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A B S T R A C T

The Jerusalem artichoke (Helianthus tuberosus) is a perennial plant which is adapted to wide climatic conditions
ranging from temperate to semiarid regions. Its tubers are alternative to potatoes and it can typically produce
18–28 tons of waste foliage from one hectare which can be exploited for bioenergy via pyrolysis. However, the
pyrolytic behavior of its waste was never studied. The present study was focused to assess its potential via
pyrolysis, kinetics, thermodynamics, and TG-FTIR-MS based study to produce energy and chemicals. The bio-
mass was subjected to thermal degradation at five heating rates (10, 20, 30, 40, 80 °C/min) under an inert
environment. The thermograms showed that the highest rate of thermal transformation was achieved at
270–430 °C. The data were subjected to kinetics and thermodynamics analyses using Kissinger-Akahira-Sunose
(KAS), Flynn-Wall-Ozawa (FWO), Starink and Vyazovkin models. The activation energy (Ea) and pre-exponential
factors remained consistent and ranged from 160 to 175 kJ/mol and 1012–1014 s−1 at conversion fractions
ranging from α=0.2 to α=0.6. The kinetic parameters showed higher statistical confidence with R2≥ 0.98
and good agreement among the data obtained through various models. The high heating value
(HHV=18.76MJ/kg), change in enthalpy (∼ΔH=150–170 kJ/mol), and Gibbs free energy
(ΔG=158–168 kJ/mol) demonstrated the substantial bioenergy potential of this waste. Moreover, the pyrolytic
gases were subjected to Thermogravimetric-Fourier Transformed Infrared Spectroscopy-Mass Spectrometry (TG-
FTIR-MS) analyses to identify the nature of products. The detected functional groups showed that the evolved
gases contained aldehydes, phenols, carboxylic acids, esters, aromatic hydrocarbons and methane which in-
dicated the substantial potential of this waste to produce energy and chemicals via pyrolysis causing no com-
petition with the food/feed or land for food/feed.

1. Introduction

Increased global mobility, heavy industrialization and excessive
burning of petroleum-derived chemicals caused the emission of toxic
and greenhouse gases (CO2, SOx, NOx). Besides environmental issues,
ever-increasing demands of liquid fuels cannot be fulfilled in the next
50–70 years, hence finding the environmentally sustainable alternative
liquid fuels would be inevitable. Biomass, along with solar and wind,
has shown to be the most promising foreseeable source to fuel the fu-
ture due to its renewable and carbon neutral nature [1]. Biomass can be

obtained from various sources but the use of residual biomass from
agricultural or agroforestry and the biomass produced on non-arable
lands would be a practical choice without causing any direct or indirect
competition with the food or land for food [2]. The photosynthetic
storage of solar energy into biomass is 58–90 folds higher when com-
pared to the storage capacity of lithium-ion (Li-ion) batteries on mass
basis [1]. However, the photosynthetically stored energy in biomass is
difficult to retrieve when compared to the retrieval from Li-ion bat-
teries.

Several methods can be employed for the cleaner conversion of

https://doi.org/10.1016/j.enconman.2019.04.076
Received 21 February 2019; Received in revised form 15 April 2019; Accepted 25 April 2019

⁎ Corresponding author.
E-mail address: cg.liu@sjtu.edu.cn (C.-G. Liu).

Energy Conversion and Management 194 (2019) 37–45

Available online 30 April 2019
0196-8904/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2019.04.076
https://doi.org/10.1016/j.enconman.2019.04.076
mailto:cg.liu@sjtu.edu.cn
https://doi.org/10.1016/j.enconman.2019.04.076
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2019.04.076&domain=pdf


biomass to energy and chemicals ranging from direct combustion to
thermochemical and biological fermentation. Although biological fer-
mentation is the cleanest way to convert biomass into renewable fuels,
yet the recalcitrance nature of biomass and tedious methodology in-
volved makes the process overall inefficient and expensive. Moreover,
thermochemical conversion has dominance over biological methods in
terms of conversion efficiency [3]. Pyrolysis is the thermal conversion
of biomass into energy, gases, biooil, biochar and chemicals under in-
vert environment [4] which has shown to be another cleanest method
to retrieve the energy stored in the plant biomass leaving almost no
waste at the end. While, the process itself is affected by several factors
including nature of the biomass, temperature, heating rate, particle size
of the biomass and resident time. For instance, the higher oxygen
content in the biomass indicates the capability of biomass to produce
high-value gases, liquid fuels and better-quality biochar [5]. Similarly,
the presence of water vapors during the pyrolysis process can increase
the proportion of liquid products. Moreover, porosity and surface area
will influence the biochar formation using simultaneous pyrolysis and
gasification [4]. Hence, establishing effective pyrolysis for any biomass
requires a vibrant understanding of the key parameters involved.

Thermogravimetry is extensively employed to monitor the thermal
conversion of biomass through pyrolysis, combustion, and gasification
in response to a gradually increasing temperature in a thermogravi-
metric analyzer (TGA). The data obtained provide information on the
decomposition rate of biomass as a function of time and temperature in
a controlled environment which is maintained as inert during pyrolysis.
Moreover, the data are subjected to mathematically derived models to
establish the reaction kinetics which subsequently elucidate the feasi-
bility and behavior of the pyrolytic behavior of the biomass under study
[6]. The data analyses reveal kinetics and thermodynamic parameters
of the pyrolysis process, including Gibb’s free energy, enthalpy of the
reaction, activation energy, and pre-exponential factors. There are two
common approaches based on mathematical modeling namely model
free (isoconversional) and model fitting methods which are often used
to calculate the kinetic parameters. Where it is required to assume a
model while using fitting approach opposite to model free methods
where the assumption is not necessary. Thus, model-free methods are
taken as more reliable [7,8]. Model-free methods include Kissinger-
Akahira-Sunose (KAS), Ozawa-Flynn–Wall (OFW), Starink and Vya-
zovkin which are broadly accepted as reliable techniques to compute
kinetic parameters.

The pyrolysis of biomass releases gases where nature and compo-
sition of the products are often monitored using thermogravimetry (TG)
coupled with a Fourier transform infrared (FTIR) and/or Mass spec-
trometer in real-time. TG–FTIR or TG-FTIR-MS systems enable us to
monitor the type and proportion of the volatiles produced during the
pyrolysis [9,10] and/or co-pyrolysis [11,12]. Previously, several studies
have been conducted to understand the pyrolytic behavior of several
residual biomasses including sawdust [13], rice husk, [14], tobacco
waste [15], red pepper waste [8], walnut shells [16], Pea waste [17],
Chinese liquor industry waste [18], tea waste [19] and raw coal [20].
These studies have shown the remarkable potential of the studied re-
sidual biomass to produce energy, fuel, and chemicals in cost and en-
ergy efficient way.

Other than pyrolysis parameters, cost of feedstock is the key para-
meter which influences the cost-effectiveness of the process while the
price of biomass depends on the inputs provided, the value of land used,
and type of the biomass produced. For instance, miscanthus and willow
are established bioenergy crops, which costs US$ 12–26 per GJ of en-
ergy, when subjected to pyrolysis [21]. In this scenario, one strategy to
lower the cost of production is to utilize the residual or waste biomass
using the grasses adapted to non-arable lands which can turn these non-
profitable lands into profitable future energy landscapes without
causing any direct competition with food crops or land for food crops
[2].

The Jerusalem artichoke (Helianthus tuberosus) is a herbaceous

perennial plant which grows to 1.5–3.0 m tall, where its underground
tubers are used a vegetable as an alternative of potato. Typically, it can
produce 16–20 tons of tubers along with 18–28 tons of foliage from one
hectare of land ranging from temperate regions of North America to
semiarid regions of China. Unlike other tubers, the tubers of Jerusalem
artichoke contain inulin as the main sugar molecule which is not easily
digestible by a human. Alternatively, its carbohydrates can be con-
verted to ethanol fuel using yeast strains capable of inulin fermentation.
This plant is easy to cultivate due to its dominant, invasive, and
adaptive nature. These features make the foliage of Jerusalem artichoke
as an abundantly available, low-cost waste biomass to produce energy
and chemicals. Previously, the basic pyrolysis of its tubers was studied
using distribution activation energy model [22]. In the present study,
the whole plant biomass of this plant (except tubers) was subjected to
pyrolysis, kinetics, thermodynamics, and TG-FTIR-MS based study to
evaluate its potential for energy and chemicals for the very first time.
The data have shown that Jerusalem artichoke biomass has the re-
markable potential to produce chemicals and energy via pyrolysis.

2. Materials and methods

2.1. Sample collection, proximate and elemental composition analyses

The residual biomass of Jerusalem artichoke plant after harvesting
the tubers for food purpose was collected from Jiangsu Province of
China. The plant biomass was cleaned using tap water to remove any
soil particles and was left under the sun for air drying. Later, the whole
plant was chopped down to reduce the size for easy storage and
handling. A known mass of the sample was exposed to 105 °C for 48 h in
a hot air oven. The oven-dried biomass was finely grounded using a
blender and mass was passed through a strainer to collect the powdered
biomass of particle size ranging from 200 to 250 µm to ensure the
uniform heat transfer during thermal degradation in pyrolysis. The
powder-like biomass was kept in a desiccator for further experiments.
Proximate analyses namely volatile content (VM), moisture content and
ash content were estimated using previously established standard
methods in ASTM (E872-&82 2006, E871-82 2006, E1755-01 2007).
Where a known mass of air-dried sample was placed in a hot-air oven at
105 °C in triplicate unless a constant mass was attained. The difference
in mass before and after 105 °C treatment gave the moisture content.
Similarly, the pre-determined mass was taken into ceramic crucibles
and put at 550 °C in a Muffle furnace for 4 h. Where the difference in
mass before and after heating gave the volatile matter content and the
residual mass in the crucible was considered as ash. The oven-dried
biomass was used to determine the high calorific value using an Oxygen
Bomb calorimeter following the GBT 213-2008 test standards. The
composition of major elements namely oxygen, nitrogen, sulfur, hy-
drogen and carbon were assessed using Vario EL Cube elemental ana-
lyzer (Germany) using Argon as a carrier gas.

2.2. Thermogravimetric (TG) and TG-FTIR-GCMS analyses

Almost 10.0 mg of finely divided oven-dried biomass was taken in
aluminum crucibles and subjected to five different thermal degradation
experiments at five different heating rates including 10, 20, 30, 40, and
80 °C/min starting from 25 °C to 1000 °C in a thermogravimetric ana-
lyzer STA-409 (NETZSCH-Gerätebau GmbH, Germany). While 100mL/
min flow rate of nitrogen was maintained to ensure the inert environ-
ment in the reaction chamber.

After the thermogravimetric experiments, the same amount of oven-
dried powdered biomass was subjected to thermal degradation at the
heating rate of 40 °C/min in a Thermogravimetric-Fourier Transformed
Infrared Spectroscopy coupled with Gas Chromatography-Mass
Spectrometer (TG-FTIR-GC-MS) to monitor the major pyrolytic pro-
ducts during thermal degradation. Where an initial temperature of
115 °C was upheld for 10min to ensure the removal of entrapped
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moisture. Later, the biomass was degraded at a constant heating rate of
40 °Cmin−1 and the evolved gases were analyzed using the detectors
present in the FTIR. The GCMS analysis of the evolved gases was per-
formed using positive electron impaction (EI) ionization mode at 70 eV.
While an initial temperature of 50 °C was maintained in the oven for
3min then was ramped to 400 °C at the rate of 40 °C/min and was
maintained for 5min. The temperature of the injector was set at 150 °C,
while temperatures of the transfer line and ion source were set at 50 °C.
Different components of the sample were separated by the TR-5MS
column (30m×250 µm) using (He) as the carrier gas.

2.3. Establishing the mathematical model for the data analyses

The TGA data is often analyzed using the model-free (isoconversion)
methods. These methods are based on the Arrhenius Equation. The
equation for isoconversion methods is written as given below;

=dα
dt

f T f α( ) ( )1 2 (1)

where f T( )1 is the temperature dependency (Arrhenius equation), and
f α( )2 is the conversion function. The Eq. (1) was reproduced as f T( )1
which be contingent on the temperature.

=dα
dt

k T f α( ) ( )2 (2)

= − − ∞α m m m m( )/( )o t o

According to the Arrhenius equation
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After substituting Eq. (3) into Eq. (2), Eq. (4) was obtained.
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So, Eq. (4) became as follows:
If the differential coefficient mechanism function is written in

general nth order form as follows,

= −f α α( ) (1 )n (5)

Then Eq. (4) can be written in a general way as:
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Now, if Eq. (6) is integrated for first reaction order and for the initial
conditions, α=0, at =T T0, to obtain the following expression:
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After some mathematical manipulations following equation were
obtained that was further used to develop models.

= − −G α ART βE RT E exp E RT( ) ( / [1 2 / ]) ( / )2 (8)

Rearranging Eq. (8) it was identified that the “ RT E2 / a” was negli-
gible when compared to unity and was ignored (Coats, 1964), accord-
ingly, the following equation was obtained.

= −G α ART βE exp E RT( ) ( / ) ( / )2 (9)

2.4. Models employed

Three models namely KAS [23–25], Starink [26] and FWO [24]
were employed to calculate kinetic parameters.

⎛
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Then, the left-hand sides of the Eqs. (10)–(12) were plotted against
the inverse of pyrolysis temperature. Then, for any selected α value, the
kinetic parameters were calculated from the value of the slope and
intercept. The Pre-exponential factors were also determined through
the recommendations devised by ICTAC kinetic committee by using the
compensation effect [27]. However, these values were estimated on
each conversion point (α) using the following standard equations that
have already proposed by ICTAC standards protocols.

= +ln A aE b( )i αi (14)

Moreover ΔH, ΔG and ΔS were calculated with standard equation.

= −H E RTΔ (15)

= +G E RT K T hAΔ ln( / )m B m (16)

3. Results and discussion

3.1. Physicochemical properties assessed via proximate and ultimate
analyses

Elemental analysis of the whole plant biomass of Jerusalem
Artichoke (without tubers) showed to contain 43.56–43.62% C,
5.35–5.40% H, 47.48–47.58% O, 0.49–0.51% N, and<0.10% S.
Although these values were approximately in accordance with most of
the plant biomass sources overall sample showed extremely low S and N
content which indicates the suitability of this biomass for combustion
and pyrolysis. Because lower N and S content will release the least
amount of the noxious and soxious gases upon combustion or pyrolysis.
While a considerably higher proportion of C, H, and O indicates the
feasibility to produce energy, syn-gases and biooil because it is the or-
ganic content which goes into pyrolytic products upon thermal de-
gradation. Consistently, the 70.42% of volatile matter, 3.25% moisture,
8.85% ash, 17.48% fixed carbon content again reflected the suitability
of the sample to produce syngases and biooil via thermal degradation.
Because, the biomass with moisture content< 10%, nitrogen<2.0%
and sulfur content< 0.2% is considered as suitable for pyrolysis [16].
The High Heating Value (HHV) of the biomass was shown to be
18.76MJ/kg which is remarkably high when compared to the HHV
values of established energy crops and other perennial grasses including
Giant reed (17.20MJ/kg), Willow (17.80MJ/kg), Reed canarygrass
(17.80MJ/kg), Para grass (15.04MJ/kg), Camel grass (15.00MJ/kg)
[28–31]. In conclusion, the physicochemical properties of the residual
biomass of Jerusalem Artichoke plant show the remarkable bioenergy
potential of this low-cost feedstock.

3.2. Thermal degradation behavior assessed through TG-DTG curves

Pyrolysis experiment of Jerusalem Artichoke (JA) was performed at
five heating rates to observe the thermal degradation pattern for pro-
duct formation as shown in Fig. 1. It was shown that different heating
rates affected the thermal degradation gently, as shown by the slight
shift of TG curves between 270 and 430 °C while major mass loss oc-
curred during this temperature range. Similar tilt was previously ob-
served in the TG-curves of date palm waste, olive mill waste, Tecktona
grandis and non-woody lignocellulose biomass [32–35] which reflects
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that either the heating rate have little influence on the product for-
mation pattern or it is due to the rate of heat transfer into the biomass.
The characteristic temperatures associated with the thermal conversion
of biomass are shown in Table 1. Moreover, the thermal degradation
pattern of the JA was shown to occur in three distinct stages (Table 2).
The first stage was observed when the temperature was increased from
ambient (25 °C) to T1 (174–178 °C) where 8.65–9.4% loss in mass was
observed. This loss in mass indicates the removal of retained moisture
in cellular/intracellular compartments and adsorbed on the surface.

Where the biomass with retained moisture≤ 10% is considered as
valuable for pyrolysis and combustion [14]. The second stage occurred
between 270 °C and 430 °C which should be referred as devolatilization
stage where most of the product formation occurred. A variety of vo-
latiles would have been released during this stage resulting in a drastic
mass loss from 43.4% to 50.08% at 10 °C/min to 80 °C/min. This
finding is in accordance with the reported temperature range for the
thermal degradation of hemicellulose (220–300 °C), cellulose
(300–340 °C), and lignin (> 340 °C) [36]. Major mass loss during this
stage indicates that most of the pyrolytic products can be obtained
below 270–430 °C. During the third stage, degradation of lignin
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Fig. 1. TG pattern of JA (A). DTG Pattern of JA (B) under heating rates (10, 20, 30, 40 and 80) Kmin−1.

Table 1
Characteristics temperatures associated with the pyrolysis reaction of JA bio-
mass.

Heating rate
(°C min−1)

Temperature (°C), Stage-II

(Starting
Temperature) T1

(Peak
Temperature) T2

(Ending
Temperature) T3

10 177 332 380
20 185 347 390
30 195 353 397
40 178 360 406
80 174 376 424

Table 2
Thermal degradation stages of JA biomass at different heating rates.

Stages Temperature
Ranges

Heating rate (°C min−1)

10 20 30 40 80

Stage-I, Mass Loss (%) Tmin–T1 9 9 8.5 8.5 9.8
Stage-II, Mass Loss (%) T1–T3 62 60 63 60.71 58.35
Stage-III, Mass Loss (%) T3–Tmax 47 44 47.7 45.64 41.40
Final residues at 1000 °C

(%)
25.07 23 28.5 26.17 23.97
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component and charring was the main event which occurred at the
temperature ranging from 430 to 700 °C followed by a tail up to
1000 °C. Approximately 16–23% of the mass was lost during the third
stage which mainly indicates the decomposition of residual lignin.
Where, lignin contributes towards biochar production thermal stability
[14,33]. Final residues ranged from 23 to 28.5% at 1000 °C which in-
dicated the substantial char formation making the JA biomass for
considerable biochar production as a side-product of the pyrolysis
process.

3.3. Reaction kinetics and activation energy of pyrolysis

Linear fit plots were obtained by plotting either

( )ln lnβ ln β T, , or ( / )β
T

1.92
2 on Y-axis against the inverse of pyrolysis

temperature (1/T) on X-axis (Fig. 2). Energy values were obtained
through three isoconversion methods KAS, FWO and Starink which
reinforced each other when results were compared (Table 3). The Ea-
values obtained from all the methods were consistent to each other on
each conversion (α) which confirmed accuracy of the experimental data
with R2≥ 0.98. The Ea values were ranging from 67 to 388 kJ/mol

(Avg. 185 kJ/mol), 71.54–379 kJ/mol (Avg. 180 kJ/mol), and
68–388 kJ/mol (Avg. 185 kJ/mol) determined by KAS, FWO, and
Starink methods for conversion (α) ranging from 0.1 to 1.0. To ensure
the reliability of data, the Ea values obtained from all methods were
compared for the conversion (α) ranging from 0.2 to 0.8, because the
values obtained at too low (α < 0.2) or too high conversion points
(α > 0.8) may contain errors because at these values thermal de-
gradation does not reflect the overall pyrolytic behavior [37]. From the
comparison (Fig. 3) it was shown that Ea values almost remained con-
sistent (160–175 kJ/mol) from conversion α=0.2–0.6 while a sharp
rise in activation energy was observed for α=0.7 which indicates the
change of reaction chemistry. This rise in Ea value may be correlated
with the initiation of lignin degradation which absorbed more energy
due to its resilient structure. Moreover, the Ea value at α=0.7 was
379–388 kJ/mol, which was the highest when compared to the Ea va-
lues at other conversion points which again reflects that some highly
endothermic reaction occurred at this stage. Moreover, comparison of
Ea values of the JA sample with several other feedstocks indicated the
suitability of JA biomass for energy efficient pyrolysis and co-pyrolysis
with agricultural residues [38], rice husk [14], canola residues [39],
banana peel waste [40] and horse manure [41].
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3.4. Thermodynamics parameters

The thermodynamic parameters including pre-exponential values
(A s−1), enthalpy change (ΔH kJ/mol), Gibb’s free energy (ΔG kJ/mol)
and change in entropy (ΔS kJ/mol) indicate the pyrolysis behavior of
the sample under study. While these parameters are better calculated at
lower heating rates [41] for this reason all these parameters were cal-
culated at a heating rate of 10 °C/min.

3.4.1. Pre-exponential factors (A, s−1)
The values of pre-exponential factors at α=0.2–0.6 were ranging

from 1011 to 1014 obtained by KAS, FWO and Starink method which
reflects that best reaction chemistry is described (Table 3). Similarly,
the pre-exponential value of 1043–1045 was obtained at the α=0.7
which happened due to extra energy required to initiate the lignin
degradation because higher pre-exponential value indicates higher
collisions which require more energy. Later, the pre-exponential value
was dropped to 1005–1007 at α=0.8. Similarly, higher activation en-
ergy and the higher pre-exponential value were observed at α=0.7 for
the horse manure pyrolysis [41] which was dropped to normal at
α=0.8. Moreover, a wide range of the pre-exponential values indicates
the change in reaction chemistry and product formation with the
changing conversional fractions which has been observed previously for
the pyrolysis of cattle manure [42], Typha latifolia [43], Chinese liquor
industry waste [18] and Wolffia arrhiza [44].

3.4.2. Change in enthalpy (ΔH, kJ/mol)
Enthalpy change (ΔH kJ/mol) reflects the amount of energy in-

volved in the formation of the activated complex. The ΔH values are a
measure of the difference of energy between the reactants and the ac-
tivated complex. While lower difference indicates that activated com-
plex and product formation is being thermodynamically favored. The
enthalpy values of JA biomass pyrolysis were observed ranging from
149 to 169 kJ/mol, 151–163 kJ/mol, and 150–170 kJ/mol at
α=0.2–0.6, obtained by KAS, FWO and Starink methods respectively,
with an approximate difference of ∼5 kJ/mol with the Ea-values at the
same conversional fractions. This difference was maintained
throughout the process of thermal transformation which demonstrated
that the product formation was easy energy efficient. Moreover, the ΔH
values calculated by KAS, FWO, and Starink models were in consistency
with each other at all conversional fractions (Fig. 4), which reflect the
reliability of the data.

3.4.3. Gibbs free energy (ΔH, kJ/mol)
The Gibbs free energy (ΔG, kJ/mol) indicate the amount of energy

which could become available from the pyrolysis of a sample under
study. The increasing difference in Gibbs free energy is a positive re-
flection to produce energy from the biomass pyrolysis. The ΔG values
varied from 167 to 158 kJ/mol at α=0.2–0.6 and these values were
consistent with each other obtained from KAS, FWO and Starink models
which indicates a constant energy output from the pyrolysis of JA
biomass at these conversional fractions. Moreover, this available energy
was higher when compared to the ΔG of the horse manure

Table 3
Kinetics and thermodynamics parameters.

α Ea R2 A ΔH ΔG ΔS
kJ/mol s−1 kJ/mol kJ/mol J/mol

KAS method
0.1 67.95 0.99 1.38E−01 62.8 233.50 −275.76
0.2 159.64 0.99 2.22E+12 154.49 168.69 –22.93
0.3 154.66 0.98 4.26E+11 149.51 172.21 −36.66
0.4 168.18 1.00 3.78E+13 163.04 162.66 0.62
0.5 166.62 1.00 2.25E+13 161.47 163.76 −3.69
0.6 174.69 0.99 3.27E+14 169.54 158.05 18.57
0.7 387.81 0.96 1.63E+45 382.67 7.42 606.22
0.8 127.74 0.96 5.65E+07 122.59 191.23 −110.89
0.9 257.25 0.94 2.55E+26 252.11 99.70 246.22
Avg. 185 1.00 – 179.8 150.80 –

FWO method
0.1 71.54 0.99 4.54E-01 66.40 230.96 −265.86
0.2 160.47 0.99 2.93E+12 155.32 168.10 −20.64
0.3 156.48 0.98 7.80E+11 151.33 170.92 −31.65
0.4 169.55 1.00 5.95E+13 164.40 161.68 4.39
0.5 168.34 1.00 3.98E+13 163.19 162.54 1.06
0.6 176.18 0.99 5.36E+14 171.03 157.00 22.67
0.7 379.22 0.96 9.43E+43 374.08 13.49 582.53
0.8 109.65 0.97 1.40E+05 104.50 204.02 −160.77
0.9 228.79 0.95 2.03E+22 223.65 119.81 167.74
Avg. 180 1.00 174.9 154.28 –

Starink method
0.1 68.24 0.99 1.52E-01 63.23 228.89 −274.74
0.2 160 0.99 2.51E+12 154.99 168.08 −21.72
0.3 155.05 0.98 4.85E+11 150.04 171.37 −35.37
0.4 168.59 1.00 4.33E+13 163.57 162.39 1.96
0.5 167.04 1.00 2.59E+13 162.03 163.42 −2.31
0.6 175.1 0.99 3.75E+14 170.09 158.08 19.91
0.7 388.25 0.96 1.88E+45 383.24 16.82 607.65
0.8 127.24 0.97 4.79E+07 122.23 189.79 −112.05
0.9 256.58 0.95 2.04E+26 251.57 104.08 244.59
Avg. 185.12 0.98 180.1 151.44 –
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Fig. 3. Activation energy variation with conversion (α) for FWO, KAS and Starink Methods.
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(152–154 kJ/mol) and fermented corn stalks (88–172 kJ/mol) at the
same conversional fractions [41,45]. So, it reflects the considerable
bioenergy potential of JA biomass through pyrolysis.

3.4.4. Change in entropy (ΔS, J/mol)
The change in entropy is a direct reflection of the degree of disorder

in the system in response to a certain set of varying conditions, which is
the temperature in this case while it indicates the closeness of the
system to its thermodynamic equilibrium. The ΔS values increased from
–22 J/mol to 20 J/mol as conversional fraction varied from 0.2 to 0.6
with a peak rise at conversion 0.7 and later dropped at a higher con-
versional fraction. The negative values of ΔS indicate that sample was
more organized at this stage as compared to the initial reaction state.
Moreover, a wide range of changing entropy indicates complex reaction
chemistry.

3.5. TG-FTIR-MS study to monitor the product formation

The IR spectrum obtained at peak temperature as observed in the
DTG curve is shown in Fig. 5. An immense range of spectra is detected
at 3400–4000 cm−1 wavenumber interval. These all spectra are related
to stretching vibrations of hydroxyl vibrations i.e O–H. They can be
demonstrative of phenols, water or both compounds. Furthermore,

from spectrums in fingerprint region, bending vibrations of O–H, hy-
droxyl group related to both compounds i.e. water (1505 cm−1 and
1750 cm−1) and phenols (1336 cm−1–1450 cm−1) are identified, con-
firming the presence of both water and phenols compounds in the
evolved gas mixture during main stage of thermal decomposition.
Previously, it was proposed [46] that phenols are initially produced due
to dehydration of hydroxyl groups present in the alkyl side chain.
Asymmetrical stretching for carbon dioxide occurs at about 2365 cm−1

[47], which is observed in FTIR analysis of evolved gas species. One of
the sources to produce CO2 is associated with carboxylic acids pro-
duction which was confirmed by carbonyl band present at around
1708 cm−1. Production of carbon dioxide from carboxylic acids takes
place due to the decarboxylation reaction which means that most of the
carboxylic acids produced in the evolved gas mixture were involved in
carbon oxide production due to which a dominant amount of CO2 is
detected in FTIR spectrum. Earlier studies revealed that cracking of
most thermolabile functional groups like carbonyl (C]O), carboxyl
(COOH) and ether (R–O–R) contributed to CO2 release [46]. Methane,
CH4 gas concentration (2850–2950 cm−1) was found to be a very small
fraction at this temperature. Many researchers suggested that the for-
mation of methane gas takes place mainly due to fragmentation of side
chains [46,48,49]. Furthermore, CH4 formation is also a result of de-
methylation of methoxyl groups [50–52]. The band present at about
1500 cm−1 represent alkene formation. The formation of alkene might
be associated with bond cleavage in ester with β-hydrogen and in
cinnamyl diesters during pyrolysis. The (CH2+CH3) decomposition
associated with C–H functional groups also contributed to the forma-
tion of unsaturation at adjacent carbons. Alcohol was also detected in
the FTIR spectrum at around 1052 cm−1 but in small concentration.
There are two possibilities to produce alcohol during pyrolysis i.e.
cracking of methoxy group and –CH2OH group in the side chain but in
this present study, alcohol formation seems due to –CH2OH group in the
side chain [46]. A small fraction of HCOOH (1173 cm−1) was also
detected.

Bands present at 1630–1780 in FTIR also showed the production of
CH3COOH. The intensity of C]O stretching representing CH3COOH
formation was found to be higher than HCOOH (1173 cm−1) indicating
that CH3COOH formation is easier and abundant than HCOOH. While
TG-MS further confirmed the presence of compounds having carbonyl
and ester functional groups such as 3-Furaldehyde, Acetic acid, methyl
ester, Acetic acid ethenyl ester, acetic acids, 3-Methyloxirane-2-car-
boxylic acid, Propanoic acid 2-oxo- methyl ester, 1,2-Ethanediol dia-
cetate and 1,2-Epoxy-3-propyl acetate that were quite consistent with
FTIR spectra. TG-FTIR analysis revealed the presence of all main
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Fig. 5. FTIR Spectra of JA from wave number 500–4000.

M.A. Mehmood, et al. Energy Conversion and Management 194 (2019) 37–45

43



gaseous compound which confirmed that thermal decomposition at
peak temperature resulted in numerous gaseous products.

Around 21 compounds with their major derived components were
detected through TG-MS as shown in Table 4. The TG-MS showed the
abundance of ester groups, benzene and toluene rings that are the major
energy generating groups that were also confirmed with the FTIR re-
sults. Production of these compounds demonstrated the capacity of JA
biomass to yield an ample amount of energy upon pyrolysis.

4. Conclusion and prospects

The pyrolysis of Jerusalem artichoke (JA) is a three-stage reaction
where most of the thermal transformation occurs at the temperature
range of 270–430 °C followed by lignin degradation and char formation
at the temperatures higher than 430 °C. The process can be optimized
for industrial pyrolysis to produce energy, syngases, and biooil at this
temperature range. Moreover, the range of activation energy values
reflected the suitability of JA biomass for co-pyrolysis with other
agricultural residual biomasses. The kinetics and thermodynamics data
obtained through KAS, FWO, and Starink, methods were shown to be
consistent with each other which can be used to simulate the pyrolysis
of JA biomass on an industrial scale. The evolved gas analysis con-
firmed the release of high-energy compounds with ketone, aldehyde,
aromatic and other functional groups. While the release of valuable
chemicals including acetic acid and toluene reflected the potential of JA
biomass for the lab-scale synthesis of these solvents. Overall, JA bio-
mass showed to be a promising feedstock for energy and chemicals in
energy efficient and environmentally sustainable manner.
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