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Abstract Environmental problems caused by the increased waste associated with
short-term use of plastic materials, particularly by the food packaging industry,
prompted the search for biodegradable alternatives. This contribution studied one of
these alternatives, poly(butylene adipate-co-terephthalate)—PBAT, a polymer that
is fully biodegradable in common landfills, compounded with a small amount of
Cloisite 20A organoclay. Materials were mixed in a laboratory internal mixer and
films prepared in a chill roll extruder. Results show that the presence of organoclay
does not increase degradation of the polymer matrix during processing, nor affects
its crystallization characteristics. However, organoclay addition significantly
diminished oxygen and carbon dioxide permeability of the films, making them a
very interesting alternative for the food packaging industry.
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Introduction

The degradation of the natural environment by human action has been pushing the
search for solutions compatible with social and economic growth. One of the main
environmental problems created by contemporary civilization in industrial societies
is the increase in plastic products such as food containers, films, foams, bottles, etc.,
discarded in landfills. There are no simple answers to this problem. Recycling of
used parts is being explored as a possible solution, but recycling is a universal
answer to the disposal of plastic waste. Another promising approach is the use of
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biodegradable materials. Biodegradable plastics, that can be digested by aerobic
microorganisms (bacteria and molds), which are normally present in soil, and
returned to the atmosphere as carbon dioxide and water in a matter of months (not
years or even centuries), are an interesting alternative [1, 2].

Poly(butylene adipate-co-terephthalate) (PBAT) is considered one of the most
promising polymers for biodegradable films for the food packaging industry [3].
PBAT is a synthetic aliphatic—aromatic copolyester, which fully degrades within a
few weeks with the aid of enzymes naturally present in fertile soil. The aliphatic
moiety is responsible for its biodegradability, and the aromatic part provides good
mechanical properties compared to other polymers [4]. PBAT is a flexible plastic,
designed for film extrusion and extrusion coating, has high elongation at break, as
well as a good processability. Its mechanical properties are similar to those of
polyethylene films [5, 6]. It has been applied in the manufacture of agricultural films
and laminated films for solid food packaging and garbage bags [7].

However, poor barrier properties limit its applications in industrial packaging.
Thus, research efforts were focused on modifying PBAT permeability to gas and
vapors; one such modification was the incorporation of nanoscale fillers [§—11].

Azeredo and Jimenez et al. [12, 13], studied nanocomposite films PBAT/clay and
reported improvements of mechanical, thermal, and barrier properties without
additional processing or cost increases, while complete biodegradability was
retained [3, 14]. Bio-nanocomposite films of PBAT and blends, with a low layered
silicate filler content, displaying improved mechanical properties and thermal
stability have been developed in recent years [15-18].

This contribution is concerned with the processing of PBAT/organoclay
nanocomposites with 1, 3 and 5% loadings by melt mixing in an internal mixer.
Flat films about 100 mm thick were prepared by extrusion and characterized by
X-ray diffraction, infrared spectroscopy and differential scanning calorimetry. The
oxygen and carbon dioxide permeability of these films was determined as a function
of organoclay content.

Experimental

The poly(butylene adipate-co-tephthalate) [PBAT] is a statistical copolymer with
approximately an equal number of each structural unit as shown below
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Supplied by BASF (Germany) under commercial name Ecoflex®, grade F-C1200,
the polymer has a density of 1.26 g/cm® at room temperature, with a melt flow rate
of 3-5 dg/min (ISO 1133, 190 °C/2.16 kg), glass transition temperature —30 °C,
and melting point between 110 and 115 °C according to the manufacturer [5]. A
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higher melting point, around 135 °C, was measured in our lab, along with a low
degree of crystallinity, 10-15% [16].

The organoclay was Cloisite®20A purchased from Southern Clay Products
(USA). It is a natural layered silicate (montmorillonite) with cation exchange
capacity 0.95 meq/g, modified with quaternary ammonium salt with two long-chain
(C16 to C18) aliphatic residues. According to the manufacturer it has a basal
interplanar distance of 2.42 nm and a density of 1.72 g/lem®. A granulometric
analysis, performed with laser instrument Cilas 1064 LD, measured an average
particle diameter of 8.2 um, with 80% of the particles ranging in size from 1.7 to
15.7 pm.

Samples with 1, 3, and 5% organoclay content (by weight) were prepared in a
Haake Rheomix 3000 laboratory internal mixer, fitted with high-intensity (roller
type) rotors. The processing chamber wall was kept at a constant temperature of
160 °C and the fill factor was estimated at 75%. The mixer was operated at 60 rpm
for 10 min. Samples of the neat PBAT matrix were also processed to provide a
baseline for comparison.

The compounds produced in the mixer were ground and fed to a 16-mm bench
scale single screw extruder Lab-16 Chill-Roll from AX Plasticos (Brazil) with a flat
die, operating at 180 °C and 45 rpm, to prepare films for further characterization.
Film thickness between 95 and 125 pm was measured for the different compounds;
thickness uniformity for individual films was £5 pm.

The organoclay and the PBAT/organoclay films were characterized by X-ray
diffraction (XRD) using a Shimadzu XDR-6000 instrument, with incident radiation
of 4 = 0.154 nm wavelength; data were collected from 2° to 12° (26) at a scanning
rate of 1°/min. Basal interplanar distances were computed using Bragg’s law.
Differential scanning calorimetry (DSC) tests were conducted in TA Instruments
DSC Q20, with film samples of approximately 5 mg in an inert atmosphere,
following a thermal program in three stages: heating from 25 to 200 °C, cooling to
25 °C and reheating to 200 °C, at a heating/cooling rate of 10 °C/min. The raw
time/temperature heat-flow data were integrated using custom software and thermal
parameters (temperatures and rates, crystallinity, etc.) computed for all phase-
transition events detected. Permeability to oxygen and carbon dioxide gases was
measured at 25 °C in a GPD-C Brugger instrument according to ASTM D1434 e
ISO 15105/1 standards.

Results and discussion
X-ray diffraction

X-ray diffraction patterns for the organoclay (C20A), neat PBAT matrix, and the
compounds are shown in Fig. 1.

They show a significant expansion of the clay upon incorporation into the
polymer matrix, with the interplanar basal distance (separation between the clay
layers) increasing from 2.6 nm to more than 3.8 nm. This suggests a fair degree of
intercalation of the polymer chain in the clay structure, with qualifies the
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Fig. 1 X-ray diffraction patterns for the organoclay (C20A), the PBAT and the PBAT/C20A films

compounds as nanocomposites. However, no sign of exfoliation was detected in
peak structure.

PBAT is a polar resin, which may interact favorably with the surface of the
organoclay, even in the absence of a compatibilizer, through dipole—dipole and
hydrogen bonding. The significant intercalation shown by XRD as an increase in the
interlayer spacing of the clay suggests that. However, exfoliation depend more
processing conditions (high shear stresses) than on structural factors [19]. The
preparation methods employed in the present work (internal mixer, single screw
extrusion) did not provide the high stresses needed for significant exfoliation,
reflected in the relatively sharp XDR peaks [20].

Torque rheometry

Temperature inside the processing chamber (7) and total torque (Z) were measured
as a function of time () during compounding in the internal mixer. Results are
presented in Fig. 2.

The plots suggest that after 4 min the matrix is substantially molten. We may
assume that torque changes due to increasing degree of dispersion (if any) are
negligible during the terminal stage of melt processing, identified here as the last
2 min inside chamber (8-10 min processing time). Since at constant rotor speed
torque is directly proportional to melt viscosity at this stage, decrease of torque with
time may be attributed to increases in melt temperature and decreases in molar mass
of the polymer due to degradation during processing [21].

Temperature effects on the viscosity (that is, on torque) may be eliminated by
adjusting the torque to a constant reference temperature (7%):
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Fig. 2 Temperature (a) and torque (b) as function of time in the internal mixer chamber

7" =Zexp{B(T - T7)}, (1)

where Z* is the adjusted torque and f3 is the exponential temperature coefficient of
the viscosity, taken here as 0.012 °C~' [22] Fig. 3 shows the evolution of Z* during
the last 2 min of processing.

Decrease in adjusted torque with time during this stage suggests incipient thermal
degradation of the polymer matrix during processing. A relative rate of change of
the adjusted torque is then a measure of the rate of degradation [23]:
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Fig. 3 Adjusted torque as function of time during the terminal stage of processing in the internal mixer

1 dz*

Ry = ———.
z Z* dt

(2)
Table 1 shows several parameters of interest for the melt processing of the neat
PBAT matrix and the PBAT/C20A compounds.
The rate of change of molar mass may be estimated if the relation between
viscosity and molar at processing conditions is known [21, 22]. For the PBAT
processed in the laboratory, internal mixer/operating conditions used here [23]:

1 (AZ\ "
m~ - () o)

where R, is the relative rate of change of the weight-average molar mass of the
polymer. Nevertheless, R is a useful rate constant, assuming a first order process; if
expressed in min~' 100 x R, is the % change in torque for each minute of
processing.

In the present case, a slight increase of the rate of degradation is observed
(Table 1) as the clay content increases from 0% (neat matrix) to 5% C20A.

Table 1 Torque rheometry

T O 7. S in— 1
parameters during the terminal Sample T (0 Zx (Nm) dzx/de R (min™")
stage

PBAT 175.9 40.2 —0.699 0.0174
PBAT 1% 170.9 30.7 —0.735 0.0239
PBAT 3% 171.9 234 —0.540 0.0231
PBAT 5% 172.3 21.9 —0.558 0.0255
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However, the rates are low and degradation under processing may be disregarded in
first approximation.

Thermal properties

Figure 4 shows the raw data from the DSC, heat flow versus time, run with three-
stage temperature program (at 10 °C/min heating/cooling rate) as described in the
Experimental section, for the films of near PBAT and the PBAT/organoclay
compounds.

Thee phase-transition events may be identified: melting of the crystalline fraction
of the polymer during the first heating stage, crystallization from the melt during the
cooling stage, and melting during the second heating stage.

For the melt crystallization event, the starting and end points of departure from
the underlying baseline were visually established in a plot of heat flow (J) versus
time (f). The fractional crystallization (or relative crystallinity) x = x(#) for the
event was computed by integration:

) =5 / () — Jo())dr 4)

where Jj is a suitable virtual baseline during the event and E is the total latent heat
of phase change:

B= | ") - (), )

where #; and ¢, are the initial and final times. The rate of the phase change ¢ = ()
is:

—— PBAT
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Fig. 4 Heat flow measured in the DSC as function of time for the net matrix (PBAT) and the PBAT/
C20A nanocompounds
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Fig. 5 Relative crystallinity (a) and crystallization rate (b) as function of temperature for the melt
crystallization of PBAT and PBAT/organoclay nanocompounds
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The fractional crystallization may be expressed as function of temperature (7),
knowing the linear relationship between time and temperature during the event:
T =T, + ¢ (t-t;), where T} is the sample temperature at the starting point #; and ¢
= —dT/dt is the (constant) rate of cooling during the event.

The latent heat of phase change per unit of mass of crystallizable polymer
(PBAT) is:

Ey
mswp '

AH = ™)
where, mg is the sample mass and wp is the mass fraction of PBAT in the sample.
The mass crystallinty developed during the event is then estimated as:

AH

AX, = .
AH:,

(3)
where, AH? is the specific enthalpy of crystallization of 100% crystalline material
taken as AH, = 114 J/g for the PBAT [24].

Figure 5 shows the relative crystallinity and the crystallization rate as functions
of temperature.

Table 2 shows some typical parameters of the crystallization process, including
the crystallization temperature range (between 0.1 and 99.0% relative crystallinity),
the crystallization peak temperature 1., the maximum crystallization rate ¢y, the
crystallization half-time 7 2 the latent heat of crystallization and the crystallinity.

Melt crystallization temperature was not affected by the presence and concen-
tration of organoclay. Crystallization rate and crystallinity show moderate
decreases: about 14% in maximum crystallization rate and 12% in crystallinity,
comparing the PBAT/5% organoclay compound with the neat matrix. PBAT is a
random copolymer. Results suggest that the presence of clay particles has slightly
disturbed the already difficult crystal formation, and, in the absence of significant
delamination of the layered silicate, this effect masked the possible increase in
nucleating rate normally expected in filled melts. The crowding effect reported in
other polyesters may have also affected crystal growth [25]. This is a very positive
result for the intended application of the compounds as transparent packaging films.

The same procedure was applied to melting during the second heating stage.
Conversion (molten fraction) x and melting rate ¢ are plotted against temperature in
Fig. 6, and typical parameters of the melting event for all composition tested are
listed in Table 3.

Table 2 Parameters for the melt crystallization (C1) event

Sample To.1-T99.99 Tcp Cmax Ty AH, AX.

O O (min~") (min) g (%)
PBAT 86.7-63.5 73.6 1.25 1.24 18.1 16.0
PBAT/1% C20A 85.4-62.0 72.0 1.16 1.24 17.0 15.0
PBAT/3% C20A 84.0-65.0 72.2 1.20 1.06 17.7 15.6
PBAT/5% C20A 87.1-65.0 74.2 1.07 1.17 16.1 14.1
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Fig. 6 Molten fraction (a) and melting rate (b) as function of temperature during the reheating stage for
PBAT and PBAT/organocaly nanocompounds

Melting of the polymer matrix is shown as complex peak, with a minor
component melting at about 20 °C lower temperature than the major event. An
increase of 2 °C in the melting peak temperature and 3 °C in the final melting point
were observed for PBAT/5% C20A compound, compared with the neat matrix

@ Springer



Polym. Bull. (2017) 74:4423-4436 4433

Table 3 Parameters for the

3 Samp]e TO. I_T99.9% Tm Cmax AI-]m AXm

second melting (F2) event P L
g F2) ¢0) O minh) Uy (B
PBAT 90.6-141.5 123.0 0.397 13.2 11.5

PBAT/1% C20A  92.6-1422 123.6  0.385 120 105
PBAT/3% C20A  93.7-142.6 1247  0.397 129 113
PBAT/5% C20A  95.0-145.1 125.0 0.396 126  11.1

Table 4 Permeability to

oxygen and carbon dioxide Sample Permeability (107® cm® STP/cm-h-bar)
0, CO,
PBAT 322+ 1.8 372+ 13
PBAT/1% C20A 309 £ 4.7 159 + 26
PBAT/3% C20A 239 +£23 145 + 26
PBAT/5% C20A 142 £04 125+ 8

PBAT, but melting rate and crystallinity were not affected. Again, the phase
transition is remarkably independent of the presence of organoclay.

Permeability

Permeability to oxygen and carbon dioxide gases measured at 25 °C for the neat
PBAT and PBAT/organoclay films with 1, 3 and 5% C20A is shown in Table 4 and
plotted in Fig. 7. The presence and concentration of inert fillers usually lowers the
permeability of films. In present case, the effect the organoclay was very significant:
the incorporation 5% C20A in the PBAT matrix resulted in a 13% drop of oxygen
permeability, and a drop of 24% in carbon dioxide permeability compared to the
neat matrix value. Addition of organoclay lowers permeability to values comparable
to premium packaging films (HDPE, LLDPE), which are much lower than ordinary
LDPE film [26].

Films for food packaging applications require, in addition to low crystallinity and
low oxygen and carbon dioxide permeability, reasonable mechanical properties.
PBAT is well known for its excellent properties (high flexibility, impact and tearing
resistance) [1, 2, 5, 6]. Organoclay nanocomposites are reported to improve and
preserve these characteristics [9-17]. The enhanced mechanical properties and
biodegradability of Ecoflex/Cloisite 20A films will be presented in a forthcoming
publication.

Conclusions
Our data indicate that the addition of small amounts of organoclay (C20A) to PBAT

does not increase degradation of the polymer matrix during processing, nor does it
affect the crystallization process. These characteristics make nanocompounds of

@ Springer



4434 Polym. Bull. (2017) 74:4423-4436

40

0, permeability (10 °cm*®STP/cm-h-bar)

400

300

200

100

CO, permeability (1 0 %cm®STP/cm-h-bar)

Fig. 7 Permeability to oxygen (a) and carbon dioxide (b) at ambient temperature for PBAT and PBAT/
organoclay nanocompound films
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PBAT with up to 5% organoclay suitable for the preparation of films for packaging
industry, an interesting alternative to conventional materials, since the matrix is
fully biodegradable in common landfills. The low permeability of the PBAT/C20A
films to oxygen and carbon dioxide gases recommends these materials for food
packing, where this property is a major concern. We have found that PBAT/C20A
films appear to be good materials for this application: fully biodegradable with low
permeability and processable by conventional methods.
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