decrease from 1.82 in spectrum (a) for

control PVA compared to 1.23 for spectrum (b) for cross-

linked PVA. This lower absorption clearly indicates a

reduction in the O–H groups and confirms the crosslinking

of PVA by MA [36]. Absorption at 1750–1650 cm21

(stretching of C¼O) for noncrosslinked specimen [spec-

trum (a)] was weak (intensity ratio of C¼O to C–H ¼
0.50) and indicates the presence of carbonyl (C¼O) in the

nanocomposites from the nonhydrolyzed acetate group

remaining in the PVA (98–99% hydrolyzed), confirming

the earlier results obtained by Gohil et al. [35] and Mansur

et al. [36]. In the ATR-FTIR spectrum (b), however, a

slightly sharp absorption (intensity ratio of C¼O to C–H ¼
0.61) observed at 1750–1650 cm21 wavenumber indicates

presence of C¼O in the crosslinked PVA of the nanocom-

posites as expected. This shows that in addition to the non-

hydrolyzed vinyl acetate groups, some residual unreacted

carboxylic groups from MA and carboxylic ester groups

(Fig. 3A) from crosslinked PVA also exist in the cross-

linked HNT–PVA nanocomposites, both contributing to the

stronger C¼O absorption.

Overall, the ATR-FTIR results indicate that the PVA

in HNT–PVA nanocomposites were crosslinked based on

the decreased intensity of bands for O–H stretching vibra-

tion combined with the increased intensity of bands for

C¼O stretching vibrations.

Tensile Properties and Moisture Content

Table 2 presents tensile test results and moisture con-

tent values for pure (control) PVA and noncrosslinked

HNT–PVA nanocomposites with HNT loading from 5%

to 20% and their MA crosslinked specimens. The

Young’s modulus value for the control PVA was

245 MPa. The Young’s modulus value for the HNT–PVA

nanocomposites were higher than that obtained for control

PVA and increased with the HNT loading, as was

expected. For nanocomposites with 5 and 10% HNT load-

ing, the Young’s moduli were 286 and 388 MPa, respec-

tively, and when the HNT loading increased to 20% the

Young’s modulus increased to 466 MPa, about two times

that of control PVA. This phenomenon is commonly

observed for most polymers loaded with inorganic nano-

particles due to the increased tortuosity of the polymer

molecules, significantly harder nanoparticles, and

increased nanoparticle–polymer interface [1, 38–43]. The

facture stress for the control PVA was 34.3 MPa. The

fracture stress values for HNT–PVA nanocomposites with

5 and 10% HNT loading were 29.1 and 27.7 MPa, respec-

tively, and decreased to 22.0 MPa when the HNT loading

increased to 20%, respectively. This is attributed to the

significantly reduced fracture strain values brought about

by HNT agglomeration in some areas of the nanocompo-

FIG. 3. A: Schematic of the carboxylic ester linkage in MA crosslinked PVA structure; B: ATR-FTIR

spectra of (a) HNT–PVA nanocomposite and (b) MA crosslinked HNT–PVA nanocomposite. Both con-

tain 10% HNT loading.
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sites, particularly at 20% loading, again, a phenomenon

seen in most polymers. However, lower fracture strain

may also be a result of the weaker bonds between the

nanoparticles (HNTs) and PVA as noted by other

researchers [44]. The fracture strain for control PVA was

336%. As seen from data in Table 2, fracture strains for

the HNT–PVA nanocomposites are much lower than that

obtained for control PVA and decreased as the HNT load-

ing increased. The reduced fracture strain as a function of

nanoparticle loading has been observed by many for other

polymer nanocomposites [40]. The moisture content for

control PVA was 9.2%, whereas for HNT-PVA nanocom-

posites with 5, 10, and 20% HNT loading the moisture

content values were 8.0, 7.4, and 6.6%, respectively. This

is because moisture content of HNTs is around 1.6%,

lower than PVA.

The Young’s moduli of the MA crosslinked PVA and

MA crosslinked HNT–PVA nanocomposites with 5, 10,

and 20% HNT loading increased to 1023, 1105, 1185,

and 1244 MPa, respectively, from 245 MPa for control

PVA and from 286, 388, and 466 MPa for noncrosslinked

HNT–PVA nanocomposites with the corresponding HNT

loading. It is obvious that the increase in Young’s modu-

lus for the crosslinked PVA and HNT–PVA nanocompo-

sites is solely due to the crosslinking of PVA which

makes it rigid [45]. The reduction in moisture content

from 9.2% for the noncrosslinked PVA to 6.3% after

crosslinking and from 8.0%, 7.4 and 6.6% for the non-

crosslinked HNT–PVA nanocomposites with 5, 10, and

20% HNT loading, respectively, to 6.2, 6.0, and 6.0% for

the crosslinked HNT–PVA nanocomposites with the cor-

responding HNT loading is also responsible, at least par-

tially, for higher Young’s modulus. With lower moisture

content, i.e., less plasticization, the structure maintains its

higher rigidity, or stiffness [46]. Crosslinking also

increased fracture stress values of PVA from 34.3 to

46.4 MPa. For HNT–PVA nanocomposites with 5, 10,

and 20% HNT loading the fracture stress values increased

from 29.1, 27.7, and 22.0 MPa to 42.1, 38.8, and

36.1 MPa, respectively, after crosslinking. From data pre-

sented in Table 2, it is also clear that after crosslinking,

fracture strain values of PVA and HNT–PVA nanocompo-

sites are significantly lower, as expected [38, 39, 47, 48].

The fracture strains, particularly in the case of crosslinked

nanocomposites decreased significantly with HNT load-

ing. The decrease in fracture stress is closely related to

the decreased fracture strains.

It should be noted that tensile properties of HNT–PVA

nanocomposites and crosslinked HNT–PVA nanocompo-

sites are comparable or higher than many traditional poly-

mers, including polyethylene (Young’s modulus:

800 MPa; fracture stress: 15 MPa), polypropylene

(Young’s modulus: 1900 MPa; fracture stress: 40 MPa),

and nylon 6 (Young’s modulus: 1800 MPa; fracture

stress: 70 MPa) [49]. As a result, these PVA based biode-

gradable nanocomposites could easily replace many of

these traditional plastic materials. Also, after crosslinking

their moisture sensitivity decreases, making them more

useful. Biodegradable plastics based on PVA can reduce

the current landfilling load significantly.

Figure 4a and b shows typical stress versus strain plots

of noncrosslinked HNT–PVA nanocomposite and MA

crosslinked HNT–PVA nanocomposite, respectively. The

HNT loading in both specimens was 10% by weight. Fig-

ure 4a shows HNT–PVA nanocomposite initially showed

elastic behavior but then showed a plastic plateau

(yielding) until reaching its fracture point. This plateau is

due to PVA’s high ductility. While stress versus strain

plot for the crosslinked HNT–PVA nanocomposite shown

in Fig. 4b also shows yielding, it shows no plastic defor-

mation because of the crosslinking.

TABLE 2. Tensile properties and moisture content for PVA, HNT–PVA nanocomposites, and their corresponding MA crosslinked specimens.

Specimens Young’s modulus (MPa) Fracture stress (MPa) Fracture strain (%) Moisture content (%)

PVA 245 (20.6)a 34.3 (13.6) 336 (10.1) 9.2 (5.3)

Crosslinked PVA 1023 (19.1) 46.4 (8.5) 186 (30.2) 6.3 (7.6)

HNT–PVA (5% HNTs) 286 (16.2) 29.1 (8.7) 297 (32.1) 8.0 (5.6)

HNT–PVA (10% HNTs) 388 (17.0) 27.7 (9.8) 268 (22.9) 7.4 (1.0)

HNT–PVA (20% HNTs) 466 (11.3) 22.0 (10.7) 159 (34.8) 6.6 (1.0)

Crosslinked HNT–PVA (5% HNTs) 1105 (10.4) 42.1(9.5) 110.0 (22.3) 6.2 (4.2)

Crosslinked HNT–PVA (10% HNTs) 1185 (24.7) 38.8 (9.6) 74.9 (17.6) 6.0 (8.8)

Crosslinked HNT–PVA (20% HNTs) 1244 (0.4) 36.1 (0.6) 8.8 (22.9) 6.0 (6.1)

a Values in the parentheses are % coefficient of variation values.

FIG. 4. Typical stress versus strain plots for (a) noncrosslinked HNT–

PVA nanocomposite and (b) MA cross-linked HNT–PVA nanocompo-

site. Both contain 10% HNT loading.
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Thermogravimetric Analysis

Figure 5A presents typical TGA thermograms of PVA,

HNT–PVA nanocomposites (10 and 20% HNT loading)

and HNTs. Thermogram 5A (a) for control PVA shows

two decomposition onset temperatures (Td1) and (Td2), at

255 and 3908C, respectively. Weight losses for the PVA

were 30% at 2668C, 50% at 2768C and up to 94% at

8008C. Two-step degradation of PVA has been reported

earlier by Peng and Kong [50]. A likely explanation for

this is that PVA first degrades into smaller molecular

weight polymer at around 2508C by chain scission and

degrades further into carbon char at temperatures above

3508C. Results of this study confirm the earlier findings

[50]. Thermograms 5.5A (b) and (c) for HNT–PVA nano-

composites, with 10 and 20% HNT loading, respectively,

also show two decomposition onset temperatures. How-

ever, their Td1 and Td2 at 260 and 3938C, respectively, are
3–58C higher than those observed for PVA. While these

changes are small they confirm the higher thermal stabil-

ity due to the addition of HNTs. Weight losses observed

for the HNT–PVA nanocomposites (10% HNT loading)

were 30% at 2868C, 50% at 3058C, and 88% at 8008C.
Weight losses observed for the HNT-PVA nanocompo-

sites (20% HNT loading) were 30% at 2958C, 50% at

3438C (both temperatures are higher than those obtained

for HNT–PVA nanocomposites with 10% HNT loading),

and 74% at 8008C. These data confirm the higher thermal

stability of the HNT–PVA nanocomposites. Thermogram

5A (d) for HNTs showed no sharp thermal degradation.

Weight losses observed for pure HNTs were 10% at

4718C, 20% at 7008C, and 24% at 8008C, confirming

higher thermal stability of HNTs [13]. Thus it is obvious

that HNT loading is responsible for the higher thermal

stability of the HNT–PVA nanocomposites.

Figure 5B presents typical TGA thermograms of PVA,

HNT–PVA nanocomposite (10% HNT loading) and their

corresponding MA crosslinked specimens. Thermograms

5.5B (a) and 5.5B (b) are for PVA and HNT–PVA nano-

composites, respectively, and have been described in the

last paragraph. Thermogram 5B (c), for crosslinked PVA,

also shows a two-step degradation pattern with Td1 and

Td2 (no so obvious) observed at 305 and 4178C, respec-
tively. However, the steps are not as distinct when com-

pared to the control PVA. The weight losses observed

were 30% at 3298C, 50% at 3628C, and almost 100% at

8008C. These results indicate that the crosslinked PVA

has significantly higher thermal stability compared to con-

trol PVA in the range of 240–4308C. Increased thermal

stability after crosslinking has been observed earlier for

many polymers [51–53]. It was also observed that the

FIG. 5. Typical TGA thermograms A: (a) PVA, (b) HNT–PVA nanocomposite (10% HNT loading),

(c) HNT–PVA nanocomposite (20% HNT loading), and (d) HNTs; B: (a) PVA, (b) HNT–PVA nano-

composite (10% HNT loading), (c) MA crosslinked PVA, and (d) MA crosslinked HNT–PVA nano-

composite (10% HNT loading).
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final residual percentage for MA crosslinked PVA was

lower than pure PVA. This is partially because of the

unreacted crosslinker (MA) and crosslinking agent (phos-

phoric acid) that remain trapped in the HNT–PVA nano-

composites. During the TGA test these compounds are

removed at a relatively lower temperature. Thermogram

5B (d) for crosslinked HNT–PVA nanocomposites also

shows a single step degradation with Td observed at

3808C. Weight losses observed were 30% at 3298C, 50%
at 3728C, and 86% at 8008C. As is expected, these values

are close to those obtained for the crosslinked PVA, the

major constituent in the nanocomposite. These results

clearly indicate that crosslinking of PVA using MA can

increase its thermal stability as well as that of HNT–PVA

nanocomposites in addition to enhancing their tensile

properties.

Differential Scanning Calorimetry

Typical DSC thermograms for PVA and MA cross-

linked PVA are presented in Fig. 6A. Thermogram 6A (a)

for control PVA shows Tg and Tm of 92.0 and 196.18C,
respectively. The DHf of 81.1 J/g, compared to 138.6 J/g

for 100% crystalline PVA resulted in a crystallinity of

58.5% for control (pure) PVA [54–57]. Thermogram 6A

(b) for the crosslinked PVA shows Tg and Tm of 102.1

and 189.78C, respectively. The DHf and the crystallinity

of the crosslinked PVA were 36.8 J/g and 26.6%, respec-

tively. The lower DHf and higher Tg further confirm that

the PVA was effectively crosslinked by MA. The higher

Tg and lower crystallinity after crosslinking are due to

restricted segmental motion of the molecules and are

commonly observed phenomena in most polymers [1, 54,

58, 59].

Figure 6B presents typical DSC thermograms of (a)

HNT–PVA nanocomposite and (b) MA crosslinked HNT–

PVA nanocomposite. The Tg and Tm for the HNT–PVA

nanocomposites were observed at 90.5 and 201.98C,
respectively. The change in Tg for nanocomposite is insig-

nificant. While the Tm value is about 58C higher than that

of control PVA, the Tg is about 1.58C lower. This sug-

gests that HNTs have the ability to lead to decrease Tg

and increase Tm of polymers [21, 60]. Nakamura et al.

[18] also observed similar decrease in Tg as a result of

HNT addition. They argued that this was a result of free

volume addition. The DHf and the crystallinity of the

PVA in HNT–PVA nanocomposites (10% loading) were

43.3 J/g and 31.2%, respectively, which were much lower

than 85.9 J/g and 62.0%, respectively, obtained for

control PVA. It is likely that the HNTs can inhibit the

crystallization of PVA, as they are well dispersed [61].

However, higher Tm suggested that the average crystal

size in nanocomposites was larger. Thermogram 6B (b) is

for MA crosslinked HNT–PVA composites but mainly

represents crosslinked PVA behavior. The Tg and Tm

observed were 99.0 and 191.98C, respectively, and con-

firm earlier observations that MA crosslinking can

increase Tg and decrease Tm of PVA. These changed char-

acteristics are reflected in the crosslinked HNT–PVA

nanocomposites. The DHf and crystallinity of PVA in

crosslinked HNT–PVA nanocomposites were 8.6 J/g and

6.2%, respectively. These are significantly lower than

those for the PVA in HNT–PVA nanocomposites and the

MA crosslinked PVA, showing the combined effect of

crosslinking and the ability of the HNTs to restrain the

molecular motion needed for crystallization.

CONCLUSIONS

The biodegradable membrane-like HNT–PVA nano-

composites with differing HNT loadings were produced

using blending and casting methods. Several separation

techniques such as mechanical stirring, ultrasonication,

non-ionic surfactant, and desired solution pH, were used

to individualize HNTs and obtain stable HNT dispersion.

The TEM images indicated that HNTs were uniformly

dispersed in both PVA and MA crosslinked PVA. ATR-

FTIR results confirmed that PVA can be crosslinked using

MA as crosslinker and phosphoric acid as catalyst. MA

crosslinked PVA was highly water-insoluble with

decreased swelling ability. PVA and HNT–PVA nano-

composites showed higher mechanical properties and ther-

mal stability after crosslinking. HNT loading also was

responsible for higher thermal stability of the PVA based

nanocomposites. Fracture strain also decreased with HNT

loading for both crosslinked and noncrosslinked PVA.

FIG. 6. DSC thermograms A: (a) PVA and (b) MA crosslinked PVA;

B: (a) HNT–PVA nanocomposite and (b) MA crosslinked HNT–PVA

nanocomposite. Both contain 10% HNT loading.
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The DSC results indicated that HNT loading decrease Tg

as well as crystallinity while increasing the Tm of PVA.

Crosslinking of PVA resulted in higher Tg, lower Tm, and

lower crystallinity as was expected.
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