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A B S T R A C T

This study evaluated the bioenergy potential of Wolffia arrhiza via pyrolysis. The biomass was collected from the
pond receiving city wastewater. Oven dried powdered biomass was exposed to thermal degradation at three
heating rates (10, 30 and 50° Cmin−1) using Thermogravimetry–Differential Scanning Calorimetry analyzer in
an inert environment. Data obtained were subjected to the isoconversional models of Kissenger-Akahira-Sunose
(KSA) and Flynn–Wall–Ozawa (FWO) to elucidate the reaction chemistry. Kinetic parameters including, Ea
(136–172 kJmol−1) and Gibb’s free energy (171 kJmol−1) showed the remarkable bioenergy potential of the
biomass. The average enthalpies indicated that the product formation is favored during pyrolysis. Advanced
coupled TG-FTIR-MS analyses showed the evolved gases to contain the compounds containing C]O functional
groups (aldehydes, ketones), aromatic and aliphatic hydrocarbons as major pyrolytic products. This low-cost
abundant biomass may be used to produce energy and chemicals in a cost-efficient and environmentally friendly
way.
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1. Introduction

The finite reserves of fossil fuels and their associated environ-
mental issues have triggered the researchers to find alternative
sources of energy to meet increasing global requirements of energy
demands of transport and industry. It is estimated that fossil re-
serves will not be able to fulfill the oil and gas requirements after
next 48 to 64 years (Fernandez-Lopez et al., 2016). The Sun is the
ultimate source of energy providing 120,000 TW of energy to Earth,
which is more than enough when compared to the global energy
requirement i.e. 13 TW. Solar energy can be harnessed in two ways,
either by storing into photovoltaic cells or photosynthetic fixation
into plant biomass which can be later converted into fuels (Liao
et al., 2016). In principle, both these approaches are sustainable
and cleaner but the storage of electricity produced via solar panels
is a big challenge because one kg of biomass can store 27–42 MJ of
energy, when compared to lithium-ion batteries which can store
only 1–2 MJ kg−1 of energy (Liao et al., 2016). Although biomass-
based fuel production through biological fermentation has several
challenges including difficult hydrolysis yet, owing to its abundance
and renewable nature, it is the only foreseeable source of energy,
chemicals, and liquid fuels in future (Mehmood et al., 2017a).

Among plant biomass, water born plants are a potential feedstock
for biofuel production, because they do not compete with food crops,
have higher photosynthetic efficiency and are capable to produce
higher oil content when compared to terrestrial crops. Moreover, they
are proven to be helpful in the cleaning of wastewater and prevent
eutrophication in lakes, water streams and rivers (Duan et al., 2013;
Gill et al., 2016). Besides other aquatic plants, duckweed is a tiny, ra-
pidly growing plant which is often found floating on the pond surface. It
can extract undesirable minerals like nitrogen, phosphorus, aluminum,
potassium and other heavy metals from polluted water. Furthermore,
duckweed has higher growth rates when compared to other plants, able
to double its biomass within two days. Hence, it can be utilized as a
potential feedstock for bioenergy production. Interestingly, duckweeds
contain valuable nutrients and its biomass can be used for soil re-
clamation. Moreover, it has higher production rates and greater pho-
tosynthetic activity (Duan et al., 2013). Sun-dried aquatic biomass may
also be subjected to thermal conversion to suitable compounds in-
cluding bio-oils and chemicals.

Pyrolysis is a thermal decomposition process which is usually per-
formed in an inert atmosphere to convert the biomass either into high-
value industrial products or to obtain energy. This process depends
upon several factors namely temperature, rate of heating, provided
pressure, residence time, moisture content of the biomass, particle size
of the sample, and its composition (Slopiecka et al., 2012). Though any
biomass can be subjected to pyrolysis, however, it is necessary to
comprehend the pyrolytic behavior to harness the full potential through
pyrolysis. Previously, pyrolytic properties of aquatic biomass namely
Potamogeton crispus and Sargassum thunbergii (Li et al., 2012) have been
studied. These biomasses were shown to have different pyrolysis be-
havior which may be attributed to the difference in their biochemical
compositions. Similarly, Wolffia arrhiza is a circular floating weed,
often found in wastewater. Many of Wolffia species are helpful in water
purification, able to remove heavy metals from effluent (Suppadit,
2011), producing nutrients and protein-rich biomass which can be used
to produce various industrial products. Moreover, Wolffia species ac-
cumulates the higher amount of starch which makes this weed suitable
to produce a variety of biofuels and it can be easily recovered from its
medium due to small plant size, thus require less input energy as
compared to other aquatic plants which are heavier than Wolffia. The
present work was focused on understanding the pyrolysis behavior of
W. arrhiza biomass. The pyrolysis, kinetic, thermodynamic parameters
and TG-FTIR-MS study of the evolved gases of pyrolyzed W. arrhiza
have demonstrated that it has remarkable bioenergy potential.

2. Materials and methods

2.1. Collection of W. arrhiza biomass and proximate analyses

Biomass of W. arrhiza (will be referred as Wolffia from now on) was
collected fromwastewater pond, accumulating municipal waste, mixed with
industrial wastes, mainly coming from textile industry. The biomass was
washed with tap water to make samples clean. Biomass samples were dried
under direct heat of the sun for 3 days. Furthermore, samples were placed in
an oven at 110 °C to release further moisture contents and then particle size
of 125 µm was obtained through pulverization in plant disintegrator by
passing through the mesh. The physicochemical analysis was done to de-
termine the percentage of moisture, ash and volatile matter through stan-
dard protocols of ASTM E1755-01 (2007), ASTM E871-82 (2006) and
ASTM E872-82 (2006) respectively. However, the percentage of fixed
carbon (FC) was obtained by the following formula FC
(%)=100− (moisture+ash+volatiles). Moreover, samples were pre-
weighed to put in an oven for 50h at 105 °C to estimate the total solid and
moisture contents in the sample. Percentage of fixed carbon contents and
volatile matter were calculated by placing samples in pre-weighed crucibles
in an oven, at 600 °C for 3–4 h, to calculate the difference between before
and after heating. All experiments were conducted in triplicate and used
average values to ensure precision.

2.2. Calculation of high heating value and determining elemental
composition

The elemental composition of C (carbon), H (hydrogen), N (ni-
trogen), S (Sulphur) and O (oxygen) were obtained by using Ar (argon)
as a carrier gas in the elemental analyzer (Vario EL Cube, Germany). All
elemental composition was estimated on total dry mass basis.
Furthermore, HHV (high heating values) plays an important role to
estimate the amount of heat (energy) released from the sample in
burning process. However, as an alternative of experimental methods, a
few correlation methods have been established for calculating HHV of
the sample by using pre-calculated proximate values of the sample.
Here, the most reliable correlation model established to date was em-
ployed to estimate the HHV of biomass (Nhuchhen and Salam, 2012) of
the Wolffia biomass.

2.3. TGA-DSC experiment

Generally, pyrolysis of biomass can be pictured as;
→ + +Biomass Liquids Gases Char , however, different pyrolysis reac-

tion conditions are used for different biomasses because of variations in
the chemical composition of compounds present in a specific biomass.
In the present study, the reaction chemistry of biomass was elucidated
using kinetic analyses using the data obtained from coupled
Thermogravimetric-Differential Scanning Calorimetry (TG-DSC) ana-
lyses. The sample was placed in aluminum crucible (almost 10mg),
three heating rates (10, 30 and 50 °Cmin−1) were established to study
the reaction inside the TG-DSC instrument by observing the mass loss.
All experiments were carried out under an inert environment by
maintaining a constant flow rate of Nitrogen (100mLmin−1), in the
reaction chamber of the equipment (STA-409, NETZSCH-Gerätebau
GmbH, Germany).

2.4. Kinetics and thermodynamic parameters calculation

To analyze the TGA-DSC data for establishing the kinetic parameters
and to develop mathematical models several methods have been used.
In the present study, isoconversional models of KAS (Kissenger-Akahira-
Sunose) and FWO (Flynn-Wall-Ozawa) were employed for data analyses
(Akahira and Sunose, 1969; Flynn and Wall, 1966; Ozawa, 1965) from
the pyrolysis of Wolffia.

Conversion rate in pyrolysis reaction was calculated as;
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= − − ∞α (m m )/(m m )o t o (1)

where mo refers to initial mass, mt is mass at any point of time under
observation, and m∞ refers to the final residual mass.

The decomposition rate of the biomass could be written as;

=dα kf α
dt

( ) (2)

where f(α) is the reaction model, and k is the constant. Using Arrhenius
temperature dependence of k, Eq. (2) could be written as

= ⎛
⎝

− ⎞
⎠

dα
dt

A exp E
RT

f α( )
(3)

where E=activation energy (kJmol−1), A=pre-exponential factor
(s−1), R=universal gas constant and T=absolute temperature (K).

By introducing the heating rate, β, and the conversion function,
= −f α α( ) (1 ) Eq. (3) was written as;

= ⎛
⎝

− ⎞
⎠

−dα
dT

A
β

exp E
RT

α(1 )
(4)

Now, integrated the α=0, at =T T0 as initial conditions in Eq. (4)
and after mathematical manipulations, gives

∫= − = − ⎛
⎝

− ⎞
⎠

G α dα α ART βE RT E exp E
RT

( ) /(1 ) / [1 2 / ]
α

0

2

(5)

After rearranging Eq. (5), RT E2 / is approximately equal to unity
that can be ignored (Coats and Redfern, 1964), so Eq. (5) becomes

= −G α ART βE exp E RT( ) ( / ) ( / )2 (6)

Following two Kinetic methods were used;

2.4.1. KAS method
Kissenger-Akahira-Sunose model was applied to Eq. (6), after re-

arrangement and taking logarithm of both sides of equation, mathe-
matical expression became;

⎛
⎝

⎞
⎠

= −
β

T
ln AR EG α E RTln ( / ( )) /2 (7)

The left side of the Eq. (7) was put on the y-axis and right-side (1/T)
put on the x-axis to plot the graph.

2.4.2. FWO method
FWO method introduced Doyle’s approximation (Doyle, 1961). By

substituting Doyle’s approximation equation and some mathematical
approximation Eq. (5) became;

⎜ ⎟= ⎛
⎝

⎞
⎠

−β ln AE
RG α

E
RT

ln( )
( ) (8)

The left side of Eq. (8) was plotted against the inverse of pyrolysis
temperature to calculate kinetic parameters for any selected α value.
Value of conversion rate (α) was used to calculate the value of −A s( )1 at
conversion rate (α). In the plot of βln( ) and ( )ln β

T2 on Y-axis and 1/T on
X-axis gave straight lines, that were used to find out the Ea for the
progressing values of conversion. Moreover, the thermodynamic para-
meters namely activation energy (E), enthalpies (ΔH), Gibb’s free en-
ergy (ΔG), and entropies (ΔS) were calculated using following standard
equations.

=A β Eexp E RT RT[ . ( / )]/( )m m
2

= −H E RTΔ

= +G E RT K T hAΔ ln( / )α m B m

= −S H G TΔ Δ Δ / m

where:

KB =Boltzmann Constant ( × − J K1.381 10 /23 )
h =Plank’s Constant × − Js(6.626 10 )34

Tm =Temperature in, K

2.5. Coupled TG-FTIR-MS analysis

2.5.1. FTIR analysis
Chemical groups and real-time compounds were detected through

coupled TG-FTIR-GCMS analyzer using 5mg biomass. This biomass
sample was treated in thermogravimetric analyzer connected with the
FTIR-GCMS (PerkinElmer, Model: TGIRGCMS∗/TGA8000∗). The aim
was to identify the mass losses, functional groups and other kinetic
parameters of sample components of thermally treated biomass (Luo
et al., 2017). The range of spectral resolution was selected from 400 to
4000 Wavenumber (cm−1), while the data acquisition frequency was
set at 8 s. The temperature of the thermogravimetric analyzer was
ramped from 50 °C to 800 °C before FTIR-MS analysis.

2.5.2. GC–MS analysis
The volatile components passed through FTIR, were instantly ana-

lyzed using coupled GC–MS. The analysis was conducted at 70 eV using
positive electron impact (EI) mode. The injector temperature was
150 °C. The thermal programming of the oven was set at an initial 50 °C
temperature for 3min, followed by a smooth ramping at 10 °Cmin−1 to
280 °C. The final holding time at 280 °C was 5min. The temperature of
both ion source and transfer line was 50 °C. The separation was con-
ducted using 30m×250 µm TR-5MS column. To identify the volatile
compounds, the mass spectra, obtained through GC–MS were blasted
using NIST library.

3. Results and discussion

3.1. Physiochemical properties

The elemental composition of the Wolffia biomass showed the
35.55% C, 6.36% H, 5.25% N, 1.16% S and 35.87% O based on total
dried mass. The higher amounts of Nitrogen and Sulphur indicate the
higher amount of protein content and removal of more nutrients from
the wastewater. Proximate analyses of Wolffia have shown that its
biomass contains moisture content up to 4.76 ± 0.14% which echoes
its appropriateness for pyrolysis, while a suitable range of moisture
content in biomass is designated as< 10%. The volatile matter of
Wolffia was shown to be 72.6% which is higher than water plant
Potamogeton crispus (60.03%), a macroalgae Ulva pertusa (59.3%) and
lower than maize straw (78.0%), Para grass (79%) and Miscanthus gi-
gantus 78.8% (Ahmad et al., 2017; Jeguirim et al., 2010; Li et al., 2012;
Ye et al., 2010). Moreover, the biomass showed 10.4% of ash content.
Calculated HHV value of Wolffia was shown to be as 17.77MJ kg−1

which is comparable when compared with renowned bioenergy crops
including Giant reed, Miscanthus, Ulva pertusa, Para grass, and Maize
straw (Jeguirim et al., 2010; Ye et al., 2010; Ahmad et al., 2017).

3.2. Thermal degradation pattern

Pyrolysis experiments were executed at three heating rates, because
different heating rates may be useful to obtain different products from
the pyrolysis (Ceranic et al., 2016). Thermal behavior of Wolffia has
shown in DTG and TG curves (Fig. 1A) which indicate physiochemical
changes, taking place during thermal conversion of its biomass into
various products (Ceylan and Kazan, 2015; Maia and de Morais, 2016).
TG curves have shown the characteristic advent of biomass degradation
likewise the DTG curves produced for the pyrolysis of other lig-
nocellulosic biomass such as Tecktona grandis, olive mill waste, date
palm waste and non-woody lignocellulose (Balogun et al., 2014;
Benavente and Fullana, 2015; Bousdira et al., 2017; Demirbas, 2017).

Mass loss pattern of Wolffia could be divided into three stages
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(Tables 1 and 2) and a long tail. The first stage occurred when tem-
perature increased from ambient to T1 (155–170 °C) where a 7.70–10%
loss in mass was observed. This stage indicates the loss of cellular and
surface adsorbed water. Whereas, biomass with retained moisture up to
10% is considered as valuable for combustion (Braga et al., 2014). The
second stage may be referred as devolatilization stage, where most of
the thermal transformation happened. It ranged from T1 (170 °C) to T5
(569 °C). A variety of volatiles would have been released during this
stage, resulting in a drastic mass loss, degradation of cellulose and
hemicellulose, along with the formation of the major pyrolytic pro-
ducts. This stage could be further subdivided into two degradation
zones which could be ascribed to the existence of different stable

thermal components in the Wolffia biomass (Li et al., 2012). The third
stage is mainly associated with the degradation of lignin component
and formation of char. Temperature ranged along with tail from 570 to
800 °C showed approximately 12% mass loss which mainly corresponds
to the lignin decomposition. Here lignin mainly contributed towards
biochar production as a higher content of lignin in biomass, resulting in
high biochar production and higher thermal stability (Bousdira et al.,
2017; Braga et al., 2014). Final residues ranged from 33.1 to 35.9% at
1000 °C which indicated the considerably higher amount of char pro-
duced, which imitates the fitness of Wolffia for char production.

3.3. Measurement of heat flow to-and-from the Wolffia biomass

The flow of heat to-and-from the Wolffia biomass (mW mg−1) was
shown to increase with the increment in the reaction temperature
which can be clearly seen as the curves attained through DSC (Fig. 1B).
An increasing heat flow at initial stages followed by a decreasing heat
flow indicate the range of associated temperatures at different heating
rates. First small peaks of endothermic and exothermic reactions were
observed at a temperature below than 200 °C. With the increase in
temperature exothermic effect increased. Exothermic effect extended
up to 700 °C, 750 °C, and 780 °C, for the heating rates of 10, 30 and
50 °Cmin−1 respectively. These observations are in good agreement
with the heat flow curves previously constructed for the S. thunbergii, P.
crispus and Para grass (Ahmad et al., 2017; Li et al., 2012). However,
with the further increase in temperature caused a gradual shift in the
curves towards the x-axis indicating the that either the reaction was
stopped due to depletion of reactants or the reaction followed different
mechanism owing to the changing composition of the residual biomass.

3.4. Kinetics and thermodynamic variables

Determining kinetic parameters is critically important to understand and
optimize the process of thermal decomposition of biomass into desired
products. So, keeping in view their importance kinetic parameters in-
cluding, pre-exponential factors and activation energy were calculated from
the slopes obtained when conversion points were plotted against the inverse
of pyrolysis temperature (Fig. 2). The corresponding Ea (activation energies)
and preexponential factors (s−1) at each point were calculated. The Ea va-
lues (Table 3) showed fluctuations related to conversion points; it revealed
the complex nature of samples or reactions occur during the pyrolysis
process. Moreover, Ea values were shown to be decreasing with the in-
creasing conversion rates (Fig. 3A). However, the conversion rate (α) dis-
played a direct relationship with the reaction temperature (Fig. 3B). The
average Ea values of Wolffia were revealed to be ranging from 168.35 to
170.37 kJmol−1 which were lower than Elephant grass (218–227 kJmol−1),
rice husk (221–229 kJmol−1), Laminaria japonica (173.2–225.7 kJmol−1),
Tobacco waste (118–257 kJmol−1), agricultural residues
(220–221 kJmol−1), Phragmites australis (291 kJmol−1), Sargassum pallidum
(203.5 kJmol−1) (Braga et al., 2014; Li et al., 2010; Wu et al., 2015; Wang
et al., 2016; Du et al., 2012; Li et al., 2010) and higher than that of Ulva
pertusa (152–147kJmol−1), Camel grass (168–169 kJmol−1), Sewage
Sludge and coffee ground mixture (166–168 kJmol−1), Pepper waste
(29–147kJmol−1), Cattle manure (122–124 kJmol−1), Pine
(122–169 kJmol−1), and Dunaliella tertiolecta (145.7 kJmol−1), (Ye et al.,
2010; Mehmood et al., 2017b; Chen et al., 2017a,b; Maia and de Morais,
2016; Wilk et al., 2017; Shuping et al., 2010). These values indicated that
feasibility of biomass for co-pyrolysis with several other biomass sources.

Enthalpy of reaction is characterized by the amount of heat exchanged
between the reagent and activated complex during the thermal process (Xu
and Chen, 2013). When the values of enthalpies (ΔH) of Wolffia biomass
were compared with values of Eα, a slight difference (∼5 kJmol−1) was
found at each conversion point (α) which exhibited that the product for-
mation is being favored due to lower potential energy (Vlaev et al., 2007).
The preexponential values (A) for Wolffia ranged from
1.14×1010–4.46×1014 s−1 to 1.04×1010–9.59×1013 s−1, estimated
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Fig. 1. TG-DTG (A) and DSC (B) curves indicating the percent mass losses in response to
three heating rates and heat flow to-and-from the biomass, respectively.

Table 1
Characteristics temperatures associated with the pyrolysis of Wolffia biomass.

Heating rate (°Cmin−1) Temperature (°C)

T1 T2 T3 T4 T5

10 155 271 294 321 551
30 159 272 306 336 560
50 170 282 309 344 569

Table 2
Gradual mass losses during thermal degradation stages.

Stages Heating rate (°C min−1)

10 30 50

Stage-I, WL (%) 7.77 8.18 10.9
Stage-II, WL (%) Zone-I 16.88 15.76 15.06

Zone-II 27.13 28.54 28.92
Stage-III, WL (%) 12.32 11.81 12.11
Final residues at 1000 °C (%) 35.90 35.71 33.01
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by KAS and FWO methods, respectively (Table 3). While, the
(A) < 109 s−1 mainly shows the surface reaction whereas (A)≥109 s−1

shows a simpler complex (Turmanova et al., 2008). Furthermore, A-values
of Wolffia were close to A-values calculated for rice straw (1.70×1007 s−1

to 9.35×1012 s−1), rice bran (1.00×1007 s−1 and 1.58×1010 s−1), Para
grass (1.42×1007 –2.26×1019 s−1) and Camel grass
(2.25×1006–5.69×1014 s−1) (Ahmad et al., 2017; Biney et al., 2015;
Mehmood et al., 2017b).

Changes of entropies (ΔS) for Wolffia had both negative and positive
values as well. The minimum negative value of ΔS was −67.37 Jmol−1

respectively while maximum positive value was 24.74 Jmol−1.
Negative entropies specify more arrangement in the activated complex
when compared with biomass while positive values show otherwise (Xu
and Chen, 2013). The co-occurrence of both in any pyrolysis reaction
proposes that this particular thermal conversion would have been re-
latively complex. The Gibb’s free (ΔG) energy exhibits the internal
energy of the system (biomass in this case) displayed during the reac-
tion progress. The ΔG values for the pyrolysis of Wolffia were ranged
from 170 to 172 kJmol−1 which were higher when compared to red
pepper waste (139.4 kJmol−1) and rice straw (164.59 kJmol−1) (Maia
and de Morais, 2016; Xu and Chen, 2013). Overall reaction chemistry
depicted that Wolffia biomass consumes lesser amount of external heat
input and improves the stability of the overall process, hence its
thermal conversion would be an energy efficient process.

3.5. TG-FTIR-GCMS analysis

The characteristic absorptions for most of the identified compounds
were ranging from 700 to 1200 cm−1, 1500 to 1900 cm−1 followed by
2200 to 2400 cm−1 and 3000 to 3800 cm−1, based on their specific
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Table 3
Kinetics and thermodynamic parameters for the pyrolysis of Wolffia biomass.

α Ea
kJmol−1

R2 ΔH
kJmol−1

A
s−1

ΔG
kJmol−1

ΔS
Jmol−1

KAS method
0.1 136.53 0.99 131.47 1.14× 1010 172.06 −66.65
0.2 166.62 0.99 161.56 5.29× 1012 171.05 −15.59
0.3 157.47 0.99 152.40 8.20× 1011 171.34 −31.09
0.4 175.48 0.99 170.41 3.20× 1013 170.79 −0.62
0.5 157.48 0.98 152.41 8.21× 1011 171.34 −31.08
0.6 179.44 0.99 174.38 7.17× 1013 170.68 6.08
0.7 188.45 0.98 183.38 4.46× 1014 170.43 21.27
0.8 181.50 0.98 176.44 1.09× 1014 170.62 9.56
0.9 172.21 0.99 167.14 1.65× 1013 170.89 −6.14
Avg. 168.35 – 163.29 – – –

FWO method
0.1 136.11 0.99 131.05 1.04× 1010 172.08 -67.37
0.2 166.56 0.99 161.50 5.23× 1012 171.05 −15.69
0.3 158.46 0.99 153.39 1.00× 1012 171.31 −29.42
0.4 176.05 0.99 170.98 3.60× 1013 170.77 0.35
0.5 159.36 0.98 154.30 1.21× 1012 171.28 −27.88
0.6 180.88 0.99 175.81 9.59× 1013 170.64 8.50
0.7 190.50 0.99 185.44 6.76× 1014 170.37 24.74
0.8 185.56 0.99 180.49 2.48× 1014 170.51 16.40
0.9 179.87 0.99 174.81 7.82× 1013 170.67 6.81
Avg. 170.37 – 165.31 – – –
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Fig. 3. Relationship of activation energy with pyrolysis temperature (A), and relationship
between the conversion (a) and the reaction temperature (B).
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kinetic energies associated with their structural and functional groups
movements. The strong stretching at 600–800 cm−1, shows halides
(CeCl). The bending at 675 cm−1 is for ]CeH of an alkene, also ap-
peared in stretching at 3000–3100 cm−1 while 805–835 cm−1 is the
typical replication of aromatic compounds. The existence of 1031 cm−1

shows the deformation of cellulosic moieties while the presence of
Aldehydes or Ketones at 1550 to 1600 cm−1 and 1600–1628 cm−1,
1700–1750 cm−1 indicate the C]O stretching vibrational energies
along with carboxylic carbonyl groups, also appearing at 2250 to
2300 cm−1. The stretching at 3000 cm−1 identifies the aromatic CeH.
Similarly, the free stretching, at 3500–3700 CM−1 is noticeable for the
OeH functional activity along with amides. The mononuclear hydro-
carbons were noticed at 1400–1500 cm−1 skeletal vibration, together
with out-of-plane CeH bending vibrations at 670 and 910 cm−1.

Through GC–MS around 27 compounds and their thermally de-
composed components obtained from biomass were detected (Table 4).
The GC–MS results show the presence of many of the components ob-
tained from the Wolffia biomass having high energy toluene and ben-
zene ring containing products e.g 3,4,5-Trimethoxybenzylamine as well
as components with functional groups like acetylene e.g Acetamide, N-
methyl-N-[4-[2-acetoxymethyl−1-pyrrolidyl]-2-butynyl]- etc. The ca-
lorific (Higher Heating) values of toluene, benzene, and acetylene are in
the order of 40.6, 41.8 and 49.9MJ Kg−1 comparable to diesel and
gasoline with 44.8 and 47.3MJ Kg−1 respectively. This can be theore-
tically extrapolated to have efficient energy-yielding capacity in terms
of usage as fuel. Hence, it has been demonstrated that the W. arrhiza
biomass can be used to produce bioenergy and chemicals via pyrolysis
without any direct competition with the food, fodder or arable soil, in a
cost and environmentally efficient manner.

4. Conclusions

W. arrhiza is adapted to wastewater, offering a freely accessible
biomass for bioenergy with concomitant nutrient-removal. Its pyrolysis
comprised of three stages. The stage-1 depicted the evaporation of re-
tained moisture. Whereas, the stage-2 showed drastic mass loss

associated with the degradation of carbohydrates indicating that tem-
perature of 271–600 °C may be used for its thermal conversion. While
the stage-3 indicated lignin degradation and charring. The TG-FTIR-MS
analyses verified the production of energy and industrially valuable
chemicals. Its thermodynamic properties indicated a promising bioe-
nergy potential when compared to terrestrial plants making it a po-
tential feedstock in future energy production scenario.
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