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Abstract

The biodegradation of aromatic-aliphatic biodegradable polyester poly(butylene adipate-co-
terephthalate) (PBAT) was studied under mesophilic (37°C) and thermophilic (55°C) anaerobic
conditions. Anaerobic sludge from municipal wastewater treatment plant was utilized as an
inoculum. Non-isothermal crystallization kinetics of PBAT before and after biodegradation was
explored by differential scanning calorimetry (DSC). Under mesophilic anaerobic conditions
(37°C) the biodegradation after 126 days was only 2.2 %, molecular weight changed from
93000 to 25500 g/mol and the crystallization behavior was changed only slightly. However,
biodegradation under thermophilic anaerobic conditions (55°C) caused much bigger changes:
biodegradation according to biogas production reached after 126 days 8.3 %, molecular weight
changed from 93000 to 9430 g/mol and the crystallization behavior was changed significantly.
While Tm increased only slightly, Tc on the other hand increased significantly for the sample
after biodegradation at 55°C. Also the crystallization rate was slower (particularly at lower
cooling rates), but crystallinity was slightly higher. The diffraction pattern was observed by X-
ray diffraction (XRD).

Keywords: poly(butylene adipate-co-terephthalate); anaerobic thermophilic sludge;
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Introduction
Biodegradable polymers are at present more attractive than ever since they are

environmentally friendly. An aromatic-aliphatic biodegradable co-polyester, poly(butylene
adipate-co-butylene terephthalate) (PBAT) has been produced by BASF under the trade name
Ecoflex®. PBAT is not only biodegradable, but it has also excellent thermal and mechanical
properties, thus it is used in applications such as agricultural materials (mulch film), compost
bags, lamination materials, food packaging, bags for organic waste or carrier bags [1].

In the past decades, anaerobic metabolization has become significant in the biological
treatment of organic household wastes, frequently applied in existing composting plants.
Several authors have investigated biodegradation of Ecoflex® in different composting [2-13]
and other environments such as soil burial [2-4, 11, 14-17]. Only limited research has been
reported on the biodegradation behaviour of the PBAT in anaerobic environment, and the
respective degradation behaviour under anaerobic thermophilic conditions [11, 18-21]. Perz et
al. [22] have revealed that typical anaerobic sludge can hydrolyze PBAT to some level, despite
the fact that the PBAT hydrolysis rate is not very high.

Both biotic and abiotic factors of the environment, such as moisture, temperature, bio-
surfactants, pH, and enzymes influence the biodegradability of biodegradable polymers; and so
do the internal polymer characteristics, such as crystallinity, chain flexibility, heterogeneity,
regularity, molecular weight and functional groups [15, 23]. In the microbial mineralization of
polyesters, the first step to produce oligomers and monomers is hydrolysis by extracellular
enzymes. Smaller molecules can be further digested in microbial cells. The sensitivity to an
enzymatic decomposition greatly rises when the crystalline domains have their melting point
less than 30 - 40 °C above the biodegradation temperature [20, 24].

The biodegradability of polymers is affected firstly by their chemical structure,
especially by the functional groups and by hydrophobicity-hydrophilicity balance, secondly by
the ordered structure such as orientation, crystallinity, and other morphological properties [3,
10, 14, 25-27]. Crystalline regions in a semicrystalline polymer are less susceptible to
degradation than amorphous regions, because the rate of water penetration is lower in the
crystalline regions than in the amorphous regions as the polymer chains are much more closely
arranged in crystal lamellae compared to the loose arrangement in amorphous regions.

Polymer crystallization kinetics must be explored from both points of view: theoretical
and practical. The mechanism of generation of the polymer crystal lamellae is significant in the
theoretical part. The practical part of polymer crystallization dwells in the effect to which
crystallinity influences the chemical and physical properties of polymers [28].
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Ergoz et al. [29] discovered the great influence of molecular weight on crystallinity and
crystallization rate. Crystallization rate was found to have a maximum at molecular weight
around 10° g/mol. Crystallinity below molecular weight 10° g/mol was almost constant and
above 10° g/mol it decreased steadily. Molecular weight always decreases during
biodegradation. Therefore, one can expect changes in crystallization behavior after
biodegradation. This assumption led to a detailed study of non-isothermal crystallization
kinetics of PBAT after biodegradation at low and high temperatures.

Biodegradability, thermal and mechanical properties are closely related to polymer
crystal structure [30]. In relation to a higher level of hydrolysis manifested by PBAT at elevated
temperatures [14] and consequently a possible rise in the degree of biodegradation in an
anaerobic environment, we investigated the behavior of PBAT in thermophilic anaerobic sludge
at 55°C. Similar biodegradation was carried out also at 37°C in order to compare both outcomes.
Secondly, melting temperature Tm and crystallization temperature Tc changes were examined,
and thirdly, differential scanning calorimetry (DSC) was applied to evaluate the kinetics of non-
isothermal crystallization. Even though PBAT has been excessively studied under aerobic
conditions, kinetics of crystallization after biodegradation in thermophilic anaerobic sludge was

not yet analyzed.

Materials and methods
Materials

PBAT, trade name Ecoflex®, was suplied by BASF, Germany; in the form of a 70 pm
thick film. The material has a number-average molecular weight (Mn) of 93000 g/mol, as
determined by gel permeation chromatography (GPC). Its melting point is 122.2 °C according
to differential scanning calorimetry (DSC) during the first heating scan at 10°C/min. Organic
carbon content (wc) equalled 62.4%, as determined by elemental analysis.

The contents of aliphatic and aromatic constituents in Ecoflex were identified by 'H-
NMR measurement [26] of Ecoflex solution with the solvent being deuterated chloroform at
concentration of 50 mg/mL. This method revealed 24.2 mol% of aromatic and 75.8 mol% of
aliphatic components in Ecoflex. [17]
We have purchased microcrystalline cellulose from Sigma-Aldrich. It was in powder form

with particles smaller than 20 um, and it was used in the biodegradation tests as control.



We prepared nutrient medium in accordance with CSN ISO 11743 as follows: Na2HPO4
(1.120 g/L), KH2PO4(0.270 g/L), MgCl2.6H20 (0.100 g/L), NH4Cl (0.530 g/L), FeCl2.4H20
(0.020 g/L), CaClz. 2H20 (0.075 g/L).
Applied inocula
a) mesophilic anaerobic (MA) sludge (37°C) from the municipal wastewater treatment
plant Zlin — Malenovice
b) thermophilic anaerobic (TA) sludge, prepared from the MA sludge by increasing its
temperature from 37 °C to 55°C for 15 days. The amount of 1.5 L of MA sludge was
centrifuged at 3,600 rpm for 10min then it was suspended in nutrient medium into a 2-
L glass bottle sealed with caps equipped with a gas-tight sampling valve.
Consequently, pH, oxidation-reduction potential (ORP), total solids, and volatile solids
in sludge were recorded. CH4 content in biogas (methane and carbon dioxide) was
analyzed using gas chromatography. The MA sludge was then kept in thermostat at 55
°C for 15 days and it changed to thermophilic anaerobic sludge which produced biogas
with CHs content than 60% (Table 1).

Biodegradation of PBAT in MA sludge at 37 °C

Film samples (5 x 5 mm) with weight about 100 mg were put into 250-mL glass gas-
tight bottles sealed with caps equipped with a gas-tight sampling valves. The amounts of 100
mL MA sludge containing 2.7 g-L! of total solids were added and bottles were stored at (37 +
2) °C. Biogas production was recorded once a week by gas chromatograph. Sampling amounts
of 100 ul were taken and injected into a gas chromatograph (GC) (Agilent 7890), equipped with
Porapak Q (1.829 m length, 80/100 MESH), carrier gas helium, flow 53 mL min!, column
temperature 50 °C, thermal conductivity detector. CH4 and COz2 contents were calculated from
the calibration curve obtained using a calibration gas mixture with declared composition
(Linde). In the final stage of our experiment, we determined pH, oxidation-reduction potential
(ORP), sample weight loss and inorganic carbon concentration in the liquid phase using
Shimadzu 5000A device.

The degree of total biodegradation Dt (%) of PBAT samples was calculated according to
Equation 1:

x 100 (1



where
mg (mg) is carbon released in biogas in the form of CH4 and CO2
mi (mg) is carbon found in liquid form as carbonate,

and my (mg) is theoretical carbon input in the tested samples.

Biodegradation of PBAT in TA sludge at 55 °C

Film samples (5 x 5 mm) with weight about 50 mg were put into 100-mL glass gas-tight
bottles and 50 mL of TA sludge was added. Bottles were stored at (55 + 2) °C. Biodegradation
was recorded once a week as the produced biogas (methane and carbon dioxide) was analyzed

in GC. The degree of biodegradation Dt (%) of tested samples was then calculated using Eq.
(D.

Determination of weight loss in Ecoflex

The sample weight loss was monitored during the biodegradation. Initially the polyester
was incubated, cleansed by distilled water and finally dried in the desiccator to the constant
mass. The weight loss (AW) of the samples was evaluated from the weight of each sample

before and after biodegradation. Three samples were always averaged.

Thermal Analysis

Differential scanning calorimetry (Mettler Toledo DSC, closed aluminum crucibles)
identified characteristic peaks. About 7 mg of the sample was inserted into the crucible and
heat flow was measured in a N2 (flow rate 20 mL/min) in the temperature range -90 to +200°C
at rates 10, 20, 30, 40 and 50 "C/min. An example of one experiment with heating and cooling
rates 40°C/min is as follows: heating from 25°C to 200°C at rate 40°C/min (first heating),
then cooling from 200°C to -90°C at rate 40°C/min, and lastly heating from -90°C to 200°C at
rate 40°C/min (second heating). Three measurements were always averaged and the standard

deviation was less than 2%.

Gel permeation chromatography
Gel permeation chromatography (GPC) was used to get the weight average molecular weight

(Mw) and molecular weight distribution before and after biodegradation. HT-GPC 220 system



(Agilent) with dual detection system (“VIS” viscosity detectors and “RI” refractive index) was
used. THF was used as a solvent, concentration was about 2 mg/mL. Detection and separation
were performed in mixed columns from Polymer Laboratories, 300 x 7.8 mm. Solvent was
THF, temperature 40°C, loading volume 100 pL, flow rate 1.0 mL/min. Calibration was
performed with narrow polystyrene standards (Polymer Laboratories Ltd., UK) having

molecular weight in range 580 to 3,000,000 g/mol.

XRD analysis
PBAT films were analyzed by X-ray diffractometer X’Pert PRO from PANalytical. 20
range was 5-60°, steps were 0.05°, time Ss, radiation Cu Ka (A=0.154 nm), 40 kV and 30 mA.

Results and Discussion
Biodegradation of PBAT in anaerobic mesophilic sludge (37 °C)

Figure 2 illustrates the level of biodegradation of PBAT by the help of biogas production
(Dg) that was evaluated from biogas released from the sludge during anaerobic biodegradation
at 37°C and 55°C. The value of Dg cannot indicate the value of total biodegradation (Dx)
because part of the carbon is in the liquid phase (as bicarbonates) and therefore is was evaluated
in the end of the experiment. Total biodegradation (D) was calculated with the help of Equation
(1).

Results show that PBAT almost does not at decomposed at 37°C (in mesophilic anaerobic
sludge). The value of D: for PBAT samples (total anaerobic biodegradability) was 2.2 % (see
Table 2). Similar results were published by many authors [18, 21].

Biodegradation of PBAT in anaerobic thermophilic sludge (55 °C)

Table 2 summarizes the test results. Evaluated parameters of the biodegradation of the
PBAT samples were expressed as total decomposition (Dt) and biogas production (Dg). These
parameters were evaluated from the carbon production in biogas and inorganic carbon (liquid
phase) and biodegradation through the loss in mass of the sample (AW).

Results shown in Fig. 2 and listed in Table 2 are in agreement with results from Abou-Zeid
et al. [18] who described difficult decomposition of PBAT in anaerobic thermophilic sludge. In
our case after 126 days Ecoflex decomposed by only 8.3 %. In an aerobic environment during
composting at temperature 58°C, PBAT reaches a higher, cca 15.8 %, degree of biodegradation,

e.g. during 120 days according to Wu et al.[9]. The increase of temperature thus does not



influence final biodegradation of PBAT in anaerobic sludge, but it strongly influences firstly
the hydrolysis degree, secondly the change in molar mass and thirdly the thermal properties as
illustrated below.

Better degradability at elevated temperatures results firstly from abiotic hydrolysis and from
different microorganisms at thermophilic conditions, and secondly from higher sensitivity of

the polymer chains to the degradation enzymes because of enhanced chain mobility.

Thermal behaviour of PBAT after biodegradation in mesophilic (37 °C) and

thermophilic anaerobic condition (55 °C)

Nonisothermal crystallization by differential scanning calorimetry

PBAT samples were initially melted and then cooled at various rates (range 10 — 50
°C/min). Exothermic curves of the heat flow were recorded. Data analysis was done according
to sequence disclosed by Liu et al [31]. Mechanism of the phase transition is strongly influenced

by the cooling rate. The relative crystallinity (Xt) was calculated according to Equation 2:

w= [ (@) | () @

where T, is onset of crystallization and T, is the the end of crystallization, and dH./dT is the

heat flow at temperature T. Crystallization time ¢ is given by:

t—TO_T 3)
@

where ¢ is the cooling rate.

Fig. 3 illustrates non-isothermal crystallization measured by DSC. Firstly, there is the
quite remarkable influence of cooling rate on the peak position. With increasing cooling rate,
the crystallization temperature T shifts towards lower temperatures. This Tc shift (due to
cooling rate) is quite small for PBAT degraded at 55°C. PBAT samples before and after
biodegradation at 37°C exhibit quite similar crystallization behavior; however, the peaks for
sample degraded at 55°C shifted significantly towards higher temperatures (compared to the

original sample).



Weng et al. [3] studied biodegradation of PBAT in soil and they observed a shift of T
towards lower temperature (from 80 to 73°C). On the other hand, Muthuraj et al. [14] who
performed a hydrolysis of PBAT at 50°C for 30 days, observed an increase in Tc (from 81.11
t0 96.50°C). Our results are in agreement with Muthuraj et al. In our case, after biodegradation,
the T. shifted also towards higher temperatures.

The temperature versus heat flow curves (see Figure 3 a,b,c) were recalculated to time
vs. heat flow curves (see Figure 3 d,e,f) with the help of Eq. 3. Peak area (integral) from time
vs. heat flow curves was normalized to sample weight and divided by AH ;199 (114 J/g) [14] to
get the crystallinity which is listed in Table 3.

Fig. 4 depicts crystallization and melting behavior just for one rate (40°C/min). The
shift of the crystallization peak for the sample degraded at 55°C is very large (45.18°C), while
the shift of the sample degraded at 37°C is only very small (2.50°C). One reason for a T¢ shift
could be a shift in melting temperature Tm. This was investigated in Fig. 4b. The melting
temperature shifted towards higher temperature; however, the shift was very moderate (2.84
and 4.30°C). A small increase in melting temperature can be attributed to a small increase in
the lamellar size that was caused most likely by the healing of the imperfections during the
long-term annealing at elevated temperature. In contrast the huge shift in crystallization
temperature (45.18°C) must have another cause than the Tm shift (4.30°C). The culprit is most
likely an increased nucleation rate. The reason for the increased nucleation rate could be either
lower molecular weight or presence of inhomogeneities due to biodegradation in sludge, or it
could be the influence of both factors. The inhomogeneities could have origin in remaining
parts of the microorganisms.

Fig. 5 shows the influence of heating and cooling rates on melting (Tm) and
crystallization (Tc) temperatures. Firstly, there is a small increase in melting temperatures (at
the top of the graph) due to biodegradation. The crystallization temperature increased
moderately for samples degraded at 37°C; however, there is a huge shift of crystallization
temperature towards higher temperatures for samples degraded at 55°C. One can notice quite a
small rate dependence of Tm compared to large rate dependence for Tc. Numerical values of Tm
and T. are listed in Table 3 where crystallinity X is also shown. Crystallinity increased only
slightly for samples after biodegradation at 55°C. Increased crystallinity suggests that the
amorphous regions are being degraded first [10]. It is worth to notice that Figs. 3 and 4 are
shown just for the measurement of one selected sample while Fig. 5 summarizes the average

values and standard deviations for 3 DSC measurements.



The crystallization kinetics was analyzed in detail and initially the relative crystallinity
(Xt) was plotted as a function of time in Fig. 6. When we compare the original sample with the
sample degraded at 37°C, the crystallization kinetics is quite similar. Even the sample degraded
at 55°C exhibits similar crystallization kinetics for fast cooling rates (50, 40 and 30°C/min).
However, at slower cooling rates (20 and 10°C/min) the crystallization kinetics is remarkably
slower for the sample degraded at 55°C. While e.g. at 10°C/min rate it takes about 150s to
complete the crystallization of the original sample, it takes more than 400s to complete the
crystallization of the sample degraded at 55°C.

The comparison of crystallization kinetics is clearly visible in Fig. 7 for the cooling rate
10°C/min. While the crystallization kinetics for the original sample and the one degraded at
37°C are almost identical, the sample degraded at 55°C is significantly slower. After the
biodegradation at 55°C, the diffusion process (or mobility) of the polymer chains towards the
growing front of a lamella could be slower. Another explanation could be in inhomogenities
introduced from the sludge during biodegradation that act as obstacles during the growth of
lamellae. The lamellae have to go around the obstacle which slows down the overall
crystallization process. One important factor is also the fact that the crystallization proceeded
at higher temperature (closer to Tm) which generally decreases the crystallization rate.

The development of relative crystallinity in time is expressed by Avrami equation and

we used it to analyze crystallization kinetics [32]:

1—-X; =exp(—Zt") (4)

where X, is relative crystallinity increasing in time ¢. Z is a constant relating to crystallization
rate and # is the Avrami constant relating to nucleation and growth. Equation (4) can be written

in double logarithmic form:

In[—In(1 -X;,)]=InZ —nInt (5)

Avrami equation was originally developed for the study of isothermal crystallization of
low molecular substances [33]. The n index is an integer ranging from 1 to 4, and is related to
nucleation and growth parameters as follows [34]:

n=a+(d/p) (6)
where n is the Avrami index, a is the nucleation index (a=1 for homogeneous nucleation and 0
for heterogeneous nucleation), d is the dimensionality of crystal growth (with values 1, 2 and
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3 for one-, two- and three- dimensional growths, respectively), and p is the growth index (p =1
for interface-controlled growth, and 0.5 for diffusion-controlled growth). Later, Avrami
equation was also applied by many authors to evaluate the kinetics of polymer crystallization
under nonisothermal conditions [33]. In this case, however, the Avrami parameters do not have
the same physical meaning as in the case of isothermal crystallization kinetics, because
temperature change affects the rate of both nuclei formation and spherulite growth [35]. They
are rather used as adjustable parameters in fitting the Avrami equation to experimental data.
Nevertheless these parameters are quite useful in tracking changes in polymer crystallization
due to sample modification such as biodegradation [36, 37] and there is a very good correlation
between half time of crystallization ti2 with Avrami normalized rate constant K as it is shown
below.

One can obtain one-half of crystallization ti2 from graphs shown in Figs. 6 and 7 when
the crystallinity curve reaches 50% value (or Xi=0.5). This ti2 value is plotted as a function of
the cooling rate in Fig. 9. Firstly, the t12 values are quite similar for the original sample and the
one degraded at 37°C. However, one can notice quite a large difference in t12 values for samples
degraded at 55°C crystallized at slower cooling rates (10 and 20°C/min), the crystallization took
considerably longer time. Crystallization kinetics can be expressed also as 1/ti2 as it is shown
in Fig. 9b. Interestingly, the sample which degraded at 55°C shows lower crystallization
kinetics for all cooling rates.

From Figure 8 which illustrates In[-In(1-X2)] as a function of In#, one can use the linear
portions of the curves (we have used range of relative crystallinity 5-95%) and can get
parameters n and Z. These are listed in Table 4. Rate constant Z is commonly used to evaluate
the rate of crystallization kinetics, however, n parameter may differ for various samples which
can complicate the evaluation of the crystallization kinetics rates of different samples.
Consequently, a normalized rate constant K which is independent on Avrami exponent was

utilized in Eq. (7)[38]:
K=z (7)
Calculated values of normalized rate constant K are given in Table 4. With growing
cooling rate, K constant increased for all samples. The original sample and the sample after

biodegradation at 37°C show quite similar corresponding K values. In contrast, we can notice

substantially different K values for the sample after biodegradation at 55°C at cooling rates 10
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°C/min (0.0058 vs. 0.0117 s™') which indicates about 1/2 crystallization kinetics; this agrees
well with ti2 increased from 75.51 to 142.79s obtained by a different kind of data analysis.

It is clear from Table 4 and Figure 9a that sample after biodegradation needs
significantly extended time to reach 50% crystallinity, i.e. the crystallization takes much longer
time.

The crystallization kinetics rate was described in [39] with the help of /212 value. Figure
9b illustrates 1/¢1,2 values as a function of cooling rate (before and after biodegradation) and it
confirms slower crystallization as expressed by the normalized rate constant.

These results can be compared with [28, 40] where the influence of molecular weight
on crystallization of poly(tri-methylene-terephthalate), another polyester, was observed. The
conclusion was that polyester with lower Mw has significantly lower Tc and that the
crystallization takes significantly longer time. Additionally, the nucleation density grows with
an increasing Mw. In our experiment, biodegradation resulted in decreased molecular weight
and we have detected slower crystallization. However, after biodegradation the T substantially
increased. Muthuraj et al. [ 14] explained the shift in Tc towards higher temperature by increased

nucleation caused by the presence of oligomers.

Gel permeation chromatography

In order to analyze the changes in material at a molecular level (especially chain
scission), which could not be detected by analyzing of product of mineralization, GPC
measurements of PBAT after biodegradation was carried out and compared with non-degraded
sample (Fig. 10). Obtained data showed the significant shift in molecular weight towards lower
values after biodegradation experiment even though final mineralization reaches 8,3 % for
sample after biodegradation at 55°C. The average weight molecular weight Mw declined from
93000 g/mol in original sample to 25500 (37°C) and to 9430 g/mol (55°C) and polydispersity
index (PDI) changed from 2.48 (original sample) to 2.56 (37°C) and to 1.89 for the sample after
biodegradation at 55°C. This considerable drop of molecular weight suggested hydrolysis of
ester bonds by microorganisms during biodegradation (Fig.1). However, despite dramatic
reduction in the length of the polymer chains of PBAT, it is likely that the particles are still too
bulky to penetrate the cell membrane of microorganisms, thus they have to be shortened even
more to permit assimilation and final microbial mineralization.

Systematic change in molecular weight (93000, 25500, 9430 g/mol) corresponds well

with systematic change in melting point Tm shown in Figure 5. The interesting was the abrupt
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change in crystallization temperature and crystallization kinetics (see Figure 6) from sample
37°C to 55°C. Apparently in this range of low molecular weight (25500, 9430 g/mol) the
crystallization is influenced much more than in range (93000 — 25500 g/mol). This agrees well
with the findings of Ergoz et al. [29] who found only small change in crystallization kinetics
for polyethylene samples with molecular weight in range 30000-100000 g/mol but a huge
difference in crystallization kinetics in range 8000-30000 g/mol. In their case with decreasing
molecular weight in range 8000-30000 g/mol the rate of crystallization decreased tremendously

(10-100x).

XRD Analysis

The XRD results of PBAT before and after biodegradation are presented in Fig. 11.
PBAT exhibits five different diffraction peaks, with a combination of amorphous and
crystalline structures. The crystal peaks for the sample before biodegradation were observed at
16.3°,17.5°,20.5°,23.1 and 24.9° corresponding to the planes of (011), (010), (101), (100) and
(111), respectively [41].

In angle ranges 5-14° and 24-35° the intensity increases systematically for original
sample, 37°C and 55°C samples. However, in angle range 14-24° the original sample has peaks
between the 37°C and 55°C samples. The biodegradation causes slight increase in overall
crystallinity due to partial assimilation of amorphous phase by microorganisms, but the

structure of remaining crystals is not influenced significantly.

Conclusion

Biodegradation of aromatic-aliphatic copolymer poly(butylene adipate-co-
terephthalate) (PBAT, Ecoflex®) was studied in mesophilic (37°C) and thermophilic anaerobic
sludge (55°C). It was confirmed that pure Ecoflex® almost does not decompose in anaerobic
thermophilic sludge (only 2.2 %) based on biogas production. However, in case of thermophilic
anaerobic degradation the biogas production was higher (e.g. 8.3 % after 126 days); which
means increased biological degradation of PBAT.

The average molecular weight Mw declined from 93000 g/mol in the original sample to
25500 g/mol after biodegradation at 37°C and to 9430 g/mol after biodegradation at 55°C. This
considerable drop in molecular weight suggested the hydrolysis of ester bonds at elevated

temperature during biodegradation.
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The crystallization kinetics of PBAT was studied in detail by DSC after biodegradation
in mesophilic and thermophilic anaerobic degradation. It was also analyzed using Avrami
equation. When we compare the original sample with the sample degraded at 37°C the
crystallization kinetics was quite similar. However, the sample degraded at 55°C exhibited quite
different crystallization behavior.

Both concurrent impacts, higher temperature and biodegradation, cause decrease in the
polymer chains’ length that normally leads to a decreased crystal size; however, in our case the
melting point increased. One possibility how this phenomenon could be interpreted is an
increase in the crystal size according to Gibbs-Thompson equation [42]. Another possibility is
a change in copolymer composition after biodegradation due to decreasing content of aliphatic
part of polymer chain which could be preferably hydrolyzed during biodegradation at 55°C
[22]. Also the crystallinity slightly increased after biodegradation.

Biodegradation at 55°C led to a significant change in crystallization behavior.
Crystallization kinetics was slower and Te shifted towards higher temperatures that could be
interpreted by higher nucleation and/or by a change in copolymer composition (higher content

of butylene terephthalate in PBAT).
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Figure captions:

Fig. 1. Hydrolytic degradation of PBAT.

Fig. 2. Degree of biodegradation by biogas production (Dg) of PBAT under mesophilic
anaerobic (37°C) and thermophilic anaerobic condition (55°C). D¢ (degree of biodegradation
by biogas production) is expressed as the percentage of carbon in form of methane and carbon
dioxide, generated out of theoretical amount of organic carbon in the polymer. Error bars
correspond to twice standard deviation (n = 3).

Fig. 3 Nonisothermal crystallization of PBAT at various cooling rates by DSC. (a,d) original
sample, (b,e) after biodegradation in mesophilic anaerobic sludge at 37°C (c,f) after
biodegradation in thermophilic anaerobic sludge at 55°C.

Fig. 4. Shift of (a) crystallization temperature Tc and (b) melting point Tm for PBAT during
second heating and cooling at 40 °C/min.

Fig. 5. Change of crystallization temperature T. and melting temperature Tm caused by
biodegradation of PBAT as a function of heating (cooling) rate.

Fig. 6. Relative crystallinity (Xt) as a function of time during nonisothermal crystallization for
PBAT (a) before biodegradation (b) after biodegradation in mesophilic anaerobic sludge at
37°C, (c) after biodegradation in thermophilic anaerobic sludge at 55°C.

Fig. 7. Comparison of relative crystallinity (X:) development for PBAT before and after
biodegradation at cooling rate 10 °C/min.

Fig. 8. Plots according to Avrami’s equation for PBAT (a) before biodegradation, (b) after
biodegradation at 37 °C, (c) after biodegradation at 55 °C.

Fig. 9 (a) Half time of crystallization t1/2 and (b) crystallization kinetics 1/t12 as a function of
cooling rate before and after biodegradation under mesophilic (37°C) and thermophilic
anaerobic conditions (55°C).

Fig. 10 Molecular weight distribution of PBAT before and after biodegradation under
mesophilic (37°C) and thermophilic anaerobic conditions (55°C).

Fig. 11. XRD diffraction patterns for PBAT before and after biodegradation under mesophilic
(37°C) and thermophilic anaerobic conditions (55°C).
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Table 1

Characterization of the anaerobic sludge before and after 15 days of pre-incubation at 55°C

Sludge from wastewater Sludge after 15 days of

treatment plant 37°C pre-incubation at 55°C
Total solid (g.L™) 23.4 18.9
Volatile solids (%) 48.8 39.8
pH 7.35 7.65
ORP (mV) -343.2 -333.3
Methane ratio (%) 65.2 71.2

Table 2

Biodegradation after 126 days of PBAT under mesophilic (37°C) and thermophilic anaerobic
condition (55°C) according to the degree of biogas production Dg (%), total biodegradation Dt
(%) and percentage weight loss (AW)

Inoculum D¢+ SD D¢+ SD AW
[70] [70] [70]

Mesophilic sludge (37°C) 2.1+0.6 2.2+0.9 2.840.9

Thermophilic sludge (55°C) 8.3+1.4 8.4£1.6 8.5+1.9
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Table 3

Crystallization temperature (Tc), crystallinity (Xc) and melting point (Tm) of PBAT films

before and after biodegradation under mesophilic (37°C) and thermophilic anaerobic

condition (55°C) at various cooling rates.

Sample Cooling rate Te Xe Tm
[°C/min] [°C] [Yo] [°C]
10 72.69 8.11 122.25
sample before 20 62.61 8.55 120.73
biodegradation 30 56.42 9.21 119.93
40 52.03 11.88 120.13
50 46.61 8.08 -
10 77.97 7.81 123.46
sample after 20 68.16 8.25 123.42
biodegradation at 30 60.75 8.96 123.75
37°C 40 55.31 11.15 124.19
50 49.70 8.80 -
10 111.62 9.72 129.82
sample after 20 108.12 10.62 128.12
biodegradation at 30 105.65 11.69 126.67
55°C 40 97.38 12.04 125.51
50 94.80 11.38 -
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Table 4

Avrami parameters of nonisothermal crystallization of PBAT films before and after

biodegradation under mesophilic (37°C) and thermophilic anaerobic condition (55°C)

Sample Cooling rate V4 K t12
n
[°C/min] [s™] [s] [s]
10 2.9894 1.66e-6 0.0117 75.51
20 3.3451 1.58e-6 0.0184 44.97
Sample before
30 3.4537 3.56e-6 0.0264 35.36
biodegradation
40 3.1507 1.94e-5 0.0320 28.01
50 3.5096 8.72e-6 0.0362 24.64
10 2.9062 2.36e-6 0.0116 77.48
sample after 20 3.1656 3.10e-6 0.0182 51.51
biodegradation 30 3.2507 5.81e-6 0.0245 37.14
at 37 °C 40 3.3916 5.73e-6 0.0285 29.36
50 3.2279 2.47e-5 0.0374 2542
10 2.1897 1.26e-5 0.0058 142.79
20 2.5807 1.44e-5 0.0133 62.88
sample after
_ ) 30 2.7998 2.83e-5 0.0237 44.56
biodegradation
40 2.9981 2.54e-5 0.0293 31.42
at 55 °C
50 3.2094 1.80e-5 0.0332 27.63
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Fig. 1. Hydrolytic degradation of PBAT.
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Fig. 2. Degree of biodegradation by biogas production (Dg) of PBAT under mesophilic
anaerobic (37°C) and thermophilic anaerobic condition (55°C).
Dg (degree of biodegradation by biogas production) is expressed as the percentage of carbon
in form of methane and carbon dioxide, generated out of theoretical amount of organic carbon

in the polymer. Error bars correspond to twice standard deviation (n = 3).
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Fig. 3 Nonisothermal crystallization of PBAT at various cooling rates by DSC. (a,d) original
sample, (b,e) after biodegradation in mesophilic anaerobic sludge at 37°C (c,f) after

biodegradation in thermophilic anaerobic sludge at 55°C.
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Fig. 7. Comparison of relative crystallinity (Xt) development for PBAT before and after

biodegradation at cooling rate 10 °C/min.
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Fig. 10 Molecular weight distribution of PBAT before and after biodegradation under
mesophilic (37°C) and thermophilic anaerobic conditions (55°C).
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Figure 11. XRD diffraction patterns for PBAT before and after biodegradation under
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