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Abstract—The pyrolytic degradation mechanism of chestnut shell (CNS) and its blend with waste polystyrene (PS)
were investigated. Individual pyrolysis behavior of samples obtained separately was compared with those of the blends
using a combined TGA/MS/FT-IR system. To elaborate kinetic analysis and to determine kinetic parameters, distrib-
uted activation energy model (DAEM) was used. The average activation energy of co-pyrolytic decomposition reaction
was 191.6 kJ/mol, while the activation energy of the pyrolysis of CNS and PS was 175.2 and 208.9 k]/mol, respectively.
Friedman and Flynn-Wall-Ozawa iso-conversional methods were applied and the results were found to be consistent
with the models. To express the presence of complex reaction mechanisms and the interactions of the radicals, thermo-
dynamic parameters were also calculated. Finally, the pathways for main volatiles were established, and their relation-

ship with the pyrolytic degradation was suggested.
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INTRODUCTION

Plastics are one of the most engineered materials due to their
great versatility, low weight and excellent electrical and thermal
insulation properties. As a result of these superior properties, a dras-
tic growth in polymer production has led to large amounts of plas-
tic wastes that cause huge economic and environmental problems.
On average, 25 million tons of post-consumer plastic waste is gen-
erated in Europe per year. In 2014, 29.7% of this was effectively
recycled, 39.5% was sent to energy recovery and the remaining
amount of 30.8% was landfilled [1,2]. In recent years, more strin-
gent legislations have forced waste disposal plants to convert the
waste to energy. For instance, the European Commission pointed
out energy recovery from wastes according to its future energy
strategies [3]. Such an energy recovery from waste not only involves
resource conservation, but also has positive effects from the climate
protection point of view as well. There are several thermochemi-
cal conversion processes have drawn attention to obtain energy and
material from wastes. Compared to the other thermochemical con-
version methods, pyrolysis has the further advantages of yielding
both liquid, solid and gaseous products. While petro-based chemi-
cals or fuels can be obtained from pyrolysis liquid product, carbon
black or activated carbon can be produced from the solid residues
[4-15].

When it comes to creating clean and sustainable energy and mate-
rials via pyrolysis process, biomass usage seems advantageous be-
cause of environmental benefits, renewability, and accessibility all
over the world [16]. It is known that co-processing of biomass with
a variety of materials such as waste polymers creates considerable
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synergistic effects during pyrolytic degradation such as increasing
product yields, enhancing product qualities and decreasing emis-
sion amounts [17-19]. An extensive bibliography is available regard-
ing the pyrolytic behaviors of polymers such as low-density poly-
ethylene (LDPE), high-density polyethylene (HDPE), polystyrene
(PS), polyethylene terephthalate (PET), polyvinyl chloride (PVC),
and their blends which evaluate radical interactions resulting from
their H-donor effect [20-27]. Blending polymers to lignocellulosic
biomass can lead to an increase in volatiles (such as carbon diox-
ide, carbon monoxide, hydrogen, and water) [28]. As a result, gas
contact between primary volatiles and secondary cracking reac-
tions can be enhanced. However, when biomass is degraded alone
or together with polymers the decomposition mechanism differs
due to chemical composition, the degree of crystallinity of compo-
nents such as cellulose, hemicellulose, lignin and inorganics [29,30].
Therefore, it is impossible to reach a general statement on the effect
of biomass during the co-pyrolysis.

In this study, a specific biomass sample, chestnut shell (CNS), and
a polymer waste, PS, interactions during co-pyrolysis are investi-
gated by thermogravimetric analysis/Fourier transform infrared
spectroscopy/mass spectroscopy (TGA/FT-IR/MS) technique. TGA
is one of the commonly used techniques to study thermal events
during pyrolysis because of its experimental simplicity and reliabil-
ity [31,32]. By coupling spectroscopic techniques such as FT-IR
and MS to TGA, the measurement of primary gas evolved from
thermochemical reactions together with the calculation of kinetic
parameters is probable. By this way, optimal thermal processing
temperatures, heating rates, and residence times for targeted vola-
tilization of specific compounds can be determined, which is ben-
eficial for controlling the process and assessing the feasibility and
design of pyrolysis reactors [33,34]. PS and CNS are selected as
raw materials since they comprise a significant amount of the plas-
tic content of municipal solid waste of Turkey. Furthermore, CNS
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has paid special attention among the numerous non-edible bio-
mass wastes due to its abundance in the region. According to the
statistics of the Food and Agriculture Organization of United Nations
in 2015, Turkey is the third country in the world in terms of chest-
nut production with an approximate annual production of 60000
MT [35]. Therefore, large amounts of shells are discarded as a by-
product of nut processing factories. Almost no study on the pyrol-
ysis and co-pyrolysis of chestnut shell has been published yet to
the best of our knowledge. In the scope of this study, the distrib-
uted activation energy model (DAEM) was employed to investi-
gate the activation energy values during pyrolysis, and the results
were compared with different iso-conversional techniques. Then,
thermodynamic analyses together with evolved gas analysis were
performed by simultaneous TGA/FT-IR and TGA/MS measure-
ments.

MATERIALS AND METHODS

1. Experimental Study
1-1. Preparation and Characterization of Raw Materials

Chestnut shells were obtained from a chestnut candy factory; dried
at room temperature and then ground to obtain a uniform parti-
cle size. Similar to the biomass sample, PS samples were obtained
from waste plastic recycling plant and then ground and sieved.
The same particle sizes were used in the experiments. Blends were
prepared by mixing samples at a definite ratio of 50 wt%. A parti-
cle size range between 112 um and 224 pm was used throughout
the thermoanalytical measurements.

Prior to the TGA/FT-IR/MS experiments, proximate, ultimate
and component analyses were performed. Ash (1.20 wt%) and mois-
ture (10.17 wt%) content was relatively low and large amounts of
volatile matter (65.55 wt%) were present in the structure of CNS.
Fixed carbon content was calculated from the difference as 23.08
wt%. From the component consideration, higher lignin content
(42.69 wt%) is noticeable for the biomass sample. Hemicellulose,
cellulose, and extractive amounts were found as 22.64, 31.61 and

1.86 wt%, respectively. Ash analysis of chestnut shell was also per-
formed by the XRF technique and results showed that CaO (43.7
wt%), K,O (20.7 wt%) and SO; (7.2 wt%) contribute more to the
inorganic phase than other constituents. Other than these organic
phases, some typical inorganics, which can be found in biomass
structure such as Na,O, SiO,, MnO, Fe,O;, were detected.

When ultimate analyses of CNS and PS were performed with an
elemental analyzer (Leco 628 Series CHN-S) and elemental car-
bon content was found as 48.0 and 90.3 wt% while hydrogen con-
tent was as 5.5 and 9.1, respectively. Both samples include a minor
amount of nitrogen, but oxygen content of biomass was signifi-
cantly higher in CNS (45.9 wt%), considering the trace amounts
(smaller than 0.1 wt%) in PS. As a result, H/C ratios of CNS and
PS were obtained as 1.352 and 1.195, respectively. When the calo-
rific value was evaluated, a higher heating value of PS (43.6 MJ/kg)
was found higher than CNS (15.9 MJ/kg) due to higher elemental
carbon content of PS.

1-2. Thermoanalytical Measurements

The thermoanalytical measurements were carried out under an
inert atmosphere using a TGA device (Setaram-Labsys Evo) coupled
to an FT-IR spectrometer (Thermo Scientific iz10) and a mass spec-
trometer (Pfeiffer Omni Star). A schematic representation of the
experiment system is shown in Fig. 1. Approximately 10 mg of
sample was loaded into the AL O; crucible to prevent the possible
temperature gradient in the sample and ensure the kinetic control
of the process. A mixing ratio of 1: 1 (wt PS/wt biomass) was used
for the co-pyrolysis experiments. Kinetic experiments were per-
formed using linear heating rates from 5 to 40 °C/min, and results
were monitored from 25 °C to 1,000 °C. All experiments were per-
formed in triplicates.

Evolved gaseous species from the TGA furnace were detected
by connecting MS and FT-IR to TGA. During measurements, trans-
fer lines and gas cells were heated to avoid condensation and sec-
ondary reactions. Online FT-IR analysis was performed in the range
of 4,000-400 cm™'. MS was operated under a vacuum and detected
the characteristic fragment ion intensity of the volatiles according
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to their respective mass to charge ratios (m/z). A secondary elec-
tron multiplier (SEM) type detector was used during simultane-
ous measurements and intensities of gaseous products were first
analyzed by evolution curves obtained by a preliminary scan. Then
the signals of the selected compounds were recorded.
2. Kinetic Modelling

Pyrolytic degradation mechanism to interpret activation energy
can be obtained from the experimental data collected by TGA. To
have an insight into degradation behavior during co-pyrolysis, the-
oretical mass loss curves as a function of temperature were calcu-
lated as the sum of each individual material's weighted conversion
and the formula is given as:

Wineoreticall 1) =X onsWons + XpsWs (1

where X5 and Xps are the weight fractions in the blend (which is
0.5 in the current study) and weys and wys are the instantaneous
weights of the components. Pyrolysis reactivity index (R,) is calcu-
lated according to the following formula:

Rp= w, ((iiVD . @

where (dw/dt),,,, is the maximum pyrolysis rate and wo is the initial
weight before the pyrolysis stage. Char yield (CY), at the end of the
main pyrolysis zone was calculated by the following relationship:

CY (%)= x100 3

where; w, and wy are the initial sample mass and the mass at the
end of the pyrolysis, respectively. On the other hand, fractional con-
version is written by:
=t @
o f
where; w, is the instantaneous sample mass at time t or temperature
T. The basic rate equation of solid-state thermal conversion pro-
cesses assumes that the conversion rate is proportional to the con-
centration of reactant and dependent on temperature. At a linear
temperature heating rate (/); two different independent functions,
namely temperature function (k(T)) and fractional conversion func-
tion (f(c)), are often used to define kinetic expression as given in
Eq. (5):

- i@ ©
The temperature dependency of the rate constant, k, is described
by Arrhenius equation [k=Aexp(—E,/RT) ]. Here, E, is the activa-

tion energy, A the pre-exponential factor and R the gas constant.
Hence, the reaction rate can be given in the form:

,B =Aexp (— —) f(@) (6)

where f(c) is the conversion function. Eq. (6) can also be integrated
into;

)

E,\ .. AE,
"'f(a) g(a)_lghexp(—ﬁ) =,BR
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where g(e) and p(u) are known as the integrated form of fractional
conversion function, and temperature integral, respectively. Based
on the kinetic methods applied, p(u) can be given by some mathe-
matical approximations [36].
2-1. DAEM Approach

The DAEM assumes that a number of parallel, irreversible and
first-order reactions with different energies occur simultaneously,
reflecting variations in the bond strengths of species. According to
the model developed by Miura [37], all frequency factors differ
only in activation energy, and the number of independent reac-
tions is large enough to permit continuous Gaussian distribution
of the activation energy. Activation energy distribution defined in
the DAEM approach is to be expressed as a function of f(E,):

Tf(Ea)dEa:I ®
0

Therefore, total amount of volatiles evolved up to time t is expressed
in terms of f(E) by:

l—az]?exp( Ojexp( )dt]f(E )dE, ©)

Sometimes the term V/V* is used to describe the reacted fraction
(or conversion degree) instead of o (a=V*/V). In this form, V*
and V refer to instantaneous and initial amount of volatile matter,
respectively. The exponential function given in Eq. (9) is the so-
called ¢ function. For a constant heating rate, ¢ function can be
transformed from an integral in time to an integral in temperature
as follows:

! E k,T E
@(E,, T)=exp [— ko[exp (R_fl{") dt) =Zexp [— 7;]' exp (R_"i“) de (10)
0 0

This function can be approximated by a step function at a value of
E=E,. Hence, Eq. (10) can be simplified as:

V* o E,
a=37=1- Ejﬂf(Ea)dEu_ { f(E,)dE, (11)
Also, ¢ function can be approximated as:

o(E, T)= exp<f (12)

koRT2e<—Eu/RT))
BE

Choosing activation energy value to satisty the condition of ¢ (E,,
T)=0.58 is convenient for the different k, and f(E) combinations.
Hence, the relationship between E,, & T and k, can be expressed as:

“In(0.58)2x =D
k,RT

(13)
According to the DAEM approach, the reactions with an associ-
ated activation energy occur at a specific temperature and heating
rate, which can be formulated as:

dv_d@av) _

Tk DAV - AV) (14)

For a constant value of k,, corresponding to a determined reaction,
integration of Eq. (14) gives Eq. (15) in the case of constant heat-
ing rate:
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£ k,RT>
1- AV*:ex —k[e 7ROt | = exp| — e E/RD (15)
av P T
0 a

By taking the double logarithm Eq. (15), Eq. (16) may be obtained
as:

h{fé) :h{%} - ln[— In(1- AA\‘;)J— 1];:_:} (16)

Considering that 1-(AV/AV")=¢ (E,, T)=0.58, Eq. (16) can be sim-
plified as:

1n(§) = ln(klgi{) +0.6075— % 17)
Eq. (17) is the so-called Arrhenius equation of DAEM that cor-
relates the main kinetic parameters with the heating rate for a
determined temperature.
2-2. Iso-conversional Methods

Iso-conversional methods enable the prediction of activation
energies on conversion degree in a model-independent way that
uses multiple temperature programs in order to gain data on dif-
ferent heating rates at a constant extent of conversion. To com-
pare the activation energy values calculated by DAEM and check
the consistency of the models, two commonly used iso-conversional
methods, Friedman [38] and FWO [39,40], were also applied to
the same data whose linearized final forms are given in Eq. (18)
and Eq. (19), respectively.

7clot _ 3 E,

ln( d—T)flnA-i—lnf(a) RT (18)
Infg=1 B 5.331 1052—Ea (19)
nf=In o )— .331-1.

3. Thermodynamic Analysis

In analogy with kinetic analysis, pre-exponential factor, changes
in enthalpy (AH), Gibbs free energy (AG) and entropy (AS) can be
calculated using thermogravimetric analysis and expressed by Egs.
(20)-(23)

Ea
A=[ e enpl o Jrers (20)
AH=E,—RT 1)
K,T
AG=E, + RTmln(ﬁ) (22)
AS= % (23)

m

where, A is pre-exponential factor (s ), T,, is peak temperature
(K), K is Boltzmann constant (1.381x107% J/K) and h is the Planck
constant (6.626x10*s).

RESULTS

1. Thermal Analysis of CNS and PS Pyrolysis and Co-pyrolysis

Based on TG and differential TG (dTG or DTG) analyses,
(Table 1 and Fig. 2), three stages can be observed during the pyrol-
ysis of the CNS. The first stage was from room temperature to
around 200 °C. This first step may have contributed to the release
of the moisture that the shells contained because of the hygro-
scopic nature of biomass and very light volatiles. The peak tem-
peratures at which this moisture evolution is obtained are between
90 and 112 °C with respect to heating rate. The following mass
loss stage was from 190 to 430 °C corresponding to the major mass
loss due to the main pyrolytic decomposition. In this stage, much
of the weight loss occurred due to the thermal breaking of the
bonds in the polymeric structure of the biomass and the forma-
tion of stable bonds through secondary reactions. Lignocellulosic
biomass is mainly composed of natural biopolymers as hemicellu-
loses, cellulose, and lignin. It is well known that the main pyro-
lytic degradation of the lignocellulosic structure is related to the
decomposition of hemicellulose (220-315 °C); cellulose (315-400 °C)
and lignin degradation (150-450 °C) [41]. The pyrolytic degradation
scheme of CNS also reflects the main characteristics of the overlap-
ping zones of the main components. At the last stage of the decom-

Table 1. Pyrolysis characteristics of the samples obtained from TG and dTG curves

Sample Heating rate (°C/min) T, (°C) drG,,,." Tf*** (°C) R, (%/min-mg) CY (%)
5 191.03 326.85 380.21 0.19 62.32
CNS 10 19743 33549 389.72 0.35 62.25
20 203.40 342.21 412.46 0.64 60.99
40 208.71 353.28 431.99 1.60 56.49
5 368.33 422.49 492.54 1.53 4.92
S 10 371.93 436.46 506.17 3.46 3.97
20 373.07 448.65 524.40 6.37 3.39
40 375.65 466.47 546.42 12.73 3.18
5 216.90 425.37 499.56 0.73 32.53
1 2224 439.4 12. 1. 2.
CNS4PS 0 9 39.47 512.05 57 32.30
20 232.96 452.17 516.25 3.32 32.08
40 239.86 466.71 542.33 4.60 31.74

"T, is the initial temperature of the pyrolysis zone

"dTG,,, is the maximum temperature from the dTG curves

Hk,

Ty is the final temperature of the pyrolysis zone

Korean J. Chem. Eng.(Vol. 35, No. 2)
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Fig. 2. TG and dTG curves of (a) CNS, (b) PS and (c) CNS+PS.

position, weight loss rate decelerates substantially and TG curves of
CNS reach an asymptotic value during this slight decomposition.

On the other hand, TG and dTG curves of PS showed that the
mass loss during pyrolysis of PS starts at a higher temperature than
CNS, whereas the degradation range of PS is found to be in a nar-
rower temperature range. The maximum mass loss rate of PS is ob-
served at approximately 440 °C. Note that the pyrolytic degradation
of PS occurs almost totally in a one-step process that can be well
understood from the presence of a single peak in each dTG curve.

The peak temperatures of co-pyrolysis were obtained higher
than those of CNS with a higher decomposition intensity. Reactiv-
ity indices were found to be increased substantially by adding PS

February, 2018

to the biomass. Assuming no interaction between PS and CNS,
the pyrolysis characteristics of the blends should follow the behav-
ior of individual feedstock in the mixture. In this respect, theoreti-
cal and experimental TG results were calculated at different heating
rates, analyzed to understand interactions between PS and CNS
and given in Fig. 3. Accordingly, the experimental weight loss val-
ues are found greater than those of calculated after 429, 454, 460
and 462 °C, for 5, 10, 20 and 40 °C/min heating rates, respectively.
Devolatilization of the components during co-pyrolysis was found
to be accelerated and the differences between theoretical and experi-
mental results became obvious in the case of lower heating rates
(5°C/min and 10°C/min) at the very early stages. On the other
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hand, results indicated possible synergistic effect occurring between
PS and CNS at elevated temperatures. The differences between
experimental and theoretical results may be a consequence of hin-
dering the degradation of each individual material by blending.
Possible synergetic effect between CNS and PS may be explained
by the radical interactions and hydrogen donors which resulted in
differences in theoretical and experimental curves. Because CNS
and PS have different H/C ratios and hence hydrogen donor/
acceptor mechanism may effect co-pyrolysis mechanism. There is
a general consensus about the co-pyrolytic thermal degradation of
a different class of raw materials is effected by formation of sec-
ondary radicals by reactions such as depolymerization, intermo-
lecular hydrogen transfer and isomerization [42,43].

During the pyrolysis and co-pyrolysis of biomass and PS, in-
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creasing heating rates transferred the maximum peak temperatures
to the higher values without altering thermal profiles. Thus, the
maximum rate of decomposition increased with increasing heat-
ing rates because of increasing thermal energy by affecting the
temperature difference as well as the temperature gradient. Hence,
thermal hysteresis phenomenon is aggravated by increasing the
heating rate from 5 to 40 °C/min.
2. Kinetic Analysis Results

We used different heating rates ranging from 5 to 40 °C/min
and nine levels of conversion degree varying from 0.10 to 0.90 to
determine the dependence of apparent activation energy on the
conversion degree. The calculated values are given in Table 2. The
corresponding average values of R’ are all more than 0.98, reflect-
ing that the kinetic analysis of CNS and PS pyrolysis together with

Table 2. Activation energy with respect to conversion degree calculated with DAEM

CNS PS CNS+PS
a E, (kJ/mol) R’ E, (kJ/mol) R’ E, (kJ/mol) R?

0.1 153.3 0.9687 2202 0.9987 141.1 0.9898
0.2 154.5 0.9720 205.3 0.9996 162.0 0.9691
0.3 191.9 0.9746 203.1 0.9995 169.6 0.9473
0.4 196.8 0.9964 207.3 0.9993 2119 0.9643
0.5 191.8 0.9857 205.0 0.9976 2162 0.9857
0.6 185.4 0.9957 205.9 0.9986 2186 0.9992
0.7 1752 0.9880 209.4 0.9971 206.7 0.9989
0.8 175.3 0.9917 210.8 0.9970 199.2 0.9904
0.9 152.7 0.9933 213.4 0.9973 198.6 0.9919

Average 175.2 0.9851 208.9 0.9983 191.6 0.9818

Korean J. Chem. Eng.(Vol. 35, No. 2)
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co-pyrolysis were well correlated with the DAEM approach.

For CNS pyrolysis, the highest activation energy is observed at
a conversion degree of 0.4 as 196 k]/mol at a temperature around
300 °C. Note that the activation energy values are not constant during
degradation of the structure, since they are variable with the prog-
ress in conversion degree. The calculated percent deviation values
from the average activation energy are found to be between 12.3%
and 12.8%. This indicates that there is more than a single reaction
mechanism for the pyrolysis of CNS.

On the other hand, during PS pyrolysis, fluctuation of the val-
ues of activation energies is not remarkable at between 203 and
220 kJ/mol, and the calculated percent deviation from the average
value is between 2.7% to 5.4%. The obtained activation energy val-
ues for PS also agree with previous literature studies. Accordingly,
the mean activation energy required to degrade the structure of
PS is between 188 and 221 kJ/mol [44-49]. Inevitably, differences
of PS results are due both to the applied analysis method and struc-
tural features of PS, such as molecular weight, end groups, included
additives and particle size.

Comparing the calculated mean activation energy of co-pyroly-
sis with those of the CNS and PS pyrolysis, the energy needed for
pyrolysis of PS is clearly decreased by the addition of biomass. Results
also show that trends in activation energy with respect to the degree
of conversion were also changed substantially by the addition of
CNS. It is difficult to describe all of the mechanisms involved in
the co-pyrolysis due to the interactions, but it can be concluded
that co-pyrolytic behavior of CNS and PS is a complex process
involving different reactions. As a result of this phenomenon, the
activation energy values of co-pyrolysis are found to be highly
dependent on conversion degree. Furthermore, addition to PS to
biomass sample seems to decrease the activation energy at the ini-
tial stage of co-pyrolysis.

The activation energy values calculated by DAEM were also
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compared with two different iso-conversional methods, Friedman
and FWO. Results were given in Fig. 4. Accordingly, the general
trend with respect to conversion degree was found to be similar
for CNS, PS pyrolysis, and co-pyrolysis when Friedman and FWO
methods applied. Observed quantitative deviations are a result of
the assumptions of each kinetic model. For instance, the Fried-
man method is a differential iso-conversional method that assumes
f(@) remains constant and thermal decomposition is independent
of temperature and depends only on the rate of mass loss. On the
other hand, FWO uses Doylé’s approximation to solve p(u) and
assumes apparent activation energy remains constant during ther-
mal decomposition in the derivation of the linear model equations.
3. Thermodynamic Analysis Results

To evaluate pyrolytic and co-pyrolytic behaviors of CNS and PS
from the viewpoint of thermodynamics, calculated activation energy
values using the DAEM approach were used in the calculation of
thermodynamic parameters at the maximum conversion rate and
are given in Table 3. Since enthalpy change reflects the energy dif-
ferences between the activated complex and the reagents, it can be
an indicator to interpret the nature of pyrolysis and co-pyrolysis
processes. If the enthalpy change is small, the potential energy bar-
rier is low and the formation of an activated complex is favored.
The smallest enthalpy change value is calculated for biomass pyroly-
sis at around 170 kJ/mol through the whole pyrolysis range. Addi-
tion of PS resulted in an increase of this value, and the highest
enthalpy change was observed for PS pyrolysis. So, the formation
of an activated complex during biomass pyrolysis seems easier
than degradation of polystyrene chains. Besides, positive enthalpy
values during pyrolysis and co-pyrolysis showed the main degra-
dation reactions to be endothermic. For CNS pyrolysis, enthalpy
change values increased to some extent when conversion degree
increased to 0.4. After this value, enthalpy changes were found to
be decreased. On the other hand, PS pyrolysis did not show a reg-
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Table 3. Thermodynamic parameters calculated with a heating rate of 10 °C/min
CNS PS CNS+PS
. A AH AG AS A AH AG AS A AH AG AS

(s (kj/mol)  (kj/mol) (j/mol) (s (kj/mol)  (kj/mol)  (j/mol) (s (kj/mol)  (kj/mol) (j/mol)
0.1 7.1x10° 149.0 169.6 -341  86x10% 2146 221.6 -99  7.4x10° 1354 178.5 -58.9
02 92x10° 150.0 170.4 -335  64x10"  199.5 2134 -195  29x10° 156.9 189.9 —46.3
03 18x10° 1873 191.1 -62  43x10" 1973 212.1 -209  1.1x10° 163.9 194.1 —422
04 49x10° 1920 193.8 -28  9.0x10" 2014 214.5 -184  1.7x10% 2062 217.5 -15.8
05 1.8x10° 1869 191.0 -67  61x10"  199.1 213.2 -198  36x10% 2104 219.9 —-13.3
0.6 4.6x10% 1805 187.5 —11.5  7.0x10" 1999 213.7 -193  55x10% 2127 2212 -11.8
0.7 6.1x10" 1701 181.8 -192  13x10" 2034 215.6 -172  69x10"  200.7 214.5 -194
08 64x10" 1702 1819  —193  1.7x10% 2047 2164  -164  19x10" 1932 2104 242
09 64x10° 1474 1694  —361  26x10” 2072 217.8 -149  17x10" 1925 210.1 -247

ular trend in enthalpy changes with respect to conversion degree
due to depolymerization and intermolecular hydrogen transfer.
During co-pyrolysis, a similar trend in enthalpy changes was ob-
served as CNS pyrolysis. However, enthalpy change started to de-
crease after a conversion degree of 0.6 instead of 0.4. When enthalpy
change value of co-pyrolysis is compared with the values of the
single component at a conversion value of 0.1, it is obviously seen
that PS effects degradation of biomass at the initial stage of the
process.

Another thermodynamic function, entropy change, shows how
near the system is to its own thermodynamic equilibrium. In the
case of low activation entropy values, it is accepted that material
has just passed through some kind of process, bringing it to a state
near its own thermodynamic equilibrium. In this case, reactants
show little reactivity; so time to form the activated complex is
increased. Otherwise, the material is far from its own thermody-
namic equilibrium when high activation entropy values are pres-
ent. In such a situation, the reactivity is high and the system can
react faster to produce the activated complex, which results in
short reaction times. Based on negative values of entropy change,
disorder degree of the evolved products through pyrolytic and co-
pyrolytic degradation is lower than that of raw materials.

When it comes to Gibbs free energy change, it can be illustrated
as a comprehensive evaluation of disorder change, since it indi-
cates the total energy increase of the system at the approach of the
reagents and the formation of the activated complex. In the case of
lower Gibbs free energy change, a higher favorability of reaction is
indicated. At the initial stages of PS pyrolysis Gibbs free energy
change was found as 221.6 kJ/mol, and then it decreased as degra-
dation proceeded and slightly increased at the last stage of pyroly-
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Fig. 5. 3-Dimensional FT-IR spectra of (a) CNS, (b) PS and (c) CNS+PS.

sis. But the changes and deviations from the average value were
obtained smaller compared to CNS and CNS+PS pyrolysis. On the
other hand, CNS pyrolysis and co-pyrolysis processes showed a
similar Gibbs free energy change distribution like enthalpy distri-
bution throughout the conversion range. It may be a result that bio-
mass addition to PS favors cracking of the structure at the very
early stages of pyrolysis.

When the calculated pre-exponential factors were examined,
some variations with respect to conversion degree were also obvi-
ous. Pre-exponential factors of CNS changed from 6.4x10° to
4.9x10"s™". On the other hand, PS presented values of pre-expo-
nential factors between 1.3x1011 and 8.6x10"s™". Different from
each component, calculated pre-exponential values of co-pyrolysis
of CNS and PS varied from 7.4x10° to 5.5x10"s ™', which indi-
cates the interactions between polymer and lignocellulosic struc-
ture. The observed fluctuations clearly illustrate that complex reaction
mechanisms and interaction of the radicals occur during pyrolytic
decomposition.

4. TG/FT-IR/MS Results

The outputs from online FT-IR analyses are three-dimensional
(3-D) plots that indicate IR spectra as a function of time. The ob-
tained 3-D plots are given in Fig. 5. Exact detection of band posi-
tions in such analyses is complicated because of the complex mecha-
nisms and overlapping zones occur during online analysis. But it is
convenient to say that the most obviously seen intense peak in 3-
D spectra of CNS is of asymmetric C=0 stretching vibration
(2,250-2,500 cm ™) due to the removal of carbonyl functional groups.
This peak is a result of cracking and reforming reactions of ligno-
cellulosic biomass. This carbon dioxide evolution during the deg-
radation process can also be confirmed by the C=O bending

(c)
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"ot
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Fig. 6. Single ion current curves for major evolved species during pyrolysis ($=10 °C/min).

vibrations (580-730 cm ™). Carbon dioxide evolution is seen in a
broad temperature range between 200 and 900 °C as a result of the
main decomposition of the lignocellulosic structure in pyrolysis
zone followed by charring of the remaining structure and gasifica-
tion at higher temperatures. Smaller carbonyl C=O stretching
vibrations (1,750-1,650 cm™') indicate the release of aldehydes,
ketones, and carboxylic acids. Besides, O-H stretching vibrations
(3,400-3,800 c™*) are observed both at the initial water removal
stage and main pyrolysis zone due to the release of water. This
water removal is not only a result of moisture removal but also
dehydration reactions. This O-H band (960-1,085 cm™") also indi-
cates the release of phenolics, acids, and alcohols together with
stretching [50].

Compared to the spectra of the CNS, PS pyrolysis seems much
simpler, which supports the single reaction scheme. According to
spectra, C-H stretching vibrations (3,300-3,000 cm™") and in-plane
bending vibrations (1,300-1,000cm™") of mononuclear aromatic
hydrocarbons are noticeable. Other skeletal vibrations of mononu-
dlear hydrocarbons (1,500-1,400 cm™") together with out of plane
C-H bending vibrations (910 and 670 cm™") of mononuclear hy-
drocarbons also appeared in the spectra. =C-H stretching (3,100-
3,000cm ™) and C=C stretching (1,700-1,600 cm ") vibrations were
also observed in the 3-D spectra of PS. During the degradation C-
C bond cleavage and formation of free radicals occurs. These free
radicals react with polystyrene to produce short-chain radicals.
According to the results, it is suggested that the main reaction
during pyrolysis is depolymerization of PS to styrene monomers
by yielding small amounts of radicals that may also be under-
stood from the fingerprint region between 1,000 and 500 cm™".

When the 3-D FT-IR profile of the co-pyrolysis is examined, it
can be obviously concluded that the addition of the profiles ob-
tained from CNS and PS pyrolysis has changed slightly. For instance,
additional formation steps of CO, and aromatic chains were ob-
served due to the radicals. This suggests that some degree of chemi-
cal interaction may occur during the co-pyrolysis of CNS and PS.
The band between 2,800 and 3,150 cm™" is attributed to -CH, and
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-CH; stretching vibrations that are mainly due to the presence of
methane gas in the volatiles. Methane is formed as a result of the
decomposition of methoxy, methyl and methylene groups.

Online MS analyses were also performed simultaneously with
the FT-IR analyses since FI-IR spectra give only qualitative infor-
mation about the functional group of the evolved pyrolysis prod-
ucts. To observe the effect of PS mixing to biomass, mass spectra
were obtained for a wider array of species. But target signals with
m/z ratios (m/z) of 16, 18, 44, 78 and 104 (which indicate the evo-
lution of methane, water;, carbon dioxide, benzene, and styrene,
respectively) were considered for discussion and are given in Fig.
6. Signals belonging to benzene and styrene supported the depo-
lymerization of styrene which showed a maximum peak around
450 °C. On the other hand, methane, water, and carbon dioxide
evolution profiles were changed considerably; which indicates changes
in reaction mechanisms and synergic effects in the case of co-
pyrolysis. For instance, additional water and carbon dioxide evolu-
tion steps were observed. Therefore, it is convenient to say that PS
addition triggered dehydration and the decarboxylation reactions
at the final stage of decomposition (approximately between 370
and 500 °C).

CONCLUSIONS

Pyrolytic and co-pyrolytic degradation behaviors of CNS and
PS were reported. Simultaneous TGA/FT-IR/MS analyses of CNS,
PS, and their blend were performed at four linear heating rates,
simulating a pyrolysis process. The differences in thermal behav-
iors are explained by the number of mass loss steps, their percent-
ages, and their temperature ranges.

After that, pyrolysis and kinetics were examined using DAEM
approach. The TGA data were well described by DAEM and the
results were compared with Friedman and FWO methods.

The results of both thermogravimetric and kinetic analyses implied
that the co-pyrolysis characteristics of PS and CNS are quite differ-
ent from the combination of the individual materials. Hence, there
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may exist some interactions and synergic effects between PS and
CNS co-pyrolysis.

The main evolved gases released during thermal degradation
were detected by online FT-IR and MS measurements and sup-
ported the interactions among the radicals produced by CNS and
PS degradation.

Regarding thermodynamic analysis, complex reaction mecha-
nisms and interaction of the radicals occurring during co-pyro-
lytic decomposition were expressed in terms of thermodynamic
parameters.
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