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ABSTRACT
The study investigates pyrolysis potential of naturally dried macrophyte Potamogeton lucens for
production of fuels and chemicals by thermogravimetric analysis (TGA). The kinetics of pyrolysis is
studied under non-isothermal conditions in nitrogen atmosphere. The analysis of physiochemical
properties viz. proximate analysis, ultimate analysis, heating value and fourier transform infrared
spectroscopy (FTIR) of Potamogeton lucens was suggestive of upgradation of weed before it could
serve as a fuel. Three different heating rates viz. 5, 15 and 20 °C/min were used in pyrolysis. Pyrolysis
mainly took place in the temperature range of 177-377 °C. Activation energy (E) and pre-exponential
factors (A) were calculated using the iso-conversional method. The results showed that the
decomposition process exhibited two zones of constant apparent activation energies. The values
ranged from 8.36 to 300.38 KJ/mol in the conversion range of 5-85%. The order of magnitudes of E
and A in pyrolysis were conducive for the weed to serve as potential feedstock in generation of fuels
and chemicals.
Keywords: Energy; Fuel; Kinetics; Thermogravimetric analysis; Pyrolysis; Potamogeton lucens;
Macrophyte
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1. INTRODUCTION
Fossil fuels are responsible for meeting the major portion of global energy demand
(Blaschkea et al., 2013). These fuels are now however at verge of depletion, so exploration of
suitable replacement is the need of hour (Agya Utama et al., 2014). If global energy supply is
not sustained, most of developmental activities may come to stand still. Alternate sources of
energy are being harnessed in order to tackle the increasing global energy demand. Among
various options available to tackle above, utilization of biomass is an adequate way-out in
view of abundance in its availability and being environment friendly (Ben-Iwo et al., 2016).
Biomass exists in nature in many forms like wood, vegetation, crops, aquatic plants, algae and
even garbage.
Biomass needs to be suitably converted or processed via an efficient thermal conversion
route in order to serve as a viable source of energy. Thermal conversion of biomass by
pyrolysis carried out in absence of oxygen is thought to have great promise for converting
biomass into higher value fuels (Ayhan D., 2003). Terrestrial biomass has been utilized in
pyrolysis process since long. Till date the diverse forms of biomass utilized in pyrolysis are
wood (Poletto et al., 2012; Safi et al., 2004 and Wang et al., 2008), herbaceous biomass
(Liang et al., 2014), food processing residues (Gangavati et al., 2005), industrial wastes
(Chaudhari et al., 2012 and Oner et al., 2016), microalgae (Chisti, 2007 and Suali et al.,
2012), crop or crop products (El-Sayed et al., 2015 and Sun et al. 2011) and herb residue (Guo
et al., 2015).
Aquatic weeds are thought unsuitable as direct feedstock for pyrolysis in view that they
contain high moisture contents (about 90%). However upon harvesting, natural drying reduces
this moisture content to about 8-12% a figure comparable to other biomass types –which are
usual feedstocks in pyrolysis. Thousands of tons of aquatic weeds (macrophytes) are
harvested annually from different water bodies worldwide which naturally dry on the shores.
It is thus a good idea to utilize naturally dried aquatic weeds in pyrolysis process for
generation of fuels. Only a few of such examples however exist in literature like microalgae,
macroalgae and duckweed (Wua et al., 2014). Utilization of aquatic biomass for energy
purposes has an additional advantage in that it is usually a nonfood product, so use in energy
conversions will not compromise with food security.
Pyrolysis potential is indicated by the kinetic parameters viz. activation energy (E) and
pre-exponential factor (A), which are useful in proper designing and analysis of pyrolysis
reactor (Demirbas, 1998). Thermal analysis methods offer a fast quantitative technique for the
assessment of pyrolysis under non-isothermal conditions (Oner et al., 2016) .
In present study thermal degradation of one of a prominent macrophyte Potamogeton
lucens which widely grows in waters of world famous lake viz. Dal lake is undertaken under
inert conditions. Pyrolysis of Potamogeton lucens by thermogravimetric analysis (TGA) was
carried out for the determination of kinetics of mass loss. Study reports the kinetic parameters
in pyrolysis process. Determination of kinetic parameters in the pyrolysis process will further
facilitate the modeling of combustion equipment.
The study specifically focusing upon Potamogeton lucens macrophyte has potential of
extension to other similar biomass types which have not been used for such purpose before.
Thus a way-out for transformation of such weeds into viable alternate sources of energy may
be provided.
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2. METHODS
2. 1. Sample preparation
Potamogeton lucens macrophyte is collected from nearby lake viz. Dal lake in Srinagar
India. Collected weed samples were immediately transported to laboratory and thoroughly
cleaned first by tap water and then by distilled water. A gentle wash in a weak solution of
ethylenediaminetetraethylacetate as slime remover is given. Later the weeds were dried in
ambient for 3 to 4 days .Sample was finely ground to size ranging from 0.25 to 4 mm
(particles passing standard screen ASTM 5 but retained on ASTM 60). Dried samples were
crushed manually to obtain powdered feedstock which was packed in air tight PVC containers
for storage and further use.
Proximate analysis of feed stock was carried out by automatic proximate/TGA analyzer
(Modal APA-2 of Advance Research Instruments India) as per standard ASTM procedures for
particulate wood. Moisture content was found by standard procedure ASTM E871 – 82
(ASTM E871 – 82, 2013) at temperature of 103 ±10 °C for 2 h or till constant weight was
obtained. Ash was found by test method ASTM D1102 - 84 (ASTM D1102 – 84, 2013) at
temperature of 580 °C for 30 min. For volatile matter ASTM E872 - 82 (ASTM E872 – 82,
2013) was followed using temperature of 950 °C for 7 min. Fixed carbon is a calculated value
and is resultant of the summation of the percentages of moisture, ash and volatile matter
subtracted from 100. All percentages were on same moisture reference basis. Proximate
analysis was further validated with TGA analysis results. Elemental analysis of carbon (C),
hydrogen (H), nitrogen (N) and sulfur (S) was carried out using CHNS elemental analyzer
(Euro EA3000 of Eurovector Italy) according to ASTM D5373-08 (ASTM D5373-2008). All
tests were conducted in triplicate.
HHV (higher heating value) was calculated by Eq. 1 (Channiwalaa and Parikh., 2002)
( )

(1)

where: C, H, O, N, S and A represent elemental carbon, hydrogen, oxygen, nitrogen, sulfur
and ash contents of material respectively expressed in mass percentages on dry basis(db).
2. 2. Thermogravimetric analysis
The experiments were carried out in thermogravimetric analyzer (TGA)/differential
thermal analysis (DTA) apparatus of Hitachi High-Technologies Corporation (model
EXSTAR 6300) at Institute Instrumentation Centre, Indian institute of technology Roorkee,
Roorkee India. The instrument supported on a vibration free structure was highly sensitive to
weight and temperature changes of biomass during pyrolysis. Pyrolysis was not carried out
until all the necessary calibrations in temperature, weight and sample platform were carried
out for the instrument. In all experiments alumina crucible was used to hold 10 mg of sample
at the bottom. Pyrolysis experiments were carried out under inert high purity nitrogen gas
with flow rate of 200 ml/min at atmospheric pressure. Nonisothermal experiments from room
temperature to 1000 °C at three different heating rates viz. 5, 15 and 20 °C /min were carried
out. Continuous records of weight loss and corresponding temperatures with time were
obtained across a computer configured to machine. Each experiment was repeated at least
thrice.
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2. 3. Reaction kinetics
Pyrolysis generates products mainly in form of char, liquids and volatiles. The
mechanism of this process has not been understood fully. The reaction is a complex and may
be represented by following equation;
(2)
Estimate of amount of sample that was pyrolyzed at any time is given by term
conversion (a) and is expressed by Eq. 3
(3)
where: mi, tm, and mf are respectively the initial mass of the sample, the mass of the pyrolyzed
sample at time ‘t’ and the final residual mass of sample. As decomposition of biomass is a
complex reaction exact mechanism is unknown. Many methods have been used for the
determination of kinetic parameters. Iso-conversional method has also been used frequently
(Chandrasekaran and Hopke, 2012; Biagini et al., 2010; Gasparovic et al., 2010; Park et al.,
2009; Wongsiriamnuay et al., 2010a; Wongsiriamnuay and N. Tippayawong., 2010b). This
method provides for variation in the kinetic parameters as a function of conversion (Siman,
2004). The rate of nonisothermal decomposition is function of temperature (T) and conversion
( and is represented by Eq. 4;
(4)
Eq. (4) can be rewritten as
(5)
where:
represents the temperature dependant term and
conversion dependant
function.
As we know Arrhenius equation takes care of the temperature dependent function ,
expressed as
)

(6)

where: ‘T’ is the temperature, ‘A’ the frequency factor or pre-exponential factor, ‘E’ the
activation energy, and ‘R’ is the universal gas constant. The conversion dependent function
represents how much of biomass gets pyrolyzed with passing time is represented as;
(7)
where:

is the order of reaction.
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Substituting Esq. (5) and (6) into (4)
(8)
For the non-isothermal condition, a heating rate function as at below is to be is included

where: is the heating rate and is time.
To determine the pre-exponential factor and activation energy (Eq. 8) is rewritten for a
particular conversion ( as
(9)
The logarithmic form of the Eq. 9 is
(10)
The above equation is used to calculate activation energy
and pre-exponential factor
( . For same conversions but with different heating rates and were determined from the
slope and intercepts of the iso-conversional lines respectively. In the plot of in versus 1/T
the slope is
from which activation energy can be calculated. Intercept is dependent upon
the order of the reaction and pre exponential factor so the reaction order must be specified.
Assuming the order of the reaction as 0th, 1st and 2nd,
was obtained for any particular
conversion.

3. RESULTS AND DISCUSSION
3. 1. Analysis of physiochemical properties
Moisture content of weeds was found by the weight loss after drying sample at
temperature of 105 °C for 1.5 hours by following procedure laid down in ASTM E871 –
82(2013). The weed is an aquatic plant and in fresh form (as received) had moisture content
of 85-90 %. After sun drying weeds contained 8-12 % of remaining moisture. Volatile matter
and ash (on dry basis) were respectively 64.51% and 11.85%. Elemental percentages of C, H,
N and O found were 38.61, 6.05, 2.4 and 41.09 respectively, where amount of ‘O’ is
calculated as difference between 100 and total of C, H and N. HHV was 16.07MJ/Kg
(computed by using Eq. 1).
As Potamogeton lucens is an aquatic weed so it is expected to possess high moisture
and ash contents. Dried weed has lesser HHV than other usual biomass species. The heating
value is about half as that of high rank bituminous coal. The weed has also higher content of
ash in comparison to average coal. Fixed carbon is also lower. Fig.1 depicts the FT-IR spectra
of feedstock. The region in between 3200-3400 cm-1 shows a broad band indicating the
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presence of OH functional group of alcohols and phenols. Wide band at 3400 cm-1 is
associated to O-H stretching vibrations in hydroxyl or carboxyl group. The band around 2900
cm-1 is related to stretching vibrations of aliphatic C-H bond. Band around 1600-1700 cm-1 is
attributed to C=C vibrations in aromatic ring structure. Band in wave number range 1420 to
1450 cm-1 is attributed to presence of aromatic C=C. Bands in wave number range 1020-1220
cm-1 observed is associated to presence of aliphatic amines. Due to presence of large
oxygenates (e.g., organic acids, aldehydes, alcohols and ketones) biomass has low energy
density compared to fossil fuels.
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Fig. 1. FT-IR spectra of raw feedstock.

As is clear from above physiochemical properties of weed viz. proximate analysis,
ultimate analysis and FTIR, weed may not be suitable for use in direct combustion appliance
as fuel. It needs to be upgraded for which torrefaction by pyrolysis technology may be a
suitable process.
3. 2. Kinetics
3. 2. 1. TG and DTG curves
Fig. 1 shows the degree of conversion of Potamogeton lucens as a function of
temperature at heating rates of 5, 15 and 20 °C/min in TG analyzer. For temperatures lower
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than 130-150 °C a small change in conversion was attributed to vaporization of surface
moisture. Decomposition and release of volatiles started thereafter from temperature of 230240 °C. Only two major weight loss stages could be observed first one existing between 230
°C and 327 to 367 °C and second one between 327 °C and 450 to 480 °C. Slope of the curve
is higher in temperature range from 230 °C and 327-367 °C than 327 °C and 450-480 °C.
Conversions taking place at different heating rates exhibited almost a similar pattern. The TG
curves shifted slightly to right with increasing heating rates. Different mass loss zones could
be observed which are attributed to the degradation dynamics of main constituents.
Hemicellulose which decomposes at lower temperatures, started decomposition at around
230-300 °C and cellulose decomposed between 300 °C to 320 °C. Lignin decomposes in
broad range of temperatures and here the range observed was from 260 °C to 600 °C (Safi et
al., 2004).
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Fig. 2. Conversion as function of temperature under nitrogen atmosphere at different
heating rates.

DTG curves i.e
versus temperature curves show one extensive peak for all heating
rates viz. 5, 15 and 20 °C/min respectively at temperatures of 177-315 °C, 197-367 °C and
207-377 °C. The peaks are attributed to decomposition of cellulose. With increase in heating
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rate the curves show consistently larger peaks (Fig. 3). As is clear the peaks shift to higher
range of temperature. This is thought to be due to higher heating rate providing higher thermal
energy to biomass under pyrolysis which increased the decomposition. Characteristic form of
DTG curves is witnessed due to componential decomposition of biomass sample. Shorter and
smaller peak at lower temperatures is due to decomposition of hemicellulose. Lignin
decomposes throughout the temperature range. The third peak which is smallest is attributed
to degradation of char (Safi et al., 2004). With increase in heating rate maximum rate of
volatilization (represented by TGA peak) also goes up from 0.236, 0.72 and 1.28 mg/min as
hating rate is varied from 5 to 20 °C/min.
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Fig. 3. DTG curve of Potamogeton lucens at different heating rates.

3. 2. 2. Calculation of kinetic parameters
Both chemical and physical changes of biomass in pyrolysis determine the
decomposition reaction rates, which are dependent on kinetic parameters. The knowledge on
the behavior of such parameters can be useful to interpret the mechanism of the process. Iso conversional models presume that kinetic parameters, the pre-exponential factor and
activation energy are inconstant during the process of decomposition and are dependent on
conversion.
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For determination of kinetic parameters as shown in Fig. 4, iso-conversional straight
lines were drawn on the plot of
versus 1/T (Eq. 10). From the slope and intercept
respectively, activation energy and pre-exponential factors for various reaction orders and
conversions were calculated (Fig. 4). The variations in activation energy as function of
conversions are presented in Table 1.For conversion from 5% to 85%, activation energy
varied in range of 8.36 to 300.38 MJ/kg. No clear decreasing or increasing trend was observed
in this conversion range. Initial increase in activation energy is attributed to decomposition of
cellulose and hemicelluloses, while as decrease to slow decomposition of char (Biagini et al.,
2010).
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Fig. 4. Plot of logarithmic rate of conversion with temperature for conversions from 5-85 %

The initial increase of E with conversion and later decreasing trend was also observed
by Sriraam et al. (2012) with switch grass and Wongsiriamnuay et al. (2010) with Mimosa
pigra shrub. Wang et al. (2008) with sawdust however observed almost a continuous
decreasing trend in activation energy, probably due to woody sample which has high lignin
and hemicellulose contents in comparison to grasses (McKendry, 2002).
Arrhenius equation implies that the rate constant of a reaction increases exponentially
when the activation energy decreases. Because the rate of a reaction is directly proportional to
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the rate constant of a reaction, the rate increases exponentially as well. A reaction with small
activation energy does not require much energy to reach the transition state, it should proceed
faster than a reaction with larger activation energy.
Pre-exponential factor ‘A’ multiplies the exponential term, its value clearly contributes
to the value of the rate constant and thus of the rate.
Exponential part of the Arrhenius equation expresses the fraction of reactant molecules
that possess enough kinetic energy to react, as governed by the Maxwell-Boltzmann law. This
fraction can run from zero to nearly unity, depending on the magnitudes of E and temperature.
Pre-exponential factors are calculated assuming orders of reaction as zeroth , first and second
order. Main decomposition took place from 20 to 70 % of conversion with values of preexponential factors of order 102 to 1019.
For conversions from 5-10% and 80-85% pre-exponential factor had very small
magnitude indicating slow decomposition of biomass. Drastic decline of pre-exponential
factors from conversion of 70% onwards was, attributed to presence of residual char.
The values of pre-exponential factors are almost in same range as that of switch grass as
observed by Sriraam et al. (2012). Wang et al. (2008) however observed lower values with
sawdust. Wongsiriamnuay et al. (2010) with Mimosa pigra shrub observed higher values of
pre-exponential factors in comparison to Potamogeton lucens. It was observed that the preexponential factor does not vary much with change in the reaction order.
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Table 1. Calculations of activation energy and pre-exponential factors for
Potamogeton lucens and comparison with other.
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Mimosa pigra

T. Wongsiriamnuay et al., 2010

6.81 x1025

2.10 x1024

1.10 x1029

7.16 x1026

1.94 x1023

3.49 x1016
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2.74 x1027

1.43 x1025
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7.15 x109

-
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3.65 x1024

E(KJ/kg)
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403.72
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-

8.94 x107

7.11 x1012

5.40 x1019

2.86 x1023

6.85 x1025
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1.70 x1023

3.65 x1023

8.32 x1022
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4. CONCLUSIONS
Physiochemical properties of Potamogeton lucens evidenced towards its torrefaction in
order to serve as potential fuel. Accordingly pyrolysis by TGA was carried out at three
different heating rates viz. 5, 15 and 20 °C/min. Activation energy and pre-exponential factors
were measured. For conversion from 5% to 85%, activation energy varied in range of 8.36 to
300.38 MJ/kg. Range of variations in the activation energy values witnessed with different
conversions, indicated pyrolysis taking place by several complex reactions. Major
decomposition and release of volatiles started from temperature of 230-240 °C. The activation
energies for almost all conversions were lesser than previous studies on switch grass, Mimosa
pigra and saw dust. This means that Potamogeton lucens is easy to pyrolyze in comparison.
The study is significant as it paves a way for the utilization of Potamogeton lucens
macrophyte, as renewable energy source by adoption of pyrolysis route.

Acknowledgement
The authors feel indebted to authorities of NIT Srinagar India for facilitating the research in Energy Engineering
laboratory of Chemical Engineering Department. Also the services of Institute Instrumentation Centre, Indian
Institute of Technology Roorkee, Roorkee India are acknowledged.

References
[1]

T. Blaschkea, M. Biberacher, S. Gadocha, I. Schardinger, Biomass and Bioenergy 55
(2013) 3-16 http://dx.doi.org/10.1016/j.biombioe.2012.11.022

[2]

N. Agya Utama, M. Andhy, M. Fathoni, M. A. Kristianto, B. C. McLellan, Procedia
Environmental Sciences 20 (2014) 40-45.

[3]

J. Ben-Iwo, I. Manovic, P. Longhurst, Renewable and Sustainable Energy Reviews 63
(2016) 172-192.

[4]

D. Ayhan, Energy Sources 25 (2003) 67-75, DOI: 10.1080/00908310290142127

[5]

M. Poletto, A. J. Zattera, M. M. C. Forte, R. M. C. Santana, Bioresource Technology
109 (2012) 148-153.

[6]

M. J. Safi, I. M. Mishra and B. Prasad, Thermochimica acta 412 (2004) 155-162

[7]

G. Wang, W. Li, B. Li and H. Chen, Fuel 87 (2008) 552-558.

[8]

Y. Liang, B. Cheng, Y. Si, D. Cao, H. Jiang, G. Han and X. Liu, Renewable Energy 68
(2014) 111-117.

-45-

World Scientific News 58 (2016) 34-47

[9]

P. B. Gangavati, M. J. Safi, A. Singh, B. Prasad and I.M., Thermochimica acta 428
(2005) 63-70.

[10] P. K. Chaudhari, A. Singh, B. Prasad, I. M. Mishra and S. Chand, Energy Sources, Part
A 34 (2012) 336-346.
[11] F. O. Oner, A. Yurum and Y. Yurum, Energy sources part A: recovery, utilization, and
environmental effects 38 (2016) 2197-2204.
http://dx.doi.org/10.1080/15567036.2015.1047067
[12] Y. Chisti, Biotechnol. Adv. 25 (2007) 294-306.
[13] E. Suali, R. Sarbatly, Renew. Sustain. Energy Rev. 16, (2012) 4316-4342.
[14] S. A. El-Sayed and M. E. Mostafa, Waste Biomass Valor 6 (2015) 401-415. DOI
10.1007/s12649-015-9354-7.
[15] L. Sun, J. Y. Chen, I. I. Egulescu, M. A. Moore and B. J. Collier, Bioresource
Technology 102 (2011) 1951-1958.
[16] F. Guo, F. Dong, Z. Lv, P. Fan, S. Yang and L. Dong, Energy Conversion and
Management 93 (2015) 367-376.
[17] K.Wua, J. Liu, Y. Wua, Y. Chen, Q. Li , X. Xiao and M. Yang, Bioresource Technology
163 (2014) 18-25.
[18] A. Demirbas, Bioresource Technology 66 (1998) 247-252.
[19] ASTM (2013). Standard Test Method for Moisture Analysis of Particulate Wood Fuels,
ASTM E871 - 82(2013). ASTM international, Pennsylvania.
[20] ASTM (2013). Standard Test Method for Ash in Wood, ASTM D1102 – 84. ASTM
international, Pennsylvania.
[21] ASTM (2013). Standard Test Method for Volatile Matter in the Analysis of Particulate
Wood Fuels, ASTM E872 – 82. ASTM international, Pennsylvania.
[22] ASTM (2008). Standard Test Methods for Instrumental Determination of Carbon,
Hydrogen and Nitrogen in Laboratory Samples of Coal, ASTM D5373-08.ASTM
international, Pennsylvania.
[23] S. A. Channiwalaa and P. P. Parikh, Fuel 81 (2002) 1051-1063.
[24] S. R. Chandrasekaran, P. K. Hopke, L. Rector, G. Allen and L. Lin, Energy Fuels 26
(2012) 4932-4937. DOI:10.1021/ef300884k
[25] E. Biagini, A. Fantei and L. Tognotti, Thermochimica Acta 472 (2010) 55-63.
[26] L. Gasparovic, Z. Korenova, L. Jelemensky, Chemical Papers 64 (2010)174-181.
[27] Y. H. Park, J. Kim, S. S. Kim and Y. K. Park, Bioresource Technology 100 (2009) 400405.
[28] T. Wongsiriamnuay and N. Tippayawong, Bioresource Technology 101 (2010a) 93149320

-46-

World Scientific News 58 (2016) 34-47

[29] T. Wongsiriamnuay and N. Tippayawong, Bioresource Technology 101 (2010b) 56385644.
[30] P. Simon, Journal of Thermal Analysis and Calorimetry 76 (2004)123-132.
[31] S. R. Chandrasekaran and P. K. Hopke, Bioresource Technology 125 (2012) 52-58
[32] P. McKendry, Bioresource Technology 83 (2002) 47-54.

( Received 08 October 2016; accepted 24 October 2016 )

-47-

