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A B S T R A C T

Biomass pyrolysis is one of the most promising approaches for effective biomass utilization. The role of

N
2
 and CO

2 
atmosphere during slow pyrolysis of pine wood has been studied in a fixed bed reactor to

understand the atmosphere effect on distribution of product yields, composition of bio-oil and conversion

of biomass. The slow pyrolysis of pine wood was carried out at 300-550 °C. The maximum liquid yields

obtained are as follows: 54 wt.% bio-oil obtained in CO
2
and 58 wt.% obtained in the presence of

N
2
.Under different atmospheres, differences in the yields of gases, liquid, char and also variations in

oxygenated compounds observed. Phenols and furans were prominent in bio-oils obtained at all tested

temperatures.From the GC-MS analysis showed that the phenolic compounds in the bio-oil produced

from pine wood in fixed bed were significantly higher under N
2
 atmosphere than the CO

2 
atmosphere

These results are likely to confirm that CO
2
 has role on slow pyrolysis of pinewood biomass.
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1. Introduction

Biomass is a renewable resource, whose exploitation has received
great attention due to environmental considerations and the increasing
demands of energy widespread (Tasi et al. 2007). Biomass resources
include wood and wood wastes, agricultural crops and their waste
byproducts, municipal solid waste, animal wastes, waste from food
processing, and aquatic plants and algae. Pyrolysis is one of  the
thermochemical biomass conversion methods with best industrial
perspectives for biomass valorization, since the process conditions can be
optimized to maximize the yields of gas, liquid and char (Czemik and
Bridgwater 2004) and is defined as the chemical decomposition of organic
material by heating in the absence of oxygen (Ozbay et al. 2001; Aguado
et al. 2000; Huber et al. 2006).The pyrolysis behavior of lignocellulosic
biomass depends on its three major building blocks: cellulose,
hemicellulose and lignin. Forest biomass contains a high weight percentage
of cellulose and lignin, whereas agricultural biomass contains a high
weight percentage of cellulose and hemicellulose (Cendrowska 1997).
Each of  the components decomposes at a different temperature range.
Hemicellulose and cellulose decompose at around 200-300°C and 300-
400°C, respectively, and lignin decomposes from about 200°C to upwards
of  500°C(Mohan et al. 2006; Yang et al. 2007).

Typically, fast pyrolysis has been used where the desired end product
is liquid or bio-oil and slow pyrolysis has been used for production of
bio-char. However the process condition for slow pyrolysis can be altered
to produce significant quantities of bio-oil and gas in addition to the bio-

Received : 15 August 2016

Accepted : 27 September 2016

Journal of  Energy and Environmental Sustainability, 2 (2016) 7-12

* Corresponding Author: e-mail: tbhaskar@iip.res.in; thalladab@yahoo.com

© 2016 ISEES All rights reserved

char(Williams and Besler 1996).Numbers of studies have addressed the
pyrolysis of pine wood such as fast pyrolysis, slow pyrolysis and catalytic
pyrolysis. Pyrolysis of pine wood biomass at different temperatures
produced mostly of oxygenated compounds such as furans and phenol-
type compounds (Wang et al. 2010). Highest liquid yield of  46.8% was
obtained from fast pyrolysis of pine wood at 550 °C with sweep gas (N

2
)

flow rate of 500 ml/min (Ngo and Kim 2014). Huff et al., compared the
bio-chars derived from pinewood by the process of pyrolysis in the
presence of nitrogen and hydrothermal conversion. The bio-char yields
at 300, 400 and 500 °C were 32.89,27.26 and 26.47 % respectively
(Huff et al. 2014). Hanaoka et al. carried out pyrolysis under different
atmosphere and found that chars produced in a N

2
/CO

2
/O

2
-containing

atmosphere had more surface area and a higher reactivity towards pure
CO

2
 than under pure N

2 
atmosphere (Hanaoka et al. 2012). Wei-Hsin

Chen and Bo-jhih Lin has been carried out pyrolysis of oil palm fiber and
its pellets under N

2
 and CO

2 
atmosphere and evaluate the impact of

biomass pattern and carrier gas at different temperature (400-500 °C).The
result showed that the liquid yield higher in CO

2
 atmosphere than the N

2

atmosphere  at 450 °C(Chen and Lin 2016).
Cho et al., reported the slow pyrolysis of spent coffee ground in the

presence of CO
2
 to understand the formation of gaseous products and

morphological properties of biochar produced (Cho et al. 2015).The
product distributions from the pyrolysis of biomass depend on pyrolysis
parameters, such as processing temperature, heating rate, reaction
atmosphere, i.e. N

2
, H

2
, CO

2
 or H

2
O (steam)and type of  pyrolysis reactor

(Zhang et al. 2011).
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Slow pyrolysis is generally carried out in an inert atmosphere but also
can be carried out in the presence of other gases such as hydrogen,
carbon dioxide etc. Present scenario shows that power plants are the
major sources of  CO

2
 emission. To reduce the carbon storage in the

environment, carbon capture and sequestration has been suggested as a
strategy which includes geological or deep sea storage and mineralisation.
Another alternative method for CO

2
 utilization is it can be used as a

reagent for the synthesis of chemicals such as urea, salicylic acid,
polycarbonates etc. Due to the limited application of these products
compared to amount of CO

2
 produced from the consumption of fossil

fuels and thus unlikely to make a significant impact on emission. Most of
the studies so far reported only the effect of CO

2
 on the solid product but

there are very few publications that have discussed the liquid products
and their detailed characterization. The novelty of the manuscript is to
study the slow pyrolysis of pine wood biomass under different atmospheres
of nitrogen and CO

2
 and to understand the product distribution, and

extensive analysis of pyrolysis products.
In this study, the pyrolysis of  pine wood was carried out at temperature

ranging from 300 to 550 °C under N
2
 and CO

2
 atmosphere. Slow pyrolysis

of the pine wood has been performed to understand the distribution of
products and effect on biomass/carbon conversion during the pyrolysis.
The effect of pyrolysis temperature and the pyrolysis atmosphere on the
bio-oil were discussed indetail. The feedstock and pyrolysis products
were analyzed by using various analytical techniques such as TGA, 1H
NMR, FT-IR, total organic carbon etc., Identification of compounds in
bio-oils was done by gas chromatography/mass spectrometry (GC–MS).

2.Materials and methodology

2.1 Materials

Pine wood biomass collected from Uttarakhand state, India was used
in this experiment. The biomass was milled in a laboratory grinding
machine and then sieved to 0.5–2.0 mm.The results of proximate and
ultimate analysis basis of wet pinewood biomass are given in Table 1.

formed after the reaction was condensed using cooling water maintained
at 4°C (Krishna et al 2015). Water in bio-oil was removed by the addition
of anhydrate sodium sulphate and diethyl ether was used to recover the
organic fraction. Conversion as defined in this process is the amount of
solid that has been converted into liquid or gaseous products. The
remaining solid after the reaction left in the reactor is termed as bio-
char.Various equations to calculate the yield of  various fractions are
given below (Krishna et al. 2015).

Bio-char yield, wt.% = [((Weight of  reactor after reaction) - (Weight of
empty reactor))/(Weight of  feed)]*100

Bio-oil yield, wt.% = [((Weight of  measuring cylinder with biooil) -
(Weight of  empty measuring cylinder))/( Weight of  feed)]*100

Gas yield, wt.% = 100 – (Bio-oil yield, wt.% + Bio-char yield, wt.%)
Conversion, % = 100 – (Bio-char yield, wt.%)
The experiments have been carried out in duplicates and the average

values have been reported which are within the standard deviation of ±
1.0%. The organic fraction of the bio-oil was characterised using FT-IR,
1H NMR and GC-MS. The solid bio-char has been characterised using
FT-IR and XRD.

3. Results and Discussions

The ultimate analysis of pine wood was found to be as follows: carbon
(51.3 wt.%), hydrogen ( 5.80wt.%),oxygen (35.99 wt.%),nitrogen (0.1
wt.%) and sulphur (0.01 wt.%). The gross calorific value of the feedstock
was found to be 18.2 MJ Kg-1. Pine wood contained 6.34wt.% moisture,
78.54wt.% volatile matter and 0.5wt.% ash. Pine wood belongs to the
softwood category composed of  cellulose, hemicellulose and lignin. The
typical composition of pine wood as obtained from literature is as follows:
hemicellulose (35.0% - 45.0%), cellulose (25.0% - 35.0%) and lignin
(20.5% - 25.0%) and is of  indicative nature. The thermogravimetry-
differential thermogravimetry (TG-DTG) curve in Fig.2 showed that
pine wood had a single significant decomposition step. From the curve,
three zones for weight loss can be observed such as: first zone up to
around 110 °C corresponding to loss of moisture in the feedstock, second
zone there was a primary peak of mass loss at the temperature of 366 °C,
and the temperature range of mass loss was from 223 °C to 440 °C

� � � � �  ! " # $ % & ' $ ( ' ) * + , - . % & ' $ ( ' ) ' # / 0 % 0 - 1 + % ) ( 2 - - * 3
Ultimate analysis, wt.% Proximate analysis, wt.%

C 51.3 Moisture 6.3
H 5.8 Ash content                  0.5
O 35.9 Volatile matter            78.5
N 0.1
S 0.01

2.2 Characterisation methods

The thermo gravimetric analysis was carried out in Shimadzu DTG-
60 instrument under nitrogen atmosphere with a heating rate of 10 °C
min-1.The gross calorific value of the feed has been obtained using the
Parr 6300 Bomb calorimeter. The ultimate analysis has been carried out
using Elementar vario micro-cube unit. The FT-IR spectra were recorded
on a Nicolet 8700 FT-IR spectrometer with the sample powder diluted in
KBr. 1H NMR of  the bio-oils was carried out in Bruker Ultrashield 500
Plus instrument using CDCl

3
 as solvent. The liquid products were analyzed

via gas chromatography-mass spectrometry (GC-MS, Agilent 7890B).
The carrier gas was He and column flow rate was 1 cm3 min-1. A HP-1
column (25 m × 0.32 mm × 0.17 µm) was used in GC-MS. An oven
program was set at 50 °C for 2 minutes, followed by a heating rate of 5 °C
min-1 to 260 °C for 5 minutes. The injected volume was 0.4 µL in a
splitless mode. TOC analysis of  feed and bio-char was performed using
Shimadzu TOC-L unit with solid sample module SSM-5000A. Volatile
matter has been calculated by measuring the weight loss in the sample
after placing it in a muffle furnace at 950±50 °C for 2 minutes similar to
ASTM D3175.

2.3  Experimental procedure

Slow pyrolysis of pine wood was performed in a glass reactor (length:
280 mm; i.d. 34 mm) under atmospheric pressure of nitrogen and carbon
dioxide as shown in Figure 1

Briefly, 10g of  pine wood was loaded into the reactor and the residual
air in the reactor was purged using carrier gas nitrogen and carbon dioxide
(flow rate: 50 ml min-1). The starting temperature was the ambient room
temperature at 25 °C and the heating rate to reach the pyrolysis temperature
was set around 25 °C min-1. Once final pyrolysis temperature was attained,
the reactor was maintained at the required temperature for a period of 1
h to ensure that all condensable vapours were collected. Biomass bed
temperature has been taken as the pyrolysis temperature and another
thermocouple indicated the skin temperature of  the reactor. The vapours

4 5 6 7 8 �  ! 9 : ; ( & ' $ % : * % ' < , ' & - 1 ( . + ( , % & ( ) $ ' # 0 ( $ = +

4 5 6 7 8 � > ! ? @ A B ? @ - 1 C % ) ( 2 - - * 1 ( ( *
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corresponding to weight loss due to mainly the holocellulose
content(Overend et al. 1985)though some portion of lignin also starts to
decompose in this region and continues till 800 °C which is the last
zone.Thus, the pyrolysis temperature of  450 to 500 °C was enough to
make sufficient for the pine wood sample.

3.1 Product yields of pine wood biomass pyrolysis under N
2
 and CO

2

Slow pyrolysis of pine wood has been carried out at from 300 to 550
°Cin case of nitrogen atmosphere and from 300 to 450 °C in case of
carbon dioxide atmosphere. The product distribution at various reaction
temperatures and atmospheres has been provided in Table 2. Maximum
bio-oil yield of 58 wt.% and 54wt.% were obtained at 500  and 400 °C in
nitrogen and carbon dioxide atmosphere respectively. With further increase
in temperature,the bio-oil yield decreased. Conversion was seen to increase
with increase in temperature due to the primary decomposition of biomass.
The increasing temperature also had an effect on the non-condensable
gases yield which increased at higher temperatures due to secondary
cracking (Putun et al. 2005).

However, a decrease in solid residue is more significant for the
decomposition under CO

2
 atmosphere than that of N

2 
atmosphere at

lower temperature but at higher temperature it seems to be same decreases
trend. Moreover, the less gas and more bio-oil were obtained in the
presence of N

2
.As bio-oil is the desired product, 500 and 400 °C has been

considered as the most favourable temperature for slow pyrolysis of pine
wood under N

2
and CO

2
atmosphere respectively and these two pyrolysis

products have been characterized extensively to understand the role of
CO

2
. The decrease in the bio-oil yield with 450 °C was observed from

400 °C, hence the higher reaction temperatures such as 500 and 550 °C
was not investigated in the presence of  CO

2
 atmosphere.

TOC results indicated that pine wood under CO
2
 atmosphere showed

better carbon conversion at 350 and 400 °C than under N
2
 atmosphere.Pine

wood biomass conversion on basis of organic carbon increased with
increase in temperature. Higher organic carbon conversion was observed
in case of CO

2
 at 350 and 450 °C than N

2
 atmosphere but lower at 300

and 450 °C than N
2
atmosphere. At 300 and 450 °C under CO

2
 atmosphere,

the CO
2
 may be possibly reacted with the active volatiles or with the

biomass char and enhanced the char, hence reduction of  biomass
conversion. From earlier reports also, the effective conversion of biomass
has been reduced (Guizani et al. 2014; Jindarom et al. 2007).The similar
phenomena have been observed in this investigation too. However, the
temperature window for this typical feedstock is completely different and
hence the lower conversions have been observed in 350 and 400°C not
in higher temperatures.As the temperature increased 450 to 550 °C the
total organic conversion was faintly increased under N

2
 atmosphere.

3.3 Bio-oil characterization

3.3.1 Gas chromatography-Mass spectrometry (GC-MS)

The main chemical constituents of pine wood species are carbohydrates
(cellulose and hemicelluloses) and lignin. Accordingly, the pine wood
pyrolysis bio-oil is derived from these components with different
proportions depending on the temperature and different atmospheres
used in process. GC-MS is a very powerful analytical technique that is
used to identify the products formed by the reaction with the help of
difference in retention time in a column followed by difference in
molecular mass of the compound. The identified compounds have been
classified into various groups such as phenolic derivatives and aromatic
ethers which are majorly derived from the lignin component of
lignocellulosic biomass, furans, acids/ esters, hydrocarbons, carbonyl
compounds (Table 4).� � � � � > ! C , - * = : $ / % ( # * 0 - 1 + / , - # / 0 % 0 - 1 + % ) ( 2 - - * = ) * ( , D E ' ) * F G E' $ & - 0 + ; ( , ( ' $ * % 1 1 ( , ( ) $ $ ( & + ( , ' $ = , ( 0H I J K I L M N O L I PQ R S T U V U T W P X N Y Z [ M \ P X N Y Z S T U V ] ^ M L PX N Y Z R U _ ` I L \ T U _ P Za b R c b a b R c b a b R c b a b R c bd e e f g h e d i h e g f h e g f h e f j h e f k h e j j h e j d h ed j e j l h e j d h e g j h e g k h e d f h e d g h e k m h e k i h ef e e j k h e j j h e g j h e g m h e l i h e l n h e m g h e m l h ef j e j m h e j f h e g n h e l g h e l j h e l j h e m j h e m j h ej e e j n h e o g n h e o l f h e o m k h e oj j e j m h e o l e h e o l d h e o m m h e o

The most suitable conditions for slow pyrolysis of pine wood under
N

2
and CO

2
environments have been established and the characterisation

of the pyrolysis products such as bio-oil and bio-char is required for the
better understanding of  the effect of  reaction atmosphere. The temperature
conditions required for pyrolysis under nitrogen atmosphere are milder
than the temperature required for pyrolysis under carbon dioxide
atmosphere.

3.2. Total Organic Carbon (TOC) analysis of  pine wood and bio-char

To understand the conversion on the basis of  total organic carbon
(TOC), TOC analysis of pine wood and bio-char obtained after pyrolysis
at different temperatures was investigated and results are presented in
Table 3.� � � � � p ! ? G F ' ) ' # / 0 % 0 - 1 q % - A : ; ' , - q $ ' % ) ( * 1 , - & + / , - # / 0 % 0 - 1 C % ) (2 - - * ' $ * % 1 1 ( , ( ) $ $ ( & + ( , ' $ = , ( 0 = ) * ( , D E ' ) * F G E ' $ & - 0 + ; ( , ( rs t u v t w x y z w t { | } ~ w � x � � � � x w � � � � � � � � � � � x w� w � u s ~ } x � x � � � � � { � y � ~ w � x � � � � x w � � � � � � � t w � � � �� w � u s ~ } x � x � � � � � { � y � �� � } ~ � � � } ~ �� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � �� � � � � � � � � � � � �

� � � � � � ! F - & + - = ) * 0 % * ( ) $ % 1 % ( * q / @ F A � 9 � + % ) ( 2 - - * q % - & ' 0 0 0 # - 2+ / , - # / 0 % 0 q % - A - % # - q $ ' % ) ( * % ) D E ' ) * F G E ' $ & - 0 + ; ( , (�   ¡ ¢ £ ¤ ¥ ¦ ¢ § £ ¡ ¨ £ © ª « ¬ ­ ® ¢   ¯ °± ª « ¢ ® ² ³ ´  ¥ ¡ £ ¬ ¨ ¦ ¢ ® ¢ ± ª « ¢ ® � ´  ¥ ¡ £ ¬ ¨ ¦ ¢ ® ¢µ ¶ · ¸ ¶ · ¹ º » ¼ ½ » ¼ »» ¾ µ ¶ · ¹ ¿ À Á Â Ã ¹ ¿ Ä º » ¼ Å Æ ¼ Ç» È É Ê Ë ¾ µ ¶ · ¹ ¿ Ä ¿ Á ¾ Ì ¼ Å» Í Î ¾ Ê Á Ï ¹ Ð Ñ Á ¿ Á Í » Í É ¾ Ð Ñ À Á Â Ã Ò º Æ ¼ Ç ¾» È Ç Ê Ë ¾ µ ¶ · ¹ ¿ Ä ¿ Á Í É ¾ À Á Â Ã Ò º ¾ ¾ Ì ¼ Ó» ¾ µ ¶ · ¹ ¿ Ô ¹ · Õ Ä Ï ¹ º Ð Á Ã Ò Ð Á Í É ¾ À Á Â Ã Ò º ¾ » ¼ » Æ ¼ ½Ö Ã Á ¿ Ä º Æ ¼ Î Æ ¼ ÅÆ Í » ¾ × Ò Ô º Ä Ø Á ¿ Â ¹ ¿ Á Ð Ñ Ä ¿ Á Æ ¼ É ¾Æ Í » ¾ × Ò Ô º Ä Ø Á ¿ Â ¹ ¿ Á Ð Ñ Ä ¿ Á Í Ç ¾ À Á Â Ã Ò º ¾ » ¼ Ù Æ ¼ ÉÖ Ã Á ¿ Ä º Í » ¾ À Á Â Ã Ò º ¾ ¾ Æ ¼ ÓØ ¾ × · Á Ú Ä º ¾ » ¼ »Ö Ã Á ¿ Ä º Í » ¾ À Á Â Ã Ä Ï Ò ¾ É ¼ Å Ù ¼ »Ö Ã Á ¿ Ä º Í » Í Î ¾ Ð Ñ À Á Â Ã Ò º ¾ ¾ Æ ¼ ÅÛ Á ¿ Ü Á ¿ Á Á Â Ã ¹ ¿ Ä º Í Î ¾ Ã Ò Ð · Ä Ï Ò ¾ Æ ¼ Ç ¾Ö Ã Á ¿ Ä º Í » Í É ¾ Ð Ñ À Á Â Ã Ò º ¾ Ì ¼ Ç ¾Ö Ã Á ¿ Ä º Í Ç Í É ¾ Ð Ñ À Á Â Ã Ò º ¾ Æ ¼ Î ¾Ö Ã Á ¿ Ä º Í » ¾ À Á Â Ã Ä Ï Ò ¾ Ç ¾ À Á Â Ã Ò º ¾ ¾ Æ ¼ Ù× · Á Ä Ú Ä º Å ¼ É Æ » ¼ Ì× ¹ Â Á Ô Ã Ä º Ç ¼ Å Ì ¼ ÙÉ ¾ Ê Ò Ð · Ä Ï Ò À Á Â Ã Ò º ¸ ¶ · ¸ ¶ · ¹ º Æ ¼ Ì Ì ¼ ÓÇ Í Î ¾ Ý Ñ À Á Â Ã Ä Ï Ò Â Ä º ¶ Á ¿ Á ¾ Ì ¼ ÅÖ Ã Á ¿ Ä º Í Î ¾ Á Â Ã Ò º ¾ » ¾ À Á Â Ã Ä Ï Ò ¾ É ¼ Î Å ¼ Ç» ¾ Þ Á Â Ã Ä Ï Ò ¾ Î ¾ ß Ñ ¿ Ò º Ø Ã Á ¿ Ä º É ¼ Î Ç ¼ ÙÖ Ã Á ¿ Ä º Í » ¾ À Á Â Ã Ä Ï Ò ¾ Ç ¾ È » ¾ Ø · Ä Ø Á ¿ Ò º Ë ¾ ¾ » ¼ ÅÇ ¾ à º º Ò º ¾ Å ¾ À Á Â Ã Ä Ï Ò Ø Ã Á ¿ Ä º » ¼ Ó ¾Ö Ã Á ¿ Ä º Í » ¾ À Á Â Ã Ä Ï Ò ¾ Î ¾ Ø · Ä Ø Ò º ¾ Æ ¼ Ó Ì ¼ Éá ¹ ¿ Ñ º º Ñ ¿ Æ ¼ Ù Æ ¼ ÉÂ · ¹ ¿ Ú ¾ â Ú Ä Á ¶ ã Á ¿ Ä º Å ¼ É Æ ¼ Óä Ä ¿ ã Ñ ¸ Ä º Á ¿ Á Æ ¼ É Æ ¼ ÉÖ Ã Á ¿ Ä º Í » ¾ À Á Â Ã Ä Ï Ò ¾ Î ¾ Ø · Ä Ø Ò º ¾ Æ ¼ Ó Ì ¼ Åà Ø Ä Ô Ò ¿ Ñ ¿ Æ ¼ Ç Ù ¼ ÅÎ ¾ Ê Ò Ð · Ä Ï Ò ¾ » ¾ À Á Â Ã Ä Ï Ò Ô Ñ ¿ ¿ ¹ À ¹ º Ð Á Ã Ò Ð Á » ¼ » ¾Æ ¾ È Î ¾ À Á Â Ã Ò º Â Ã Ñ Ä Ø Ã Á ¿ Ò º Ë ¾ » ¾ Ø · Ä Ø ¹ ¿ Ä ¿ Á ¾ Æ ¼ ÇÖ Ã Á ¿ Ä º Í Î ¾ È Ç ¾ Ã Ò Ð · Ä Ï Ò ¾ Æ ¾ Ø · Ä Ø Á ¿ Ò º Ë ¾ » ¾À Á Â Ã Ä Ï Ò ¾ ¾ » ¼ »Ê Ä À Ä ß ¹ ¿ Ñ º º Ñ Ô ¹ Ô Ñ Ð Ç ¼ Ì Ì ¼ Éå Â Ã Ò º Ã Ä À Ä ß ¹ ¿ Ñ º º ¹ Â Á Æ ¼ Î ¾» ¾ Ö · Ä Ø Á ¿ ¹ º Í Ç ¾ È Î ¾ Ã Ò Ð · Ä Ï Ò ¾ Ç ¾À Á Â Ã Ä Ï Ò Ø Ã Á ¿ Ò º Ë ¾ ¾ Æ ¼ É
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 Bio-oils under nitrogen and carbon dioxide environment were majorly
composed of  cyclopentanedione (e.g., 1,2-Cyclopentanedione, 1,2-
Cyclopentanedione, 3-methyl-), furans (e.g., Furfural, 2-Furanmethanol,
2-Furancarboxaldehyde, 5-methyl-, 5-Hydroxymethylfurfural), phenols
(e.g., Phenol, Phenol, 2-methoxy, p-Cresol, Catechol, Phenol, 3,5-
dimethyl-, Phenol, 2,5-dimethyl-), guaiacols (e.g., Phenol, 4-ethyl-2-
methoxy-, Phenol, 2-methoxy-, Phenol, 2-methoxy-3-methyl-, 2-
Methoxy-4-vinylphenol, Vanillin, trans-Isoeugenol).

GC/MS of bio-oil obtained at optimum condition under different
atmosphere (N

2
 at 500 °C and CO

2
 at 400 °C) are shown in table 4. Furan

ring-containing compounds were present in both case, under
CO

2
atmosphere, higher area percentage of  2-Furanmethanol was observed

than in N
2 

atmosphere. In N
2
 atmosphere relatively higher percentage

content of phenols were obtained, as compared to obtained under
CO

2
atmosphere. The relative content of  Creosol was twice greater under

N
2
 atmosphere with respect to that obtained under CO

2
 atmosphere, but

under CO
2
atmosphere produced less Phenol and more Catechol. The

total area percentage of methoxy-containing compounds (guaiacols) was
obtained high in N

2
 atmosphere than the CO

2
 atmosphere. The compounds

Phenol, 2-methoxy-, Phenol, 4-ethyl-2-methoxy-, Apocynin were present
in a higher area percentage in N

2
 atmosphere than CO

2 
atmosphere but

compounds 2-Methoxy-4-vinylphenol and vanillin were present more in
CO

2 
atmosphere than N

2
 atmosphere.Phenolic compounds in bio-oil were

derived majorly from the degradation of the lignin component in
biomass.Selectivity of apocynin and creosol is higher in N

2
 than CO

2

atmosphere. The creosol and apocynin are mainly formed from lignin
decomposed by pyrolysis without severe breakdown of the structural
lignin present in the biomass. It has been established from our earlier
investigations on the use of pure lignin as a feedstock (Biswas et al.
2016).Table 4 shows that the overall contributions of phenolic compounds
in the bio-oil produced from pine wood in fixed bed were significantly
higher under N

2
atmosphere than the CO

2 
atmosphere.Hence, it can be

observed that the bio-oil produced by pyrolysis of pine wood under
nitrogen and carbon dioxide environments is different.To understand
further the structure of bio-oil, 1H NMR and FT-IR of bio-oil was carried
out which is discussed in the following sections.

3.3.2 1H Nuclear magnetic resonance (NMR) of bio-oil

NMR spectra are used to get information regarding the various types
of protons present in the bio-oil. A summary of integrated peak area
regions assigned to different functional group classes present in the bio-oil
obtained from pyrolysis of pine wood at temperatures of 300, 350, 400,
450, 500 and 550 °Cunder N

2 
atmosphere and  temperatures of

300,350,400 and 450 °Cunder CO
2
atmosphere is shown in Fig.3

respectively.In case of  pyrolysis bio-oil under N
2 

(at 300, 350, 400, 450,
500 and 550 °C) and CO

2
(at 300, 350, 400 and 450 °C) proton percentage

in the region from 0.5 to 1.5ppm was 24,20,17,17,19 and 17% and
33,32,16 and 27% respectively that corresponds to protons on aliphatic
carbon atoms at least two bonds away from C=C or heteroatom.The next
region from 1.5 to 3 ppm,proton percentage was higher under CO

2

pyrolysis bio-oil than under N
2
pyrolysis bio-oil, and this is corresponds

to protons on aliphatic carbon atoms which are bonded to C=C either
aromatic or olefinic or are two bonds away from a heteroatom. In the
next region 3-4.4 ppm,proton percentage under N

2 
was higher than under

CO
2
. These protons correspond to protons that are attached to carbon

atoms next to an aliphatic alcohol or ether or a methylene group which
bonds two aromatic rings. The region from 4.4-6.0 ppm, proton
percentage resonating in this region was almost negligible at 300,400 and
450 °C but at 350 °C proton percentage 6% in case CO

2
 and in case of N

2

at all temperature protons were observed, that is represents aromatic
ether protons (i.e., lignin derived methoxyphenols) and hydrogen atoms
of carbohydrate-like molecules (Mullen et al. 2009; Biswas et al. 2016).
The region of the spectrum between 6.0 and 8.5 ppm corresponds to the
aromatic region. Proton percentage resonating in this region in case of
CO

2
 was higher than that of N

2
.The downfield spectrum regions (8.5–10

ppm) of the bio-oils arise from carboxylic acids and aldehydes. The
proton percentage resonating in this region was almost negligible in case
of N

2
 and CO

2
.

3.3.3Fourier transform-Infra red spectroscopy (FT-IR) of  bio-oil

FTIR spectra representing functional group compositional analysis
from pine wood biomass and bio-oils from pinewood biomass pyrolysis
products provided in Fig.4. The broad absorbance band between 3,050
and 3,600 cm-1are attributed to (O–H) vibrations of hydroxyl groups
which indicate the presence of alcohols, phenols, and water in the bio-oil.
The presence of the O–H absorbance peak together with the presence of

4 5 6 7 8 � � ! æ - = , % ( , $ , ' ) 0 1 - , & ç % ) 1 , ' , ( * 0 + ( : $ , - 0 : - + / è æ ? A é ê ë - 1 è ' ë+ % ) ( 2 - - * 1 ( ( * ' ) * è q ë q % - A - % # 1 , - & 0 # - 2 + / , - # / 0 % 0 - 1 C % ) ( 2 - - * ' $- + $ % & ' # $ ( & + ( , ' $ = , (
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C=O stretching vibrations between 1,650 and 1,750 cm”1indicates the
presence of carboxylic acids and their derivatives. In addition, the presence
of the peaks between 1,650 and 1,750 cm”1 may also indicates the presence
of ketones, quinones, and aldehyde groups(Putun 2002).The absorbance
peak of C-H stretching vibrations between 2,800 and 3,000 cm”1 and the
C–H deformation vibrations between 1,350 and1,470 cm”1 indicates the
presence of methyl and methylene groups of alkanes in pyrolysis oil. The
C–H stretching vibrations band for alkanes was more pronounced in case
of bio-oil than pine wood feed, which indicates more hydrocarbon
compounds in those bio-oils. Increase in the absorbance for alkenes
compounds was associated with shrinking of the hydroxyl group
absorbance band. The presence of alkenes in the pyrolysis oil may be
indicated by the absorbance of stretching vibration of C=C peaks between
1,680 and 1,580 cm”1; this absorbance peak is also indicative for aromatics.
Absorbance peaks between 700–900 cm”1 may be related toout of plane
C–H bending of mono, polycyclic, and substituted aromatic groups present
in bio-oil but absent in pine wood feed (Gercel 2002). The peaks between
950 and 1,300 cm”1 are due to the presence of  primary, secondary, and
tertiary alcohols (Das et al. 2004), 1040 cm-1peak were more well-defined
in pine wood feed but absence in the case of bio-oil. The preliminary
studies in this investigation confirmed the participatory role of CO

2
 and

variations in the products distributions. Further studies to understand the
synergistic interactions with the solid biomass and/or vapors in the presence
of thermal and catalytic studies are in progress.

3.4 Bio-char characterizationby PowderX-Ray diffraction and FT-IR

The stacked powder XRD patterns of feed pine wood and biochar at
optimal final temperatures have been shown as Fig. 5.The significant
reduction of cellulose peak is evidence in the presence of CO

2
 atmosphere

than in N
2
 atmosphere. From the figure, it can also be observed that the

pine wood feed has a peak at 2θ around 21° attributed to the hkl 101
crystallographic planes of  crystalline regions of  cellulose. This peak is
hardly evident in the bio-char patterns which indicate the conversion of
cellulose in the feed. The peak at 2θ around 21° assigned to the crystallo-
graphic planes of cellulose are also seen to reduce with increase in pyrolysis
temperature thus forming amorphous bio-char rich in carbon content
(Wu et al. 2012). These are in confirmation with the results of  FT-IR
which indicates the conversion of feed cellulose into products. The bio-
chars are seen to be amorphous in nature but rich in carbon content.

4. Conclusions

The role of reaction atmospheres (N
2
 and CO

2
) on slow pyrolysis of

pinewood biomass indicated that the biooil yields are higher with N
2

compared to CO
2
 atmosphere. Total organic carbon (TOC) analysis char

confirms that the conversion of biomass at 300 °C and above 400 °C is
higher in N

2
 atmosphere than CO

2
 atmosphere. The conversion of  biomass

is higher in CO
2
 atmosphere at 350 and 400 °C than N

2
 atmospheres.

Selectivity of  apocynin and creosol is higher in N
2
 than CO

2
 atmosphere.

The extensive analysis of liquid product further confirms that there is no
significant incorporation of CO

2
 in the biomass conversion products

under the experimental conditions. It has been confirmed from XRD that
the significant reduction of cellulose in CO

2
 atmosphere than N

2

atmosphere.
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The FT-IR spectra of feed and bio-chars at optimal pyrolysis conditions

under nitrogen and carbon dioxide environmentsare shown in the Fig 6.
The pinewood biomass spectra as discussed earlier shows several
vibrations corresponding to O-H stretching, C-H stretching, C=O
stretching, aromatic ring vibration, C-H in plane deformation, O-H in
plane bending, aromatic ring vibrations, C-O-C asymmetrical stretching
and C-O, C-C-O stretching due to cellulose, hemicellulose and lignin
moieties.  The bio-char spectra show the absence of most functionalities
indicating maximum conversion of  bio-char. The presence of  single peak
at 1590 cm-1 attributed to the C=C stretching indicates the formation of
aromatic bio-char(Krishna et al. 2016). The results obtained are in line
with those observed in literature for forest biomass where high degree of
aromatic functionality is observed in bio-chars derived by pyrolysis(Wang
et al. 2008).
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