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ABSTRACT: Poly(butylene adipate-co-terephthalate) (PBAT) nanocomposites films are prepared by a solution intercalation process

using natural montmorillonite (MMT) and cetyltrimethylammonium bromide (CTAB)-modified montmorillonite (CMMT). Cation

exchange technique has been used for modification of MMT by CTAB and characterized by Fourier transform infrared analysis,

thermo-gravimetric analysis, and X-ray diffraction (XRD) studies. CMMT gives better dispersion in the PBAT matrix than MMT and

is confirmed by XRD and transmission electron microscopy. Because of better compatibility of CMMT, water vapor transmission rate

of PBAT decreases more in the presence of CMMT than MMT. The biodegradability of PBAT and its nanocomposite films are studied

in compost and from the morphological analysis it is apparent that the PBAT/CMMT shows a lower biodegradation rate in compari-

son to the PBAT/MMT. The antimicrobial activity of PBAT and its nanocomposite films is tested by an inhibition zone method.

Because of the presence of the quaternary ammonium group of CTAB-modified MMT, PBAT/CMMT nanocomposites show adequate

antimicrobial activity. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40079.
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INTRODUCTION

Material scientists have shown huge interest in the field of nano-

composites comprising of biodegradable polymers and layered sili-

cates due to their attracting mechanical properties,1,2 improved

water resistance properties,3,4 lower water vapor permeability,5 and

enhanced thermal properties.6 Ray et al.7 observed remarkable

improvement of materials properties of polylactide (PLA)/layered

silicate nanocomposites in both the solid and melt states compare

to the virgin PLA matrix. Considerable enhancement in thermal

and mechanical properties along with significant biodegradability

under controlled conditions in enzyme, pure microorganism

(fungi), compost, and alkaline buffer solution of poly(e-caprolac-

tone)/layered silicate nanohybrids was studied by Singh et al.8 In

another work, Sancha et al.9 investigated the permeability of

Poly(vinyl alcohol) (PVA)-graft acrylonitrile/clay nanocomposites

towards vapor and liquid molecules. Phua et al.10 studied the bio-

degradation of poly(butylene succinate)/organo montmorillonite

nanocomposites under controlled compost soil conditions.

The sodium montmorillonite (MMT) type of layer silicates clay

is an octahedral alumina sheet sandwiched between two tetrahe-

dral silica sheets.11 Sodium montmorillonite, a hydrophilic clay,

can be organically modified by introducing a long alkyl chain in

the gallery gap via the cation-exchange process12 to make the

clay hydrophobic in nature as well as to increase its compatibil-

ity with organic polymers.

Poly(butylene adipate-co-terephthalate) (PBAT), trade name

Ecovio, is an aliphatic–aromatic copolyester based on the mono-

mers 1,4-butanediol, adipic acid, and terephthalic acid. It is a fully

biodegradable polymer13 and is resistant to water showing poten-

tial in its application for packaging films, compost bags and

agricultural films.14 Chen et al.15 studied the thermal and

mechano-chemical properties of PBAT/octadecylamine-modified

montmorillonite nanocomposites while Mohanty and Nayak16

illustrated the property enhancement of PBAT nanocomposites

prepared by a melt blending technique using MMT, Cloisite 20A,

Cloisite 30B, and Bentonite (B109) nanoclays.

The antimicrobial property of such nanocomposites makes it

a versatile material in packaging applications. In this regard,

Rhim et al.17 reported that the nanocomposite films containing

certain organically modified nanoclay offers strong
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antimicrobial function against both Gram-positive and Gram-

negative bacteria. They postulated that the quaternary ammo-

nium groups present in the organically modified clays are

responsible for the antimicrobial function of nanocomposite

films.18 These nanocomposite films with enhanced mechanical

and gas barrier properties have a high potential for being used

as food packaging materials.

In this article, we report the successful modification of MMT

using CTAB and characterized using XRD, thermo-gravimetric

analysis (TGA), and Fourier transform infrared analysis (FTIR).

We have also formulated the nanocomposites of PBAT with

unmodified and organically modified MMT using a solution

intercalation process. The morphology of nanocomposites is

investigated by X-ray diffraction (XRD) and transmission elec-

tron microscopy (TEM) analysis whereas scanning electron

microscopy (SEM) is used to examine the surface morphology

of biodegraded nanocomposite films. Biodegradability of nano-

composite films is calculated by measuring weight loss in

compost. Furthermore, we have also studied water vapor trans-

mission rates and the antimicrobial activity of PBAT nanocom-

posite films.

EXPERIMENTAL

Materials

PBAT (Ecovio) was purchased from baden aniline and soda fac-

tory (BASF). Unmodified montmorillonite clay (MMT) was

obtained from Nanocor, USA with a cation-exchange capacity

of 100 mequiv/100 g. Cetyl trimethylammonium bromide

(CTAB) and chloroform were obtained from Merch (India).

Preparation of CTAB-Modified MMT

Organically modified MMT clay was prepared through a

cation-exchange process which is as follows. MMT (2.0 g) was

dispersed in 400 mL distilled water with vigorous mechanical

stirring for 24 h at room temperature to prepare a uniformly

suspended solution. An aqueous solution of CTAB was added

drop wise to the suspended solution of MMT and was stirred

vigorously at 80�C overnight to carry out the exchange of Na1

of MMT by quaternary ammonium cation. To complete the

modification of MMT in this process, we have adjusted the

amount of CTAB equivalent to 100% of cation exchange

capacity of MMT. The suspended organoclay was then filtered

and washed repeatedly with distilled water until no AgBr

precipitate was found by titrating the filtrate against 0.1N

AgNO3 solutions. Then organoclay was vacuum dried at 60�C
for 24 h.

Preparation of PBAT/Clay Nanocomposites

Both the PBAT/MMT and PBAT/CTAB-modified montmorillon-

ite (CMMT) nanocomposites were prepared using a solvent

intercalation process. PBAT (2 g) was dissolved in 15 mL of

chloroform at room temperature. The required amount of

MMT and CMMT was dispersed in 10 mL of chloroform for

24 h and then each of the clay suspensions was sonicated for

30 min. PBAT/clay nanocomposites containing various wt %

(2 wt %, 4 wt %, and 8 wt %) of each were produced by cau-

tiously adding clay suspension into the PBAT solution with con-

tinuous stirring for 24 h, then the resultant solution was poured

onto a glass plate at room temperature to make the thin nano-

composite films of uniform thickness. Thin films were obtained

after the evaporation of solvent. Then films were dried at 60�C
in a vacuum oven for 24 h to remove the residual solvent.

Material Characterization

XRD Analysis. XRD analysis of the nanocomposite samples

was performed at room temperature by an X-PERT-PRO Pana-

lytical diffractometer using Cu Ka (k 5 1.5406) as X-ray source

at a generator voltage of 40 kV and current of 30 mA. The

scanning rate was 1�/min. From the XRD data, the interlayer

spacing of clay platelets was calculated using Bragg’s law as

follows:

d5
k

2Sin h
; (1)

where d is d-spacing (nm), k is wavelength of X-ray beam

(nm), and h is the angle of incidence.

Thermal Analysis. Thermogravimetric analyses of unmodified

and organically modified clay were performed on a Mettler-

Toledo TGA/SDTA 851 thermal analyzer in a dynamic atmos-

phere of nitrogen (flow rate 5 30 cm3/min). The samples were

heated in a alumina crucible at a rate of 10�C/min over a tem-

perature range of 30–500�C.

Fourier Transform Infrared Spectroscopy. FTIR spectroscopy

experiments were performed with a Bruker-Optics Alpha-T

spectrophotometer over the range 400–4000 cm21.

Scanning Electron Microscopy. To investigate the nature of sur-

face degradation, the morphology of the films was examined

under ZEISS, EVO 18 scanning electron microscope (SEM). For

SEM analysis, biodegraded films were coated with gold in a

sputter coater and observed under SEM at an accelerating volt-

age 15 kV.

Transmission Electron Microscopy. The nano-scale morphol-

ogy of the PBAT/4 wt % MMT and PBAT/4 wt % CMMT

nanocomposites was observed using TEM. TEM was performed

on a high-resolution TEM (model: JEM 2010 EM) at 120 kV

accelerating voltage.

Water Vapor Transmission Rate

Water vapor permeability of the layer silicate nanocomposite

films was calculated in accordance with the modified ASTM

E96-00 method.19 Film samples were sealed over a 60 mm cir-

cular opening of a permeation cell containing calcium chloride

(0% RH inside the cell). The permeation cells were then placed

inside a desiccator containing the saturated sodium chloride

solution (75% RH outside the cell), to create a 75% RH gradi-

ent across the film.20 The water vapor permeability was deter-

mined from the weight gain of the permeation cell every 24 h

until a constant rate of weight gain was attained. The water

vapor transmission rate was calculated using the following

equation21:

Q5
WL

S
; (2)

where W is the increase in the desiccant weight per 24 h, L is

the film thickness (cm), S is the exposed surface area (cm2),

and Q is the water vapor transmission rate (g/cm2 per 24 h).
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Compost and Biodegradation

The aerobic compost was prepared using a composition stated

in literature.22,23 The composition of the compost in dry weight

is shredded leaves, 11.4%; cow-dung, 40.8%; white bread, 2%;

newspaper, 15.8%; saw dust, 7.8%; food waste, 19.2%; urea,

3%. The biodegradation was performed in a perforated glass

pot. The biodegradation study was performed in compost with

a specimen size of 15 3 15 3 0.1 mm3 for 100 days. The sam-

ples were placed 4 cm beneath the surface of the compost. The

temperature was ambient ranging from 20 to 25�C. The mois-

ture content was maintained by spraying water at regular time

intervals.

Weight Loss Study

Three samples for each composition were taken out from the

compost after a specific time interval. After washing with dis-

tilled water thoroughly, samples were dried in a vacuum at

30�C until a constant weight was reached. The average %

weight loss was studied by using this formula:

% weight loss 5
fWo2Wtg3100

Wo

: (3)

Antimicrobial Activity

The antimicrobial activity of PBAT and its nanocomposite films

was tested by an inhibition zone method. Food pathogenic bac-

teria, Bacillus subtilis and Staphylococcus aureus ware used for

testing the antimicrobial activity of the films. For the qualitative

measurement of antimicrobial activity, the film samples were

punched to make disks (diameter 5 11 mm), and the antimicro-

bial activity was determined using a modified agar diffusion

assay (disk test).24 The plates were examined for possible clear

zones after incubation at 37�C for 2 days. The presence of any

clear zone that formed around the film disk on the plate

medium was recorded as an indication of inhibition against the

microbial species.

RESULTS AND DISCUSSION

Characterization of CTAB-Modified MMT

XRD Analysis. The XRD patterns of MMT and CTAB-modified

MMT are shown in Figure 1. The diffraction peak at 6.83� is

the characteristic peak of MMT attributing to the interlayer dis-

tance of 1.29 nm while CTAB-modified MMT (CMMT) shows

the usual peak at 2h 5 4.00� corresponding the basal spacing of

2.2 nm. This increase in the basal spacing value belongs to the

presence of large hydrophobic groups of CTAB in the clay gal-

leries. It can be said that the MMT has been successfully modi-

fied by CTAB where the sodium ion of MMT is replaced by the

long chain alkyl ammonium cation of CTAB.

TGA Studies. Figure 2 illustrates the TGA curves of MMT and

CMMT. Both the clays show the primary decomposition at the

temperature range of 50–100�C attributing to the elimination of

water molecules from the clay. The presence of surfactants in

the organoclay lowers the surface energy of the inorganic mate-

rial and converts the hydrophilic to an organophilic one. From

the TGA curve it is evident that the thermal stability of MMT is

comparatively higher than that of CMMT due to presence of

less thermally stable ammonium surfactants in organic-modified

MMT.25

Figure 1. XRD patterns of (a) MMT and (b) CMMT. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
Figure 2. TGA curves of (a) MMT and (b) CMMT.

Figure 3. FTIR spectra of (a) MMT and (b) CMMT. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FTIR Spectroscopy Analysis. Figure 3 shows the FTIR analysis

of unmodified MMT and CTAB-modified MMT. From the Fig-

ure 3, it is clear that the absorption band at 3454 cm21 of cor-

responding to AOH stretching vibration of the structural OH

groups in MMT is shifted to a lower wave number of 3404

cm21 with modification of the CTAB surfactant. The absorption

band of AOH bending vibration of water bonded with hydrated

cations of MMT at 1639 cm21 shifted to 1643 cm21 with modi-

fication of the CTAB surfactant. The intensity of those bands

decreases after modification with the CTAB surfactant due to

the replacement of water molecules by surfactant cations.26

Therefore, it can be concluded that the hydrophilic surface of

MMT has been modified to a hydrophobic surface. Conversely,

the sharp SiAO stretching band of MMT at 1033 cm21 splits in

to a sharp peak of 1035 cm21 with a shoulder around 1110

cm21 with the modification of CTAB surfactant. This significant

change in SiAO stretching band of MMT suggests that there is

a physical interaction between surface molecules of ammonium

bromide in the CTAB [CH3(CH2)17(CH3)3Nd1 Brd2] and silox-

ane [Sid1AOd2 of SiO4 tetrahedron] in the MMT.27

Figure 4. XRD patterns of PBAT and its nanocomposites containing various percentages of (a) MMT and (b) CMMT. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 5. TEM images of PBAT nanocomposite with 4 wt % of (a) MMT and (b) CMMT.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4007940079 (4 of 9)

wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Figure 6. The water vapor transmission rate of PBAT nanocomposites

with loading MMT and CMMT. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
Figure 7. Change in weight loss of the samples with bio-degradation time.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. SEM pictures of the biodegraded samples (PBAT and its nanocomposites with 2 wt %, 4 wt %, and 8 wt % MMT) before biodegradation, bio-

degradation after 60 days, and biodegradation after 100 days.
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Characterization of PBAT/Clay Nanocomposites

XRD Analysis. To scrutinize the nature of the PBAT/clay nano-

composites, XRD analysis has been performed and depicted in the

Figure 4. From the XRD results, it can be concluded that the inter-

action between PBAT polymer and MMT is very low. The diffrac-

tion peaks of pristine MMT and PBAT/MMT nanocomposites

containing 2 wt %, 4 wt %, and 8 wt % MMT are observed at

6.83�, 6.7�, 6.63�, and 6.76�, respectively, and its corresponding

interlayer spacing’s are 1.29 nm, 1.32 nm, 1.33 nm, and 1.32 nm,

respectively. It is apparent from Figure 4(a) that the characteristic

peak for MMT and PBAT/MMT nanocomposites appeared at

almost the same 2h value indicating the very weak or no interaction

between the two components present in the nanocomposites which

allow them to form immiscible or phase separated micro-

composites. Conversely, the diffraction peak of CTAB-modified

MMT (CMMT) is obtained at 4.00� corresponding to the interlayer

distance of 2.20 nm. For the nanocomposites of PBAT/CMMT con-

taining 2 wt %, 4 wt %, and 8 wt % CMMT, peaks are obtained at

2.59�, 2.65�, and 2.77� with the corresponding interlayer spacing of

3.41, 3.33, and 3.18 nm, respectively. So the conclusion that can be

drawn from the results is that the hydrophobic PBAT molecule pre-

fers to interact with organoclay (CMMT) forming the intercalated

PBAT/CMMT nanocomposites.

TEM Studies. The dispersion of clay layers in the polymer

matrix is observed by TEM and shown in the Figure 5. Figure

5(a,b) shows images of PBAT/4 wt % MMT and PBAT/4 wt %

CMMT, respectively. From the TEM image of PBAT/4 wt %

MMT [Figure 5(a)], it is clear that MMT layers present as tac-

toids of agglomerates throughout the polymer matrix due to

the very weak interaction between hydrophobic PBAT and

hydrophilic MMT. As a result the micro-composite of PBAT/

MMT is formed and this observation is in agreement with the

XRD results which show very little shifting in the diffraction

peak of MMT for PBAT/MMT composites. Conversely, Figure

5(b) established the formation of intercalated nanocomposites

of PBAT/CMMT and the interlayer distance is approximately

about 3.43 nm, which is close to the interlayer distance of 3.33

nm obtained from XRD analysis. The CMMT with lowered sur-

face energy are more compatible with PBAT and PBAT mole-

cules are able to intercalate within their interlayer space or

galleries under well-defined experimental conditions. This is a

surface modification which causes the reduction of surface

energy of organo-clay layers and matches their surface polarity

with polarity of PBAT molecules. So, intercalated nanocompo-

sites are formed in case PBAT/CMMT instead of microcompo-

site like PBAT/MMT.

Figure 9. SEM pictures of the biodegraded samples (PBAT/CMMT nanocomposites with 2 wt %, 4 wt %, and 8 wt % CMMT) before biodegradation,

biodegradation after 60 days, and biodegradation after 100 days.
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WVTR of Nanocomposite Films

Figure 6 shows the water vapor transmission rate of PBAT and

its nanocomposite films. The water vapor transmission rate of

PBAT film is obtained at 4.8 3 1025 g/cm2 per day and it

decreases for both the MMT and CMMT nanocomposites. The

decreasing trend in water vapor transmission rate is more domi-

nant for CMMT as CMMT and PBAT form a uniform disper-

sion where adequate interaction gives rise to intercalated

nanocomposites. With the addition of 2 wt %, 4 wt %, and 8

wt % MMT in PBAT film, the water vapor transmission rate

(WVTR) of nanocomposites is decreased by 4.6%, 6.87%, and

2.08%, respectively, whereas the water vapor transmission rate

of PBAT films is decreased by 11.25%, 25.21%, and 16.45%

with the addition of 2 wt %, 4 wt %, and 8 wt % CMMT,

respectively. So it is quite clear that the water vapor transmis-

sion rate of PBAT film is reduced marginally in the presence of

MMT due to very weak interactions present between the poly-

mer and MMT layers. Conversely, the impermeable CMMT clay

layers in the PBAT matrix increases the effective diffusion path

length for moisture and increases the water vapor barrier prop-

erty of the nanocomposite film.4,28 For PBAT/CMMT nanocom-

posite film, the decrease in WVTR is more prominent in the

case of 4 wt % CMMT attributing to the tortuous path for

water vapor diffusion which in turn plays the important role

from an application viewpoint. It is predictable that after a cer-

tain amount of clay impregnation into the polymer matrix, it

does not improve the WVTR29,30 as it is clear from the figure

and may be said that the greater amount of clay in the polymer

matrix undergoes agglomeration which prevents the film to

show the satisfactory amount of WVTR.

Biodegradation of Nanocomposite Films

Weight loss curve of PBAT and its nanocomposite films during

aerobic biodegradation process in compost is shown in Figure 7. It

is clearly noticeable from the figure that the greater the incubation

time, the higher the weight loss of PBAT film and the weight loss

of 3.45 wt % and 22.09 wt % are measured for the pure PBAT

film after 60 and 100 days, respectively. To fully visualize the effect

of MMT, we have taken the SEM images of each recipe made of

PBAT and MMT. It is quite understandable that MMT being a

hydrophilic clay should have the significant effect on the biodegra-

dation rate of PBAT/MMT nanocomposite films and it is evident

that with an increasing MMT concentration, the rate of biodegra-

dation of PBAT film increases, as witnessed from the SEM images

given in the Figure 8. Among the samples, PBAT/8 wt % MMT

film shows highest biodegradation rate which is about 10.05 wt %

and 37.54 wt % after 60 days and 100 days, respectively.

From the SEM images it can be concluded that the incorpora-

tion of MMT in the PBAT matrix erodes the surface of PBAT

owing to its higher biodegradation rate. The holes and cracks

present on the surface of pure PBAT becomes more intense as

the concentration of MMT increases and reaches to the

Figure 10. Photograph of antimicrobial test results of (a) PBAT and its nanocomposites with (b) 2 wt % MMT, (c) 4 wt % MMT, (d) 8 wt % MMT,

(e) 2 wt % CMMT, (f) 4 wt % CMMT, and (g) 8 wt % CMMT films against B. subtilis and S. aureus. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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maximum in the case of PBAT/8 wt % MMT attributing the

hydrophilic nature of unmodified nanoclay.31 Conversely, the

rate of biodegradation of PBAT film decreases with incorpora-

tion of organically modified nanoclays. From the Figure 7 it is

calculated that after 100 days, the weight loss of PBAT film is

about 9.67 wt %, 5.18 wt %, and 4.29 wt % with the incorpora-

tion of 2 wt %, 4 wt %, and 8 wt % CTAB-modified clay,

respectively.

To investigate the surface morphology, the SEM images of PBAT/

CMMT nanocomposites films are taken and given in the Figure 9.

From the Figure 9, it is quite comprehensible that with increasing

the concentration of CMMT in the PBAT matrix the rate of bio-

degradation of the films decreases and as a result of this the com-

paratively smooth surface with less cracks and holes is obtained in

the case of PBAT/8 wt % CMMT film among all the composi-

tions. In the case of hydrophobic organo-modified clay, the

homogeneous dispersion of silicate layers in the polymer matrix

obstructs the enzymes to penetrate through the composite films2

or hinder the water diffusion through it as the CMMT increases

the effective diffusion path length or the tortuous paths of PBAT

which is also responsible for lowering of WVTR.

Antimicrobial Activity of Nanocomposite Films

As these types of nanocomposite films are the emerging candi-

date in the field of packaging applications and in this context,

antimicrobial property must be one of the characteristic features

of these type polymer nanocomposites. The antimicrobial activity

of the films by the disk method against B. subtilis and S. aureus

is shown in the Figure 10. As evident from the images that the

PBAT and PBAT/MMT nanocomposite films do not show clear

microbial inhibition zones, whereas CTAB-modified MMT incor-

porated PBAT nanocomposite films exhibits distinctive microbial

inhibition zones in the disk method for both the microorgan-

isms. Zones of inhibition diameter of PBAT/CMMT nanocompo-

sites are 11.2, 13.7, 12.0 mm against B. subtilis and 11.1, 13.5,

11.5 mm against S. aureus with loading 2 wt %, 4 wt %, and 8

wt % CMMT, respectively. Therefore, PBAT/4 wt % CMMT

nanocomposite film shows efficient antimicrobial properties

against both microorganisms than the others. In lieu of this con-

text, it can be said that the presence of long chain hydrophobic

alkyl and cationic charge of a quaternary ammonium group in

CMMT can strongly inhibit the growth of microbes.18

CONCLUSIONS

A comparative study between MMT and CMMT-based nanocom-

posites has been described in this article. We have successfully

modified the MMT and prepared the PBAT/clay nanocomposites

via solution intercalation process. Among the two types of nano-

composites, PBAT/CMMT shows the greater degree of property

enhancement like water vapor transmission rate, and antimicro-

bial property due to the intercalated morphology and presence of

quaternary ammonium cation in the CMMT of nanocomposite.

Besides this, the same offers the better resistance towards degrada-

tion in the presence of different microorganisms in compost. As

the PBAT/CMMT nanocomposites offer greater resistance to the

colonization of gram-positive bacteria, for example, B. subtilis

and S. aureus owing to the presence of quaternary ammonium

cation, so it is unsurprising that PBAT/CMMT nanocomposites

shows the lower degree of biodegradation.
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