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Abstract

In this study, the co-pyrolysis behavior of waste tobacco (WT) and polylactic acid (PLA) from heated tobacco products (HTPs)
was investigated by TG, TG-FTIR, and Py-GC/MS in order to reveal the synergistic mechanism during the co-pyrolysis
process from the perspective of pyrolytic kinetic parameters and product distribution. The addition of WT during the pyrolysis
of PLA reduced the T}, from 367.5 to 303.8—314.1°C, indicating a notable synergistic effect between PLA and WT during
the co-pyrolysis process. Pyrolysis kinetic analysis also indicated the enhanced thermal activity of PLA as reflected by the
reduced activation energy, especially when the proportion of WT was wt. 25%, the activation energy was reduced from 166.38
to 111.20 KJ/mol. Meanwhile, the decreased AG for the co-pyrolysis of PLA/WT may also indicate an enhanced reaction
reactivity. The pyrolytic products detected by TG-FTIR showed that the addition of WT-promoted free radical reactions
during the co-pyrolysis process as reflected by the reduction of CO and aldehyde. Py-GC/MS results indicated that for PLA/
WT= 1:1, the yield of lactide increased threefold, indicating a significant synergistic effect. In summary, the co-pyrolysis
of PLA and WT could effectively tap into residual value from discarded HTPs in resource recovery field and solve potential
environmental pollution problems.
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1 Introduction contained nicotine, glycerol, and flavoring substances can

be generated under a heating but not a burning condition.
Heated tobacco products (HTPs) were a newly emerging  Reports has shown that the smoke released from HTPs
tobacco product that utilized a controlled external heat  exhibited a significantly reduced combustion-derived toxi-
source to maintain a specific temperature for smoldering  cants due to the special heating temperature as compared
the tobacco materials [1]. In this manner, the smoking that with traditional cigarettes [2]. Generally, HTPs contains
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three components: a tobacco materials part that rolled from
reconstituted tobacco and treated with humectant, an acetate
fiber filter rod and a polylactic acid (PLA) polymer film [3].

Among of these three parts, the tobacco materials part
was mainly used for the generation of nicotine and various
flavor substances to satisfy the needs of consumers [4]. The
PLA film was a special component that distinguishes HTPs
from traditional cigarettes. The function of PLA was used to
reduce the temperature of mainstream smoke during HTPs
inhalation by phase change heat absorption, simulating
the inhalation experience of traditional cigarettes. At the
same time, PLA could also adsorb harmful substances in
the smoke aerosol to a certain extent [5]. Nowadays, as
consumer health awareness increases, the consumption of
HTPs increased significantly. Therefore, a large amount of
waste HTPs was produced and dumped into the environment
without appropriate treatment, which caused potential
environmental pollution and waste of bioresources [6]. It
is highly desirable to the reasonable utilization of these
discarded resources from HTPs [7].

Pyrolysis technique was a promising method for the
conversion of these waste resources into value-added bio-oil,
pyrolytic gas and carbon materials [8—10]. Several studies
have focused on the pyrolysis behavior of PLA or WT. For the
PLA, Chien et al [11]. used on-line thermogravimetry-mass
spectrometry (TG-MS) to determine the polycyclic aromatic
hydrocarbons (PAHs) content released from PLA pyrolysis,
and found that the total PAH emissions for PLA pyrolysis
was significantly lower than the values associated with
PLA combustion. Zhang et al. [12] used thermogravimetric
fourier infrared spectroscopy/gas chromatography—mass
spectrometry (TG- FTIR/GC-MS) to analyze the pyrolysis
characteristic of 3D printed poly lactic acid waste
(3DP-PLAW). They found that the high volatile matter content
of 3DP- PLAW resulted in a more efficient thermochemical
conversion. As for the pyrolysis of WT, Zeynep et al. [13]
used FT-IR (Fourier transform infrared spectroscopy),
GC-MS, and PMR (proton magnetic resonance) techniques to
characterize the bio-oil obtained from the pyrolysis of tobacco
waste in a fixed-bed reactor. The results showed that the bio-
oil consists mainly of nicotine (26.78%), phenol (8.02%), and
limonene (4.59%) compounds. Xia et al. [14] investigated the
production of aroma compounds from the fast pyrolysis of
two kinds of tobacco waste, that was tobacco leaf fragments
(TF) and tobacco stems (TS) in a fluidized bed pyrolysis
reactor. The results indicated that when TF was used as raw
materials, low-temperature (about 350 °C) pyrolysis was
beneficial for the production of aroma compounds, whereas
TS required higher temperature (more than 380 °C) to reach
the optimal pyrolysis process. The above studies were only
focused on the pyrolysis process of individual waste material,
nevertheless the co-pyrolysis behavior of PLA and WT was
seldom studied.
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The pyrolysis process of PLA under inert gas includes
both transesterification reaction and free radical reaction
at low and high temperatures, respectively [15]. At lower
temperatures, the carboxyl or hydroxyl groups on the PLA
molecule chain are reversed to form acetaldehyde, carbon
monoxide, lactides (L-lactide and D-lactide), and cyclic
polymers similar to lactides [16]. When the pyrolysis tem-
perature reaches to 270- 280 °C, PLA mainly undergoes a
free radical reaction [17] as shown in Fig. 1. Actually, the
co-pyrolysis of PLA with biomass was an important and effi-
cient strategy for the production of specific valuable pyroly-
sis products due to the synergistic effect, which could facili-
tate the pyrolysis reaction and reduce the energy required for
the pyrolysis [18]. For instance, Sun et al. [19] studied the
co-pyrolysis behavior of PLA and the major components of
biomass (cellulose, hemicellulose and lignin). It was found
that the pyrolysis of lignin provided additional free radicals
and reduced the activation energy of PLA. Waste PLA and
tobacco biomass were the main components of HTPs, and
there were considerable amount of lignin was existed in the
tobacco biomass after the consumption of HTPs. This pro-
vided clue for the investigation of co-pyrolysis behavior of
PLA and WT.

Therefore, the co-pyrolysis of WT and PLA was studied
by using thermogravimetry, TG-FTIR and Py-GC/MS.
DAEM (Distributed Activation Energy Model), FWO
(Flynn-Wall-Ozawa), and Starink methods based on
the thermogravimetric data were used to determine and
compare the pyrolysis kinetic parameters of the samples.
Furthermore, the gaseous products during the co-pyrolysis
process was analyzed through TG-FTIR, Py-GC/MS and
self-built tubular furnace pyrolysis experiment. This study
may be beneficial for the rational utilization of HTPs waste
in the thermochemical conversion manner.

2 Materials and methods
2.1 Materials and sample preparation

HTPs was provided by Inner Mongolia Kunming Cigarette
Co. Ltd. After the products were smoked, WT and PLA were
removed from the HTPs by grinding and screening to obtain
particles with particle size less than 500 pm. In addition, the
PLA and WT were blended in the mass proportion of 1:3,
1:1, and 3:1 in order to investigate the interaction during
co-pyrolysis process. The samples were dried in oven under
80 °C for 48 h before the experiments.

The elemental composition of the samples was determined
using an elemental analyzer (Vario EL cube; Germany). The
percentage contents of C, H, and O were 45.41%, 5.83%, and
45.59% for WT and 49.60%, 5.09%, and 44.26% for PLA,
respectively.
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Fig. 1 The pyrolysis mechanism
of transesterification and radical
reaction of PLA
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2.2 Thermogravimetric analysis

Thermogravimetric analysis of PLA, WT, and PLA/WT
blends was performed using a thermogravimetric analyzer
(Discovery, TA, USA). For each experiment, approximately
20 mg of the sample was loaded into the platinum crucible
under the nitrogen atmosphere at a flow rate of 50 mL/min.
The feedstock was heated from 40 to 800 °C under different
heating rates of 10, 20, and 40 °C/min, respectively. The
characteristic parameters such as the maximum pyrolysis
rate (DTG,,,) and its corresponding temperature (7;,,,) were
determined from thermogravimetry (TG) and derivative
thermogravimetry (DTG) (first-order derivative of TG)
curves according to the method reported in previous studies
[20].

2.3 Kinetic analysis

Generally, model-fitting method like iso-conversional
method are the available techniques to determine the kinetic
parameters of the reaction for understanding the thermal
conversion process undergoing during pyrolysis [21].
During the pyrolysis of solid materials, the decomposition
rate follows the formula [22]; and k(T) is the reaction rate
constant given by Arrhenius equation:

Lw“&%%
X A

meso-Lactide
Free radical reaction

da

4 — k@ 1)
E

K(T) = Aexp<—R—;> ?)

where A and E, are the pre-exponential factor (min~")
and activation energy (kJ/mol) of the pyrolysis reaction,
respectively; R is the universal gas constant of 8.314 J/K
mol and T is the absolute temperature (K). da/dt refers to
the decomposition rate. a refers to conversion degree which
can be expressed as:

my — m,
o= ——- 3
where m was the initial samples mass; m, was the final
samples mass; m_, was the mass of samples at time ¢. In TG
analysis, the constant heating rate () can be expressed as f
= dT/dt. The pyrolysis rate can be expressed as:

d, _A E,
7: =3 exp (—R—T>f(a) 4)

Three model-free methods, that is Flynn-Wall-Ozawa
(FWO), distributed activation energy model (DAEM),
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Starink, were chosen to study kinetic analysis of the pyroly-
sis of PLA and WT/PLA. There is no need to select reaction
mechanism using these three model-free methods, so that the
errors of E, estimate can be avoided [23]. The three model-
free methods are respectively [16, 24]:

AE, E,
FWO tlg(p) =1g —2315-04567 2 (5)

Rg(a)
E
DAEM : In( 2 ) =1 (4% 1 0.6575 — L2 ©
e E, RT
Starink : In L =Ci—1 008§ 7
: T2 ) T s T e R @)

There is linear relationship between 1/T and 1gp (FWO),
In[p/T?|(DEAM), and In[p/T"?] (Starink) at different heat-
ing rates. The activation energy E, can be calculated from
the linear plots for each conversion degree.

The thermochemical parameters including enthalpies
(AH) and Gibbs free energies (AG) can be calculated by
Egs. (8)- (12) [17]:

A=(p-E -exp<£ >/(RT2) 8)
a RTm m

Gaw= [ o ['A Eo ) gr
(a)_/ol—a_/ogexp<_ﬁ> ®
AH=E, —RT (10)
AG=E, +RT. 1 KsTo

- a+ mn< hA > (11)
AS = (AH - AG)/T,, (12)

where K (1.38 1x1073 J/K) is the Boltzmann constant,
(6.626x10°* J/S) is the Planck constant, and T,, (K) is peak
temperature of the DTG curve.

2.4 TG-FTIR analysis

The release behavior of gaseous products during the pyroly-
sis process of samples were monitored by a TG instrument
(NETZSCH TG 209F3) coupled with an FTIR spectrom-
eter (Nicolet 8700; Thermo Electron, America). The loading
amount of samples and furnace atmosphere were consist-
ent with the above TG experiment under the heating rate
of 20 °C/min. The released volatiles during the pyrolysis
process were analyzed online using the FTIR spectrometer
recorded from 400 to 4000 cm™! at a resolution of 2 cm™".
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The transfer line used to connect TG and FTIR was heated
to 230 °C to prevent the condensation of gaseous products.

2.5 Py-GC/MS analysis

A pyrolyzer (Py) (CDS5200, Agilent, USA) combined with
gas chromatography (GC)/mass spectroscopy (MS) (Agilent
6890N/Agilent 59731, Agilent, USA) was used to investi-
gate the chemical distribution of products obtained from the
pyrolysis of PLA, WT, and PLA/WT blends at 600 °C. A 1
mg sample in a deactivated metal cup was introduced to the
preheated furnace of the pyrolyzer. The pyrolysis product
emitted by the pyrolyzer was transferred to a GC capillary
column (UA-5, 30 m X 0.25 mm i.d. X 0.25 pm ft) via a
split/split less GC inlet (300 °C, split ratio: 100/1) and cryo-
focused with liquid nitrogen at the front point of the column.
After cryo-focusing, the pyrolysis products were separated
in the column under non-isothermal GC oven heat condition,
from 40 °C (3-min hold) to 280 °C (3-min hold) at 20 °C /
min and detected by MS in scan mode (m/z, 40-500). All
peaks monitored on total ion chromatogram were identified
using an MS library (NIST 14) and integrated to compare
their amounts indirectly using absolute peak areas. The aver-
age MS peak areas for all pyrolysis products, which were
obtained through repeated Py-GC/MS analysis, were used
as the amounts of pyrolysis products.

2.6 Infrared heated tubular furnace combined
with GC/MS analysis

The pyrolysis experiment of PLA, WT, and their blends was
further conducted on the self-built infrared-heated tubular
furnace [25]. The sample of 0.4 g was heated to 600 °C and
maintained for 5 min at a heating rate of 20 °C/s. The tubular
furnace was continuously flushed with N, under a flow rate
of 200 mL/min to ensure an inert atmosphere. The pyrolytic
produces generated was captured through a Cambridge filter
held by the holder.

The pyrolytic products collected by the filter were
extracted by dichloromethane and analyzed by using a
8890-5977B GC/MS analyzer (Agilent, USA) coupled with
a HP-5 capillary column (60 m long, 0.25-mm diameter
with a film thickness of 0.25 pm). The carrier gas was high-
purity helium, and its flow rate was set at 1.0 mL/min. The
temperature program of column oven was set as follows:
at a constant temperature of 40 °C for 5 min, 40-250 °C at
a rate of 3 °C/min, followed by 250-280 °C at a rate of 20
°C/min, and remained at this temperature for 5 min. The
mass spectrometer was operated under the electron impact
(EI) mode with electron energy at 70 eV and scanning
range of 35-550 m/z in the full scan mode method. The
quadrupole temperature, ion source temperature, and the
transfer line temperature were 150 °C, 230 °C, and 280 °C,
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respectively. A specific concentration of phenylethyl acetate-
dichloromethane compound was used as internal standard
for quantification. The products were identified by matching
against the NIST database.

3 Results and discussion
3.1 Thermogravimetric analyses

The TG and DTG curves of WT, PLA, and PLA/WT
blends at a heating rate of 10 °C/min were shown in Fig. 2.
It could be seen from the figure that the main pyrolysis
region of PLA was 2957396 °C, with the maximum weight
loss rate temperature of 366 °C and residual ash content
of 1.19%. The DTG,,,, of PLA was 35.69 %/min which
was relatively higher than that of other samples. The
narrow thermal degradation temperature range of PLA
indicated that this material has completely undergone
thermal degradation due to its ordered PLA molecular
chains structure with high similarity [26]. The pyrolysis
of WT could be divided into four stages as shown by the
DTG curve. These stages consisted of dehydration (stage
I, 30-94.7 °C), decomposition of volatile components and
hemicellulose (stage 11, 94.7-219.4 °C), decomposition
of cellulose and lignin (stage III, 219.4-549.9 °C), and
decomposition of inorganic salts (stage IV, 549.9-800.0
°C) [27]. The first stage occurred at 30-94.7 °C. In the
first stage, the free water and bound water in the WT was
released slowly [28]. The second and third stage was
classified as 94.7—549.9 °C, with the maximum rate of
weight loss occurring at 314 .8 °C. This stage was mainly
attributed to the further degradation of monosaccharides,
oligosaccharides, small organic acids, free amino acids,
and other heat destabilized volatile components and the
pyrolysis of biomass compounds such as glycerol, proteins,
lipid-like macromolecules and hemicellulose, cellulose, and
lignin in WT [29]. Due to the low-temperature baking at
around 300 °C, a large amount of volatiles were lost and

hemicellulose and cellulose were significantly reduced in
WT, which led to the lignin dominating the pyrolysis of WT
and thus making its pyrolysis reaction more gentle.

In order to better characterize the effect of synergistic
effects on PLA pyrolysis properties in the co-pyrolysis of
PLA and WT, experimental results and theoretical TG/DTG
curves of PLA/WT blends with different ratios were com-
pared. The theoretical mass loss of PLA/WT blends can be
expressed as [30]:

Whiiend = Owp * Wy + @ppa * Wp g

13)

In the formula, W, 4 is the theoretical mass loss of PLA/WT
blend,  is the mass percentage of PLA or WT in the blend and
W is the mass loss of either solo PLA or WT. The theoretical
TG and DTG curves of PLA/WT thermal degradation process
were obtained by calculation and plotted as shown in Fig. 3,
which were compared with experimental TG and DTG curves.

As can be seen from Fig. 3 and Table 1, the T, for
PLA was 367.5 °C. In the three different ratios of PLA/
WT blends, the T,,,,, was lower than that of solo PLA. With
the increase of WT in the blends, the T,,,, decreased from
314.1 to 303.8 °C. This indicated that the addition of WT
could decreased the pyrolysis temperature interval of PLA,
which allowed PLA to pyrolyze at a lower temperature.
Meanwhile, there was no significant difference between the
residual mass from the experimental TG and theoretical
TG curves at temperature of 800 °C. This indicated that the
effect of WT addition on the residue carbon was not obvious.
As for the PLA/WT=1:3 sample, the experimental weight
loss increased by 4.28% compared with the theoretical value,
and the experimental DTG,,,, increased by 2.63% compared
with the theoretical value. As for the PLA/WT=1:1 sam-
ple, the experimental weight loss of the sample increased
by 9.31%, and the experimental DTG,,,, increased by 8.10
%/min, indicating that the co-pyrolysis could improve the
pyrolysis yield of PLA and intensify the reaction. As for the
PLA/WT=3:1 sample, although the pyrolysis interval was
shifted to lower temperature, there was no obvious increase

Fig.2 The TG and DTG curves 100 4 0= - — — ]
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Table 1 Pyrolysis characteristic parameters of PLA in PLA/WT with different ratios

Sample Temperature intervals (°C) Weight loss (%) Tax CO) DTG,,, (%/min)
Experimental ~ Theoretical Experimental  Theoretical  Experimental — Theoretical Experimental  Theoretical

PLA 282.8-393.6 —— 96.24 96.24 367.5 —_— 35.69 35.69

PLA/WT=1:3  230.8-315.5  328.1-390.0  36.08 31.80 303.8 366.4 12.69 10.06

PLA/WT=1:1 237.7-3322  331.0-3909 61.13 51.82 311.7 367.6 26.94 18.84

PLA/WT=3:1  231.3-330.6 333.7-3934 66.73 67.86 314.1 3725 28.01 26.61

in the DTG, ,,,, which may be related to the small amount of ~ correlation coefficients (R*) were higher than 0.95. The

WT. This indicated that the addition of WT could improve
the thermal activity of PLA and exerted a positive synergis-
tic effect during the co-pyrolysis process.

3.2 Pyrolysis kinetic analysis

Three model-free methods, FWO, DAEM, and Starink,
were used to study the pyrolysis kinetics of PLA, WT, and
PLA/WT blends. The fitting curve under the three meth-
ods was shown in Fig. 4. All three models showed a linear
relationship between 1/T and 1gp (FWO), In[f/T?] (DAEM),
and ln[B/T"”] (Starink) at different heating rates and the
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activation energy (E,) of PLA, WT, and PLA/WT blends
were calculated by three models at different conversion rates
(2=0.2-0.8) were calculated. E, represents the minimum
energy required for a chemical reaction to occur higher and
E, indicates that more energy is required for a reaction to
take place [31].

Tables 2, 3 and 4 showed the E, and correlation coef-
ficients at different conversion rates calculated through
different kinetic methods. As shown in the tables, the cor-
relation coefficients R? of all three methods at different con-
version rates were greater than 0.95 and the difference in E,
calculated from different models was insignificant, which
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Fig. 4. Kinetic plots of PLA, WT, and PLA/WT blends according to the FWO, DAEM, and Starink methods
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Table2 E, and R? of PLA, WT,

X a  PLA PLA:WT=1:3 PLA:WT =1:1 PLA:WT =3:1 WT

and PLA/WT blends according

to the FWO method E, R? E, R? E, R? E, R? E, R?
02 15878 0.9999 137.86 0.9610 16295 09992 11504 0.9957 84.86  0.9720
03 16321 09999 16020 09913 151.10 0.9759 11375 09823 171.69 0.9997
04 16572 09997 178.00 0.9921 14244 09858 112.06 0.9817 212.67 0.9984
0.5 167.07 09991 16228 0.9959 13671 0.9902 109.82 0.9815 21727 0.9999
0.6 168.00 0.9990 149.46 0.9826 132.57 0.9955 107.95 0.9845 205.66 0.9996
0.7 170.86 0.9991 146.67 0.9692 129.85 0.9997 106.87 0.9819 226.55 0.9998
0.8 171.03 0.9984 163.40 09686 13791 09880 112.92 0.9879 357.10 0.9849

Table3 E,and R*of PLA, WT, ™ p/y PLAWT=1:3  PLA'WT=1:1  PLA:'WT=3:1  WT

and PLA/WT blends according

to the DAEM method E, R? E, R? E, R? E, R? E, R?
02 15631 0.9999 13645 09563 162.06 0.9991 11128 0.9948 81.24  0.9668
03 160.89 0.9998 204.61 09979 140.06 0.9901 109.78 0.9787 171.88 0.9997
04 16348 09996 177.60 09913 140.02 0.9836 107.93 0.9780 21441 0.9982
0.5 164.85 0.9990 16091 09954 13393 0988 10550 0.9775 218.80 0.9999
0.6 16578 0.9988 14731 09804 12951 09947 103.48 0.9811 20624 0.9995
0.7 16873 0.9989 144.12 09519 12659 0.9997 102.28 0.9778 227.83  0.9998
0.8 168.86 0.9981 161.10 09646 13223 0.9449 108.55 0.9852 364.34 0.9839

Table4 E, and R? for PLA, «  PLA PLAWWT =1:3  PLAWT=I:1  PLAWT=3:1  WT

WT, and PLA/WT blends

according to the Starink method E, R? E, R? E, R? E, R? E, R?
02 15549 09999 13570 09565 161.14 09991 110.78 09948 8091  0.9670
0.3 160.04 09998 158.35 0.9903 139.33 0.9901 109.30 0.9788 170.86  0.9997
04 16261 0999 176.57 09914 139.30 0.9837 10747 09781 213.08 0.9982
0.5 16397 09990 160.02 0.9955 13326 0.9887 105.06 09777 21745 0.9999
0.6 16490 0.9988 146.53 0.9805 128.88 0.9947 103.06 0.9812 205.00 0.9995
0.7 167.83 0.9989 14338 09526 12598 0.9997 101.87 09780 22643 0.9998
0.8 16796 0.9981 16025 09648 131.58 0.9553 108.09 0.9853 361.90 0.9839

indicated the applicability of the models for studying the
pyrolysis process of PLA, WT, and their blends. Figure 5
showed the comparison of kinetic parameter of E, at differ-
ent conversion rates. As can be seen, E, of PLA pyrolysis
increased slowly with increasing conversion. Taking the
parameter calculated from FWO model as an example, the
E, increased from 158.78 to 171.03 KJ/mol when « varied
from 0.2 to 0.8. This slow increasing trend may be related
to the ordered molecular chains structure and higher purity
of PLA. In addition, there was a difference in the energy
required for the transesterification reaction and free radi-
cal reaction during the pyrolysis process of PLA, which
may contribute to the increase of E, [32]. The E, for the
pyrolysis of WT showed a trend of first increasing (a<0.4),
then stabilizing (0.4<a<0.7) and finally rapidly increasing
(a>0.7). This was due to the fact that the pyrolysis pro-
cess of WT was gradually transformed from the release of
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volatile products to the cleavage of cellulose components at
a<0.4. When the a increased from 0.4 to 0.7, the pyrolysis
reactions were mainly related to the decomposition of ligno-
cellulose components which possessed stable and complex
polymer structure and high thermal stability. For a>0.7, the
E, significantly increased from 227 to 357 KJ/mol, which
may be caused by the coverage of produced char with low
reaction activity [33]. In addition, the E, for WT were higher
than that of PLA during the pyrolysis process of @>0.3. The
average £, for WT and PLA were 210.83 and 166.38 KJ/
mol, respectively.

Furthermore, as for the co-pyrolysis of PLA/WT blends,
the average E, for PLA/WT=1:3 was 156.84 KJ/mol, the
average E, of PLA/WT=1:1 was 141.93 KJ/mol and the aver-
age E, of PLA/WT=3:1 was 111.20 KJ/mol. The E, of PLA/
WT blends was generally lower than that of solo PLA and
WT during the pyrolysis process. Different mixture ratios of
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Fig. 5 Comparison of kinetic
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WT showed different degrees of reduction in E,. In particular,
the greatest reduction in E, was achieved when the addition
ratio of WT was 25%. This indicated that the appropriate
proportion of WT addition could reduce the energy required
for the pyrolysis of PLA. The reduced E, of the mixture
indicated that a synergistic effect was existed during the co-
pyrolysis process of PLA/WT. This was probably because the
free radicals generated by WT pyrolysis could promote free
radical reactions in PLA pyrolysis [34, 35].

The thermodynamic parameters such as enthalpy (AH),
Gibbs free energy (AG), and Entropy (AS) were calculated
from the E,, by using the FWO method and analyzing data
with a heating rate of 10 °C/min. The results of the ther-
modynamic parameters at different a were shown in Fig. 6.
AH represents the total energy consumed for the pyrolysis
of reactant into various pyrolytic products [33], and in this
study it represents the total energy used for the co-pyrolysis
of PLA/WT. The difference between E, and AH is referred
to as activation energy barrier, which is directly proportional
to the difficulty of pyrolysis reaction. According to calcula-
tion, activation energy barriers for different PLA/WT blends
were around 5 KJ/mol which was relatively lower than that
of PLA (15 KJ/mol) indicating the addition of WT was ben-
eficial for the PLA pyrolysis. AG reflects the changes in

Conversion rate

total energy of a system and higher values indicates that it is
less favorable for a chemical process to occur [36]. As seen
from Fig. 6, Gibbs free energies of different PLA/WT blends
were ranged from 146.39 to 151.96 KJ/mol, which was sig-
nificantly lower than that of PLA (164. 53-164.92 KJ/mol).
This reduced AG suggested that the synergistic effect pro-
moted the co-pyrolysis process. The entropy change (AS)
during pyrolysis reflected the degree of disorderly change
of pyrolysis substances and products [37]. The larger fluc-
tuation of AS value indicates the more unstable reactivity of
different pseudo-components in the pyrolysis process. As
shown in the figure, the AS of PLA alone was the most sta-
ble, and the addition of WT greatly enhanced the fluctuation
of AS. This also indicated that the addition of WT increased
the reactivity of PLA.

3.3 TG-FTIR analysis

TG-FTIR was used to characterize the synergistic effect of
PLA/WT blends during the pyrolysis. The 3D infrared spec-
tra of blends with different proportions of PLA and WT were
shown in Fig. 7. The functional groups represented by each
peak in the infrared spectrum were shown in Table 5 [38].
According to Beer-Lambert law, the absorbance of pyrolysis

@ Springer
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Fig.6 Thermodynamic param- 400
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products is proportional to its concentration. Among the
products generated by PLA pyrolysis, the absorption band
at 1650-1900 cm™" exhibited the highest absorbance, which
corresponded to the stretching vibration of C=0 and rep-
resented the generation of ester products such as lactide.
Meanwhile, the stretching vibration at 1980-2240 cm™' rep-
resented the production of CO, and the stretching vibration
at 2640-2800 cm ™! represented the production of aldehyde,
both CO and aldehyde were specific products of transesteri-
fication reaction; the stretching vibration at 2240-2400 cm”!
represented the production of CO,, which was a specific
product of free radical reaction [39]. The pyrolysis products
of WT were mainly consisted of large amounts of CO, and
small amounts of ketones, acids, esters (1650-1900 cm™"),
and CH, (2640-3100 cm™).

In addition, to investigate the conversion between transes-
terification reactions and free radical reactions during PLA
pyrolysis, we focused on the release of their characteris-
tic products (aldehyde, CO, CO,). Figure 8 exhibited the
released pyrolytic gaseous of C=0, C-O, and O-C-H groups
as reflected by infrared peaks changing with temperature.
It could be seen from the Fig. 8 that the maximum infrared
absorption peak of PLA was between 310-380 °C, and that
of PLA/WT blends was between 260 and 330 °C, which
proved that co-pyrolysis of PLA/WT reduced the reaction
temperature, and the temperature range for product genera-
tion was more concentrated. At the same time, it could be
seen that the peak shape of the ester bond (1650-1900 cm™")
changed most significantly compared to solo PLA, indicating

@ Springer

that co-pyrolysis promoted the generation of products con-
taining the ester bond. From 3D spectrum it could be seen
that as for the sample of PLA/WT=1:1, the peak absorption
of ester bond was higher than that of other blends. At same
time, the peak for CO was basically disappeared, and the
peak of O-C-H (aldehyde) was greatly reduced as for the
PLA/WT blends. It was known that CO and aldehyde were
specific products for transesterification reaction, indicating
the synergistic effect was reflected by the suppression of
transesterification reaction and promotion of free radical
reaction pathway during the co-pyrolysis process.

3.4 GC-MS analysis of gaseous product

The total ion chromatogram of the pyrolysis products of
individual PLA, WT and WT/PLA blends was shown in
Fig. 9. The main products generated during pyrolysis process
were shown in Table 4. As could be seen from Fig. 9, the
characteristic pyrolysis products of PLA/WT blends, such
as CO,, acetaldehyde, meso-lactide, and D, L-lactide were
detected. These categories of products were also monitored
by TG-FTIR as mentioned above. Acetaldehyde and CO
were special products of the transesterification reaction,
while meso-lactide and CO, were special products of free
radical reaction [40]. The mechanism of the pyrolysis
reaction could be inferred from the difference in the type
and content of the pyrolysis products. In order to further
investigate the effect of WT addition on the yield of specific
products during co-pyrolysis, the theoretical percentage
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Fig.7 3D-FTIR spectra of
products during pyrolysis of
PLA, WT, PLA/WT, and PLA/
WT blends; FTIR spectra of
products during pyrolysis at
different temperatures of PLA,
WT, PLA/WT, and PLA/WT
blends
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Table 5 The functional groups
represented by each peak in the
FTIR spectrum

Fig.8 The infrared peaks of
C=0, C-0, O-C-H groups
changing with temperature

Fig.9 The ion chromatogram
of PLA and PLA/WT products
after pyrolysis
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Table 6 The main products generated during pyrolysis by Py-GC/MS

Compound Peak area(%)
PLA PLA/WT=1/3 PLA/WT=1/1 PLA/WT=3/1 WT
Percentage Percentage Theoretical Percentage Theoretical Percentage Theoretical Percentage
Percentage Percentage Percentage
Carbon dioxide 2.242 0.434 1.02 0.199 1.428 0.419 1.835 0.613
Acetaldehyde 6.425 0.256 1.924 0.114 3.424 0.255 4.925 0.423
meso-Lactide 7.344 7.606 1.836 25.178 3.672 10.581 5.508 0
D,L-Lactide 21.665 5.751 5.416 18.505 10.833 13.258 16.249 0

content of each product was calculated by weighted average
of the content percentage of pyrolysis product for solo PLA
and WT. The theoretical percentage content of the products
can be expressed as follows [41]:

Ppiend(%) = 0pp APpp A (%) + 0w rPwr(%) (14)

In the above equation, Py, is the theoretical percentage
content of a certain product after PLA/WT co-pyrolysis, @ is
the proportion of samples in PLA/WT blends, and Pp; , and

Fig. 10 The possible promotion
mechanism during co-pyrolysis
of lignin and PLA

Lignin

PLA

HO.

Py, are the percentage contents of a certain product after
pyrolysis for solo PLA or WT, respectively. The calculation
results were shown in Table 6.

During the co-pyrolysis of PLA/WT, the actual percentage
content of CO, and acetaldehyde were between 0.199-0.434%
and 0.114-0.256%, respectively, which were far lower than
their theoretical percentage contents. Meanwhile, the actual
content of lactide was higher than that of theoretical content.
This indicated that synergistic effect exerted an obvious inhibi-
tory effect on the formation of acetaldehyde. The variation in

° /
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the content of acetaldehyde suggested that the co-pyrolysis of
PLA/WT changed the process of generating lactide from an
esterification reaction to a free radical reaction pathway [17].
According to previous reports, End-capped PLA chains with
free radicals combined with hydrogen ions from WT to form
-O=C-OH structure which inhibited rearrangement of PLA
chains, resulting in reduced generation of CO, [42] . Meanwhile,
under different proportions mixed ratio, the actual percentage
content of meso-Lactide was also higher than its theoretical
percentage content in varied degrees. This indicated that WT
can promote the free radical reaction of PLA in some extent. In
the free radical reaction pathway, the PLA chains was broken
into analkyl-oxygen or acly-oxygen bonds and combined with
the free radicals produced during the pyrolysis of WT, which
further undergo stereo isomerization and eventually promote the
production of meso-lactide (Fig. 10). As for the sample of PLA/
WT=1:1, the percentage content of meso-Lactide was 6.9 times
higher than its theoretical value, while the content of total Lac-
tide was 3 times higher than its theoretical value. The promoting
effect as for PLA/WT=1:1 was obvious higher than that of other
mixtures ratios, indicating an optimal addition ratio of WT was
existed for the co-pyrolysis of blends.

The pyrolytic products trapped by the Cambridge filter were
further analyzed through GC-MS. The results were shown in
Table 7. The pyrolysis products of PLA were mainly meso-
lactide (483.4 ug/g), D, L-lactide (1199.3 ug/g), propanoic acid
(24.3 ug/g), 2-propanoic acid (64.1 ug/g), acetaldehyde (7.5
ug/g), and other substances generated through transesterification
and free radical reaction as well as secondary cracking process.
The pyrolysis products of WT mainly included nicotine,
ketones, and phenols products that produced during the heating
and pyrolysis process. After mixing PLA with WT, it could be
observed that a significant increase in the production of meso
lactide and D, L-lactide, indicating the synergistic effect existed
during the pyrolysis process of PLA and WT.

Moreover, the increase in the content of meso-lactide
was greater than that of D, L-lactide. For example, as for
the sample of PLA:WT=1:1, the yield of meso-lactide
increased by 2.2 times, the yield of D, L-lactide increased
by 1.2 times as compared with that of PLA alone, which
was consistent with the results of Py-GC/MS. It should be
noted that sample of PLA:WT=3:1 here exhibited the most
significant synergistic effect, which was different from the
results of Py-GC/MS. This phenomenon may be related to

Table7 The Ipain p roduqs No. Compounds Formula  Content (ug/g)

generated during pyrolysis by

Infrared heated tubular furnace PLA 25PLA 50PLA 75PLA WT

combined with GC/MS analysis

T5WT  50WT 25WT

1 3-Hexanone CcH,O 4.6 81.5 1212 477
2 Propanoic acid C;HO, 243 126.3 1693 2252 103.7
3 2-Propenoic acid C;H,0, 64.1 1179 1635 519.7
4 Acetaldehyde C,H,0 7.5
5 2-Cyclopenten-1-one CsH,O 82.3 1093 90.5 71.6
6 2-Furanmethanol CsH(O, 934 54.7 15.8 135.5
7 1-(Acetyloxy)-2-propanone CsHgO4 137.1 2139 461.6  707.1 79.6
8 2-Methyl-2-cyclopenten-1-one C¢HgO 302.1 2294 584 368.9
9 3-Methyl-2-cyclopenten-1-one C¢HgO 1563  83.6 65.3 228.6
10 Phenol C¢HO 386.7 2426 1182 594.8
11 2-Methyl-phenol C,HgO 183.6  100.6  89.5 300.4
12 Acetophenone CgHgO 23.8 154 11.9 50.4
13 2-Methoxy-phenol C,H;0, 83.5 42.6 277 152.5
14 2,4-Dimethyl-Phenol CgH,,O 61.4 21.3 9.9 110.5
15 3-Ethyl-2-hydroxy-2-cyclopenten-1-one  C,;H;,0, 103.1 83.7 29.5 128.1
16 Meso-lactide C¢HgO, 4834 9142 15262 9062.8
17 2,5-Dimethyl-phenol CgH,,0 2304 1792 1255 270.5
18  D,L-lactide C¢HgO, 11993 14834 26352 12573.7
19 2,6-Dimethyl-phenol CgH,,O 75.8 57.1 9.9 97.8
20 4-Ethyl-3-methyl-phenol CoH,,0 68.1 43.6 34.7 80.7
21 2-Methoxy-4-vinylphenol CoH,,0, 28.3 16.8 13.4 49.8
22 Nicotine C,oH 4N, 2461.8 8104 2782 3268.4
23 2,2'-Methylenebis[6-(1,1- CpH3,0, 154 38.4 102.1 644

dimethylethyl)-4-methyl-phenol
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the heating rate and contact state between melted PLA and
WT in the these two pyrolysis experimental conditions [43].

4 Conclusion

In conclusion, this study investigated the effects of
synergistic interaction on pyrolysis characteristics and
products during the co-pyrolysis of PLA and WT in HTPs
waste through thermogravimetric analysis, TG-FTIR and
Py-GC/MS. The results showed that the addition of WT
could improve the thermal activity of PLA and enhance the
reaction. The synergistic effect of PLA/WT co-pyrolysis
effectively reduced the activation energy required for
pyrolysis. The impact of 25%wt of WT addition was most
significant, the activation energy of co-pyrolysis reaction
decreased by 33.2% compared to that of solo PLA.
Meanwhile, the synergistic effect can reduce the activation
energy barrier and Gibbs free energy of the reaction.
It indicating that the synergistic effect can effectively
reduce the input of external power and save energy. The
TG-FTIR results showed that the addition of WT promoted
free radical reactions during the co-pyrolysis process of
PLA, significantly increasing the yield of ester products.
Py-GC/MS results indicated that for PLA/WT=1:1, the
yield of lactide increased 3 times, infrared heated tubular
furnace-GC/MS results indicated that for PLA/WT=3:1, the
yield of lactide increased 12 times, showing that synergistic
effect had a significant impact. Also, it showed that pyrolysis
and stacking methods had an effect on co-pyrolysis. In
summary, the co-pyrolysis could effectively tap into residual
value from discarded PLA and WT in resource recovery
field, solve potential environmental pollution problems, and
have potential for material recovery.
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