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Abstract Pyrolysis of pine needles was carried out in a
semi-batch reactor. The effects of pyrolysis parameters
such as temperature (350-650 °C), heating rate (10 and
50 °C min™ ), nitrogen flow rate (50-200 cm® min~') and
biomass particle size (0.25-1.7 mm) were examined on
products yield. Maximum bio-oil yield of 43.76% was
obtained at pyrolysis temperature of 550 °C with a heating
rate of 50 °C minfl, nitrogen flow rate of 100 cm?® min~!
for biomass particle size of 0.6 < d, < 1 mm. The char-
acterization of pyrolysis products (bio-oil, bio-char) has
been made through different instrumental methods like
Fourier transform infrared spectroscopy, gas chromatog-
raphy—mass spectrometry, nuclear magnetic resonance
spectroscopy ("H NMR), X-ray powder diffraction, field
emission scanning electron microscope and Brunauer—
Emmett-Teller surface area analysis. The empirical for-
mula of the bio-oil and bio-char was found as CH; 47.
00.36N0.005 and CH045600.28N0.013 with heating value of
26.25 and 25.50 MJ kg™, respectively. Results show that
bio-oil can be potentially valuable as a renewable fuel after
upgrading and can be used as a feedstock for valuable
chemicals production. The properties of bio-char reveal
that it can be used as solid fuels, as a cheap adsorbent and
as a feedstock for activated carbon production.
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Introduction

The world energy demand is rising rapidly due to the
population growth and changing lifestyle. Currently,
energy demand is mainly fulfilled by the fossil fuels such
as crude oil, coal and natural gas, which contribute
greenhouse gases (GHGs) emission during their combus-
tion. To reduce the effect of global warming, acid rain due
to the fossil fuels consumption, extensive efforts are going
on around the world to explore the alternate sources for
energy production [1]. Many countries have started their
plan to replace the present energy sources with sustainable,
effective, alternative and carbon neutral energy resources.
Renewable energy sources such as solar, wind, hydro,
geothermal and biomass are getting more attention in
recent years. Among these renewable energy sources,
biomass is the most sustainable and world’s largest energy
source with an estimated ~ 220 billion tons of dry bio-
mass annually available in the world [2]. In future, biomass
may share a major part in sustainable energy scenario and
act as most promising alternative to fossil fuels. The main
advantages of biomass are that it is clean, abundant, carbon
neutral and economically feasible with several environ-
mental and social benefits [3]. In addition to this, it con-
tains very low amount of nitrogen, sulfur and ash; so it
releases very less quantity of NOx, SOx and soot as
compared to fossil fuel [4]. In India, biomass contributes
about 16-18% of total energy consumption [5].

In some cases, utilization of biomass for energy pro-
duction can give dual benefit by reducing environmental
impacts as well as meeting the energy demand. One such
example is pine needles in forests. Pine trees are abun-
dantly available in Himalayan forests. Thus, the enormous
amounts of fallen pine needles are found as waste biomass
in these forests. In India, Uttarakhand has more than
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340,000 hectares of pine forests, which produces nearly
2.06 million tons of pine needles per year [6]. These pine
needles are serious threat to forest fires due their highly
inflammable nature, and these fires damage the fertile top
layer of the soil, destroy the grazing grounds for cattle and
create environmental pollution as well as substantial
damage to the flora and fauna, which also disturbs the
ecological balance of the region. Thus, it is important to
utilize the pine needles as renewable energy source for
high-density biofuels production through energy efficient
and cost-effective thermochemical conversion processes.

Thermochemical routes are more suitable for biofuels
production from biomass, when moisture content is less. In
pine needles, the moisture content is less and hence ther-
mochemical routes can be applicable. Among different
thermochemical routes such as combustion, pyrolysis and
gasification, pyrolysis is the most promising as it can convert
biomass/organic materials into liquid product (bio-oil), solid
char (bio-char) and non-condensable gases (NCGs) by
heating in inert atmosphere [7, 8]. In pyrolysis process, the
relative yield of different products depends upon many
operating parameters like reactor types, pyrolysis tempera-
ture, heating rate and residence time [9]. Reactor types such
as (batch, semi-batch and continuous) as well as biomass
composition and properties like particle size, density also
play significant role on the quality and quantity of different
products [10]. It has been proved that high heating rate and
low residence time (fast pyrolysis) generate more liquid
products yield than that of low heating rate and long resi-
dence time (slow pyrolysis) [11]. Further, continuous reactor
can give more bio-oil production rate per unit reactor volume
than batch and semi-batch reactor. However, complexity of
operation is maximum in continuous reactor, and design of
continuous reactor requires more understanding of the pro-
cess. Moreover, when a new biomass is used, batch and semi-
batch rectors are utilized to investigate the process charac-
teristics and generate data for kinetics and reactor design.
Normally, the feedstock is initially investigated through
thermogravimetric analysis (TGA) to generate kinetic data
and identify suitable temperature and heating rate for
pyrolysis [12]. Thereafter, batch and semi-batch reactors are
used to compute the design parameters for continuous
reactors. Although, fast pyrolysis produces more liquid
product, it requires more complex reactor and controlled
operation. Therefore, it seems that both fast and slow
pyrolysis should be explored, and slow pyrolysis may be
attractive if char utilization options can give value addition to
the process. It is also interesting that the quality of the
products like bio-oil, bio-char and gas also depends on the
feedstock properties and operating conditions [9].

In the literature, pyrolysis of different types of biomass
such as hornbeam shell [3], hazelnut bagasse [4], sun-
flower-extracted bagasse [13], bamboo biomass [14],
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cotton stalk waste [15], napier grass [16], pine sawdust
[10, 17] and mango seed waste [18] has been investigated
in different types of reactors (batch, semi-batch and con-
tinuous). In most of these literatures, the effects of various
operating parameters on products yield have been studied.
However, analysis of the products quality is not carried out
in all the literatures. Further, although pyrolysis of pine
wood sawdust has been studied earlier [19-23], however,
pyrolysis of pine needles has not been reported in the lit-
erature. Only few reports are available on the TG analysis
and kinetic evaluation of pine needles [6, 24-27].

In the present study, pyrolysis of pine needles is done in
a semi-batch reactor for production of bio-oil, bio-char and
pyro gas. The effects of pyrolysis temperature, heating rate,
particle size range and nitrogen (N,) flow rate on the
pyrolysis products yield are investigated. In addition, it
provides the comprehensive information about various
physical, chemical and fuel properties of bio-oil and bio-
char, as well as analyzes the composition of pyro gas and
discusses the different ways for utilization of these prod-
ucts. It also critically analyzes with some recently reported
literature on pyrolysis of different biomass to assess the
suitability for pyrolysis of pine needles.

Materials and methods
Raw materials

The pine needles used in this study were collected from IIT
Roorkee campus, India. Prior to use, pine needles were sun
dried for 2 days, grounded in Wiley grinder and different
particle size range of d, <0.25, 0.355 <d, <0.6,
0.6 <d,<1,1 <d, <1.7andd, > 1.7 mm were prepared
by using Indian standard (IS) sieve. The sample fractions
were stored in airtight polyethylene bags. All the samples
were dried in hot air oven before analysis and pyrolysis
experiments. Figure 1 shows the photographs of raw pine
needles, milled pine needles and bio-oil from pyrolysis.

Different techniques used for characterization
of biomass, bio-oil and bio-char

Characteristics of biomass, bio-oil and bio-char were
determined by various techniques as described below.

Proximate and ultimate analysis

Proximate analysis of pine needles and bio-char was done
to find out moisture, volatile matter, ash and fixed carbon
content by standard methods [6]. Ultimate analysis of pine
needles, bio-oil and bio-char was carried out by elemental
analyzer (Elementar Vario EL III model).
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Fig. 1 Photograph of a raw pine needles, b milled pine needles and ¢ bio-oil

Lignocellulosic composition

Lignocellulosic composition of biomass such as cellulose,
hemicellulose, lignin and extractives was determined by
analytical methods [28].

Calorific value, fuel and physical properties

Higher heating value (HHV) of pine needles, bio-oil and
bio-char were determined in a Parr 6300 bomb calorimeter.
Fuel and other physical properties of bio-oil such as den-
sity, kinematic viscosity, flash point, pour point and Con-
radson carbon residue (CCR) was determined by the
standard methods. The pH of bio-oil and bio-chars was
measured by using a pH meter (pH meter CL 46" of
Toshcon Industries, India). For measuring the pH of bio-
char, sample was mixed with deionized water with ratio of
1:20 (w/v) and shaking with 180 rpm for 24 h to form
homogeneous suspension and then pH was measured [29].

Thermal analysis

Thermal analysis of pine needles and bio-char was carried
out by thermal analyzer (Model-SII 6300 EXSTAR),
where simultaneous thermogravimetric (TG), derivative
thermogravimetric (DTG) and differential thermal analysis
(DTA) curves were obtained. The analysis were done in the
temperature range of 30-800 °C with heating rate of
10 °C min~" under N, atmosphere with flow rate of
200 mL min~" for pine needles and in air atmosphere for

bio-char with flow rate of 200 mL min~".

FTIR analysis

The organic functional groups present in bio-oil and bio-
char were analyzed by Thermo Scientific Nicollet 6700
FTIR spectrometer using pellet technique. Where small
amount of dried bio-char sample was mixed with KBr and
pressed under vacuum to form pellets and for bio-oil small

drop of sample was put on KBr pellet and then analyzed.
Fourier transform infrared (FTIR) spectrum of bio-oil and
bio-char was developed under transmittance mode with
wavenumber range of 4000-500 cm™".

GC-MS analysis

Gas chromatography—mass spectrometry (GC-MS) analy-
sis of bio-oil was done with an Agilent 6850 GC equipped
with an Agilent 7890 MS, using a HP-5 capillary column
(30 m x 0.25 mm) with 0.25-pm film thickness to identify
the volatile compounds present in the bio-oil. GC-MS was
programmed as GC oven temperature hold at 50 °C for
4 min, then heated up to 280 °C with heating rate of
4°Cmin~" and hold there for 20 min. Injector and
detector temperatures were 250 and 280 °C, respectively.
The MS was fixed at ionization energy of 70 eV with mass
electron (m/z) range of 50-550. Split ratio of 1:10 was used
in the injection of 1 pL sample solution, and helium was
used as a carrier gas with flow rate of 1 mL min~'. The
compounds were identified using National Institute of
Standards and Technology (NIST) library of mass spectra
data base.

"H NMR analysis

A proton nuclear magnetic resonance (‘H NMR) spectrum
of bio-oil was obtained by NMR spectrometer (Model
Avance 500 Bruker-Biospin, Switzerland) using deuterated
chloroform (CDClj) as solvent to determine the types of
proton present in bio-oil. Quantification of different types
of protons was done on the basis of percentage area of the
peaks found for different region corresponding to different
types of compounds like aliphatic, olefinic, aromatics,
alcohols and phenols.
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Analysis of gaseous products

Gaseous products were collected in Tedlar bags during the
experiments and analyzed by gas chromatograph (NEW-
CHROME 6800 gas chromatograph) coupled with a ther-
mal conductivity detector (TCD). A stainless steel column
(2.0 m x 3.175 mm) packed with Porapack-Q (80-100
mesh) was used. The carrier gas was argon at a flow rate of
30 mL min~" at 75 psi pressure. The injected volume of
sample was 60 pL, and operational conditions were as
follows: injector temperature: 80 °C, oven temperature:
50 °C and detector temperature: 90 °C. The standard gas
mixture of H,, CO, CO, and CH, was used as the internal
standard for quantification.

XRD analysis

The XRD analysis of pine needles and bio-char was con-
ducted in a BRUKER X-ray diffractometer (model D8
advance) operating at 40 kV and 30 mA, with scanning
rate of 1° per min using Cu-Ka radiation source at 1.54 A
with angle 20 of 5°-90°.

FESEM analysis

Field emission scanning electron microscope (Carl Zeiss
Ultra Plus) equipped with energy-dispersive X-ray spec-
trometer (EDX) was used to study the surface morphology
and to investigate the surface elemental composition of
bio-char.

Surface area and pore volume analysis

The microscopic surface area and pore volume distribution
of bio-char were measured by nitrogen adsorption/desorp-
tion method using Micromeritics ASAP 2020 instrument
by Brunauer-Emmett-Teller (BET) and Barrett—Joyner—
Halenda (BJH) methods.

Experimental setup

The pyrolysis experiments of pine needles were conducted
in a laboratory scale semi-batch pyrolysis reactor. Figure 2
shows the schematic diagram of experimental setup.
Reactor is a cylindrically shape vessel made of 316 stain-
less steel with height of 16 cm and diameter of 5 cm. The
reactor was externally heated by electrical furnace with
2 kW power. Temperature inside the reactor was controlled
by using external PID controller. The reactor had two
openings at upper section, one opening was used for con-
tinuous supply of N, for inert atmosphere and another
opening for outlet of reactor through which hot vapors
come out and a glass condenser attached at the outlet to
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condense these vapors. Ice-cooled water was circulated in
the condenser as a cooling medium through the pump. The
condensed liquid products were collected in measuring
cylinder and weighted for yield. The gaseous products were
collected in the Tedlar bags for analysis. After pyrolysis,
the reactor was cooled to room temperature and residue left
as solid char was collected and weighed. The gaseous
products yield was calculated by material balance as a
difference between total biomass fed and sum of bio-oil
and bio-char yield.

Experimental

The pyrolysis experiments were categorized into three
groups to investigate the effect of pyrolysis parameters on
products yield and to find out the optimum parameters for
maximum bio-oil yield. For each group of experiments,
15 g of pine needles sample was taken into the reactor and
then closed tightly. Before each experiment, N, was purged
with flow rate of 100 cm® min™"' for 10 min to provide
inert atmosphere inside the reactor. In the first group of
experiments, effect of temperature and heating rate on the
products yield were investigated. Dried pine needles sam-
ple with particle size of 0.6 <d, <1 mm was taken in
reactor, and temperature was separately raised at heating
rates of 10 and 50 °C min~' to reach the final temperature
of 350, 400, 450, 500, 550, 600 and 650 °C, and flow rate
of N, was constant at 100 cm® min~!. At each of final
temperature, experiment was continued for additional
30 min to ensure the total conversion of biomass or no
further release of significant amount of vapors observed at
outlet.

In the second group, experiments were done to find out
the effect of particle size on the products yield. The
experiments were carried out with five different particle
size ranges of d, < 0.25, 0.355 <d, < 0.6, 0.6 <d, <,
1 <d, <17 and d, > 1.7 mm, at final temperature of
550 °C, heating rate of 50 °C min~' and N, flow rate of
100 cm® min™ .

The third group of experiments was carried out to
investigate the effect of N, flow rate on the products yield.
The experiments were performed with four different N,
flow rate of 50, 100, 150 and 200 cm® min~! at constant
pyrolysis temperature of 550 °C, heating rate of
50 °C min~" and particle size of 0.6 < d, < 1 mm.

All pyrolysis experiments were performed thrice, and
average values have been reported, with the error limit
of = 0.5 in absolute value.
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Fig. 2 Systematic diagram of
experimental setup
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Results and discussion
Characteristics of biomass

Table 1 summarizes the proximate and ultimate analysis,
empirical formula and calorific value of pine needles and
bio-char. Proximate analysis is used to explore the fuel
quality of solid biomass. High volatile matter with low ash
and moisture content biomass are more favorable for the
production of bio-oil through pyrolysis [30]. High volatile
content (77.55%) of pine needles reveals the possibility of
higher bio-oil yield. It has low ash content of 3.38%. In

Table 1 Main characteristics of the pine needles and bio-char

Characteristics Pine needles Bio-char
Proximate analysis/%
Moisture 5.30 1.14
Volatile matter 77.55 18.36
Ash 3.38 15.16
Fixed carbon* 13.77 65.34
Ultimate analysis/%
Carbon (C) 46.38 69.83
Hydrogen (H) 7.08 3.28
Nitrogen (N) 0.45 1.07
Sulfur (S) 0.07 0.03
Oxygen* (O) 46.02 25.79
O/C molar ratio 0.74 0.28
H/C molar ratio 1.83 0.56
Empirical formula CH, 8300.74No.00s  CHo.5600.28No.013
Higher heating value/ 19.65 25.50

MIJ kg™

* By difference

addition, pine needles have low moisture content of 5.3%.
It is mentioned that for pyrolysis process the moisture
content should be less than 10% as well as high moisture
requires additional heat and reduces the thermal efficiency
of biomass [30]. Fixed carbon calculated by difference is
13.77%. Ultimate analysis of pine needles shows the C, H,
O, N and S contents are 46.38, 7.08, 46.02, 0.45 and 0.07%,
respectively. This result shows that S and N contents are
very low, so the emission of toxic gases like SO, and NO,
is likely to be very low. The H/C and O/C molar ratios of
present pine needles are found as 1.83 and 0.74, respec-
tively. The empirical formula of pine needles is found as
CH, 3300.74Ng.00g by ultimate analysis data. The lignocel-
lulosic analysis of pine needles shows the cellulose,
hemicelluloses, lignin and extractives contents are 34.5,
29.1, 31.7 and 4.7%, respectively. The HHV of pine nee-
dles is 19.65 MJ kg~ !, which is comparable with other
biomass used in pyrolysis [30]. The above analysis of pine
needles shows that it has potential for use as feedstock for
pyrolysis.
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Fig. 3 TG/DTG curves of pine needles at a heating rate of
10 °C min~"
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Thermal behavior of pine needles is shown in Fig. 3.
Thermal degradation of present pine needles occurs into
four stages as observed from thermogravimetric (TG) and
derivative thermogravimetric (DTG) curves. The first stage
of thermal degradation starts from temperature of 32 °C to
about 200 °C, in which ~ 5% of mass loss occurs due to
the removal of moisture present in biomass sample [8]. The
second stage observes within the temperature range of
200-340 °C with maximum mass loss of ~ 53%. For this
stage, DTG curve also shows a peak with maximum rate of
mass loss ~ 1.42 mg min~" at 317 °C. Mass loss during
this stage is due to the degradation of hemicellulose and
cellulose. Due to the high rate of mass loss, this section is
termed as active pyrolysis stage [8, 31]. Further, third stage
occurs in the temperature range of 340-500 °C with mass
loss of around 38% and for this stage DTG curve denotes
the rate of mass loss 0.36 mg min~" at 451 °C. Mass loss
during this section is the result of thermal decomposition of
cellulose and some lignin, and this section also signifies as
active pyrolysis stage. Moreover, for last stage above
500 °C rate of degradation decreases and becomes almost
constant up to 800 °C, mass loss during this stage is very
low (~ 2%). Degradation of lignin occurs during this
stage. Very low amount (~ 2%) of residue is left after
800 °C. This stage is referred as passive pyrolysis. It is
evident from previous literature that the decomposition of
hemicellulose, cellulose and lignin occurs in the tempera-
ture range of 210-315, 315-400 and 150-900 °C, respec-
tively [32]. Pyrolysis temperature is preferred for the
experiments in semi-batch reactor based on above data.
Based on the available literature, the pyrolysis temperature
for most of the biomass lies in the range of 350-700 °C,
and for pyrolysis of other biomass it varies as 400-600 °C
for hornbeam shell [3], 350-600 °C for perennial grass [8]
and 400-700 °C for sunflower-extracted bagasse [13].

Effect of operating parameters on the products yield

The effect of operating parameters such as temperature,
heating rate, nitrogen flow rate and particle size of biomass
on the pyrolysis products yield (bio-oil, bio-char and pyro
gas) is discussed below.

Effect of pyrolysis temperature and heating rate
on the products yield

Figure 4a, b shows the products yield for pyrolysis of pine
needles with heating rates of 10 and 50 °C min~" in rela-
tion to final pyrolysis temperatures of 350, 400, 450, 500,
550, 600 and 650 °C, for biomass particle size of
0.6 < d, < 1 mm and N, flow rate of 100 cm® min~". The
yield of pyrolysis products greatly depends upon the
pyrolysis temperature. The main role of temperature is to
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provide the required heat for decomposition and fragmen-
tation of biomass. For pyrolysis, higher bio-oil yield is
found at intermediate temperature between 350 and
600 °C. During pyrolysis, initially the yield of bio-oil
increases with increase in temperature reaches a maximum
value and decreases thereafter. Similar type of results is
also found in the present study. At lower heating rate of
10 °C min_l, the yield of bio-oil increases from 25.81 to
42.35% as the pyrolysis temperature rises from 350 to
550 °C and decreases thereafter to 39.12% as the temper-
ature increases to 650 °C. At heating rate of 50 °C min~!,
it increases from 27.12 to 43.76% as pyrolysis temperature
rises from 350 to 550 °C and with further increase in
temperature up to 650 °C, the yield of bio-oil decreases to
39.42%. Maximum yield of bio-oil found at temperature of
550 °C for both the heating rates (10 and 50 °C min~"). In
addition to this, the yield of bio-char decreases from 56.05
to 27.74% for heating rate of 10°C min~' and
52.42-23.14% for heating rate of 50 °C min~"' as temper-
ature increases from 350 to 650 °C. Bio-char yield always
decreases with increase in temperature, and heating rate
due to the significant loss of volatile matter or secondary
decomposition of char occurs at higher temperature [33].
As it is observed from Fig. 4a, b, the yield of gaseous
products increases with increase in temperature and it is
maximum at higher temperature of 650 °C. This is due to
the fact that at higher temperature secondary cracking
reactions of pyrolysis vapors as well as secondary
decompositions of char occur, which increases non-con-
densable gaseous products yield and subsequently reduces
the bio-oil yield [34]. From the above discussion; it is
proven that yield pattern of pyrolysis products is signifi-
cantly influenced by the pyrolysis temperature. For the
present study, maximum bio-oil yield of 43.76% is found at
pyrolysis temperature of 550 °C and heating rate of
50 °C min~".

Effect of particle size on the products yield

Figure 5 shows the effect of biomass particle size on
products yield at constant pyrolysis temperature of 550 °C,
heating rate of 50 °C and N, flow rate of 100 cm® min™".
For smaller particle size of d, < 0.25 mm, bio-oil yield is
found as 39.17% and for larger particle size of d, >
1.7 mm, bio-oil yield is found as 38.48%. The difference in
bio-oil yield for smaller and larger size particle is very less.
So, for present study no significant effect of particle size on
bio-oil yield is found. However, as the particle size
increases from d,, < 0.25 mm to the range of d, > 1.7 mm,
the yield of bio-char increases from 27.96 to 37.25%. The
variation in gas yield with particle size shows that the
minimum gas yield of 24.26% found for d, > 1.7 mm and
maximum gas yield of 32.87% found for d, < 0.25 mm.
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Fig. 5 Effect of particle size on the products yield at pyrolysis
temperature of 550 °C, heating rate of 50 °C min~' and N, flow rate
of 100 cm® min™"

This occurs because for larger size particles greater tem-
perature gradients exist inside it, which probably increases
the char yield and decrease the bio-oil and gaseous prod-
ucts yield [34]. According to the experimental results,
maximum bio-oil yield of 43.76% is found for particle size
range of 0.6 < d, < 1 mm with bio-char yield of 29.15%.
It is well known that biomass is a poor conductor of
heat, which poses hurdle in heat transfer during pyrolysis
[9]. The suitable particle size of biomass for pyrolysis
depends upon the type of pyrolysis process and nature of
biomass. Generally, small particle size is preferred for
rapid pyrolysis since it heats up uniformly and produces
higher amount volatile matter as well as increases the bio-
oil and gaseous products yield. In contrast, large particle
size accounts for high-temperature gradient inside the
particle resulting poor heat transfer to inner surface of the
particle and possibly increases the char yield and subse-
quently decreases the bio-oil and gaseous products yield
[35]. Further, large size particles require high activation
energy, which results to the heat transfer limitation [36].

Figure 6 reveals that the yield of bio-oil is found as
40.12% with N, flow rate of 50 cm® min~! and it increases to
43.76% with N, flow rate of 100 cm® min~' and decreases
thereafter to 40.03% for 200 cm® min~". This is due to the
fact that at higher N, flow rate, volatile components are flown
out from reactor with N, stream without proper condensation
[3]. The char yield decreases from 35.74 to 27.19% and gas
yield increases from 24.14 to 32.78% as N, flow rate
increases from 50 to 200 cm® min~". So, it concludes that
char yield decreases and gaseous products yield increases
with N, flow rate. Maximum bio-oil yield of 43.76% is found
at N, flow rate of 100 cm® min~'. From the available liter-
ature, it is revealed that bio-oil yield is not much influenced
by N, flow rate. Demiral and Sensoz [4] observed that 3.3%

50 -
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45 4 —&—char
o ./.\.\.+gas
S
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£
S 351
°
> 30 1
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Nitrogen flow rate/cm? min™t
Fig. 6 Effect of N, flow rate on products yield at pyrolysis

temperature of 550 °C, heating rate of 50 °C min~' and particle size
of 0.6 <d, <1 mm
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more liquid oil obtained at 150 cm® min~' than at

50 cm® min~" of N, flow rate. Acikgoz et al. [39] reported
only 3% extra liquid oil found by increasing N, flow rate
from 50 to 100 cm® min~"'. It is also prominent that at very
high N, flow rate basically decreases the bio-oil yield.
However, low N, flow rate is proficient to achieve maximum
bio-oil yield [40].

Table 2 shows the comparative study of the pyrolysis of
different types of biomass in semi-batch and fixed bed
reactor system. It reports the optimum operating parame-
ters (temperature, heating rate, biomass particle size and N,
flow rate) for pyrolysis of pine needles and other biomass
for maximum bio-oil yield. It is observed that the optimum
pyrolysis temperature, heating rate, biomass particle size
and N, flow rate mainly vary in the range of 500—-600 °C,
10-50 °C min~', 0.5-1 mm and 100-200 cm’ min~",
respectively, and bio-oil yield varies in the range of
30-66 mass% except for pyrolysis of hornbeam shell
(24.67 mass%) and perennial grass (26.18 mass%). The
variation in the bio-oil yield may be due to the variation in
the properties of biomass as well as operating conditions.

Characteristics of bio-oil

The energy value of a fuel mainly depends upon the carbon
and hydrogen content, so the elemental analysis of bio-oil

Table 2 Comparative study for pyrolysis of different types of biomass

is important to be mentioned. In the present study, C and H
contents in bio-oil are 62.14 and 7.63%, respectively,
whereas these values for pine needles are 46.38 and 7.08%,
respectively. This indicates that the bio-oil contains more C
and H than the biomass. The measurement of N and S in
fuel is also very essential for environmental point of view,
because burning of fuel which contains N and S produces
their oxides, which are responsible for environmental
pollution. In the present study, bio-oil contains very less
amount of N and S. The oxygen content in bio-oil (30%) is
lower than the original feedstock (46.38%), and it is
important that lower oxygen content is favorable for good
fuel and also increases the heating value of fuel. However,
it has higher oxygen content than petroleum fuels. High
oxygen content in bio-oil signifies the presence of several
highly polar compounds prominent to high viscosity and
boiling point [45]. The H/C and O/C molar ratio of pine
needles bio-oil is 1.47 and 0.36, respectively. Molar ratio
of H/C in bio-oil is lower than light and heavy crude oils
(1.5-1.7). This ratio should be increased in the range of
1.9-2.0 for transportation fuel. So, upgradation of bio-oil
by hydrotreating can be used to increase this ratio by
adding hydrogen [51]. For promising use of bio-oil to
energy application, molar ratio of O/C should be low and
H/C should be high. The empirical formula of present bio-

Biomass Reactor type = Temperature/ Heating rate/ Particle size/ N, flow rate/ Bio-oil References
°C C min~! mm em® min™! yield/mass%
Pine needles Semi-batch 550 50 0.6-1 100 43.76 Present
study

Hornbeam shell Fixed bed 550 50 0.5-1 100 24.67 [3]

Perennial grass Fixed bed 500 40 0.2 150 26.18 [8]

Napier grass stem Fixed bed 600 30 0.2-2 30 32.26 [16]

Sugarcane bagasse Fixed bed 500 50 0.5-1.0 200 66.1 [30]

Olive bagasse Fixed bed 500 10 0.425-0.6 150 37.7 [34]

Jatropha curcas cake Fixed bed 550 5 0.5-0.8 100 45 [41]
tubular

Paulownia wood Fixed bed 500 50 0.425-1 100 54 [42]
reactor

Safflower seed press Fixed bed 500 50 1.8 (avg) 100 36.1 [43]

cake

Coconut shell Semi-batch 575 20 <1 - 49.5 [44]

Grape bagasse Fixed bed 550 50 - 100 41.60 [45]

Napier grass Induction 500 100 0.224 (avg) - 35.7 [46]
heating

Sal seed Semi-batch 600 20 - - 52.8 [47]

Oil palm residues Fixed bed 600 30 - 30 34.26 [48]
tubular

Mahua seed Semi-batch 525 20 0.55-1 30 49 [49]

Sugarcane bagasse Fixed bed 560 30 0.5-0.85 116 53.38 [50]
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Table 3 Comparison of ultimate analysis, physical and fuel properties of present bio-oil and other pyrolytic oils and petroleum product

Pyrolysis oil Properties
Ultimate analysis/% Density at  Kinematic Flash  Pour pH HHV/ References
N 15 °C/ viscosity point/  point/°C MJ kg™
C H N S 0 oy at 40 °C/cSt  °C
Pine needles 62.14 7.63 039 0.02 29.82 1062 12.54 61 - 10 34 26.25 Present
study
Hornbeam shell 6642 693 154 - 25.11 1056 1.4 - - - 30 [3]
Perennial grass 4795 723 03 - 44.52 951 - 43 + 4 3.8 24.7 [8]
Napier grass stem 27.50 9.57 0.84 0.14 247 1030 2.45 - - 24 25.30 [16]
Olive bagasse 669 9.2 20 - 21.9 1070 51 77 - - 318 [34]
Jatropha curcas cake 53.68 1043 271 0.05 3298 1100 - 180 -6 - 2591 [41]
Coconut shell 59.14 547 421 0.34 30.84 1053 1.47 - - - 1975 [44]
Grape bagasse 7172 8.69 269 - 16.90 992 23 61 - 3295 [45]
Oil palm residues 3296 699 0.01 0.19 59.85 1020 2.06 - - 32 19.24 [48]
Mesua ferrea seed 56.12 6.97 1.83 - 31.87 958 - 42 + 4 3.9 2491 [54]
cover
Pongamia glabra seed 60.05 7.11 145 - 29.08 972 - 50 + 7 3.7 32.63
cover
Sugarcane bagasse 50.01 6.5 0.85 0.08 42.31 1160 18.80 103 — 16 29 21.85 [55]
Rice straw 423 653 - - 50.96 1153 10.81 103 -8 3.0 18.34 [56]
Diesel 85.72 132 0.18 03 0.6  820-850 2-5.5 53-80 —40to 5.6 42-45 [44]
—1
*By difference
oil obtained from ultimate analysis data is  aldehydes and phenols. Due to the low pH, bio-oil becomes

CH, 4700.36No.00s-

Physical and fuel properties such as density, kinematic
viscosity, flash point, pour point, CCR, pH and calorific
value of bio-oil are important for assessing and determin-
ing the feasibility of bio-oil as liquid fuel. Pine needles bio-
oil is dark brown in color and has smoky smell. The density
of pine needles bio-oil is found as 1062 kg m~ at 15 °C,
which is approximately similar to the other pyrolytic oils
obtained from olive bagasse [34], coconut shell [44], grape
bagasse [45] and rice husk [52]. Viscosity of present bio-oil
is high (12.54 cSt at 40 °C) as compared to conventional
fuels. High density and viscosity of bio-oil may create
difficulties in pumping and atomization of fuel in the
engine and also affect the combustion quality of bio-oil.
Thus, further treatment such as upgradation and refining is
required to meet the desired quality similar to diesel and
heavy fuel oil. Flash point of bio-oil is 61 °C, and it is in a
comparable range with other bio-oils and petroleum fuels
as well as it ensure its safe storage. Pour point of bio-oil
(— 10 °C) is acceptable for most of the climatic conditions.
CCR value is 4.52%. The pH of bio-oil is found as 3.40. It
is acidic in nature due to the presence of organic acids,

highly unstable and corrosive to mild steel and aluminum
[53]. Therefore, some chemical treatment of bio-oil is
required to lower the acidity, and suitable selection of
materials is required for piping and storage. HHV of pine
needles bio-oil is 26.25 MJ kg~ ', which is comparable to
the other pyrolytic oils. However, it is lower than the diesel
(42-45 MJ kg™') because it comprises more oxygen con-
tent than petroleum crude.

Table 3 shows the comparison of ultimate analysis,
physical and fuel properties of present bio-oil and other
pyrolytic oils and petroleum product. From Table 3, it is
evident that the present bio-oil has comparatively higher C,
H and lower O content than other bio-oils as well HHV is
comparable to the other bio-oils. It is also interesting to
note that the present study shows more extensive charac-
teristics including HHV, density, viscosity, flash point,
pour point and CCR of bio-oil. In many literatures as
reported in Table 3, fuel characterization is not complete.
On the basis of the above information, it can be concluded
that the present process is highly competitive to the others
as reported in Table 3 and shows better bio-oil
characteristics.
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Fig. 7 FTIR spectra of bio-oil

The quality of bio-oil depends upon their chemical
composition. Bio-oil obtained from pyrolysis of pine nee-
dles contains the mixture of various unknown chemical
compounds. Therefore, chemical analysis of bio-oil is very
important. Bio-oil is composed of thermally decomposed
products of cellulose, hemicellulose and lignin. Pyrolysis
of cellulose follows two parallel pathways as depolymer-
ization and fragmentation of the ring scission. The
depolymerization mainly produces levoglucosan (LG),
cyclopentanones, furans, pyrans and other related deriva-
tives. Ring scission mostly produces hydroxyacetaldehyde
(HAA), acetol (HA), esters and other linear alcohols.
Pyrolysis of hemicellulose as xylan mainly produces water,
acids (formic acid, acetic acid) and furfural. Moreover,
lignin is most thermally stable among cellulose and
hemicellulose. Pyrolysis of lignin produces higher char
yield and lower liquid yield as compared to holocellulose,

liquid products obtained through the lignin pyrolysis
mainly consist of larger molecular oligomers known as
pyrolytic lignin, phenol-based compounds and lighter
compounds such as methanol, HAA, acetic acid [57]. From
the above discussion, it is accomplished that pyrolysis
liquid is the mixture of various chemical compounds.
Therefore, different chemical analysis such as FTIR, GC-
MS and 'H NMR is required to determine the chemical
compositions of bio-oil.

Figure 7 shows the FTIR spectra of bio-oil. It provides
information regarding the presence of several functional
groups and chemical bonds in bio-oil. The broad strong
peak observed at 3435 cm™' is due to O-H stretching
vibration and signifies the presence of alcohols and phenols
[58]. The weak peak at 1718 cm~! is due to C=0
stretching vibration and corresponding to the presence of
ketone and aldehyde groups [46]. The strong peak at
1634 cm™! suggests the C=C stretching vibration due to
the presence of alkenes and aromatics. The weak peak at
around 1515 cm™" representing C=C stretching vibration
indicates the presence of alkenes and aromatics [59]. The
peaks observed in between 1464 and 1378 cm ™" are due to
C-H deformation and confirm the presence of alkanes [59].
Peaks in between 1275 and 1125 cm ™' indicate the C-O
stretching, which specifies the existence of oxygenated
compounds. In addition, peaks at 1100 and 1054 cm™'
represent the C-O stretching indicating the existence of
ether [46]. The region between 900 and 700 cm™! contains
the weak peaks related to aromatic compounds with C—H
bending [44]. The above FTIR result of present bio-oil is in
agreement with other bio-oils described by the previous
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Fig. 8 GC-MS chromatogram of bio-oil
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Table 4 Main chemical compounds present in bio-oil

Retention Peak ~ Compound name Molecular
time/min  area/ formula
%
8.72 1.01 1,6-Heptadiene C;H;,
8.87 10.19  Propanamide, 2,2-dimethyl- CsH{1NO
9.02 12.45  2,3-Butanedione, monooxime C4H;NO,
11.73 1.33  Phenol, 3-amino- CeH,NO
11.99 7.09  Phenylephrine CoH3NO,
13.86 5.25  1-Octen-3-yne CgHi»
13.98 1.70  1,2-Cyclooctadiene CgHi,
14.15 1475  2-Acetyl-5-methylfuran C,HgO,
15.57 5.92  Phenol, 4-ethyl- CgH;0O
15.65 2.48  Phenol, 2-ethyl- CgH;0O
15.90 8.75  2-Aminobenzyl alcohol C,HoNO
17.25 7.42  Phenol, 4-ethyl-2-methoxy- CoH;,0,
21.84 2.01  Undecane, 5-methyl- CoHoe
26.20 2.33  Benzamide, 2-methoxy-N- C,5H;5NO,
methyl-N-phenyl
26.62 2.76  Phenol, 4-(1H-pyrrol-1-yl)- CoHoNO
28.84 341  Quinoline-4-carboxylic acid, C;1HoNO,
2-hydroxy-8-methoxy-
30.16 2.33  Benzenemethanamine, N-(1,3- C;5sH3NO,

benzodioxol-5-ylmethylidene)-

studies [46, 59]. The present FTIR analysis of bio-oil
confirms the presence of various chemical compounds such
as alkanes, alkenes, aromatics and several oxygen-con-
taining compounds such as phenols, ketones, carboxylic
acids or aldehydes. Further, to quantify the presence of
different chemical compounds/groups in the bio-oil and
also justify the existence of the above functional groups,
bio-oil is also analyzed through GC-MS and '"H NMR.

GC-MS is a very powerful technique used to detect the
volatile chemical compounds presence in the bio-oil frac-
tion with the help of difference in retention time in a col-
umn followed by difference in molecular mass of the
compounds. The data signify that more than 50 compounds
are present in the bio-oil and among these higher probable
(= 80%) compounds with major peaks are selected. Due to
complex nature of bio-oil and limitation of MS library
strength, it is not possible to clearly separate all the peaks.
Figure 8 shows the GC-MS chromatogram of bio-oil, and
Table 4 represents the list of chemical compounds present
in the bio-oil, which have percentage peak area of greater
than 1%, with their retention time, percentage peak area,
compound name and molecular formula. On the basis of
GC-MS results, aliphatic and aromatic hydrocarbons,
phenols, furans, acids, alcohols, oxygenated compounds
and nitrogenous compounds are prominent in the present
bio-oil. The most significant compounds present in bio-oil
are propanamide, 2,2-dimethyl; 2,3-butanedione, mono-
oxime; phenylephrine; 1-octen-3-yne; 2-acetyl-5-methyl-
furan; phenol, 4-ethyl; 2-aminobenzyl alcohol; and phenol,
4-ethyl-2-methoxy with their relative composition of
10.19, 12.45, 7.09, 5.25, 14.75, 5.92, 8.75 and 7.42%,
respectively. The carbon distribution range of the volatile
chemical compounds present in bio-oil is C4—C;5s, which is
comparable to the other petroleum fuels.

"H NMR of bio-oil quantifies the presence of different
types of protons based on the chemical shift with the
selected regions as shown in Fig. 9. On the basis of
chemical shifts for specific proton types, '"H NMR spec-
trum can be categorized into three regions such as alipha-
tic, olefinic and aromatic. In particular, aliphatic, olefinic
and aromatic resonances occur in the chemical shift region
of 0.5-3.0, 4.5-6.3 and 6.0-9.0 ppm, respectively [60]. In

Fig. 9 '"H NMR spectrum of
bio-oil
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Fig. 10 TG/DTG/DTA curves of pine char at a heating rate of 10 °C min~'

the present '"H NMR spectrum of bio-oil, the region
between 0.5 and 1.5 ppm around 3.2% of protons resonates
due to the presence of aliphatic hydrocarbon chains [61]. In
the next region from 1.5 to 3.0 ppm, it is observed that
around 25.20% of protons resonate relates to protons on
aliphatic carbon atoms, which may be bonded to unsatu-
rated groups or heteroatoms [62]. The next region between
3.0 and 4.4 ppm is useful to identify the lignin derivatives,
around 5.87% of protons resonate in this region. The region
between 4.4 and 6 ppm is possibly due to the presence of
protons, which are bonded to carbon atoms in methoxy or
phenolic groups or carbohydrate-like molecules or olefins
[54]. Around 55.03% protons resonate in this region for
pine needles bio-oil. Finally, for aromatic region of the
spectrum 6.0-8.5 ppm contains around 10.70% of protons.
The above discussion quantifies the presence of alkanes,
alkenes, aromatics and other chemical compounds such as
phenols, alcohols and acids in the bio-oil, which is also in
agreement with the FTIR analysis results.

Pyrolytic gas composition
Pyrolytic gas composition is determined by the chromato-

graphic analysis. The relative composition of H,, CO,, CO
and CH, in mol% at 550 °C is found as 10.16, 45.62, 30.12

@ Springer

and 14.10%, respectively. Carbon monoxide and hydrogen
can be utilized as syngas for liquid fuel production as well
as hydrogen can also be used for upgradation of bio-oil.

Characteristics of bio-char

Bio-char produced by the pyrolysis of biomass can be
utilized as the solid fuel, cheap adsorbent, carbon seques-
tration and soil amendment. It can also be used for pro-
duction of household briquette and activated carbon. So,
various characterizations of bio-char have been done to
find out its potential for applications through suitable route
as mentioned above. Table 1 shows the proximate, ultimate
analysis and heating value of bio-char.

Moisture content of present bio-char is 1.14%. This is
because of the absorption of some moisture, when it is
exposed to air. Volatile matter of pine needles is 77.55%,
which significantly reduces to 18.36% after pyrolysis. It is
due to the conversion of volatile matter into liquid and
gaseous products. As a result of decrease in volatile matter,
the fixed carbon content increases to 65.34%. The ash
content in bio-char is 15.16%. Ultimate analysis result
shows that bio-char becomes carbonaceous with carbon
content of 69.83%. From Table 1, it is observed that there
are significant variations in carbon and oxygen content and
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Fig. 11 FTIR spectra of bio-char

slight variations in hydrogen, nitrogen and sulfur content
between pine needles and their bio-char. The bio-char has
higher carbon content and lower oxygen content as com-
pared to pine needles. This signifies the removal of oxygen
and other volatile compounds, which increases the carbon
content [47]. The N and S contents in bio-char are low as
1.07 and 0.03%, respectively. The H/C and O/C molar ratio
of bio-char is lower than original biomass; it signifies the
loss of H and O due to various reactions such as dehy-
dration, decarbonylation and decarboxylation during
pyrolysis [48]. Due to these reactions, oxygen-containing
functional groups are decomposed and transformed into the
alkyl-aryl C-C bonds as a cross-linking between small
aromatic rings [29]. Thus, increase in calorific value of bio-
char (25.50 MJ Kg™ ") is achieved as compared to original
biomass (19.65 MJ Kg_l). The empirical formula of bio-
char is CHy s5600.28No.013- The above analysis of bio-char
suggests that it has potential to be used as solid fuel. The
pH of bio-char is found to be 9.8; it is alkaline in nature,
because during pyrolysis removal of organic matter takes
place, which increases the concentration of alkali [63]. The
pH is an important property of soil, which affects the types
of plants and microbes to thrive and the availability of
nutrients to be absorbed. Acidity in the soil increases due to
the result of nitric and sulfuric acid from fossil fuel com-
bustion and continuous use of nitrogenous fertilizers
[64, 65]. Thus, due to the alkaline nature of bio-char, it can
be used for soil amendment to neutralize the soil acidity
and increase soil pH as well as to improve the soil quality
and raise the crop productivity [54].

Figure 10 shows the TG, DTG and DTA curves of bio-
char in oxidizing atmosphere. It is shown from TG curve
that thermal degradation behavior of bio-char can be
divided into four stages. From temperature 30 to 150 °C,
mass loss related to the removal of moisture and some
extractives from bio-char. Mass loss of around ~ 10%
occurs in the temperature range of 150-315 °C is due to the
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Fig. 12 X-ray diffractogram of a pine needles, b bio-char

oxidation of remaining hemicellulose [66]. The main mass
loss of around 70% occurs within the temperature range of
350-480 °C, which is due to the oxidation of cellulose and
some lignin. DTG curve signifies the maximum mass loss
rate of 3.58 mg min~"' at the temperature of 387 °C, and
DTA curve shows the exothermic peak at temperature of
around 417 °C with heat release of 8.78 J mg~'. Above
480 °C mass loss is very low, which is due to the oxidation
of remaining lignin. Thermal analysis of bio-char suggests
that the combustion of bio-char releases significant amount
of heat, so it can be used as fuel, alone or mixed with other
fuel for energy generation through combustion [66].
Figure 11 shows the FTIR spectra of bio-char, which
demonstrates the peaks between 3000 and 3600 cm ™'
assigned to the vibration of O—H group; it signifies the
presence of hydroxyl groups [67]. Peak at around
1600 cm ™' might be due to the C=C stretching, and this
provides the existence of alkenes and aromatics in present
bio-char [8, 68]. Peak at 1510 cm™ " is due to the aromatic
ring vibration which implies the presence of lignin [61].
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Fig. 13 a FESEM image of
bio-char at 100x magnification,
b EDX spectra of bio-char

Weak peak at 1396 cm™' attributes to the C—H bending
vibration due to the presence of alkanes [61]. The peaks
present in spectra between 1000 and 800 cm ™' are due to
aromatic rings and C-H alkynes bonds [69]. Hence, it is
found that bio-char significantly loses aliphatic and
hydroxyl groups and gains the aromatic character.

X-ray diffractogram of raw pine needles and bio-char is
shown in Fig. 12a, b, respectively. XRD analysis is rele-
vant technique to analyze the crystallinity of a material
[70]. The XRD spectra of pine needles show two sharp
peaks at 20 of around 16° and 22° and signify the crys-
talline region of cellulose present in the biomass [71].
However, hemicellulose and lignin are also present in
biomass, but they are amorphous in nature. After the
pyrolysis of pine needles, it partially losses the crystalline
structure of cellulose and the intensity of two peaks
decreases and becomes broader as well as 20 value also
shifted slightly (23°) for bio-char as shown in Fig. 12b,
which indicates the degradation of cellulose during
pyrolysis.

Surface morphology of bio-char is described by FESEM
image as shown in Fig. 13a at 100x magnification.
FESEM images confirm the rough texture and heteroge-
neous structure of bio-char. It is also observed that the
rough surface of bio-char has many heterogeneous pores,
which indicates that it may be used as adsorbent. The
removal of volatile matters from biomass during pyrolysis
creates pores at the surface of bio-char [72]. Highly porous
bio-chars have more numbers of adsorption sites for ions
and offer spaces for water and nutrients/pollutants reten-
tion. Figure 13b represents the EDX analysis of bio-char. It
is observed from the EDX analysis that bio-char consists of
various inorganic matters such as Na, Mg, Si, K and Ca and
these are the important nutrients for soil fertility and to
improve the crop productivity [33]. Hence, it can be also
used as fertilizer. For the present bio-char, BET surface
area, pore volume and average pore size are found to be
10.85 m* g7, 0.011 cm® g=' and 4.37 nm, respectively.
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Low value of BET surface area of bio-char is due to the
shrinkage of chars at post-softening and swelling temper-
atures, resulting in narrowing or closing the pores. The
surface area and quality of bio-char can be improved by
acid and alkaline activation for its use in adsorption pro-
cess. Further, it can also be converted to activated carbon
after physical and chemical activation process.

Conclusions

In this study, pyrolysis experiments of pine needles were
conducted in a semi-batch reactor to study the effect of
pyrolysis temperature, heating rate, N, flow rate and par-
ticle size on the products yield. The maximum bio-oil yield
of 43.76% is found at temperature of 550 °C, heating rate
of 50 °C min~! and at N, flow rate of 100 cm?® min~! for
biomass particle size of 0.6 < d, < 1 mm. Bio-o0il has an
empirical formula of CH; 4700 36No.005, carbon distribution
range of C4—C;5 and HHV of 26.25 MJ kg_l. The results
of spectroscopic and chromatographic analysis suggest the
presence of aliphatic, olefinic and aromatic as well as many
oxygenated compounds in bio-oil. This bio-oil can be used
for fuel application after refining and upgrading. It can also
be used as a feedstock for valuable chemicals production.
Bio-char has high carbon content with HHV of
25.50 MJ kg™, so it can be useful for energy application
and as a precursor for activated carbon production.
FESEM, EDX and BET surface area analysis showed that
bio-char surface has porous structure and contains various
nutrients. It can be used as an adsorbent in water purifi-
cation process and provide nutrient for soil. Due to the high
pH of bio-char, it can also be used for soil amendment to
neutralize soil acidity and increase the soil pH. The gas-
eous products have carbon monoxide and hydrogen, which
can be further used as fuel or to synthesize into liquid fuels.
Moreover, hydrogen can be used for upgrading of the bio-
oil. The present study concludes that pine needles are a
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good source of renewable energy, which can be sustained if
all the pyrolysis products are utilized efficiently.
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