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Chapter 3

Literature Survey and Research Objective
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Abstract

Agro-wastes and several virgin biomasses are abundantly available globally and have the
potential to be used as a feedstock for pyrolysis and gasification. Before carrying out large
scale pyrolysis of a given biomass one is required to know the amount of combustible and
non-combustible components (moisture, ash, fixed carbon and volatile matter) present, its
elemental composition (C, H, N, O, S), percentage of cellulose, ligno-cellulose and lignin
in it and its calorific value. The ranges of the value of these parameters depend upon the
nature of biomass such as woody or non-woody biomass. For non-woody biomass of
agricultural origin the variation in these values is not wide. The thermal degradation
behavior of a biomass is investigated using a TGA/DTG/DSC unit. The thermal
degradation profiles thus obtained are analyzed using appropriate kinetic models. Various
iso-conversional model free methods and model based methods are used for this purpose.
Laboratory scale fixed-bed batch pyrolyser has been widely used for evaluating the yields
of bio-oil, biochar and gas. Nature of biomass, heating rate and temperature range used

control the yields of gaseous, liquid and solid products.

3. Biomass and its pyrolysis

Pyrolysis is one of the simplest technologies among thermal conversion processes to
convert biomass or waste biomass into biofuels and other value added chemicals. It is also
used for upgrading the biomass in to wood charcoal or biochar as a solid fuel and there are
several large-scale facilities in operation globally. Pyrolysis process is carried out in the
total or partial absence of oxygen in the temperature range of 350- 700°C at the ambient

pressure. The product of pyrolysis is obtained in the form of solid (biochar), liquid (bio-oil)
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and stable gases such as hydrogen, methane, carbon monoxide (CO) carbon dioxide (CO>)
and some other gaseous hydrocarbons. Based on the operating conditions, the pyrolysis
processes can be classified as slow, intermediate and fast pyrolysis that produces different
type of products. Biochar is the main product during slow pyrolysis while bio-oil with
improved quality is the primary product during fast pyrolysis. The bio-oil is further
upgraded and used as transportation fuel and the non-condensable gases can be used for
domestic heating or upgraded to be used as syngas. Pyrolysis is used in developing
countries to produce wood charcoal and meet domestic heat requirements (Ong et al., 2019;

Toro et al., 2021)

3.1 Biomass and their sources

Biomass, a renewable energy source, is a biological material derived from living, or
recently living biological species- plants and organisms, most often referring to plants or
plant-derived materials. Depending upon its source, the biomass can be grouped into

several categories. The main sources are discussed briefly below (Tursi et al., 2019):

Wood and woody biomass: Wood and other woody parts of coniferous or deciduous;
angiosperms or gymnosperms; stems, branches, foliage, bark, chips, sawdust and other
sawmill wastes and their modified forms (lumps, pellets, briquettes); and others forms of

woody species.

Herbaceous biomass : This category includes grasses and flowers (alfalfa, arundo,
bamboo, banana, brassica, cane, cynara, miscanthus, switch grass, timothy, others); straws

(barley, bean, flax, corn, mint, oat, rape, rice, rye, sesame, sunflower, wheat, others); other
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residues (fruits, shells, husks, hulls, pits, pips, grains, seeds, coir, stalks, cobs, kernels,

bagasse, food, fodder, pulps, cakes, etc.).

Aquatic biomass: All large and small marine or freshwater plants such as algae;
macroalgae (blue, green, blue-green, brown, red) or microalgae; seaweeds; kelp; lake

weed; water hyacinth, etc.

Animal and human waste biomass: This type of biomass is derived from various types

of animals and includes bones, meat-bone meal; various manures, etc.

3.2 Availability of biomass resources in India

A huge amount of agricultural waste biomass is available globally. India being primarily an
agrarian country produces huge volume of agricultural wastes in different forms such as
energy crops, agro-industrial wastes, agricultural wastes, municipal solid wastes and forest
wastes. The globally available biomass that can be used for energy production can be

represented as shown in Fig. 3.1:
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Energy Crops: Plant exclusively
grown for their wood from marginal
lands for energy generation. Ex:

Prosopis, Bamboo, Leuceana, etc.

Forest Waste: Logs,
chips, barks, leaves,
Forest industry based
product like sawdust

Agro Industrial waste: Wastes
from paper mills, molasses from
sugar refineries, pulp wastes
from food processing units,
extile fibre waste, etc.

Biomass
for Energy
Production

VIunicipal solid waste:
Biodegradable such as food and
kitchen waste, green waste,
paper. Inert waste like fabrics,
gthes etc.

Agricultural Wastes: Straws of
cereals and pulses, stalks of fibre
crops, seed coats of oil seed, crop
wastes like sugarcane trash, rice
husk, coconut shell, etc.

Fig. 3.1 Various biomass types useful for energy production

3.3 Why agricultural waste?

India is an agrarian country and its agricultural production has increased considerably
during past few decades. Consequently the amount of agricultural waste in India has also
increased enormously. This huge amount of biomass can be used energy production and

obtaining several value added-products.

All the organic materials obtained as the by-product from the harvesting of agricultural
crops and post-harvesting of cereals and grains are named as agricultural residue. The
agricultural residues can be classified as primary and secondary residues. Residues which
are acquired in the field at the time of harvesting are field-based or primary residue and
those that are produced during processing are classified as secondary residues. Rice straw,

sugar cane tops, and so on are primary residues while rice husk, bagasse, de-oiled cakes are
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secondary residues. Primary residues are also utilized as cattle feed while secondary

residues are can be used energy source.

In light of study and information assortment, residue and their amount accessible in India
are summarized in Table 3.1. It is estimated that, 686 MT of gross agricultural residue is
available in India on annual basis from 39 crop residues generated from 26 different crops
being produced in the country. Out of this, 545 MT is contributed by cereals, oil-seeds,
pulses and sugarcane crops; 61 MT by horticultural crops (coconut, banana and areca nut)
and 80 MT by others (cotton and jute). The cereals contribute the highest amount 368 MT
(54%) followed by sugarcane 111 MT (16%). At the individual crop level, rice contributes

the highest amount (154 MT) of gross residues followed by wheat (131 MT).

Table 3.1 Different types of crops and their residues produced in India: Production ratio
and higher heating value (Hiloidhari et al., 2014)

Crop group Crop Residue RPR (Residue Production Higher Heating
Ratio) Value, MJ/kg

Cereal Rice Straw 1.5 15.54
Husk 0.2 15.54

Wheat Stalk 1.5 17.15

Pod 0.3 17.39

Maize Cob 0.3 17.39

Stalk 2 16.67

Bajra Cob 0.33 17.39

Husk 0.3 17.48
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Barley
Small millet
Ragi

Jowar

Oilseeds Mustard and
Rapeseed

Sesame
Linseed
Niger
Safflower
Soybean

Groundnut

Sunflower

Pulses Tur (arhar)
Lentil
Gaur
Gram

Sugarcane Sugar cane

Horticulture Banana

Coconut

Stalk
Straw
Straw
Straw
Cob
Husk
Stalk
Stalk

Stalk
Stalk
Stalk
Stalk
Stalk
Shell
Stalk
Stalk
Stalk
Stalk
Stalk
Stalk
Bagasse

Top and
leaves

Peel
Frond

Husk

1.3
1.2
1.3
0.5
0.2
1.7
1.8

1.2
1.47

1.7
0.3

2.5

1.8

1.1

0.33
0.05

0.53

18.16
18.16
18.16
18.16
17.39
17.48
18.16
17

14.35
14.35
14.35
13.9
16.99
15.56
14.4
17.53
18.58
14.65
16.02
16.02
20
20

17.4
10
194
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Others Cotton Stalk 3.8 17.4

Husk 1.1 16.7
Boll shell 1.1 18.3
Jute Stalk 2 19.7

The residue generated from crops like sugar cane, wheat, paddy etc. are left in the fields
after the harvesting of crops. Normally most of these are burnt in the field, and there is
little proper and scientific use of this large residue. Figure 3.2 shows the burning of
different crop residues in the field. Further, burning of this waste in the field, releases
carbon monoxide, carbon dioxide, oxides of sulphur, oxides of nitrogen and particulate
matter as flyash, and affects soil fertility by reducing the microbial diversity (Pasakorn,

2018; Sindhu et al., 2016).

Fig. 3.2 burning of crop residues in field after harvesting of crops
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3.4 Thermo-chemical characterization of biomass

Thermo-chemical characterization is one of the most important steps for deciding about the
thermal conversion of a given biomass for producing value added products or chemicals.
The levels of these parameters indicate the suitability of a biomass for further investigation
for conversion using an appropriate thermal-conversion technique. All workers who are
interested in carrying out R&D activity in the area of thermal conversion of biomass
conventionally report data on these characteristics of biomasses. A large volume of
published information is available on the proximate analysis parameters, elemental
composition (C, H, N, S and O) and biological components of various types of biomasses
such as wood and wood waste, agro-industrial waste, agricultural waste, oil crops and other
agricultural wastes, non-woody biomass such as grasses, aquatic plants and algae, animal
wastes, municipal solid wastes and shrub species. A comprehensive summary of the

available published information is given in Table 3.2.
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From Table 3.2 it is seen that values of moisture content, fixed carbon, volatile matter and
ash content have varied in the range 0.5 to 16.20, 1.9 to 60.0, 24.66 to 97.30, 0.98 to 44.60,
respectively. Similarly the elemental composition has varied as- hydrogen: 3.5 to 86.0%,
carbon: 35.63 to 90.34%, nitrogen: 0 to 4.69%, oxygen: 0.31 to 67.56% and sulfur: 0.0 to
2.88%. It is interesting to note that barring a few types of biomasses most have extremely

low nitrogen content and Sulfur content.

3.5 Kinetic analysis of thermal degradation of biomass

To convert the abundantly available biomass through pyrolysis to liquid product (bio-oil),
syngas and solid (biochar) efficiently it is essential to know the kinetics of thermal
decomposition process and the nature of degradation products. Kinetics of pyrolysis plays
an important role in the design of pyrolyser (Dhyani et al., 2017; Huang et al., 2011;
Mishra and Bhaskar, 2014). The relevant kinetic parameters include activation energy, pre-
exponential factor, and reaction order. Thermo-gravimetric and differential thermo-
gravimetric analyses (TGA and DTG) are the basic methods used for investigating the
thermal decomposition (Ali et al., 2017; Maurya et al., 2016). The TGA analysis can be
carried out in two ways- non-isothermal and isothermal. Non-isothermal TGA is
extensively used as it is less time consuming. There are two important methods of
analyzing the TGA data model-fitting and model free (iso-conversional) methods. Iso-
conversional methods are frequently used because these are simple and accurate. The
available published information on the kinetic analysis of thermal degradation process is

summarized in Table 3.3.

67| Page



98ed]89

-59T01x091°1 0C°€0¢ u
S EI0IXTLI'E  PI'E€IT ‘6TTTT SV  1W/D.06
020¢ 6£0°81 S ¥I01x180°€ pue €.°6S1 ‘omd pue 5, 00803} Sy 20Ty
“Ie 32 Sury YLS 61 SOT0TXEST' T PO'OLT ‘¥S'L91T ‘WA 09 ‘0¢ Do 0€ pue 3104 S
u
w/DeS¢C
020C e pue (¢ 0006 pleoqpred
jeruyopnojos 6'0F81 - v 09¢ - ST'0I°S 03 Do0€ paye3nio) L4
1S 0TxELE
00 “|S40Ix91°€1 u
0} [-uonsnquio?) LY'6Y ‘LTLS /96,08
S0 x0¢€°¢ -uonsnquioy) pue‘oy
020T T8 19 ‘-S¢0Ix€6°0T 68°€8 ‘€9°68 SV ‘0 0056 0
Tedeqnog €SLI 0} 8-SISA[0IA] -SISA[0IAq ‘omd ‘0T 01 udIquy JO[[IW [Xead €
ACLTT
uru /3 0] a1
oz pue mesadwdy saponbriq
020T 18 32 19128 ¢8I - 05081 °0C€EC OMAWA  SI0I°S wooy Asny 994300 (4
UG OTXTELILL ‘Wavd
Ut 0 [ x0€°9 8L'TET AE u
070¢ CUI - 01xTS6£6°S ‘Lscee e OMAd  W/D.0T 0006 SIaMmO[}
“TeRRIYSIN T 1 FTS 91 U 01x€8689°[ 18°62C “T1'0TC ‘SVM Ppue QO[S 0} DoST eljyed I
(31 /tN)
(AHH) (Towy ) (uruy
sanjeA A3I10U9 MI0D,) (10D,
3uneay r-m IO H-EEV 10308J UOIJBATIOR S[OPOIN el o3uerain ‘0
SOUAIJY IOUSIH [enuouodxa-a1g o3eIoAY onoury, Supedy Jerodwo] sseworg N'S

S[opoW J13dULy SNOLIBA FUISN SISSBWOI] JO 9dA JUAIOIP JO BIEP SISA[eue OBoUry €°¢ Qe L



98ed]|69

0TOT T8 12 Tenes

0T0T T8 10 Wely

020 18R NI

0T0T"Te
10 ofowrog

020Z1®

19 SojuesS

020Z"T®e
19 peseld

eve
pue ¢°81
I'LT Syl

YO'LI

crel

eeLl
pue 6291

6¢°61

06°¢CC

20IXL9y -1y

9'G¢ G0IXST6
0101991

0Tx6L°T PN

(

_-mv [OPOIN SNIUAYLLY

S €101

01901 ‘|- ¢,01 03

L0158 ¢,01 01,01 =N
S ¥€01 03 LG0T |8
LTOT O} $€-01 “ |8
8701 03 €€-01 -1V

1-S 0C0TxL80C
S 1TOIX6IL']

6L'L9

‘Y0
[°€6°LT1°6ST01
|NZ

[OPOIN
m—dﬁo_ﬁﬁﬂ

SLT 0€T LOT
€6€ 69T 69T

v OLI

SI'1
SITOIPI‘ChHI
|NZ

99V 1°SL6LI
‘8C°08 -1V

LTYET
‘GRCIT ‘LTIl

WPy
-S1e0))
‘SNIUSLIY

WA ‘Omd
‘SVI

SV
‘omd

N 'SV
‘omd

om4d
SV
‘103uIsSIy|

u
w/200¢
pue
0Z°01

/D,
0z pue
01°s

u
W/D,0€
pue g
z0T01
Ty
O pue
0Z°01

urw/
0€ pue
ST 0T
‘SIor’s
u
w/D,ST
pue 0z
‘STor’s

0056

0} aI
meloduio)
wooy

0006

01 Do0¢
0008

0] 21
merodurd)
wooy

0007 03
waIquIY

A S1°868
01 61°86¢C

060001 01
JuaIqUIY

[e0o qeysnyy
“snIo Jnuedd

$qoo uIo)
Nysngory 11

audAyjakod

Kysuop

MOT ‘Isnpmes

ooqueq 111

sjoad 1oy 6
ysny eourng)

‘ssewiorq
eounQ) 8

sueaq 99

JJ002A133J0(q L

[29d ojewio 9




ad8ed]|oL

“Ie3d I

610¢
“Te 10 seuary

610¢C
“le 10 Sue x

610¢
“Te 30 uIszQ)

69°CT 8 01x89°C -INAVU

Le0C
“0¢Sl
9¢81
‘LS°81
‘T061 .

9¢' ¢y

nooﬁx
10°T0IxE1°01xE'€
-1y

6L

01x6
6'1°,01x99°6°,01xL9°6
N

(-9

[PPOIA UIJPY-S1e0)
01x96°T 5, 01x9'[*
9101x96°C

¥'6TT ‘65T ‘Omd

Wavda

‘WA

-

JAOZRAA

RIS

081 ‘0LT ¢ ‘0

0STSLT S8T  MA'SVI

NAva

Nuuels

S9'Gy1 pue ‘S

SO'IPI “€eol  vIOMA

I'6ST ‘L'vyT INAVA ‘U

‘191 ‘S'IST pue  1ya0zeAA

TTLT9°99C ‘OMA

‘S'89T OVLT ‘WA
8°6L
‘89'16 ‘G111
‘61°L6 -1V
0S°6S
‘8TS8 1001
‘68°08 -*N
[OPOIN
UIJPIY-S1e0)
¥9°6S ‘17Tl
‘TETSIT91ET
-1y

00€ 001

u
w/Do0T
pue
01°s
/),
0S
pue Of
‘0€ ‘02
urwy
Do
Ot pue
0T ‘01 ‘S

wooy

D000L
0] aIn

1eroduo)
wooy
0008

0] alI
melduid)
wooy

00001
03 D0S¢C

WQ[esIof

poom

auld ysny
dory ‘spead
ogueA ‘s[ead
d3uei( ‘spead
arddeaurg

ason[R)D
Qsnpmes
‘mens

(OAd)
SPLIO[YD
[Auia K104
‘paas A1)

SI

14!

13 §

4!




98ed| 1L

610¢C
“Ie 12 Suoy)

610¢
“Te 10 oeyy

610¢C
“Te 15 uenn

610C
“Ie 30 1Iye

610T"1e 10 SUd
610C
“Ie 12 1AbeN

610 T 19 oI

610C

STyl

L88I

6L81
6°Cl

11

c6'0v

9191

1S 601x8'T

1S 4 0xI€°6

LN mﬁcﬁx._uw.m

0} 0TX6L'9

[-ur

101X IS 01 g0TXL'T

-uru

110T%8 01 0TxL9']
Tm .n_o
[xTT TA193UISSIY]
1S 01 0

6101-SY3I Pue OMA

-5 001XCST Y

1
S 00Ix66'¢ -INAVA

1

671 ‘961

‘T00T ‘€661

LY vCT
6¥°0CC
65°10C

60vLI1

‘LL'SYE 6L 16€

Fr6

‘T F6 ‘LIF16

€6T ‘€81

LSTSLT

9'97T ‘T'8ET

vI'omd

INdVvVd

Io3urssTy|
SV
‘omd

omd
‘SVI ‘INA

SV

Iy
-$180)
wIpaYy
-s180)

INAVAd

pue
ST

u
Ww/30L
pue

ot ‘01

ut

Ww/900C
pue
SLO1°S
u
/3,01
pue O¢
‘0T ‘01
uru
/Do0¥
pue
0T°01

ut

w/D60¢
pue
01°s

ut

W/D008

ULt/
00S pue

meloduio)
wooy

0006
01 D00¢

0008
01 D00¢

06008 0}
WaIquIY

06056 0}
waIquIY

0008
01 00T
20006
01 D00¢

00001
0] oI
nyeradway

aInuewW JSIOL

ooqureq
oerd
xordnny
‘esnqureq

ooquueqoOSsoON

S9)SEM

193] p1oS

[9od eueuRg

1809 a1u3I|
‘yoaels 01104

a3pnys
a8emag

|10 wed
Spaay
AeIs
ayoyone

(44

| 4

07

61

81

LT

91




98ed|eL

810¢
“Te 19 uay)

810T “Te 19 UBD

610¢C
“1e 10 wdnn

610¢
“Te 19 Jewny|

610¢C
“Te 10 UM

R4
v0"0FC8'TT

LTSI

8081

124X

UMW, 0TxEE0°C
0Tx8¥6'1
196 ‘7001
U 0T=x€08°S
01811

Tm mmcﬁxwh.N
01 01T’ 1 -INA
1S 0z0TXLLT

01 0TxCLT-SVI

ur

y0Ix8CT01T°¢ -1

[-S CI0IxEE
‘1S 0T0Ix9°€

T6°0£T ‘00°LET
¥6'861 'L9°90T
€'ETI STel
|
£101x6£6°C
9101x166'L
V'SLTL'LLT

08681 ‘6£°S81
‘90981 €9°L61

16'9TT ‘¥6°9CC
‘6L'9TT L6'9TT
‘86°6¢€T

‘68 V1T 11°S1T
v6 Syl

‘€9°921 ‘80°9CI
‘IS°0€T 20D
00T

‘18°791 8% 791
‘L¥6ST =N

SV
‘omd

Wavda
‘omd

JuLel§
‘SVI
‘omd

‘WA

‘ue],
JuLe)s
'SV
‘omd
‘WA
DIV'A
ut
JAOZRA A
193710\
ZJIMOIOH
LK
uLels
SV
‘omd
Jo3urIssry

‘NA

PUE Ot
‘0€ ‘0T

urw;/ |

001
pue 0g
‘0T 01

U/,
0¢
pue

01°S

u

/D00
pue o¢
‘0T 61

‘01°S

ul

wW/DeST
pue 0g
‘ST
‘0r1°‘s
u
w/D,01

nerodw
wooy

AELTT
03 €C¢

06006 0}
JuRIqUIY

00001
01 Do0¢€

Do 006
01 Do0¢

0006
0] a1

‘s1n3na
bpj21014)
S[[oys33q
-l 901y

‘QuojsowI|
-l 991y
‘TIny 01y

Qo2 9ZIe|

(1
wWnapu1dLfjo
Wn.ip

1Y20Dg)SIARI[

oueose3ng

SYO1}S ASUSOU]

LT

97

ST

ve

1 %4




98ed]| gL

“Te 10 weILs

810T “Te ¥ °H

810C “Te ¥

BUNYBAN

810T “Te 19 ey

810¢C

“Ie 10 sado

CA CRERUIPN

810¢
I8 19 prUyY

810C “Te 19 Lo]

SE91

8L'1C

eyl

€0°0F8S°LI

96l

LL'LY

611
0
Y0'0FPL 81

“OMd Pue SV

[-S6101xCE9
1S 0z01%xC8°8

Ut 5,0 1%x98°C
U ,01%80°C

1-S ¢101xC6'L
03 ,01x89°L
1-S §101x9C°9
01 401x90°¢

1S [01x6S°6

01 5, 01x¥0'1

1S 01Xt Y

0}, 01x¥11
U, 01X €T
Uy 0T%[8°6
Uy 0Tx9€" [
CUIW 01 x6€5°T

‘9L 9ET V6'LET

96°STT ‘T6'€TT
L6°€0€ 95 +0¢€

96761 9T 191

98°691 ‘01°L91
1€LF0L TP
-une

20 67°8F86°191
“wye 119u]

LEO

L1°6€°891

L'S81 ‘6'€81
‘8°061°S1°09

‘SVI

om4
‘SVI

omd

3

IO3uIssTy|

SV
‘omd

u
IAOZBAA
UIRJpay
-SJ80))

oMmd
‘SV
‘omd
‘SVI ‘A
‘uro
Jpaisieo)

01 ‘S
/D,
ST pue

SIS

/D,
0T
pue

01 ‘S

D,
Ob pue
0€ ‘02
‘S1

‘01 ‘s
ur
W/D,S T

UQ\N

01°s

u
w/D60 1

urwy/ D,
0S pue
0€ ‘01
urw/

0S
pue o¢

‘0T ‘01

u
w/D,08

01 DoS¢

06006 0}
JuaIquIy

0008
01 WoO0Y

J0006
0} WooYy

D0 9€°0
FC1668
01 DoCFST
20009

01 D0t

90008
01 D008

ACLTT
03 3 €T¢

0006
0} A1

SN
Y[eISUI00

PAUdULID |
‘Teoo onjIx

Jsny
Pa9s UORIA

anpIsar
10)s)

anpIsax

Pe9Ss euelenn)

younq
nny Ldwg

DZ1Y.AID

vifjiom

sty ooy

2)seM UIYIIY]

St

143

13

(43

I¢

0€

67

8¢




98ed| L

810T ‘T
19 SIe)OIe)S

810¢
“Te 19 _IYSIA

810C “Te 1
WIS

810C
“Ie 30 sutjo)

810¢C
“Te 10 OSowId|

810¢C

8yl pue
9°¢1°9°0¢

60FICT8I
‘60F0T 81
‘60F b 81

8l

[

ved

U 9°€50°798°S 19
0} €€6'786°9€T €€
“WAVA

U £ 1690%°8T0°S
0} Z89°012°TLYST
-NAVA,

U 01x20°1

01 ,,01xE1'T -NAVA

1S g0IXETT
0} 410Ix¥E €

(U 601 03 01

‘S'091 ‘19181
‘LY'6LT YTILI

pue
€9 ILT ‘€S 181
‘8S9ST Vi 8yl

pue
79°90T ‘85891
‘6T6LT 99 1LI

€6'TIT ¥6TIT
‘SSTITILTIT

99¢- urugI| [$Z-
JSO[N[[99 TWAH

‘b1 9so[n[EeD

9¢€el

Udl
PaYIPON

‘W
AVANA
‘0

MA SV
u
TAOYZBAA
“JuLre)s
‘omd
'SV
WNAVd
‘uoroeal
SOLIOS
‘uonoeal
o[8uIg

oMd
‘SVI

NA ‘OMd

pue O¢

01°¢S

Ut/ Do
14
pue ¢

01°¢S

Uurt/,

V1%
pue o¢
‘0T ‘01

urwy/y
0¢ pue
0T ‘01
EME
/26001
@SN

0S ‘ST
‘SI
‘01°S
uruwy/),
0T pue

0058
01 D00t

0006
01 D0SC

0008
0} "dwa],
wooy

2 €Tl
03 3 €8¢

00068
01 "dwa],
wooy

0006

‘9)SeM pIjOS
[edioruniy

‘[OUIaY AI[O

sy

nu edaly pue

1Snpmes [eg

1Snpmes aulg

dlSeM ead

[[oys
NuUpUNOID)

sonprsax
punoi3d
991J0D)

puv1siqnq

or

6¢

8¢

LE

9¢




98ed]| s,

sy

144

194

L10T TTI81 ‘S¥'181 ‘omd ‘0¢ 00008 aInuew
“le 10 uenx - - ‘6081 ‘6t'S61 AR ‘0z01 0y wooy ome)d
1S ¢ 0Ix€6°L
0} 0Ix19°L uryy MSLTI
L10T ‘1S ¢01x20°¢ SV 0S pue 0) vijofiv]
“Te 30 pewIyy 781 0} 0TXES'S  L9°T8I ‘8SH8I ‘omd 0€ ‘01 juRIquIy pydA]
MELOT
EE\M 0] 3l
L10T 1S o0TXLYY'€ 68'96 0¢ pue meredud)  ueIq JRAYM
“Je 30 uay) - 1S (01%x206'9 pue €6'86 Juue)s 0T ‘01 wooy  ‘mensadey
¥0T ‘v°'60T
8°01C ‘60T
‘980T ‘€61 pue u
SEPT ‘€8T DIAOZBAA
1°0ST ‘LI “yurrels
‘PorI ‘881 ‘SVII u
9LS°EY AU 01x66'9  PUB €°€GT ‘8ST ‘omd w01 oua1kyskjod
L10T ‘6LE LU 01x$9'9 ‘T6SI ‘9°LST ‘WA pue  D,0001  ‘SeUOIS yoedq
“leroulsz)  81°9¢8LI U 01xLTT €'GST ‘891 “I0JuIsSIY 0T ‘01 'S 03 D,ST  ‘[Ioys Inujep\
6981 ‘€'L8I
‘9981 ‘TH81
pue
T'TLT $°'89C
‘TTLT9YLT spaas odern ¢
pue yurels urw/), SQUOISAIIdY))
L10T G'GLT‘6'SLT  PueOMA  OvPUE  D,0001 NIELE
“le 12 uIszQ - - TSLIEOLT  SVMINA 0T0L°S 01 D0ST ‘muwsay)
urwy)), a3pnys
ov a3emog

8%




98ed]|o9L

19 9op3uBNpPUIN

S10¢
“Ie 32 maey3uoy

910¢
“Te 10 peuwyy

910¢
“Ie 19 JNnsad
WWRSLYUS0IR [

910T
“Ie 19 Suepp

910¢
“Ie 19 uasueyor

910¢
“Ie 10 Sueny

14!

LEIIT

C1'0F85°0¢

110Ix08°T 01 ¢°C9
U 0 Ix9SY [

funr 01x.88°9
fur o 0TxL8T'1

1S 6101x9C°¢

01 401xSS°C

‘1S 50Ix€1€6'T
01 ,0TxCy’1

_-w o_O~ 01 :O~

S 0Ix6781

AU o 01x60°1
0} ,01x68'F
CLum G 01x8L'S
0} - 01x9T ¥

SLY'LL

9L
09°¢61 '99°C61

SLT €91

96°L8

8E18 -IN

S0C8

‘96°SL =10

L1¢C

S0e'I¢

TTYSIT ‘ST¥S1

Io3urssTy|
SV
‘omd

om4
‘SVI

om4d

Ad LD
Iopio
isayy dogs
o[3uIS

om4
‘SVI

uLe)s
'SV

‘0T ‘01
urw;/ |
Sl pue

01°S

ULt/
0¢S pue
0€ ‘01

Urt/,

00¢
pue 081
‘091
‘ov1

ULt/
0¢ pue
0T ‘01

urw/
0¢ pue
0T ‘01 °S
LILLTON
08

‘09° 0F

01 D00¢

AEL6
03 A86C

00001

0] a1
nyeroduwioy
wooy

0008
0} a1

meroduro)
wooy|

000L

0] WooYy

MELTT
0) Wooy

iy Qdwyg

MRBIIS IOTY

(voynu

DOJY20.1))
sseid eied

1Isnpmes
(ur0d

‘9011 eaym
‘103109)
anpIsal
[eIMNOLZ Y

poom auig

Mens
ueaqhos

(s

IS

0s

6v

8y

Ly

o




98ed|LL

[-S ¥10IxE'C ‘sTite qoou1o)
[-S T10Ix8°C Ge8l ‘61 IOMOTJ PISIY L
S10T e [-S CI0IxT'¥ SYSl 91 00001 [PUISY 9AI[O
10 03NpIoA - [-S CI0Ix9°[ ‘TT91 ‘0°S91 WHVA ‘eror 03 Do0S poom auld
U/,
0¢ 00001
S10¢ =S ¢0Ix9¢ Y pue 0 vaafijoad
“Te 30 uejAd) 7S 91 0} ;;01%xCS1 [L8FVE TP WAvd 01 ‘S uRIquy palN

-S 0IX9E-E¥'¢9
“1-S TI0Ix¥b'L

15 s 0IXISY Wavda )snpmes
“0IxI6'1 9)2I0SIp smd£eonyg
S10T 1S o 0IxbEY PIUIPON ~req
“Te 10 uay) 1S 701xT1'9 99°0ST ‘6L°SLT  ‘INAVA ~ umw/), smdAjeong
~10Tx¥8'Y 9L'¥9T ‘1T 6¥1 s 1}7 0,008 ‘soAea]
- “1S 00TxST'T G9'SIT ‘ST'T¥I nonunuo)y  pue(] ojwooy  smdAjeonyg
[opow
uorsnyjIp
$10T [eu
“Ie 32 unfuery U %S¢ olsuawirp /sy MELTIT 01 mens uIo)
- U 01x69°1 SPS “SPes om], 07 juelquiy  Y[EIS Uojo)
TQME ura/), anpisal
0IXL'L 0V 5 01x1'C u 4 SISK[0IpAy
S10¢ DjaozeAp  pue L] ‘proe
“Te 19 591100 §9°5T uru ‘0 ‘01 00006 SNYIUBISIIA
“LI8L ¢ 0Ix6°€ 01 ,01x9°S 88T STVl MA'SYVI  $°CT  01D,0S  ‘SMYUEDdSIA
U urwy/ ), [1oys
S10¢T 2101x0°9 01 G€8°0 wIJpaY 1% [ouIy wied

“Te un SLY'¥8 -S}jp0)  pue Og 00006 younq




98ed]|8L

€10T “Te W AT

€10¢C
“Ie 319 SuaN

v10¢
“Ie 39 wm3af

710 “Te 10 Wy

v10C
“Te 30 wiIssey]

80°81

I'81
‘191 °€91
L'TT 561

v6'81

I

U 2oc1°0 01 $100°0

ur

(L01xT6'] -tN d1n

TQ:Q

g0Ix6S T O ¥1°¢v01

fun 0Ix 1871
01 €8°ISLE

(UIW 0] x€8'70)

0 01X16'C
a_-QMEOmOMXﬁN
03, .0Ix18°L

S80vy

SLYLI
9181 “ SLY' 91

1720l

LL'Y6 ‘6966
0L 10€ ‘TH'86T

poylou [e
DURIARI

INdVvVd

w
STURYOoW
uonoedl
[eoTwdYD
pue

uoIsnyIq

poyjour [e
UL

SV
‘omd

U/
0¢ pue
STLOL°S

u
w/D.0C

3 ¢
Ut/
0¢C pue

SLOL°S

Ut/
Gl pue
01°S
ur/>
014
puece

0008
01 Do0¢

0058

0} aI
merdurd)
wooy

20006

0] aI
merodurd)
wooy

0006
01 D,0¢

06009 0}
JuaIqUIY

Ioquy wyed

assedeq

1001 921],
‘qod 10D
11°ys

muedd ‘qod
uro) sny
93JJ0)D) ‘s1aqly
dresosow
wed ‘s[eys
[ouIdY wed

ourd uoAurg

po192NS |
“ds pjja101y>)

(4

19

09

6S

8¢S




98ed]| 6L

“Te 10 osopie)

110¢
“Ie 12 opeAoqy

T10T T8 30 wry

[N
Te 19 eyoardog

10T

“Te j00nNUIy

z10e
“re3o I

€10T "1 1’D

€10T “Te 19 Wry

¢10¢
“Te 10 eruRLIY|

LI TLI

1T°¢CI

g6l

orol

6'ST 9°¢l

1-S CC0I1-LOT

(U 0Tx69'T
LU 0TX967L
U 0T xb T

[-S TPOI-S101

1-S 9101%6¥9°1
-5 910Ix65€1°C

S6'SEL ¥6'€01

S’L61 “S°T0l

99181

LTLST
‘8S°8ST TOHESI

L1el
TEVL STl
8961
‘9°G81 'S8l

6L

6¢Cl

SSPre

v6'61T * 66681

‘emezQ

NA
[opowr
onauny
paduwn

SV
‘omd

3

Io3uIssTy|

nosadog

‘SVII
‘omd

poylew
JULIelS
[opowr
onaury
padwng

INAVA

‘01°‘S
urwy),
0S pue
ov ‘0¢
‘0 ‘01
urwy;/),

0C pue

ST 01

u
w36 |
pue

01 ‘S

ut
WS

ur/),
0S pue
0€ ‘01
a3y
OF pue
0C ‘01°‘S
urwy/),
0C pue
ST01°S
uru/
0z pue
0I°‘S

01 MELE
D000L

0} oI
meloduio)
wooy

0008
01 Do0¢

2AEL6
01 2186¢

0008
0] 2In

jerodwo ],
wooy

06008 0}
waIquIY

ACLOT
03 286¢C

06008
0} D50€
060001

0}

Jua1quIY

0028(qOJ,

assedeq
Jueose3ng
$qoo uIo)

vorodp!l
DULIDYIIDS

poom rejdogd

1snpmes
poomaurg
snds1.40
U03230uDI0
‘n3.1oquniyy
UNSSD3ADS

Asny oy
‘Men)s uIo))

ds
WNsSAn3ng

[800 unoyvg
pjod1UINY ")

tL

L

IL

0L

69

89

L9

¥9

£9




298ed]o08

110¢
“Ie 19 seun(

110T “1e 3
mMNﬁmEmQ

110C

ST

6LI

S 01xIS9
01 ,,0IxLTY
5 ﬁlm

6101XET 0} g, 0IxY"1

1S ¢ 01xPF'6
0} ¢:01x9%°9
‘1S 1 0IXET Y
0}, 01x¥6°C

01T ‘S'661
G881 ‘ST'SLI

0L°6CC
‘1S'¥CC pue
10°TT 'LO°0SE

168171 ‘10°0C1

u o uyy

IJAOZBA A 0S pue
‘omd 0z01°‘c
Ut/ Do

om4d 0¢ pue
‘SVM 0T°01°S
I/

Y4

pue 0¢

AULIB)S ‘SI

assedeq

006 ouedoredng
01 2100¢€ OnPISAI AL
NUEIN

uoopJe))

0058 "SaABI|

01 D0SC uoopies)
assedeq

wny3Ios

MELLL ‘215BM

SL

vL




3.6 Pyrolysis of biomass

Using the basic information obtained through TG/DTG analyses several workers have
investigated the pyrolysis behavior of some biomasses in laboratory scale fixed and
fluidized bed units. The operating conditions and results of available published work on

batch pyrolysis studies are summarized in Table 3.4 and discussed below.

Biswas et al (2018) studied the pyrolysis of rice straw using a fixed bed reactor under CO-
atmosphere at temperatures ranging from 300 to 450°C to study the effect of CO2 and
temperature. The maximum oil yield (34.5 wt. %) was obtained at 400°C. They found that
the yield of solid residue decreased while that of the gas increased with temperature from
300 to 450°C. The results showed that both the temperature and reaction atmosphere had an
influence on the product distribution and nature of the products. The main compounds
observed in the bio-oil were phenol, 2-ethyl-phenol, 2-methyl-Phenol, 2-methoxy-phenol,
2-methoxy-4-vinylphenol, 2, 6-dimethoxy-Phenol. Liquid product obtained from pyrolysis
of rice straw showed high proton percentage from region 1.5-3.0 ppm; around 31-34.5% of
protons resonate in this region indicating that the liquid products have high aliphatic proton
content. Bio-oil produced at 400°Cindicated the higher proton percentage of 34.5% in this

region (1.5-3.0 ppm), higher than the other conditions.

Biswas et al (2017) studied the pyrolysis of conventional biomass in fixed bed reactor at
different temperatures of 300, 350, 400 and 450°C. Agricultural residues such as corn cob,
wheat straw, rice straw and rice husk showed that the optimum temperatures for these
residues are 450, 400, 400 and 450°C respectively. The maximum bio-oil yield in case of

corn cob, wheat straw, rice straw and rice husk were obtained as 47.3, 36.7, 28.4 and 38.1

8l|Page



wt%, respectively. The effects of pyrolysis temperature and biomass type on the yield and
composition of pyrolysis products were investigated. All bio-oil contents were mainly
composed of oxygenated hydrocarbons. The higher percentages of phenolic compounds

were observed in the corncob bio-oil than other bio-oil.

Park et al (2014) studied the slow pyrolysis of rice straw in the temperature range of 300-

700°C to characterize the yields and detailed composition of bio-char, bio-oil and non-
condensable gases. Bio-char was analyzed for pH, microscopic surface area and pore
volume distribution. Although the mass yield for the organic fraction was only about 25%
above 500°C, biochar was the primary product of pyrolysis containing 40% of energy and
45% of carbon from the straw. The utilization of by-products (bio-oil and gases) as energy
resources is essential, since the sum of energy yield was about 60%. The gases could be
burned to produce the heat for an auto-thermal pyrolysis process, but the heat balance was

significantly influenced by the moisture content of the raw material.

Balagurumurthy et al (2015) studied the pyrolysis of rice straw under hydrogen atmosphere
at 300, 350, 400 and 450°C and pressures of 1, 10, 20, 30 and 40bar and in nitrogen
atmosphere, experiments have been carried out at the same temperatures. It has been
observed that the optimum process conditions for hydro pyrolysis are 400°C and 30 bar
pressure and for slow pyrolysis, the optimum temperature is 400°C. The bio-oil has been

characterized using GC-MS, 'H NMR and FT-IR and bio-char using FT-IR, SEM and

XRD. The bio-oil yield under hydrogen pressure was observed to be 12.8 wt. % (400°C and
30 bar) and yield under nitrogen atmosphere was found to be 31 wt. % (400 °C). From the

product characterization, it was found that the distribution of products is different for

82 |Page



hydrogen and nitrogen environments due to differences in the decomposition reaction

mechanism. Table 3.4 summarizes the available published information on batch pyrolysis

of biomass. Nature of biomass, type of pyrolysis operating condition and observed

optimum temperature and yield are listed in the table.

Table 3.4 Various operating parameters of biomass pyrolysis

Biomass Reactor Operating Optimum Optimum References
condition of condition of product yield
pyrolysis temperature wt.%)
(°C)
Rice straw Fixed Temperature range, 400 34.50 Biswas et al
bed 300-450°C, under (2018)
reactor  COz environment
Corn cob, Fixed Temperatures 300, 450, 400, 47.3,36.7,28.4 Biswas et al
Wheat bed 350, 400 and 450°C 400 and 450 and 38.1 (2017)
straw, Rice  reactor
straw and
Rice husk
Rice straw Fixed Temperature range, 500 25% Park et al., 2014
bed 300-700°C
reactor
Rice straw Fixed Under hydrogen and 400 and 30 Hydrogen 12.8  Balagurumurthy
bed nitrogen atmosphere bar pressure ~ wt. % (400°C et al (2015)
reactor  at 300, 350, 400 and and 30 bar) and
450°C and pressures yield under
of 1, 10, 20, 30 and nitrogen
40bar atmosphere 31
wt. % (400°C)
Glycerol Rotary  600°C 600 40wt.% Bartocci et al
kiln (2018)
reactor
Acid treated  Fixed 400, 500 and 600°C 500 42 and 33wt.%  Messina et al
peanut shell  bed (2017)
reactor
Cassia Fixed temperature range 550 50.21% Chatterjee et al
siamea seed bed of (2018)

83| Page



Mesuaferrea
seed cover
(MFSC) and
Pongamia
glabra seed
cover
(PGSC)
Rapeseed oil
cake

Cherry pulp

Neem seeds
(Azadirachta
Indica)

Non-edible
seed Neem
(Azadirachta
indica)

reactor

Fixed
bed
reactor

Fixed
bed
reactor

Fixed
bed
tubular
reactor
at

Semi-
batch
reactor

Fixed
bed
reactor

450°C and 575°C at
a heating rate of
50°C min'.using
nitrogen gas at a
flow

rate of 40 mLmin~
temperature range
of 350-650°C

1

Particle size range
<0.5 mm, 500°C
and 100 mL/min
(N2) carrier gas
flow rate.

Five different
temperatures (400,
500,550, 600

and 700°C) and
three different
heating rates (10,
100 and 200°C/min)

temperature range
of 400-500°C and
at a heating rate of
20°C/min

optimum conditions
(500°C temperature,
80°Cmin ™! heating
rate, 0.5 mm
particle size and 80
mL min~! nitrogen
gas flow rate)

550at
heating rate
of 40°C/min

500

400 heating
rate of
10°C/min,
nitrogen
flow rate of
100
cm’/min,
mean
particle size
of 1.18 mm
475

28.5 wt.% and
29.6 wt.% for
PGSC and
MFSC
respectively

38.7%

Char yield
was31.25%

Bio-oil 38%

Liquid yield
49.53 wt. %

Bordoloi et al
(2015)

David et al
(2018)

Pehlivan et al
(2017)

Nayan et al
(2013)

Mishra et al
(2018)
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3.7 Operating parameters of biomass pyrolysis for bio-oil yield

Various parameters such as temperature, heating rate, inert gas flow rate, biomass particle
size etc. which affect the bio-oil yield. Several workers have studied the effects of these

parameters on product yield. These are briefly discussed below.

3.7.1 Pyrolysis temperature

Temperature is one of the most important and necessary parameters for pyrolysis. It
provides the required heat energy for thermal decomposition of component of biomass. The
pyrolysis process becomes more efficient with increase in temperature because the extra
energy is available for breaking the bonds of the constituents of biomass. In general it is
reported by various researchers that the temperature to obtain higher liquid yields ranges
from 450°C-550°C, on the other hand these range of temperature is no longer for each

biomasses used.

Tsai et al (2007) reported that the yield of bio-oil from rice husk pyrolysis increased from
11.26% to 35.92% when the temperature was increased from 400°C to 500°C. However,
the yield still increased with temperature at a slow rate and reached up to 40% at 800°C.
Lazzari et al. (2016) studied the pyrolysis of mango seed almond in the temperature range
of 450°C to 650°C. The maximum bio-oil yield (38.8%) was found to be at higher
temperature of 650°C. Though most workers have reported that increase in bio-oil yield
with increasing temperature, however some have reported that beyond on optimum

temperature the yield decreases as secondary reaction lead to increased gas formation.
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3.7.2 Effect of heating rate

Tsai et al (2007) studying the pyrolysis of rice husk in the fixed bed reactor, changed the
heating rate from 100°C/min to 500°C/min and the oil yield reached its maximum at the
heating rate of 200°C/min and remained constant at higher rates. Putun et al. (2007)
compared the product distributions of bio-oil from tobacco residues in the fixed bed
reactor. The maximum oil yield was 27% with the heating rate of 7°C/min. Increasing
heating rate up to 300°C/min caused 10% increase in the bio-oil yields. Sensoz et al (2006)
in the lower heating rate of 10 °C/min, the bio-oil yields were about 3.4-8.4% higher than
those at 50°C/min for the olive bagasse pyrolysis in the fixed bed reactor. These results
showed that the effect of the heating rate on the pyrolysis process depends on other
parameters of the process. Uzun et al. (2006) obtained an accentuated reduction of the
water content in the bio-oil with the increase in the heating rate, obtaining a better quality
bio-oil. Fast heating probably inhibits secondary dehydration reactions causing a reduction
in water content in the bio-oil. The oxygen content in the pyrolysis liquid product is also
reduced at higher heating rates.

3.7.3 Effect of carrier gas flow rate

Flow rate of inert gas during the pyrolysis of biomass is important parameters which affects
the yield of the bio-oil and other products of pyrolysis. It alters the residence time of vapor
formed inside the reactor during pyrolysis, affecting the vapors start secondary reactions of
thermal cracking, depolymerization, and condensation of the char residue, which leads to a
decrease in bio-oil yield (Akhtar et al., 2012). A higher inert gas flow in the process leads
to a shorter vapor residence time in the hot pyrolysis zone, which resist the formation of

secondary reaction and consequently increase in bio-oil yield. Pattiya et al. (2012) observed
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a higher in liquid yield with increasing gas flow from 1L/min to 1.5L/min, but an increase
to 3L/min did not affect the yield. Islam et al. (2010) studied the effect of vapor residence
time in the sugarcane bagasse pyrolysis in fixed bed reactor and observed that increase of
vapor residence time from 5s to 20s decreases the liquid and char yields while the gas yield
increases. Several studies that analyzed the effect of N2 flow in the pyrolysis showed that
the increase in the flow of inert gas causes an improvement in the bio-oil yield. However, a
very high gas flow reduces the liquid yield due to complete condensation of the vapors,
which increases the gas yield in the process and, besides that, part of the biomass can also
be swept out of the reactor before pyrolysis is completed (Biradar et al., 2014).

3.7.4 Effect of particle size

Heat transfer during pyrolysis is slow because the biomass is a poor conductor of heat.
Thus, particle size influences the bio-oil yield produced, and it is critical in minimizing
heat transfer problems in the process (Akhtar et al., 2012). Abnisa et al. (2011) observed an
opposite effect in palm shell pyrolysis, where increasing particle size from 0.5 mm to 2 mm
caused an increase in liquid production of 69.6 wt.%. Garg et al. (2016) reported that a
reduction in the liquid yield was observed with increase in particle size of babool seeds in
fixed bed reactor. The maximum bio-oil yield (~32%) was obtained with particle diameter
< 0.4 mm. In general, smaller particles are preferred for pyrolysis due to their faster and
uniform heating. However, microscopic particles can reduce the liquid yield in the
pyrolysis because the decomposition of the biomass occurs very quickly with sufficient
time for secondary reaction between vapor products and consequently increase in the gas

yields and a decrease in the liquid and char yield (Ishlam et al., 2010). Also, a very fine
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particle can be removed from the reaction zone before the completion of the process
(Pattiya et al., 2012).

3.7.5 Effect of the reaction time

Reaction time also influences the product distribution of the pyrolysis process. Reaction
time of the pyrolysis process is the time where the process is continued at constant desired
temperature. In batch (fixed bed reactor) pyrolysis process the reaction time should be
sufficient in order to achieve the desired product. With longer reaction time, secondary
reactions of pyrolysis vapors such as carbonization, gasification and thermal cracking cause
a lower bio-oils production (Bartoli et al., 2016). In Acikalin et al. (2014) pyrolyzed
pistachio shell at holding time of 10 to 50 min. The liquid product yield was slightly
affected by the reaction times ranging from 10 min (52.96%) to 20 min (53.08%). Further
increments of reaction time resulted in a continuous decrease, and the liquid yield dropped
to 50.13% in 50 min. Abnisa et al. (2011) conducted experiments at reaction time ranging
from 30 to 150min. The bio-oil yield increased continuously with reaction times from 30
min to 60 min, and after 60 min the liquid yield remained continuous. However, the longer
the reaction time, the higher the cost of the process.

3.8 Process Optimization using RSM software

Converting biomass into bio-oil makes it more efficient in many applications. Therefore,
optimization by maximizing the desired product quality and quantity is an important issue
for engineers while paying attention to minimizing costs and environmental concerns. In
most of the earlier reported batch and continuous mode studies, effect of individual
parameters has been reported while maintaining other process parameters constant at

unspecified levels. This approach does not depict the combined effect of all process
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parameters. It is also time consuming and requires a number of experiments to determine
optimum levels, which may be unreliable. These limitations of a classical method can be
eliminated by optimizing all the process parameters collectively by statistical experimental
design such as response surface methodology (RSM). The most important aspect in this

optimization study is to gain the highest amount (quantity) of bio-oil by pyrolysis process.

Abnisa et al (2011) studied that pyrolysis of palm shell waste to produces bio-oil. The
effects of several parameters on the pyrolysis efficiency were tested to identify the optimal
bio-oil production conditions. The tested parameters include temperature, N> flow rate,
feedstock particle size, and reaction time. The experiments were conducted using a fixed-
bed reactor. The efficient response surface methodology (RSM), with a central composite
design (CCD), were used for modeling and optimization the process parameters. The
results showed that the second-order polynomial equation explains adequately the non-
linear nature of the modeled response. An R? value of 0.9337 indicated a sufficient
adjustment of the model with the experimental data. The optimal conditions were found to
be at the temperature of 500°C, N, flow rate of 2L/min, particle size of 2 mm and reaction

time of 60 min and yield of bio-oil was approximately obtained 46.4 wt %.

Kilic et al (2014) optimized the experimental conditions for obtaining the highest bio-oil
yield from Euphorbia rigida (E. rigida) by fast pyrolysis using response surface
methodology (RSM) based on the central composite design (CCD). Experimental design
was applied to optimize the reaction temperature, heating rate, and nitrogen gas flow rate
which are the important parameters effecting the pyrolysis process. From the analysis of
variance (ANOVA), the most influential factor of each experimental design response was

identified and an empirical model in terms of factors was derived. The optimum conditions
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were found to be at reaction temperature of 600°C, heating rate of 200°C/min, and nitrogen
flow rate of 100mL/min. Maximum bio-oil yield was obtained as 35.3% under optimum

conditions.

Pinto et al (2013) studied the influence of experimental conditions on product yields
formed by waste mixtures pyrolysis, using response surface methodology (RSM).
Experiment Factorial Design was used for the optimization of reaction time, temperature
and initial pressure to maximize the yield and composition of liquid products for the waste
mixture studied. According to the model, the production of total pyrolysis liquids
(including those obtained by solvent extraction) was maximized when the following
conditions were used: reaction temperature of 350°C, reaction time of 30 min and initial

pressure of 0.2 MPa, leading to liquid yield of 91.3% (w/w).

3.9 Products of biomass pyrolysis

3.9.1 Liquid product (Bio-oil)

The liquid fraction of biomass pyrolysis is termed as bio-oil or bio-crude. It is a multi-
component mixture of water and different size molecules derived from depolymerization
and fragmentation of the three main component of biomass such as cellulose, hemicellulose
and lignin.Cellulose is the largest component of lignocellulosic materials, followed by
hemicellulose and lignin. Cellulose usually exists as long thread like fibres called micro
fibrils. This nature of bonding allows the micro fibril structure to develop strong inter-
molecular and intra-molecular hydrogen bonding. Micro fibrils are usually embedded on a
matrix that contains hemicelluloses and lignin. Hemicellulose is a branched polysaccharide

comprises of different sugar monomers such as glucose, xylose, mannose, galactose and
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arabinose and uronic acids. Unlike cellulose, they do not form micro fibrils. But, they can
form hydrogen bonds with the cellulose and lignin and hence they are referred as “cross
linking glucans”. Lignin is the cementing material that provides elasticity and mechanical
strength to the wood. It is a phenolic macromolecule with a high degree of cross linking

between the phenyl propane units.

This cross linking makes lignin more thermally stable than hemicellulose. Lignin can be
regarded as a group of amorphous, high molecular-weight, chemically related compounds.
Various compounds are formed from cellulose, hemicellulose and lignin during pyrolysis.
For example, guaiacols and syringols are formed from the lignin fraction, whereas the
miscellaneous oxygenates, sugars, and furans form from the cellulose and hemicellulose
biomass fraction. The esters, acids, alcohols, ketones, and aldehydes probably form from
the decomposition of the miscellaneous oxygenates, sugars, and furan. Therefore the

elemental composition of bio-oil and petroleum derived fuel is different.

3.9.2 Water

The water content of bio-oil is as high as 15-30 wt.%, which is derived from the original
moisture in the feedstock and the product of dehydration during the pyrolysis reaction and
storage. Most of the water in pyrolytic oil formed from the decomposition of cellulose and
hemicellulose; however some additional water is formed from lignin decomposition.
Formation of water could be attributed to the dehydration of lignin aliphatic hydroxyl
groups. The presence of water content has both negative and positive effects on the bio-oil

properties. The water content lowers the heating value and flame temperature; on the
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contrary, water reduces the viscosity and enhances the fluidity, which is good for the

atomization and combustion of bio-oil in the engine.

3.9.3 Oxygen

The oxygen content of bio-oils is usually 35-40%, distributed in more than 300 compounds
depending on the resource of biomass and severity of the pyrolytic processes (temperature,
residence time and heating rate). The presence of oxygen creates the primary issue for the
differences between bio-oils and hydrocarbon fuels. The high oxygen content cause the
lowering of energy density (heating value) than the conventional fuel by 50% and due to
large amounts of oxygenated components present, the oil has a polar nature and does not

mix readily with hydrocarbons.

3.9.4 Acidity

Bio-oils comprise substantial amounts of carboxylic acids, such as acetic and formic acids,
which lead to low pH values of 2-3. Acidity makes bio-oil very corrosive to common
construction materials and extremely severe at elevated temperature, which imposes more
requirements on construction materials of the vessels and the upgrading process before

using bio-oil in transport fuels.

3.9.5 Heating value

The properties of bio-oils depend on factors, such as biomass feedstock, production
processes, reaction conditions and collecting efficiency. Usually the bio-oils from oil plants
have a higher heating value compared with those of straw, wood or agricultural residues.

Das et al (2014) conducted pyrolysis experiments on a sample of cashew nut shell and
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obtained bio-oil with a heating value of 40 MJ/kg and a maximum yield of 40%. Lu et al

(2015) produced bio-oil from rice husk with a heating value of 16.5 MJ/kg.

3.9.6 Ash

The presence of ash in bio-oil can cause erosion, corrosion and knocking problems in the
engines and the valves and even deterioration when the ash content is higher than 0.1 wt.%.
However, alkali metals are problematic components of the ash. More specifically, sodium,
potassium and vanadium are responsible for high temperature corrosion and deposition,
while calcium is responsible for hard deposits. Acid washing of biomass feedstock prior to
pyrolysis can decrease the ash content and result in a better quality bio-oil. For example
Abdullah et al (2013) conducted pyrolysis experiment on empty fruit branches and
observed that the bio-oil yield can be increased from 50 wt. % to 72 wt. % by washing
pretreatment. Eom et al (2017) reported that the demineralization of biomass increases the
maximum degradation rates of biomass. They conducted experiments with poplar wood
powder which were treated with distilled water, tap water, HCl and HF and found that the
maximum degradation rates for washed biomass increased in the order HCI treated
biomass (1.55%/°C) > Deionized H>O treated biomass (1.23%/°C) > Tap H,O-treated

biomass (1.19%/°C) > HF-treated biomass (1.15%/°C).

3.9.7 Gases

Thermal decomposition of biomass produces both condensable and non-condensable gases
(primary gas). The vapors which are made of heavier molecules, condense upon cooling,
produces the liquid part of pyrolysis. The non-condensable gas mixture contains lower

molecular weight gases for example carbon dioxide, carbon monoxide, methane, hydrogen,
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ethane, ethylene, minor amounts of higher gaseous organics and water vapor. It is reported
in the literature that CO> releasing is mainly caused by primary pyrolysis, while CO and
CHj4 released during secondary pyrolysis. The hemicellulose shows higher CO and CO;

while higher CH4 release is from lignin.

3.9.8 Solid product (Char)

The solid product of pyrolysis is termed as char. It is another important product of
pyrolysis process. The char can be used within the process to provide the process heat
requirements by combustion. The fresh char is pyrophoric i.e. it spontaneously combusts
when exposed to air so careful handling and storage is required. This property deteriorates

with time due to oxidation of active sites on the char surface.

3.10. Catalytic pyrolysis

Liquid upgraded bio-oils derived from biomass sources are an attractive substitute for fossil
derived fuels (Wildschut et al., 2010). Pyrolysis is an effective technology for the
conversion of biomass into liquid bio-oil. Pyrolysis involves the rapid heating of biomass
to the temperature range of 400-600°C in an oxygen-free atmosphere (Cheng et al., 2015).
Bio-oil cannot be used directly as a transportation fuel for high-speed combustion engines

due to the high oxygen content (35- 40 wt% dry basis), high water content (up to 30 wt%)

and the presence of corrosive organic acids compounds (up to 10 wt%) Fisk et al (2009).
Bio-oil upgrading is required before it can be used as fuel (upgraded bio-oil). The upgraded
bio-oil (biofuel) is defined as bio-oil with higher quality (lower water content, improved

pH and carbon content, higher heating value and improved hydrocarbons content).
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Cheng et al (2017) studied the up gradation of bio-oil using catalyst. Non-sulfide catalysts
are effective in bio-oil hydrodeoxygenation due to low cost and high activity. Ni-Zn/Al,Os
catalysts were first used to selectively produce upgraded bio-oil through bio-oil
hydrodeoxygenation. Upgrading of pine sawdust bio-oil to upgraded hydrocarbon bio-oil
was performed using a series of Ni and/or Zn loaded Al:Os catalysts. The crystalline
structure of Al2O3 was maintained after Ni and/or Zn loading, but BET surface area and
total pore volume of Ni-Zn/Al,O3 catalysts decreased significantly compared to Al.O3
support. Bimetallic Ni-Zn/Al,O3 catalysts were more effective than monometallic Ni/Al2O3
or Zn/AlOs catalyst. Bimetallic 15%Ni-5% Zn/Al,Os catalyst generated the highest
upgraded bio-oil yield of 44.64 wt% and produced the upgraded bio-oil with the highest
hydrocarbon content of 50.12%. Physicochemical properties of upgraded bio-oils including
heating value, water content and pH were significantly improved in comparison with raw
bio-oil.

Messina et al (2017) studied the in-situ catalytic pyrolysis of peanut (Arachis hypogaea)
shells using modified clinoptilolite. Two solid catalysts obtained from natural clinoptilolite
were used: one which retained most of the native cations and another one subjected to ion
exchange treatment to develop Brensted acid sites. These catalysts were characterized
using different techniques, such as scanning electron microscopy with X-ray microanalysis,
Fourier transform infrared spectroscopy by pyridine adsorption, and nitrogen sorptometry.
Assays in a bench scale installation based on a fixed bed reactor were conducted at S00°C
and the yields of the three kinds of pyrolysis products (bio-oil, bio-char and gases) were
determined. Both catalysts reduced the oxygen content of the bio-oil and improved its high

heating value. On the other hand, catalytic pyrolysis caused a slight reduction in bio-oil
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production at the expense of an increase in gases generation. The catalyst subjected to ion-
exchange performed better than the native form as less water was generated in the catalytic
cracking.

Mishra et al (2018) studied the thermo-catalytic pyrolysis of non-edible neem seed. The
physiochemical characterization confirmed the seed’s bioenergy potential. Thermal and
catalytic pyrolysis were carried out at optimum conditions (500°C temperature, 80°Cmin™"

! nitrogen gas flow rate) which produced

heating rate, 0.5mm particle size and 8 mL min~
maximum liquid yield (49.53 wt. % at thermal and 54.06 wt. % and 52.08 wt. % for KoCOs
and Zeolite respectively at biomass/catalyst ratio 8:1). The comparative study of thermal
and catalytic pyrolytic liquid confirmed that the yield as well as fuel properties of the
pyrolytic liquid were enhanced with the use of catalysts. It was also noticed that the energy
content of gases increased with increasing pyrolysis temperature. Further, with increase in
pyrolysis temperature, the amounts of hydrogen and hydrocarbons increased significantly,
but at the same time, the formation of carbon dioxide reduced.

Cheng et al (2017) used non-sulfide Fe-Co/SiO: catalysts to upgrade bio-oil using
hydrodeoxygenation (HDO) process. A series of Fe-Co/SiO; catalysts with different Fe/Co
mole ratios were prepared, characterized and evaluated. The Fe and/or Co loading did not
change SiO; crystalline structure. The Fe and/or Co increased the amount and strength of
Fe-Co/Si10; catalyst acidity. Physicochemical properties of upgraded bio-oils produced
using Fe-Co/SiO; catalysts such as water content, total acid number, viscosity and higher
heating values improved in comparison to non-catalytically produced bio-oil. Bimetallic

Fe-Co/SiO; catalysts resulted in better HDO performance than monometallic Fe/SiO> or

Co/Si0; catalysts. This was due to the synergistic effect of Fe and Co happening on the
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Si0; support. Fe-Co/Si0; catalyst having medium amount of acidity was more effective for
bio-oil upgrading. The highest hydrocarbons content produced using Fe-Co/SiO> catalyst
was 22.44%. The mechanism of bio-oil HDO on Fe-Co/Si0> catalysts is also proposed.

From the available published information summarized in Tables 3.2 to 3.3 and discussed
above it is seen that a considerable volume of basic information generated through TG,
DTG and DSC analysis of various types of biomasses as well as non-biological
carbonaceous materials is available in the literature. The pyrolysis of biomass in lab-scale
or pilot scale units is relatively less studied, though it is of immense importance for
generating requisite data on the effect of various operating parameters such as biomass
particle size and rate of its feeding in the pyrolyser, residence time of biomass in the
pyrolyser, heating rate and temperature range, and rate of removal of pyrolysis products.

It is also interesting to note that in spite of India being an oil importing country and its
focus on harnessing energy from renewable resources is more or less limited to the use of
rice husk and bagasse as fuel in place of coal in sugar mills, distilleries and some other
industries. The use of agro-waste biomass like stalk and straw biomass is largely being
promoted through the low level technology like briquetting. A large volume of stalk and
straw and other similar biomasses is being burnt in fields leading to air pollution and loss
of soil fertility and destruction of soil microbial population. It is seen from the literature
review that since 1978 Indian researchers also have started work in the area of biomass
gasification, pyrolysis and torrefaction and research results on the thermal degradation
behavior of agro-waste biomasses like wheat straw, rice husk, maize, bajra stalk, cotton,

coconut etc. are available in the literature. But the potential of several of such waste

97 |Page



biomass, though available in large amount, is yet to be assessed. The present work has been
planned to fill this knowledge gap.

3.11 Objectives of Present Work

Based on the critical assessment of the available literature and information pertaining to the
availability of agricultural and industrial waste biomasses and the research gap in the area,
following objectives have been set for the present work:

1. Physicochemical characterization of selected biomass such as arhar stalk (AS), banana
trunk (BT), rice husk (RH), rice straw (RS), wheat straw (WS), sugar cane bagasse (SB),
sugar cane leaves (SCL), peanut shell (PS) and paper mill waste (PMW) for assessing their
possible use as a feedstock for pyrolysis and production of value added products,

2. Thermogravimetric (TG) and differential thermogravimetric (DTG) analyses of various
biomasses and analysis of the resultant data using model free iso-conversional as well as
model fitting methods,

3. Pyrolysis of selected biomass in a lab-scale fixed bed tubular reactor and collection of
products and their characterization,

4. Study the effects of various operating parameters on the pyrolytic products yields
(liquid, char, and gases),

5. Optimization of various parameters of pyrolysis process using the response surface
methodology (RSM) of Design Expert Software Version 11 (Stat Ease, USA),

6. Study of the influence of heterogeneous catalyst on the kinetic parameters, and

7. Physicochemical characterization of biochar obtained from through the batch pyrolysis

of selected biomasses.
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