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Abstract

In this study, poly-lactic acid (PLA) and poly-3-hydroxybutyrate-co-3-hydroxyhexanoate (PHBH) were pyrolyzed at various
temperatures (300, 350, 400, 500, 600, and 700 °C) and heating rates (5, 10, 20, 30, and 40 °C min_l) using a pyrolysis—gas
chromatograph/mass spectrometer (Py—GC/MS). The results revealed that the main pyrolysis products of PLA were acetal-
dehyde, lactide (including meso-lactide and p-, L-lactide), and oligomers. Crotonic acid and its oligomers accounted for most
of the PHBH pyrolyzates. The pyrolysis temperature significantly correlated with the product distribution, but the heating
rate had a small effect on the product distribution. Lactide and crotonic acid were two kinds of high-value chemicals, and
their highest yields were obtained at 400 and 600 °C with 29.7 and 72.6 area %, respectively. Secondary reactions could not
be neglected at 700 °C, and acetaldehyde and crotonic acid decreased to 65.0 and 69.6 area %, respectively. These results
imply that pyrolyzate selectivity can be controlled by temperature management during pyrolysis.

Keywords Poly-lactic acid - Poly-3-hydroxybutyrate-co-3-hydroxyhexanoate - Pyrolysis - Temperature effects - Pyrolysis—
gas chromatograph/mass spectrometer

Introduction

Plastics have become indispensable in modern society since
they are commercially available. Over the past few decades,
plastic production has steadily increased from 1.5 million
tons in 1950 to 368 million tons in 2019 owing to its supe-
rior performance in stability, lightness, and low cost [1, 2].
However, the production and use of plastics have brought
about a series of negative effects [3, 4], and the introduc-
tion of bioplastics is a promising way to reduce the envi-
ronmental burden. Bioplastics are generally divided into
three types: bio-based/non-biodegradable, petroleum-based/
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biodegradable, and bio-based/biodegradable plastics. Of
these, bio-based/biodegradable plastic is the most remark-
able, as it consumes less petroleum in the process of pro-
duction and can be broken down by microorganisms when
discarded. Many countries have introduced policies to
encourage the use of bioplastics [5, 6], and the global bio-
degradable plastics production is forecasted to increase from
1.23 million tons in 2020 to 1.8 million tons in 2025, of
which poly-lactic acid (PLA) will be the most utilized bio-
plastics, and poly-hydroxy alkanoate (PHA) production is
expected to increase greatly [7].

However, some researchers pointed out that it is not a
silver bullet to prevent plastic pollution [8, 9]. Generally, the
degradation rate of biodegradable plastics is extremely slow.
Depending on the types, it may take months or even years for
bioplastics to degrade [10, 11]. Additionally, plastics form
microplastics during biodegradation, which can be absorbed
by soil organisms or transported to aquatic ecosystems [12].
Therefore, from an economic and ecological point of view, it
would be better if biodegradable plastics could be recycled
as effectively as petroleum-based plastics.
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Among the technologies for treating plastic waste, pyroly-
sis is promising and can rapidly convert waste plastics into
chemical feedstock in an inert environment. Many research-
ers studied the pyrolysis of petroleum-based and non-biode-
gradable plastics, which can produce a wide range of gasses,
oils, waxes, and solids [13, 14]. The types of feedstock, reac-
tor, catalyst, pyrolysis temperature, residence time, and pres-
sure are considered to be the main factors affecting the distri-
bution of pyrolysis products [15—18]. Extensive research is
conducted on the pyrolysis of bio-based biodegradable plas-
tics, and it is reported that the main pyrolyzates of PLA are
CO, CO,, acetaldehyde, acetone, acrylic acid, meso-lactide,
and Dp-, L-lactide, and trans-esterification is considered to be
the basic pyrolysis mechanism [19, 20]. The major pyroly-
sis products of poly-3-hydroxybutyrate (PHB) were crotonic
acid and its oligomers, which were mainly formed via cis-
elimination [20, 21]. Metal-based catalysts, such as Zn, Ti,
and Sn, were reported to facilitate the pyrolysis of PLA [22,
23], and MgO, Mg(OH), and CaO were used to improve the
yield of crotonic acid in PHB pyrolysis [24, 25]. Tempera-
ture and heating rate are important factors affecting pyrolysis
that may influence production composition [26]. At higher
temperatures, stronger cracking of C—C bonds of plastic was
observed, and higher gas yield was obtained [27, 28]. At
lower heating rates, the slow conversion/degradation allows
the volatiles to stay in the heating zone for an extended
period, resulting in further cracking or reformulation of
the hydrocarbons to form low carbon range hydrocarbons
producing a low-density pyrolytic oil [29]. However, most
of the studies focused on petroleum-based plastics, such as
PE, PP, PS, PET, and PVC. There is little research on their
influences on the pyrolysis of bioplastics. To understand the
effects of temperature on product distribution, it is necessary
to study the pyrolysis behavior of biodegradable plastics at
different temperatures and heating rates. Additionally, the
results can help to determine the best pyrolysis conditions
for obtaining high-value chemicals.

Pyrolysis—gas chromatography/mass spectrometry
(Py—GC/MS) is an effective analytical technique widely
used for the characterization of polymers and analysis of
plastics in the environment [30, 31]. It is also proven to be
suitable for characterizing the degradation of bioplastics [32,
33]. Therefore, we prepared PLA and poly-3-hydroxybu-
tyrate-co-3-hydroxyhexanoate (PHBH) as representatives
to analyze the effect of the heating rate and temperature on
the pyrolysis product distribution using Py—GC/MS. The
pyrolysis kinetic parameters were also calculated using the
model-free isoconversional method, and the reaction models
were determined using the Criado master plot.

Materials and methods
Materials

PLA was purchased from Standard Testpiece Co. Ltd.
(Kanagawa, Japan). PHBH (X131A) was supplied by
Kaneka Co. Ltd. (Tokyo, Japan). All the samples were
ground to a size of 100 mesh or less. The obtained samples
were dried in a vacuum oven at 40 °C for over 12 h before
the pyrolysis tests.

Thermogravimetric (TG) measurements and kinetic
analysis

TG analysis (TGA) was performed using a TG analyzer
(STA7200RV, Hitachi High-Tech Science Corporation,
Japan). Approximately 5 mg of sample was heated from
50 to 700 °C at the rates of 5, 10, 20, 30, and 40 °C min~!
under nitrogen atmosphere at a flow rate of 100 mL min~".

The decomposition rate can be described as follows:
& = k(D (@), 1)

where, k(T) is the rate coefficient, f(a) is the differential
conversion function depending on the reaction mechanism,
and a is the conversion rate, which can be expressed as:

a = mg—nt;
gy @

where, my, m,, and m_ are the initial mass, mass at time ¢,
and the final mass, respectively. In this study, all the sam-
ples were completely decomposed, and the weight barely
changed when the heating program ended. Therefore, m
was considered as the sample weight at 700 °C. The rate
coefficient can be described by the Arrhenius equation:

KT) = Ae™ 7, 3)

where, A is the pre-exponential factor (min™h), E, is the
activation energy (J), R is the universal gas constant
(8.314 T mol~! K1), and T'is the absolute temperature of the
reaction (K). Considering that constant heating rates were
set, the relationship between time (7), temperature (7), and
heating rate (f) can be described as

p=15. )

By combing Egs. (1), (3), and (4), the decomposition
rate can be described as:

j—; = %e_R_;f(a). 5)
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In this study, isoconversional methods were chosen
to describe the kinetics of pyrolysis and calculate the
apparent activation energy without any assumptions in
the kinetic model. The most common isoconversional
integral methods are the Flynn—Wall-Ozawa (FWO),
Kissinger—Akahira—Sunose (KAS), and Starink methods.
These methods can be expressed as follows [34-36]:

. J— AEZ‘ Ea
FWO: lgf = lg( 22 ) 2,315 - 045672, ©)
. 5\ _ AR\ _E
KAS:In(% ) = in( 22 ) - &, @
Starink: In( £ ) = C, - 10082 ®)

Based on the above equations, it can be observed that
there is a linear relationship between 1/T and lg g (FWO
method), In[#/T%] (KAS method), and In[4/T"?] (Starink
method), and the activation energy can be determined
from the slope. In this study, the conversion rate a was
selected in the range of 0.05 <a <0.95 with intervals of
0.01.

The reaction model was determined using the Criado
master plot, which can be obtained by multiplying the dif-
ferential and integral of the reaction model. The equation
for Criado master plot can be expressed as follows [37]:

da
(@ _ ( r, )2 y (%), _ s
2(0.5) Tos

(%), T f(05)505) ®)

The kinetic reaction models used in this study are

summarized in Table S1. After determining the reaction

model, the pre-exponential factor can be determined using
the compensation effect [38]:

InA; = aE; + b, (10)

where, a and b are the parameters of the compensation
effect, which are evaluated using several pairs of A; and E;.
By combing Egs. (1) and (3), the Aj and E;can be calculated
by:

1n<jl—j’) = In[Af(a)] - . (11)

The values of In[A;f(a)] = can be calculated from the
intercept, and E; can be calculated from the slope of the
plot between 1/7 and ln<cc1]—‘: ) The correct pre-exponential
factor A, can be determined using Eq. (10) by substituting

the activation energy values obtained from the isoconver-
sional methods.

@ Springer

Py-GC/MS measurements

Slow and fast pyrolysis tests were conducted using a multi-
shot pyrolyzer (EGA/Py-3030D, Frontier Laboratories Ltd.,
Japan) combined with gas chromatography/mass spectrom-
etry (GC/MS) (GC:7890, MS:5975, Agilent, USA) (Py—-GC/
MS) to analyze pyrolyzates. An Ultra ALLOY® Capillary
Column*—5 (30 m length, 0.25 mm i.d., 0.25 pm film thick-
ness of 95% polydimethylsiloxane and 5% poly-diphenyl
dimethylsiloxane stationary phase, Frontier Laboratories
Ltd., Japan) was employed, and helium was used as the car-
rier gas with a flow rate of 1 mL min~". In fast pyrolysis,
the pyrolyzer was set to 300, 400, 500, 600, and 700 °C for
10 min. In slow pyrolysis, the pyrolyzer was heated from 50
to 700 °C at 5, 10, 20, 30, and 40 °C min~". Approximately
0.5 mg of sample was loaded and the pyrolysis products
were trapped by a cryotrap until the reaction was com-
pleted. Thereafter, the cryotrap was removed and the prod-
ucts were transferred to the MS via the separation column.
The inlet mode was chosen as split mode with a split ratio
of 100:1 and an inlet temperature of 300 °C. The GC oven
program was set: 40 °C (5 min) — 20 °C min~' — 300 °C
(10 min) — 10 °C min~' — 310 °C (5 min). The mass spec-
trometer was set to scan mode, and the scanning range was
set to m/z 10-600 at 70 eV. The MS transfer line tempera-
ture, MSD source temperature, and MS quadrupole tem-
perature were 280, 230, and 150 °C, respectively. As it is
not possible to collect the pyrolysis products and determine
the yield of oil or gas, the peak area percentage was calcu-
lated to obtain the changes in pyrolysis products and can be
expressed by the following formula:

C = ﬁ X 100%, (12)
where, A; is the peak area of the target compound, ) 4, is
the total area of all the peaks in the chromatogram, and C;
(area %) is the peak area of the target compound as a per-
centage of the total peak area. MSD ChemStation (version
F.01.03.2357, Agilent, USA) software with the NIST17
library was installed to calculate the peak area values. All
experiments were repeated three times to reduce errors.

Results and discussion
TGA and kinetic analysis

The TG and derivative thermogravimetry (DTG) curves
of PLA and PHBH at different heating rates are shown
in Fig. 1. The weight loss characteristics are presented in
Table S2. It can be observed that the TG and DTG curves
of PLA and PHBH showed similar trends for all heating
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Fig.1 a TG curves of PLA, b DTG curves of PLA, ¢ TG curves of PHBH,

rates, which indicated one-step weight loss. The thermal
degradation of PLA started at 311-355 °C (5% mass frac-
tion loss, Ts¢,) and ended at 361-407 °C (95% mass fraction
loss, Tys¢,). The maximum mass loss of PLA occurred in the
temperature range of 351-392 °C (T,,,,), with a decomposi-
tion rate range of 17.3-113.2 wt% min~' (DTG,,,,). In the
case of PHBH, the degradation was observed in the lower
temperature range, which started at 266-303 °C and ended
at 290-332 °C, and indicated that PLA was more stable than
PHBH. These TG data are within the range reported in ear-
lier studies. Gharsallah et al. [39] reported that the thermal
degradation of PLA started at 300-342 °C and ended at
395-449 °C, and the maximum mass loss of PLA occurred
in the temperature range of 345-394 °C when the heating
rates were set to 3, 10, 20, and 40 °C min~". Li et al. [40] set
the heating rates of PLA thermal degradation to 10, 15, 20,
and 25 °C min~! and observed that the start and end of tem-
perature range were 334-356 °C and 368-386 °C, respec-
tively. As for PHBH, Li et al. [41] reported that the ther-
mal decomposition of PHBH started at 273 °C and ended
at 304 °C, and the maximum mass loss occurred at 295 °C
at a heating rate of 10 °C min~'. At the end of thermal
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degradation, both PLA and PHBH lost nearly all the weight,
and no residue was observed in the pan, which indicated that
the thermal degradation of PLA and PHBH under nitrogen
could be regarded as complete degradation. As the heating
rate increased, the TG and DTG curves of PLA and PHBH
shifted to higher temperatures, which can be explained by
the thermal hysteresis effect and heat transfer limitations.

The apparent activation energies (E,) of PLA and PHBH
are shown in Fig. S1, and the linear correlation coefficient
values are shown in Fig. S2. It can be observed that the E,
calculated by integral methods were similar, and showed
similar tendency to the conversion values. The E, of PLA
were 161.1+5.8 (FWO), 159.2+6.0 (KAS), and 158.3+5.9
(Starink). The three methods showed similar linear regres-
sions, and the average correlation coefficients (R?) of each
method were 0.9902 +0.0053 (FWO), 0.9888 +0.0060
(KAS), and 0.9889 +0.0060 (Starink). In PHBH, the E,
were 146.0+2.9 (FWO), 144.0+3.1 (KAS), and 143.3+3.0
(Starink). The average R? values of each method were
0.9980 +0.0008 (FWO), 0.9977 +0.0009 (KAS), and
0.9978 +£0.0009 (Starink).
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Due to the difference in samples, experimental condi-
tions, and methodologies of kinetic analysis, the activation
energy was reported in a wide range of studies. As shown in
Table S3, the E, value of commercial PLA was in the range
of 140—180 kJ mol~!. The synthesized PLA was reported in
a wider range of 65-180 kJ mol~! due to the difference in the
manufacturing process and molecular weight. Few studies
were conducted on the activation energy of PHBH pyroly-
sis and reported that the E, value of commercial PHBH is
103-138 kJ mol~'. The energy of the synthesized PHBH
was reported to be in the range of 100120 kJ mol~". Since
PHBH is a copolymer, the activation energy was found to
increase with increasing content of 3-hydroxyhexanoate
[42]. Compared with the earlier data, the E, values acquired
in this study were at an intermediate level and very close to
those reported using similar materials and methods. Com-
paring the integral methods, there was no significant dif-
ference between the E, values calculated using the FWO,
KAS, and Starink methods. Therefore, these three integral
isoconversional methods are suitable for the kinetic calcula-
tions of PLA and PHBH.

In the Criado master plot method, the curve is consid-
ered unaffected by heating rates. Therefore, a heating rate
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Fig.2 Theoretical and experimental Criado master plots. Note: D1—
diffusion model (one-dimensional diffusion); D2—diffusion model
(two-dimensional diffusion); D3—diffusion model (three-dimen-
sional diffusion (Jander)); D4—diffusion model (three-dimensional
diffusion (Ginstling—Brounshtein)); Fl—order-based model (first
order); F2—order-based model (second order); F3—order-based
model (third order); A2—Avrami-Eroféev model (random nuclea-
tion and nuclei growth: n=1/2, m=2); A3—Avrami-Eroféev model
(random nucleation and nuclei growth: n=1/3, m=3); A4—Avrami—
Eroféev model (random nucleation and nuclei growth: n=1/4, m=4);
R1—geometrica contraction model (contracting disk); R2—geomet-
rica contraction model (contracting cylinder); R3—geometrica con-
traction model (contracting sphere); PLA—experimental plot of PLA
pyrolysis at 20 °C min~'; PHBH—experimental plot of PHBH pyrol-
ysis at 20 °C min~'. Expressions for each reaction model are summa-
rized in Table S1
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of 20 °C min~! was chosen as the representative to calculate
the experimental plot. Figure 2 shows the Criado master
plot of PLA and PHBH pyrolysis in the conversion range
of 0.05-0.95 using experimental and theoretical data. The
experimental plots of PLA and PHBH were well fitted with
the R3 model. This indicated that nucleation occurs rap-
idly on the surface of the samples. The rate of degradation
is controlled by the resulting reaction interface progress
toward the center of the crystal. The mathematical model
is different depending on the crystal shape, and R3 model
represents the contracting sphere/cube (contracting volume)
model, the sample particles have a spherical or cubical shape
[43]. Experimental master plots of other heating rates could
be found in Fig. S3 in the supplementary material, which
were also well fitted with the R3 model. Similarly, kinetic
models of many petroleum-based plastics were reported as
geometrical contraction models, although they have simpler
and oxygen-free structures [44]. The pre-exponential fac-
tors were calculated based on the kinetic method and are
summarized in Table S4. The determined In A, of PLA was
31.41 (FWO), 30.96 (KAS) and 30.13 (Starink). The PHBH
values were 31.61 (FWO), 31.18 (KAS) and 31.01 (Starink).
Similar to the activation energy results, the values of the
pre-exponential factors did not show significant differences.
Therefore, the activation energy and pre-exponential fac-
tor can be accurately determined using any of these three
methods.

Py-GC/MS analysis
Identification of pyrolysis products

Pyrolysis of PLA and PHBH was carried out using
Py—-GC/MS by fast and slow pyrolysis to study the types
of products during the pyrolysis process. Due to the slow
decomposition of PLA at 300 °C, the initial temperature
of fast pyrolysis was increased to 350 °C. Although the
pyrolysis temperature and heating rates were different,
the number of main chromatographic peaks was the same.
This indicates that the types of pyrolyzates obtained using
the different heating methods were similar. Figure 3 shows
the total ion chromatograms of PLA and PHBH from
slow pyrolysis at a heating rate of 20 °C min™! as a repre-
sentative, and the peaks are numbered and listed. Major
9 peaks were observed during PLA pyrolysis. Peaks 1-4
were identified as acetaldehyde, lactic acid, meso-lactide,
and Dp-, L-lactide, respectively, using the NIST17 library.
Peaks 5-9 were considered cyclic lactide oligomers based
on the research of Arrieta et al. [45]. In the total ion chro-
matograms of PHBH, 13 major peaks were observed, and
peaks 1-5 were identified as propene, isocrotonic acid,
crotonic acid, 2-hexenoic acid, and crotonic anhydride,
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respectively, using the NIST17 library. According to
earlier studies, peaks 6 and 7 were identified as dimers
of 3-hydroxybutyrate; peaks 10 and 11 were identified
as trimers of 3-hydroxybutyrate [21, 46]. Peaks 8 and 9
were identified as 3-hydroxyhexanoic acid and dimers of
3-hydroxyhexanoate, respectively, and their mass spectra
are shown in Fig. S4. Although the data of their mass
spectra were not found in the NIST library and literature, it
can be observed that the mass spectrum of peak 8 showed
a molecular ion at m/z 131 and fragment ions at m/z =69,
87, and 114 from the fracture of the C—C and C-O links.
A similar compound was observed by detecting methyl
3-methoxyhexanoate, the methyl derivative of 3-hydrox-
yhexanoic acid, using thermally assisted hydrolysis and
methylation-gas chromatography [47]. The molecular ion
was not identified in the mass spectrum of peak 9. How-
ever, fragment ions resulting from the McLafferty rear-
rangement of carboxyl and cleavage of C—C and C-O links
were observed at m/z =55, 69, 97, 114, and 182 [48, 49].
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Among the products of PLA pyrolysis, lactide is remark-
able as it is a raw material for the synthesis of PLA. The
direct recovery of lactide is an advantage of PLA pyroly-
sis. Due to its poor compatibility with other pyrolysis oils
and high melting point, lactide and crotonic acid existed in
a solid state in the pyrolysis oil. Therefore, only a simple
physical separation method is needed to separate the lactide
or crotonic acid from the pyrolysis oil [50].

Effects of heating rates on the product distribution

The results of PLA slow pyrolysis were summarized in
Fig. 4a. It can be observed that acetaldehyde, lactides, and
oligomers were the main compounds at all heating rates,
and a similar composition of PLA pyrolysis products is
also reported [19, 50]. Approximately 14.5-29.6 area % of
acetaldehyde was produced at different heating rates. As the
most valuable chemical among the pyrolysis products, about
28.6-33.0 area % of lactides were generated, which includes
meso-lactide (9.8-11.4 area %) and p-, L-lactide (18.8-21.8

@ Springer
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Fig.4 Product distribution of a PLA slow pyrolysis, b PHBH slow pyrolysis, ¢ PLA fast pyrolysis, d PHBH fast pyrolysis

area %), and p-, L-lactide was about twice that of meso-lac-
tide. As previously mentioned, trans-esterification and free-
radical are the main reactions in PLA pyrolysis, and acetal-
dehyde and CO are specific products of trans-esterification,
whereas meso-lactide is a specific product of a radical reac-
tion [19]. However, the current GC/MS configuration does
not allow the isolation of CO, and it was not considered in
this study. As the main products of PLA pyrolysis, the con-
tent of oligomers was 21.8-41.6 area %. Among the oligom-
ers, tetramers were the highest, and approximately 6.2-10.3
area % of tetramers were produced. Additionally, CO,,
2-propenoic acid, and lactic acid were detected at all the
heating rates. Considering the low level, these compounds
were summarized as “Others”’, which accounted for 7.2-9.5
area %. Although currently there are not many reports on the
slow pyrolysis of PLA at different heating rates, the results
obtained in this research are comparable with those of some
studies that used a single heating rate. Nishida et al. [51]
pyrolyzed PLA at a heating rate of 9 °C min~! in the tem-
perature range of 40-400 °C and reported that the intensity
ratio of meso-form to total lactide was 36.8%. Mori et al.
[52] heated PLA from 60 to 400 °C at a heating rate of
10 °C min~! and observed that the peak areas of meso-lactide
and p-, L-lactide were approximately 15 and 27%, respec-
tively, of the total intensity. In this study, the intensity ratio
of meso-form to total lactides was 34.1% and the peak area
percentages of meso-lactide and p-, L-lactide were 11.0 and
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21.3%, respectively, at a heating rate of 10 °C min~!, which
were quite similar to those in the earlier studies.

As the heating rate increased, the relative acetaldehyde
content increased, and the number of oligomers decreased.
However, there were no obvious regular lactide patterns.
Acetaldehyde increased from 14.5 area % at 5 °C min™' to
29.6 area % at 20 °C min~!. While the oligomers decreased
from 41.6 area % at 5 °C min~' to 21.8 area % at 40 °C min".
Five types of oligomers (dimers, trimers, tetramers, pentam-
ers, and hexamers) were identified at the heating rates of 20,
30, and 40 °C min™!, but six types of oligomers, including
octamers, were observed at 5 and 10 °C min~". Generally, in
the slow pyrolysis of regular plastics, long-chain compounds
can be obtained at high heating rates due to the short heating
period. However, our results showed that temperature seems
to have a greater effect than heating period on the slow
pyrolysis of PLA. The heating period at a low heating rate
was longer, and the decomposition was observed at lower
temperatures. The temperature difference may be insignifi-
cant during the thermal degradation of regular plastic; how-
ever, it is considered in the process of PLA pyrolysis, which
occurs in a small temperature window. With increasing tem-
perature, radical reactions are enhanced, which promotes the
conversion of oligomers into acetaldehyde [19].

The main products generated from PHBH during slow
pyrolysis are shown in Fig. 4b. The “Others” groups
included CO,, H,0, acetaldehyde, 1-pentene, crotonic
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anhydride, and some long-chain alkanes which may be
derived from additives. The pyrolysis products obtained at
the different heating rates were the same. Due to the low
content of poly-3-hydroxyhexanoic in PHBH, only 3.4-3.6
area % of 2-hexenoic acid, 0.1-0.4 area % of 3-hydroxyhex-
anoic acid, and 0.1-0.6 area % of dimers from 3-hydrox-
yhexanoic acid were detected. Oligomers higher than trim-
ers were not detected probably because secondary reactions
occurred [53]. Most of the compounds were obtained from
3-hydroxybutyrate, such as crotonic acid (37.9-40.2 area %),
dimers of 3-hydroxybutyrate (28.5-32.0 area %) and trimers
of 3-hydroxybutyrate (17.6-23.6 area %). Although there
are very few studies on the thermal decomposition of PHBH
at different heating rates, some research on PHB pyrolysis
was conducted. Ariffin et al. [54] heated PHB film samples
from 40 to 270 °C at a heating rate of 9 °C min~! and found
that the peak area ratio of crotonic acid to oligomers was
41:59, which was quite similar to that of this study (42:58
at 10 °C min_l). As the heating rate increased, no obvious
change was observed in any of the PHBH pyrolysis products.
This shows that heating rates may affect the resistance to
mass or heat transfer between the PHBH particles, but there
was no significant effect on the product distribution.

Effects of temperature on products distribution
during fast pyrolysis

In fast pyrolysis at different temperatures, the types of
pyrolysis products were similar to those obtained from
slow pyrolysis. As Fig. 4c shows, with the temperature of
PLA pyrolysis increasing from 350 to 600 °C, acetaldehyde
increased from 24.4 to 65.4 area %. However, it slightly
declined to 65.0 area % when the pyrolysis temperature was
set to 700 °C. This could be attributed to the cracking of
acetaldehyde at high temperatures. Lactide was observed
to change in the reverse direction to acetaldehyde and it
first increased from 27.8 area % at 350 °C to 29.7 area % at
400 °C, and then decreased to 8.9 area % with the increase
in pyrolysis temperature from 400 to 700 °C. Additionally,
meso-lactide decreased from 10.3 area % at 350 °C to 1.7
area % at 700 °C. Simultaneously, p-, L-lactide increased
from 17.5 area % at 350 °C to 20.8 area % at 400 °C, and
decreased to 7.2 area % when the pyrolysis temperature was
700 °C. The type and quantity of oligomers decreased sig-
nificantly when the pyrolysis temperature was increased.
It decreased from 36.8 area % at 350 °C to 6.0 area % at
600 °C, and disappeared completely when the pyrolysis
temperature was set to 700 °C. Six types of oligomers were
detected at 350 °C, whereas only four types of oligomers
were detected at 600 °C. These results indicate that high
temperatures greatly promote the decomposition of oligom-
ers and lactides to acetaldehyde, which is in agreement with
the results of earlier studies. Saeaung et al. [55] analyzed the

liquid products obtained from PLA pyrolysis by GC/MS and
found that the relative area of lactide decreased dramatically
from 58 to 8% when the pyrolysis temperature increased
from 400 to 600 °C. Furthermore, a series of studies showed
that meso-lactide decreased from 10.1 to 6.8 area %, and p-,
L-lactide decreased from 29.6 to 15.6 area % when pyroly-
sis temperature increased from 300 to 600 °C [50, 56, 57].
Although there are differences in the specific values due to
the different pyrolysis and analysis conditions, the trends are
consistent, which indicates that temperature is an important
factor that affects the products of PLA pyrolysis.

A similar phenomenon was observed during the pyrolysis
of PHBH. Figure 4d shows the main product distribution
generated from PHBH fast pyrolysis. The pyrolysis products
were similar to those obtained from the slow pyrolysis. Cro-
tonic acid increased from 28.4 area % at 300 °C and reached
the maximum of 72.6 area % at 600 °C. When the tempera-
ture rose to 700 °C, it decreased to 69.6 area %. It is proved
that crotonic acid will decompose to propene at a high tem-
perature [53, 58]. In this study, propene had a big increase
when the temperature reached 700 °C, which showed that
the decrease in crotonic acid was caused by its cracking.
Similarly, isocrotonic acid and 2-hexenoic acid increased
as the temperature rose to 600 °C and decreased at 700 °C,
which may be due to the same reason. Although few studies
compared the yield of PHBH pyrolysis products, some stud-
ies reported that approximately 28.2% of crotonic acid and
52.1% of oligomers could be retrieved at a single tempera-
ture of 450 °C [59], which was in the range of our results.
Oligomers decreased when the temperature increased from
300 to 500 °C and was decomposed completely when the
temperature was above 600 °C. A similar phenomenon was
observed by Gonzalez et al. [53] in the pyrolysis of PHB.

Suggested pyrolysis pathways of PLA and PHBH
under different heating conditions

The pyrolysis mechanism of PLA is studied extensively
[19, 20, 23], which consists of non-radical (include trans-
esterification and cis-elimination) and radical reaction, and
the pyrolysis pathways of the reactions are summarized in
Scheme la, b. Based on the peak area percentages of the
pyrolysis products, shown in Fig. S5, it is clear that the
pyrolysis pathways of PLA were affected by the heating
conditions. As shown in the schemes, CO and acetaldehyde
are specific products of non-radical reactions. Among the
pyrolysis products of PLA, the amount of acetaldehyde was
remarkable, indicating that reaction (1) was the main reac-
tion in both fast and slow pyrolysis. As the pyrolysis temper-
ature and heating rate increased, this reaction strengthened
significantly due to the increasing peak area percentage of
acetaldehyde. Hence, the peak area percentage of the oli-
gomers decreased simultaneously. However, as shown in
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Fig. 4 and Fig. S5, the amount of meso-lactide, p-, L-lactide,
and CO, barely changed during the PLA slow pyrolysis pro-
cess, which indicates that the limited temperature difference
caused by the heating rate has little effect on reactions (2)
and (3) in the non-radical and radical reactions. In the pro-
cess of PLA fast pyrolysis, the peak area percentage of acet-
aldehyde and CO, increased significantly with an increase
in temperature, indicating that both non-radical and radical
reactions were enhanced. However, secondary reactions also
contribute greatly, especially at temperatures above 500 °C.
Scheme 1c summarizes the possible secondary reactions of
the PLA pyrolysis products. As explained in the precious
sections, lactide increased when the pyrolysis tempera-
ture increased from 350 to 400 °C, and rapidly decreased
when the pyrolysis temperature was 500 °C. This suggests
that secondary reactions will be promoted more than non-
radical and radical reactions when pyrolysis temperature is
above 500 °C. In the temperature range of 350-400 °C, p-,
L-lactide increased, but meso-lactide decreased. This may
be caused by the stability of different lactides. Generally,
meso-lactide will decompose more; therefore, the second-
ary reaction of the specific product generated from radical
reaction is stronger at 400 °C. The secondary reaction of
acetaldehyde was limited because of the small reduction in
peak area percentage at 700 °C. Conclusively, temperature
is an important factor promoting the decomposition of PLA,
but secondary reactions prevent from obtaining more lactide
by increasing the temperature.

It was determined that B-elimination is the basic pyrolysis
mechanism of poly-3-hydroxybutyrate, and anhydride pro-
duction was reported as an additional mechanism [60, 61].
Although there is little research on the pyrolysis pathway of
PHBH, considering the types of pyrolysis products, poly-
3-hydroxyhexanoate (3Hx) may have similar pathways to

@ Springer

poly-3-hydroxybutyrate (3HB) for decomposition through
pyrolysis. The expected pyrolysis pathways for PHBH are
summarized in Scheme 2a. However, trimers were observed
only in the 3HB units. In this study, 3-hydroxyhexanoic acid,
which was reported as a hydrolysate of 3-hydroxyhexanoate,
was detected as a pyrolysis product. Therefore, there were
differences between the pyrolysis pathways of the 3HB and
3Hx units. This may be caused by the side chains which can
impede the formation of ring ester intermediates [61, 62].
The possible reaction pathway is shown in Scheme 2b. The
water needed in this reaction may originate from anhydride
production or dehydration of hydroxyl groups. As shown in
Fig. S6, in slow pyrolysis, the pyrolysis pathways of PHBH
were barely affected by the heating rates, as the peak area
percentage of the main slow pyrolysis products varied little.
In fast pyrolysis, the depolymerization of PHBH was accel-
erated with increasing temperature. The peak area percent-
ages of crotonic and hexenoic acids increased significantly.
As the temperature increased from 300 to 600 °C, the oli-
gomers were further converted to monomers and eventually
disappeared. In the temperature range of 300-500 °C, the
production of crotonic anhydride and hydroxyhexanoic acid
barely changed. However, it was significantly inhibited when
the temperature was above 600 °C. Simultaneously, as more
energy is obtained at high temperatures, secondary reactions
are observed more clearly revealing that croton acid can be
broken down into propylene and CO,, whereas 2-hexenoic
acid can be decomposed into 1-pentene and CO, which were
detected and classified into “Others” group in the precious
sections. As shown in Fig. S6, these compounds increased
significantly, indicating that the secondary reactions were
enhanced by the temperature. While at 700 °C, the adverse
effects of secondary reactions were more obvious, resulting
in a decrease in crotonic and hexenoic acids. Generally, the
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p-elimination reaction is dominant in the thermal decompo-
sition of PHBH and can be enhanced by increasing tempera-
ture. The critical temperature is 600 °C because oligomers,
anhydrides, and hydroxyhexanoic acids are not available.
Simultaneously, the effects of the secondary reactions are
also acceptable.

Conclusions

In this study, the effects of heating rate and temperature on
the product distribution of slow (5, 10, 20, 30, and 40 °C
min‘l) and fast pyrolysis (300, 400, 500, 600, and 700 °C)
were investigated. The results show that temperature has a
greater effect than heating rates on the pyrolysis product
distribution of PLA and PHBH. As high-value chemicals,
both high and low temperatures adversely affect the yield of
lactide. In this study, fast pyrolysis at 400 °C is considered to
be a suitable condition for lactides production, of which 29.7
area % of it was obtained. Unlike PLA, PHBH can be easily
recovered by pyrolysis without catalysts, and fast pyrolysis
at 600 °C is a suitable condition for obtaining crotonic acid
with a maximum of 72.6 area %. Based on the character-
istics of the PLA and PHBH pyrolysis, it is clear that the
pyrolysis products are sensitive to temperature. Therefore,

the pyrolysis temperature should be precisely controlled dur-
ing the recovery of PLA and PHBH.
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