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Abstract

Pyrolysis of lignocellulosic biomass stands out as one of the most promising thermochemical
processes to generate energy from waste. This thesis focuses on using experimental and
theoretical methods to study the pyrolysis of jute packaging waste and lime waste along with
the development of kinetic and process simulation models and energy and environmental
analysis. As the key experimental platform, a semi-batch pyrolyzer was first developed to study
the Kkinetics of non-catalytic and catalytic pyrolysis of jute and lime wastes. The effects of
different catalysts on the pyrolysis of waste jute and lime waste have been studied and the best
performing catalysts have been selected. Reaction kinetics of catalytic and non-catalytic
pyrolysis of jute and lime waste have been determined using both lumped and DAE models.
For the further application in scaling —up from the first principle of mass and energy balance,
a deterministic mathematical model, based on the parameters determined using lumped
kinetics, has been developed and validated for a lab-scale (®50mm x 640mm) cylindrical semi-
batch pyrolyzer using waste jute as the feedstock. To extend the scope of simultaneously using
multiple feed-stocks, co-pyrolysis of jute waste and sesame oil cake have been studied. All the
pyro-products, namely pyro-char, pyro-oil and pyro-gas have been analyzed using
sophisticated instruments and have been observed to have great potential as energy and
chemical resources. To assess the further scope for utilization of pyro-products, the parameters
for lumped kinetics have also been determined for the thermal decomposition of the pyro-oil
obtained at different pyrolysis temperature. The potential of the pyro-gas for the conversion to
liquid fuel through Fischer Tropsch process has also been assessed for the 100 tpd pyrolysis
plant. Sensitivity analysis using Response Surface Methodology (RSM) has been done using
the production rates of diesel and gasoline from the FT process as the response variables and
the recycle ratio of CO2 (RCOZ) and pyrolysis temperature (T) as the factors. Process

simulation model using Aspen Plus ® has been developed for large scale (100 tpd) pyrolysis
plant of jute waste to assess the scalability of the process. Ultimately an assessment of energy
efficiency and environmental impact of the large pyrolysis plant has been made by clearly
specifying the goal and scope of utilization of the pyro-products using Aspen Plus ®. The
sensitivity analysis has been done to maximize CO; avoidance (A(302 ) and Energy Return on

Energy Investment (EROEI) using RSM technique.
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Chapter. 1
INTRODUCTION







1. Introduction
The issues related to global warming and climate change have raised the arguments for the
development of bio refining processes, particularly liquid biofuel production as a substitute for
petroleum-derived transportation fuels. The most common liquid biofuels worldwide are
ethanol and biodiesel, whose production has increased from 18.2 billion liters in 2000 to 115
billion liters in 2013.The biofuels contributed about 4% of global road transport fuel
consumption (EMISIA 2014[1]), and their production is expected to expand tremendously by
2024 (OECD/FAO 2015[2]). Indian government has planned to achieve a target of 20%
blending of fossil fuels with ethanol and biodiesel by 2017 (MNRE 2009[3]). The European
Union set a binding target to have at least 10% of their transport fuels from renewable
resources. Due to concerns like high food prices, competition of land for food production,
acceleration of deforestation, scarcity of water resources, negative impact on biodiversity and
so on (IEA Bioenergy 2008[4]) involved in the 1% generation biofuel, the interest in developing
2" generation liquid biofuels from nonfood lignocellulosic materials has increased. Various
agricultural crop residues, forest residues, dedicated energy crops, and industrial and municipal
wastes are the most abundant feedstocks, and hold very high potential for large scale biofuels
production. Lignocellulosic biomass is the only economically sustainable source of carbon for
production of renewable liquid fuels or chemicals [1]. However, the effective utilization of
lignocellulose is not always practicable due to the recalcitrance of lignocellulose to hydrolysis.
Lignocelluloses are mainly composed of cellulose, hemicellulose and lignin, in addition to a
small amount of pectin, starch, ash and extractives. Unlike biochemical processes the
conversion through thermo-chemical routes is not restricted by the recalcitrance of
lignocellulosic feedstocks. The thermochemical processes namely combustion, gasification
and pyrolysis can utilize all components of lignocellulosics including lignin. Among all the
thermochemical processes pyrolysis can generate all forms of fuel namely solid i.e. pyro-char,
liquid i.e. pyro-oil and gas i.e. pyro-gas through a single step. The yield of solid, liquid and
gaseous products from pyrolysis can be adjusted by the manipulation of pyrolysis temperature.
The pyro-oil generated through pyrolysis of lignocellulosic feedstocks is considered as a
second-generation bio-fuel which may be upgraded to be used in automobile sectors as well as
for power generation. The pyro-gas can either be used for power generation or can be converted
to green liquid fuels through Fischer-Tropsch process. The pyro-char can either be used for
power generation or for soil amendment to avoid greenhouse gas(N2O) emission. Pyrolysis
also serves as the precursor process for both combustion and gasification. Understanding the
versatility of pyrolysis process to address the challenges of waste management and mitigation
of greenhouse gas emission, it is understandable that the conversion of Indian lignocellulosic
wastes to energy sources through pyrolysis should be focused with special emphasis on the
conversion and characterization of pyro-products, particularly, pyro-oil and pyro-gas.
1.1.Lignocellulosic Wastes in India
According to the report prepared by Annepu in 2012 [5], Kolkata topped the order among the
Indian metro cities with respect to the amount of municipal wastes generated annually. Figure
1.1 depicts the results.
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1.2. Composition and sources of municipal wastes of West Bengal
Different sources of municipal wastes of Kolkata are depicted in Figure. 1.2.
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From the analysis of Figure 1.2, it is
clear that while industrial wastes
have the least share in the municipal
solid wastes of Kolkata, residential
and commercial sectors including
markets have almost equal share of
around 35% each. On the other hand,
the contribution of street sweeping is
as high as 22.8%.

The Figure 1.3. presents the
distribution of different components
in the municipal waste of Kolkata.
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Figure 1.4 reveals that the major part of lignocellulosic waste is food and garden wastes,
followed by paper wastes and textile wastes.

Major part of the waste that is generated in all the cities is generally used for landfilling outside
the cities, which at times creates stinky smell. Now according to Government of India’s new
policy [Dec, 2014] about 9% to 10% wastes is being processed through aerobic compositing
[9-21]. No prominent route for energy generation is developed from lignocellulosic wastes.
1.3. Pyrolysis

Pyrolysis can be defined as a thermochemical process of decomposition of organic matters at
elevated temperatures in absence of oxygen or any halogen compounds [22-27]. In the first
step the pyrolyzing feedstock is decomposed to char, and volatiles. The condensable part of
volatiles is called pyro-oil and the non-condensable part is called pyro-gas. This reaction step
is known as primary pyrolysis. in the second step the components of pyro-gas react amongst



themselves to generate new products. This reaction step is known as secondary pyrolysis. the
reactions of primary and secondary pyrolysis processes may be represented as follows:

/ Pyro - Gas
Volatiles
. « _— @
Lignocellulosic

Biomass Pyro -Qil
Pyro - Char
C+H, O+ CO+H, (2)
C +CO, <> 2CO (©)
(-CH,-) + H,0 <> CO +2H, (4)
(—CH,-) + CO, <> 2CO +H, ®)
CO + H,0 <> CO, +H, (6)
CO +3H,0 <> CH, +H,0 (7

1.4. Types of Pyrolysis
According to reaction conditions the pyrolysis may be categorized as follows: Fast, Flash and
slow pyrolysis. [28, 29]. The detailed difference amongst the three are listed below in table.1

Table 1. Different pyrolysis processes with operating parameters and products
Pyrolysis Solid Residence Heating Particle Temp (K) Product Yield (%)

Process  Time (S) Rate (K/s) Size (mm) Oil Char Gas
Slow 450 - 550 01-1 5-50 550 — 950 30 35 35
Fast 0.5-10 10 - 200 <1 850 - 1250 50 20 30
Flash <05 >1000 <0.2 1050 - 1300 75 12 13

From the table, it is clear that slow pyrolysis is widely accepted since all the conditions are
more widely viable than the others and the product formation is higher than amongst the others.
All these pyrolysis processes may be conducted either in non-catalytic or catalytic modes.
1.5.Pyrolysis Kinetics

Two types of models are used to analyse the kinetics of pyrolysis of lignocellulosic biomass:
lumped kinetic model and distributed activation energy model.

1.5.1. Lumped kinetic model

In lumped kinetic model, the lignocellulosic biomass [30-34] is considered as a single reactant
following two parallel reactions generating volatiles and char. The activation energy is assumed
to be invariant with the conversion. The kinetic parameters are determined using the
experimental data obtained under isothermal condition. This model is valid for primary
pyrolysis where the reactions among the gaseous products are not considered.

1.5.2. Distributed activation energy model (DAEM)

The distributed activation energy model (DAEM) is a multiple reaction model, which is widely
used in the pyrolysis of lignocellulosic biomass [35]. The model assumes the decomposition
mechanism taking a large number of independent, parallel, first-order or nth-order reactions
with different activation energies reflecting variations in the bond strengths of species. The
difference in activation energies can be represented by a continuous distribution function [36].
The DAEM is not only used to describe the pyrolysis kinetics of lignocellulosic biomass and
its main components, but also to describe the pyrolysis kinetics of coal [37-39] and other
thermally degradable materials [40—43]. In this analysis, the activation energy is considered as

5



a function of conversion. The experimental data derived under non-isothermal conditions are
required for the determination of the kinetic parameters. As the lignocellulosic biomass is a
combination of three components, namely, cellulose, hemicellulose and lignin the pyrolysis
reaction for different components takes place at different rates. Hence the DAE model can
approach the reality more closely.

1.6.Uses of pyro — products

The pyro-products are categorized as solid fuel (pyro-char), liquid fuel (pyro-oil) and gaseous
fuel(pyro-gas).

Pyro — char is a carbon rich product which is mainly used for soil amendment, activated carbon,
co — fired power plant, carbon sequestration etc. Pyro-oil is a synthetic liquid fuel which has a
potential to be used in automobile sector or can substitute diesel in oil-based power plants. The
pyro-gas may be used as a direct source of energy. It may also be converted to liquid fuel
through Fischer-Tropsch (FT) process through an intermediate route of syngas generation. The
different scopes for the utilization of pyro-products are shown in Figure 1.5.
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Figure. 1.5. A series of pyrolysis products and their uses

1.7.Energy and Environmental analysis

For the avoidance of unintended detrimental environmental consequences of a new technology

accounting for environmental impact of the process should be done. The most appropriate
methodology for this purpose is life cycle analysis (LCA) [42-44]. Similarly, the energy output-
input ratio showing the net energy return from a new process is also necessary before its actual
implementation. Thus, an analysis accounting both environmental impact and energy return,
called energy environment analysis (EEA) following the basic principles of LCA is useful to
serve the dual purpose.
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2. Literature Review

The present status of knowledge-base on lignocellulosic feedstocks used for pyrolysis with
special emphasis on jute textiles, fruit wastes and oil cakes, pyrolysis kinetics under isothermal
and non-isothermal conditions, Catalytic pyrolysis of lignocellulosic feedstocks, Co-pyrolysis
of lignocellulosic feedstocks. Process simulation modelling of pyrolysis using Aspen Plus and
Energy and Environmental Impact, as available from the current literature, has been reviewed.

2.1. Lignocellulosic feedstocks

Production of pyro-products mainly depends on the choice of feedstocks, the types of reactors
and also the temperature conditions to which it is exposed. India produces 450-500 million tons
of biomass per year 2. The following table shows the salient information on the pyrolysis of
lignocellulosic feedstocks of India.

Table. 2.1. Different lignocellulosic feedstocks and type of reactor used for the
production of pyrolysis products as per Indian community

Temperature Range-
400°C - 600°C

Feedstock Rector type | Heating condition and Catalysts Reference
reaction temperature used
Primary  wood/ | Packed bed | Both isothermal (500°C) | None [3]
Subabul wood; Reactor and adiabatic
Rice straw; (Heating rate: 50°C /min)
Wheat straw;
Pith Coir;
Soybean  stalks;
Mustard seed
press cake
(Both  untreated
and
demineralised)
Primary  wood/ | A stainless- | Adiabatic Analytical [4]
Eucalyptus steel tubular | Heating rate: 20°C/min grade
Reactor mordenite,
Temperature Range- 350- | kaoline,
600°C. silica-
alumina and
fly ash were
used as
catalysts.
Bagasse Packed Bed | Both isothermal (500°C) | None [4]
Reactor and adiabatic
(Heating rate :50 °C
/min)
Rice Husk; Packed Bed | Both isothermal (500°C) | None [5]
Rice straw; Reactor and adiabatic
Millet Husk (Heating rate 60 °C /min)
Coconut shell Fixed Bed Adiabatic None [6]
Reactor Heating rate :50°C/min
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Coconut shell Semi Batch | Adiabatic None [7]
powder Reactor Heating rate :60°C/min
Temperature Range-
450°C - 600°C
Coconut shell Semi Batch | Adiabatic None [8]
powder Reactor Heating rate -20°C/min
Temperature Range:
450°C - 600°C
Cashew nut Shell | Fixed Bed Adiabatic None [9]
Reactor Heating rate :50°C/min
Temperature Range:
400°C - 600°C
Ground nut Shell | Packed Bed | Both isothermal (773K) | None [10]
Reactor and adiabatic
(Heating rate 50 K/min)
Corn Cob Packed Bed | Both isothermal (773K) | None [11]
Reactor and adiabatic
(Heating rate: 50 K/min
Mustard seed Fixed bed Adiabatic 5% NacCl, [12]
press cake Reactor Temperature range: 400 | 10% NaCl,
—600°C 15% NaCl
De oiled ground Semi Batch | Adiabatic (Heating rate: | None [13]
nut cake Reactor 20°C/min)
Ground nut; Semi Batch | Adiabatic None [14]
Sesame seed Reactor Heating rate: 25°C/min
Temperature Range :200
—500°C
Secondary wood | Packed Bed | Adiabatic None [15-22]
from industry/ Reactor Heating rate: 10°C/min
Pine wood from Temperature Range: 400-
packing box 600°C
Textile wastes Fixed Bed Adiabatic None [23]
(Cotton based Reactor Heating rate: 10°C/min
varieties) Temperature Range: 300-
900°C
Glossy paper cup | Semi-batch | Adiabatic None [24]
Reactor Heating rate: 5°-15°
C/min Temperature
Range: 30-524°C
Paper cup waste Semi-batch Adiabatic None [25,26]
Reactor Heating rate: 10°-20°
C/min Temperature
Range: 325-425°C
Vegetable waste | Semi-batch Adiabatic None [27]
of Municipal Reactor Heating rate: 10°-20°
market C/min Temperature
Range: 30-700°C
Municipal TGA Cell Adiabatic None [28]

Vegetable waste
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Heating rate: 10° and 40°
C/min Temperature
Range: 523-1123K

Jute waste Fixed bed Heating rate —10 - None [29]
Reactor 40°C/min

Adiabatic condition —
room temperature — 400-

700°C
Paper waste and Fixed bed Adiabatic None [30]
mustard press Reactor Temperature range: 300
cake —900°C
Sesame oil cake Fixed bed Adiabatic None [31]
Reactor Temperature range: 300
—900°C

From the Table 2.1, it is clear that the pyrolysis of many Indian lignocellulosic feedstocks
including wood wastes, rice wastes, wheat straw, bagasse, coconut wastes, millet husks, nut
shells, corn wastes, paper wastes, municipal vegetable wastes, oil seed press cakes has been
studied. Most of the studies have been conducted in fixed bed or packed bed reactors operated
in batch or semi-batch mode either under vacuum or nitrogen atmosphere. Data on both
isothermal and adiabatic experiments using these feed stocks are available in the literature.
Although most of the pyrolysis studies have been conducted under non-catalytic mode, effects
of catalysts have also been investigated by some of the researchers. (2 The yield of pyrolysis
products namely, char, pyro-oil and pyro-gas have been observed to vary in the range of 22.6
-47.2%, 6-50% and 15 -42.26% respectively. According to the literature review analytical
grade mordenite, kaoline, silica-alumina and fly ash and NaCl have pronounced effect on the
pyrolysis of lignocellulosic Indian biomass as observed by previous researchers 2, Very little
attention has however been given to utilize some of the abundant Indian lignocellulosic wastes,
namely, jute waste, textile wastes and citrus fruit wastes generated from fruit juice facilities in
metropolitan cities. Although a few research studies have been reported on textile wastes, jute
dust etc., no information is available on the pyrolysis characteristics of waste of jute sacks
extensively used for the packaging of food grains in India. Similarly, no research study has
been reported on the pyrolysis of residues of citrus fruits generated during the production of
fruit juice. From the prospective of dearth of information on the energy generation from jute
packaging wastes and citrus fruit wastes, the research study on pyrolysis of these feed stocks
can add to the database of energy generation potential of Indian lignocellulosic wastes.

The literature review, as presented in Table. 2.2, however reveals that pyrolysis of different
jute and textile wastes as well as citrus fruit wastes has been investigated by researchers outside
India.
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Table. 2.2. International status of Studies on Pyrolysis of jute wastes, textile wastes and
citrus fruit wastes

Feedstocks

Reactor

Observations

References

Jute stick

fluidized
bed reactor

1. The pyrolysis of jute stick was performed
at different temperatures from 300 °C to 600 °C
to produce bio-oil. At 500 °C the bio-oil yield
was the maximum. The yield of bio-oil increased
until 500 °C and then decreased due to the
secondary reforming of bio-oil vapor at higher
temperatures.

2. The non-condensable gas was the mixture
of mainly nitrogen, carbon monoxide (CO) and
carbon dioxide (COz). Some of methane, ethane,
propane, propene etc., were also formed in the
pyrolysis reaction. The gas yield increased as
temperature increased.

3. The increased temperature resulted in the
lower yield of char.

4. The bio-oil was characterized. The density
of the bio-oil was as high as 1.11 g/ml compared
to light fuel oil at around 0.85 g/ml. The
viscosity of bio-oil was found to be 2.34 cP.
Since bio-oil contains some organic acids such
as formic acid, acetic acid etc., it was acidic in
nature and the pH and acid value were found to
be around 4 and 135 mg KOH/g, respectively.
The water content of bio-oil was determined and
found to be 16 wt.%. The solid and ash content
was found to be 0.02 and 0.03 wt.%,
respectively.

Asadullah
et. al[32]
[2008]

Orange
waste (pulp)

TGA-DSC

1. Thermal degradation was interpreted as the
resultant of multiple, parallel and simultaneous
reactions, related to: (i) dehydration process for
temperatures <120 °C; (ii) pyrolytic cracking,
from 125 to 450 °C, stage where the
lignocellulosic  components are  degraded
reaching a maximum the evolved gaseous
products and delivery energy; and (iii) to latest
stage of lignin degradation, at temperatures >450
°C.

2. The volatile compounds evolved from 50
to 600 °C were mainly: H.O, CO2 and CO,
besides of a mixture organic product composed
by: carboxylic acids, aldehydes or ketones (C=0),
alkanes (C — C), ethers (C — O — C), alcohols (C —
O - H), phenolic compounds (C — O) and
aliphatic and/or unsaturated aromatic compounds
(C=C).

Lopez-
Velazquez
et. al [33]
[2013]
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3.

4.

Kinetic parameters were calculated by two
kinds of model-free Kkinetics algorithms,
Friedman (F) and Kissinger—Akahira—Sunose
(KAS) methods at different heating rates (5, 10
and 15 °C min™?).

The results in terms of activation energy
show the complex Ea(a) i.e. dependence on
conversion which evidences a multi-step kinetic
processes during the pyrolytic cracking of the
orange waste.

Orange TGA-DSC |1. The orange peel degradation occurred in at | Balmaseda
waste least three steps associated with its three main | et. al [34]
(orange components (hemicellulose, cellulose and lignin). | [2009]
peel) 2. The volatiles compounds evolved out at

150-400 °C and the gas products were mainly

CO», CO, and CHa.

3. A mixture of acids, aldehydes or ketones
C=0, alkanes C-C, ethers C-O-C and H20 was
also detected.

4. The results could explain the non-
autocatalytic character of the reactions during the
decomposition process.

Waste Packed bed Yang et. al
wood, reactor 1. Compared to TGA tests at the same | [35]
cardboard, programmed heating rate and final pyrolyzing | [2007]
textile (30% temperature, the packed-bed pyrolyser produced

polymer and 30-100% more char. This could be due to tar

70% cotton) cracking and repolymerisation both inside the

2.

pyrolyzing particles and on the activated outer
surface of other particles.

Char yield was 21-34%, tar 34-46% and
gas from 23% to 43% in the range of 350-700 °C
of final pyrolyzing temperature. Modelling work
suggested that tar cracking in the bed is not
sufficient to offset the increase in tar release as
pyrolyzing temperature increases. Tar cracking
ability in fuel is possibly linked to mineral
contents in the fuel and needs to be explored.

CO and CO; are the major constituents
(apart from tar and water) of the flue gas
composition during the main pyrolysis stage
which occurs between 250 and 450 °C.
Noticeable release of light hydrocarbon gases and
hydrogen only occurs at higher temperature levels
after the bulk of the volatile matter in the fuel has
been released. FG model predictions compares
qualitatively well to the measured gas
compositions.
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Textile
waste

(cotton
fabrics)

TGA

1.

2.

3.
4.

5.

6.

7.

8.

9.

Thermal behaviour of textile waste was
studied by thermogravimetry at different heating
rates and also by semi-batch pyrolysis.

The onset temperature of mass loss is
within  104-156 °C and the final reaction
temperature is within 423-500 °C.

The average mass loss is 89.5%.

There are three DTG peaks located at the
temperature ranges of 135-309, 276-394 and
374-500 °C, respectively. The first two might be
associated with either with decomposition of the
hemicellulose and cellulose or with different
processes of cellulose decomposition. The third
peak is possibly associated to a synthetic
polymer.

At a temperature of 460 °C, the expected
amount of volatiles of this waste is within 85—
89%.

The kinetic parameters of the individual
degradation processes were determined by using
a parallel model.

The dependence on the heating rate was
also established.

The pyrolysis rate is considered as the sum
of the three reaction rates. The pyrolysis in a
batch reactor at 700 °C and nitrogen flow of 60
ml/min produces 72 wt.% of oil, 13.5 wt.% of gas
and 12.5 wt.% of char.

The kinetic parameters of the first peak do
not vary with heating rate, while those of the
second and the third peak increase and decrease,
respectively, with an increasing heating rate,
proving the existence of complex reaction
mechanisms for both cases.

Miranda
et. al [36]

Textile
waste
(combed
cotton
pieces)

Fixed bed
reactor

1.

2.

3.

4.

5.

Pyrolysis of combed cotton waste was
conducted in a fixed bed reactor with the final
temperatures of 450, 500, 550, and 600°C.

Effect of the experimental conditions such
as temperature, catalyst type on the formation of
liquid, gas, and char products were investigated
and product yields were measured.

The highest liquid product efficiency was
achieved with 29.74% at the temperature of
550°C.

CaCOs3 and Na,COs were used as catalysts.
Na>COs was found to be more effective catalyst
than CaCO3
The properties of the obtained liquid
product were analyzed by high performance
liquid chromatography (HPLC). Furans, ketones,

Barisci
and
Oncel[37]
[2014]
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6.

7.

aldehydes, less carboxylic acids, and
hydrocarbons were detected in the content of
liquid product.

The calorific values of raw material, liquid
product, and char were also determined by using
IKA C 200 calorimeter.

The results clearly indicated that both
temperature and catalyst type affect the formation
of liquid product.

Textile
waste (flax
and hemp
natural
fibres)

Fixed bed
reactor

1.

2.

3.

4.

5.

6.

The research was carried on flax and hemp
natural fibres, which have been manufactured
into a non-woven, pre-formed matting material
and subsequently treated via chemical activation
and pyrolysis to produce activated carbon.

The influence of chemical activation
process conditions using zinc chloride and
phosphoric acid and the subsequent pyrolysis
process conditions were investigated.

The results showed that an activated
carbon matting with very high surface area of
over 2000m? g* could be produced.

The surface area was strongly influenced
by the concentration of activating agent used and
the subsequent pyrolysis temperature.

Higher surface areas being associated with
the higher concentrations of the activating agent
and the lower temperatures of pyrolysis.

Zinc chloride produced significantly
higher surface areas of the activated carbon
compared to phosphoric acid activation. The pore
size distribution of the carbons could be altered
depending on the process conditions used.

Williams
and
Reed[38]
[2004]

Textile
waste (blue
T-shirts
made of
100%
cotton)

TGA

1.

2.

3.

The thermal degradation of samples of
used cotton fabrics has been investigated using
thermogravimetric analysis (TGA) between room
temperature and 700 °C.

Experiments were carried out with about 5
mg of sample in three different atmospheres:
helium, 20% oxygen in helium and 10% oxygen
in helium. Three different heating rates were used
at each atmosphere condition.

A kinetic model for the decomposition of
used cotton fabrics explaining the behaviour of all
the runs performed has been proposed and tested.
For the pyrolysis of the cotton, the model
comprises two parallel reactions. For the
combustion process, one competitive reaction
was added to each parallel reaction of the
pyrolysis model and four combustion reactions of
the different solid fractions to obtain volatiles.

Matlo et.
al [39]
[2006]

16




4. One single set of parameters can explain all
the experiments (pyrolysis, oxidative pyrolysis
and combustion) at the three different heating

rates used.
Fruit wastes | TGA 1. Fruit wastes of mango endocarp and waste | Lam et. al
(mango fruits peel from banana, orange and watermelon | [40],
endocarp were pyrolysed respectively and subjected to | [2016]
and waste different analyses to examine their thermal
fruit peel behaviour, chemical functional group, elemental
from and proximate content.
banana, 2. The fruit wastes were dominated by
orange and volatile matter (52-67 wt.%) containing aliphatic
watermelon) hydrocarbons, fatty acids and lignocellulosic

components that can be recovered as potential
fuel or chemical feedstock via pyrolysis.

3. The wastes were also detected to have
considerable amounts of fixed carbon (30-36
wt.%), thus showing potential to be pyrolysed to
produce biochar for use as activated carbon or
catalyst support.

4. The wastes can be pyrolysed at _ 400 °C to
convert the majority of the waste content into
volatiles for recovery as useful bio-oil and bio-
gas, and the remaining solid mass can be
recovered as bio-char.

5. The results demonstrate that the fruit
wastes show exceptional promise as a feedstock
for pyrolysis conversion into potentially useful
products.

Table 2.2 reveals that although the pyrolysis characteristics of textile wastes have been reported
by a few researchers, the information on jute related wastes and citrus fruit waste is relatively
scarce. Similar to the pyrolysis characteristic of Indian lignocellulosic feedstocks, maximum
yield of pyro-oil is obtained around 500°C. There is a general trend of increase and decrease of
yields of gas and char respectively with the increase of temperature. In many cases the lumped
kinetics of pyrolysis using parallel reaction scheme have been determined. Only in one case
[33], distributed activation energy models namely, Friedman and Kissinger-Akahira-Sunnose
models postulating the dependence of activation energy on conversion has been used. Although
a few studies on jute wastes and textile wastes have been conducted in fluidized bed and fixed
bed reactors, most of the studies have been done in TGA cells under adiabatic condition. The
catalytic effect of Na.Coz and CaCoson the yield of pyro-oil from textile waste has been studied
by a research group [37]. The usage of Na>Cos has markedly increased the yield of pyro-oil.
On the other hand, an investigation on pyrolysis of textile wastes ha clearly indicated the
enhancement of surface area per unit volume of pyro-char of textile waste by the addition of
ZnClz. The pyrolysis studies on citrus fruit wastes and jute related wastes are mainly
concentrated on the trend analysis of product yields and on analysis of products. No research
investigation has so far been reported on the modelling of pyrolysis reactors for these
feedstocks, scope for further processing of pyrolysis products, prospect of co-pyrolysis, energy

17



and environmental analysis of large scale pyrolysis plants and so on. Overall, it appears that
there are ample scopes for the generation of more information on the pyrolysis characteristics
of both jute packaging wastes and citrus fruit wastes of India. For the assessment of the
potential of commercial pyrolysis units using these feed stocks, analysis of product yield,
characterization of product, determination of kinetics using both lumped and distributed
activation energy models, development of mathematical model for pyrolyzer, assessment of
scope of co-pyrolysis, processing of pyro products and energy and environmental analysis
should be done. To decide on the strategies and methodologies for the research studies the state
of the art technologies being followed for other lignocellulosic biomass have been reviewed in
the following sections.

2.2. Lumped Pyrolysis Kinetics

In case of analysis of experimental data using lumped model, the overall pyrolysis reaction is
considered either as a single reaction or as an array of parallel reactions over the whole
conversion range [9,10]. The single reaction representation is as follows:

Biomass — Volatile
The rate equation for the volatile formation is usually represented as follows [41-43,9,10]:

According to Orfao et. al [41] [1999], Fernandez et. al [44] [2016]

da E 1)
== = Aexp—) f
it exp RT) (a)

Where, a= experimental conversion

da . .

T experimental conversion rate

According to Carvalho et. al [43] [2014]
dﬁ =k, (l-a)" (2)
dt

The parallel reaction schemes used for the representation of biomass pyrolysis are as follows:

According to Sharma et. al [42] [2014],

biomass—<—>Gas
biomass—*—Pr imaryTar

biomass——»Char
PrimaryTar —*Gas

Primary Tar —— SecondaryTar

SecondaryTar —*—Char

According to Bandyopadhyay et. al [9,10] [199]
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pre —dried coconut shell — Active complex
Active complex —<—Volatiles

Active complex —<—Char

Wy ®
dt

2
dw, _ W )
dt

3
dw, _ W ©)
dt

For the determination of kinetics using lumped parameter model, the experimental data of batch
experiments under isothermal condition are used. Although due the simplicity, the lumped
Kinetic parameters are often determined for the pyrolysis of biomass. Although it can represent
the overall dynamics of pyrolysis of biomass, it can hardly represent the real situation where
different components of biomass, namely, cellulose, hemicellulose and lignin pyrolyze at
different rates. To represent the reality distributed activation energy model (DAEM) for the
analysis of pyrolysis kinetics of biomass has recently been introduced.

2.3. Kinetics using distributed activation energy model (DAEM)

To incorporate the changing trend of activation energy of pyrolysis on the conversion of
biomass, distributed activation energy models (DAEM) have been proposed by Friedman.
From the distribution of activation energy of pyrolysis reaction, the occurrence of different
types of pyrolysis reaction characterized by the presence of cellulose, hemi cellulose and lignin
can be assessed. Recently, researchers [“55¢1 have shown interest to determine the kinetic
parameters of DAEM for different pyrolyzing biomass. For this purpose, experimental data of
non-isothermal condition are used. Experiments are carried out in thermogravimetric analyzer
(TGA) using heating rate as a parameter. Some of the systems studied for DAEM have been
detailed in Table.2.3.

Table. 2.3. DAEM for Biomass pyrolysis

Materials Heating rate Model References
Wood chips 5 K/min! Friedman Gasparvoic
et. al[45]
Cholorocoecum humicola 5-20 K/min'* Friedman Kirtanion
et. al [46]
Lignin 5-15 K/min'* Friedman Mani et. al
[47]
Different types of coal 20, 35, 50,75,100 | Friedman Li et. al
K/min'? [48]
Kerogen 5-20 K/min! Friedman Lakhmanan
et. al [49]
Cellulose 5,25,50 K/min'* Friedman Cai et. al
[50]
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Sub-bituminous and anthracite | 100 K/min™ Friedman Caprariis

coal et. al [51]

Wood, algea, lignin, corn stalk, | 5,25,50 K/min™ Friedman Wu et. al

skin kerogen, cellulose and [52]

coal

Sesame oil cake 5-25 K/min* Friedman Sarkar et. al

[30]

Posidonia oceanica (L.) and | 5-15 K/min* Friedman Zaafouri et.

frying oil wastes al[53]

agro-industrial wastes 5-15 K/min? Coast Redfern and Fernandez
Sharp et. al[44]

2.4. Catalysts

It has been indicated by the reported literature that the usage of catalysts enhances the yield of
products, particularly, the pyro-oil. Many research works [°*%! are being carried out in the field
of catalytic pyrolysis of biomass in order to enhance the yield of the pyro-oil. The detailed list

of catalysts, the catalyst to feed ratio are provided in the table 2.4.

Table 2.4. The list of the catalysts to feed ratio, catalysts type, feedstocks, reactor type,
temperature and yields

Feedstock Catalyst Catalyst to feed ratio Reference
Beech MSU-S/HBEA (hexagonal) 0.7/1.5(wt/wt) Kostas S.
wood 2.MSU-S/WBEA (wormbhole) Triantafyll
3.Al-MCM-41 idis et
al.(54)
hybrid ExxonMobil HZSM-5 catalyst 1/1(wt/wi) Foster. A.
poplar Agblevor
wood et al (55)
Pine wood | ZSM-5 (24) 12.0-36.0 and 1:1 Lopez et
(WHSV) al.(56)
Mixed ZSM-5 (50) 1.16 (WHSV) Horne et
wood al.(57)
Lignocell | ZSM-5 based FCC 2.9-18(WHSV) Lappas et
HBS additive (10 wt% al.(58)
ZSM-5)
Cellulose, | ZSM-5 (60) 9.9(WHSV) Carlson et
Glucose al (59)
HZSM-5 catalyst (0.2/1, 0.4/1, 0.6/1, 0.8/1 | Pan
Nannochlo 1/1, wt/wt) .et.al.(60)
ropsis sp.
(a kind of
green
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microalga)
residue
Barkless Al-MCM-41, and 0.7/1.5 Judit
spruce 8MCM-41 Adam
wood MCM-41 with C18 et.al.(61)
Cu-Al-MCM-41
FCC -SBA-15
Al-SBA-15(20)
Wood 20 wt.% Na2CO3/c-Al203 0.5to1and 2. Nguyen et.
chips  of al. (62)
Canadian
white pine
Douglas Zn powder 1.32t0 4.86 Bu et. Al
fir (63)
Wheat and | Activated Alumina Bed and 1:1 1:1 Sanna et.
barley al (64)
spent
grains
Woody Na2CO3/y-Al203 and 1:1 1:1 Imran et.
biomass al (65)

In many cases positive, catalytic effects have been observed on the pyrolysis of

lignocellulosic biomass.

2.5. Co-pyrolysis

The co-pyrolysis is important from the perspective of simultaneous utilization of different
lignocellulosic waste through pyrolysis. In recent times, research attention is also being given
to this area (666830 Some details of reported results on co-pyrolysis of lignocellulosic

feedstocks are provided in Table.2.5.

Table 2.5. Literature data on Co-pyrolysis of lignocellulosic feedstocks

esculenta) starch

peanut shells led to maximize the yield of the bio-
oil (58.2 wt.%), On the other hand, the addition
of the starch to the peanut shells led to a bio-char
with less ash content. It could be more suitable
for further combustion in steam boilers.

Feedstock Observations Reference
Peanut (Arachis | Both the bio-oil yield and the water content of the | Messina et.
hypogaea) shells and | liquids showed synergistic effects. A mixture | al[66] [2015]
cassava (Manihot | composed by 75 wt.% of starch and 25 wt.% of

Energy grass and lignite

The co-pyrolysis of energy grass and lignite
blend is characterized by two-stage thermal

Guan et.
al[67] [2015]
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degradation processes, which is dominant by
energy grass content in the first stage but lignite
in the second stage. No obvious interaction
between energy grass and lignite is observed
during the co-pyrolysis process under the
operational conditions investigated.

The distributed activation energy model is
applied to determine the activation energy for the
pyrolysis of energy grass, lignite and their
blends.

Waste newspaper (WP)
was first co-pyrolyzed
with high-density
polyethylene (HDPE)

Positive synergistic effects on fuel properties of
co-pyrolysis oil were observed, especially
demonstrating dramatically decrease in viscosity
and total acid number by 75.96% and 216.04% in
comparison to theoretical data.

Chen et.
al[68] [2016]

Paper waste and
mustard press cake

Optimization had been done by using RSM to
identify the individual sets of values of
independent  parameters corresponding to
maximum bio-oil yield (A: 9.0:1, B: 874.75 K),
energy yield (A: 8.80:1, B: 812 K), and minimum
oxygen content of bio-oil (A: 2.75:1, B: 883.06
K). Bio-oil obtained at maximum energy Yield
condition had been characterized using the Gas
chromatography—mass spectrometry (GC-MS)
and Fourier transform infrared spectroscopy
(FTIR) spectroscopic analyses.

Sarkar and
Chowdhury
[30] [2016]

The reported literature reveals that copyrolysis of feedstocks usually led to enhancement of
yield of bio-oil and synergistic pyrolytic behaviour has also been noticed.

2.6. Aspen Plus Modelling

Apart from carrying out experiments on the lab scale, the researchers %781 have also attempted
to scale up the pyrolysis plant using the predictions of Aspen Plus simulator. The Table.2.6.
presents some of the reported data on Aspen Plus simulation for pyrolysis process of

lignocellulosic biomass.

Table. 2.6. Status of Research studies on scaling up of a pyrolysis plant of lignocellulosic
biomass using Aspen Plus simulator

Reference | Observations

Gaoen and | A novel model for assessment of the conversion of biomass to valuable fuel
Peiqin [69] | products via fast pyrolysis using Aspen Plus has been developed. The
[2015] simulation includes the pre-treatment of the biomass, the pyrolysis reactor, and

a combustion reactor. Simulating each part of the process with the capacity of
2000t/d corn stover,

Hammer A pyrolysis process was developed for on-site production and utilization of
et. al[70] pyrolysis oil from equine waste at the Equine Rehabilitation Center at
[2013] Morrisville State College (MSC). using equilibrium model of Aspen Plus.

Results were used to size and cost 6 and 15 ODMTPD systems.
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Ward et.
al[71]
[2014]

A computational model was developed using ASPEN PLUS software and
utilised to analyse the performance of the fast pyrolysis process using
municipal waste as fuels as a function of operating conditions and physical and
chemical properties.

VISCONTI
et. al[72]
[2014]

The research group have developed Kinetic-based models that are quite
accurate, but computationally intensive and applicable only to specific
pyrolysis installations within certain operating conditions.

The work was focused on the development of an input-output model through
the software Aspen Plus® that could simulate the equilibrium-based pyrolysis
of a lignocellulosic biomass and, as a minimum, could predict the effects of the
main process variables on the most relevant performance results.

Olcese et.
al[73]
[2013]

Biosourced aromatics like, BTX (benzene, toluene, xylene) and phenols) could
be produced by lignin pyrolysis coupled with catalytic hydrodeoxygenation
(HDO) of uncondensed pyrolysis vapors. Aspen Plus model handled (1)
pyrolysis of lignin, including char, oligomers, gases and aromatic yields, (2)
catalytic conversion of aromatics by the kinetic model, (3) heat exchangers,
and (4) BTX vapors recovery by scrubbing with 1-methyl-naphthalene. Mass
and carbon balances, heat demand, and selectivity in desired products are given
for the overall process.

Ahmed et.
al [74]
[2015]

All the models were developed in Aspen Plus simulator based on kinetic and
thermodynamic equilibrium, whereby different reactor models were used to
represent processes in relevant with tar production or cracking.

Onarheim
et. al [75]
[2015]

A steady-state Aspen Plus simulation model has been developed that provides
estimated mass and energy balances for an industrial fluidizing-bed fast
pyrolysis process to produce bio-oil. The tool can be used to assess plant
performance under varying process conditions using different feedstocks.

Kabir et.
al[76]
[2015]

A four-stage steady state simulation model was developed for pyrolysis process
performance simulation using Aspen Plus software. In the first stage, the
moisture content of the MGW feed was reduced. In the second stage, the MGW
is decomposed according to its elemental constituents. In the third stage,
condensate material was separated and, finally, the pyrolysis reactions were
modelled using the Gibbs free energy minimisation approach. The MGW’s
ultimate and proximate analysis data were used in the Aspen Plus simulation
as input parameters. The model was validated with experimentally measured
data. A good agreement between simulation and experimental results was
found.

Zhang et.
al[77]
[2013]

The economic feasibility of a facility producing monosaccharides, hydrogen
and transportation fuels via fast pyrolysis and upgrading pathway was
evaluated by modelling a 2000 dry metric ton biomass/day facility using Aspen
Plus. .

Mobolaji
et. al[78]
[2015]

The techno-economic performance analysis of biofuel production and electric
power generation from pine wood fast pyrolysis and bio-oil hydro processing
is explored through process simulation. The researchers developed a process
model of 72 MT/day and bio-oil hydro processing the effect of initial biomass
moisture content on the amount of electric power generated and the effect of
biomass feed composition on product yields were also reported.

From the literature review it is clear that the process simulation modelling for none of the
Indian lignocellulosic biomass has been developed. The procedure is, however helpful for the
decision of installation of large pyrolysis plant using the feedstock under study.
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2.7. Energy and Environmental Assessment Impact

A detailed literature survey on energy and environmental assessment (EEA) of energy
production systems based on biomass pyrolysis has been done in the table 2.7.

Table. 2.7. Present Status of Research Studies on Energy and Environmental
Assessment of Pyrolysis Plant of Lignocellulosic Biomass

[80] [2010]

Reference | Observations

Kabirand | The energy and environmental outputs of producing bio-hydrogen from three
kumar [79] | different biomass feed stocks, namely, forest residue (FR), whole forest (WF)
[2011] and agricultural residue (AR) through fast pyrolysis has been assessed

Zaman Three different waste treatment technologies have been analysed using LCA

tool. They used SimaPro software to analyse environmental burden by
different impact categories of different waste treatment technologies namely,
sanitary landfill, incineration and gasification pyrolysis. They calculated
energy recovery efficiency of every system.

Fan et al.,
[81] [2011]

The greenhouse gas emission (GHG) for energy generation from pyrolysis of
forest resources, namely, the hardwood stands, hybrid poplar, short rotation
forestry (SRF) willow plantations and waste wood has been investigated.

Roberts et | They used the LCA methodology to estimate the energy and climate change

al., [82] impacts and the economics of biochar produced from pyrolysis of corn
stover, yard waste and switchgrass. They calculated the net energy and net
greenhouse gas emission from each LCA feedstock

Iribarren et | They evaluated the environmental performance of a biofuel produced from

al., [83] fast pyrolysis of short rotation poplar biomass using a life cycle assessment

[2012] (LCA) methodology.

Steele et They used the LCA methodology during the production of bio-oil from the

al., [84] fast pyrolysis of Southern pine (Pinus taeda) trees and compared with

[2007] measures for residual fuel oil. They used the Aspen software to derive the
input parameters and mass and energy balances. They evaluated the net
energy and GHG emission using the SimaPro software.

Zhong et They analysed the LCA of flash pyrolysis of wood waste to study the

al., [85] environmental effects due to the setup of flash pyrolysis plant in locality. They

[2010] calculated the net energy and GHG emission of this plant.

Cao and They studied the life cycle assessment of two emerging sewage sludge-to-

Pawtowski, | energy systems. According to them energy and GHG emission implications of

[86] a sludge-to-energy system based on a combination of anaerobic digestion and

[2013] fast pyrolysis for energy conversion were evaluated along its life cycle,

compared to a simplified system that excludes digestion process. The results
demonstrated that systems can be credited with a potential of not only
producing considerable net energy but also reducing GHG emissions. .

From the literature data, it is clear that the life cycle assessment (LCA) is being done for the
Energy and environmental assessment of pyrolysis plant for lignocellulosic feedstocks. Very
often the large-scale data to be used for LCA are generated using process simulation models of
ASPEN PLUS, no such data are, however, available for Indian lignocellulosic biomass.
Overall, from the review of literature the following research gaps in the field of pyrolysis of
Indian lignocellulosic biomass have been identified.

24




Research Gaps:

e No research studies on the pyrolysis of abundant municipal lignocellulosic biomass like
jute packaging wastes, citrus fruit wastes etc, have been reported

e There is a dearth of data on reaction kinetics using both lumped and distributed models
for most of the Indian lignocellulosic biomass

e Mathematical model of pyrolyzer using Indian lignocellulosic biomass is rarely
reported

e There is no literature data on the catalytic pyrolysis of Indian lignocellulosic biomass

e There is no literature data on the processing of pyro-products, particularly pyro-oil and
pyro-gas of Indian lignocellulosic biomass

e Limited literature is reported on the research studies on the co-pyrolysis of Indian
lignocellulosic biomass

e There is no literature data on the process simulation of pyrolysis plant using ASPEN
PLUS etc. for Indian lignocellulosic biomass

e There is no literature data on the energy and environmental analysis of pyrolysis plant
for Indian lignocellulosic biomass using the principles of LCA
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Chapter. 3
AIMS AND OBJECTIVES







From the literature review, it is evident that a considerable extent of research work is being
conducted on the generation of energy from lignocellulosic waste through pyrolysis process.
However, the data on pyrolysis of lignocellulosic biomass, namely, waste jute, lime waste etc.
of Indian origin are lacking. Based on the research gaps identified through the reviewing of the
relevant literature, as discussed in Chapter 2, the following aims and the corresponding
objectives have been set for the present research work.

Aim 1

To study the catalytic and the non-catalytic pyrolysis of waste jute and lime waste
e Objectives
a) To determine the thermochemical properties of jute packaging waste and lime waste by
Proximate and Ultimate Analysis and also to determine the Higher Heating Values.
b) To study the kinetics of the non-catalytic pyrolysis of feedstocks
c) To study the effect of catalysts on the pyrolysis of waste jute and lime waste.
d) To characterize pyro-products.

Aim 2

To develop mathematical models to predict the transient behaviour of a semi batch pyrolyzer
using waste jute.

Aim 3

To study the co — pyrolysis of the waste jute with sesame oil cake.
Aim 4

To process the pyro-oil and pyro-gas

Obijectives

a) To study the kinetics of secondary pyrolysis i.e. thermal cracking of pyro -oil.
b) Assessment of conversion of pyro-gas to liquid fuel through Fischer Tropsch process
using Aspen Plus ®.

Aim 5
Assessment of Energy and Environment Footprints of a large pyrolysis unit using LCA
principle.

Objectives

a) To generate process flow data for a 100 tpd pyrolysis unit of jute waste using Aspen
Plus ®

b) Assessment of Energy and Environment Footprints of a large pyrolysis unit using LCA
principle.
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The methodologies adopted to achieve the goal set by different aims and objectives have been
adopted either by following the procedure recommended by previous researchers or by
designing a new procedure. The methodologies are described as follow:

Methodology for Aim 1

(a) The pyrolysis feed stocks, namely, jute and lime wastes have been collected from the
local municipal markets and fruit juice centres respectively.

(b) Proximate [D7582 — 15]and Ultimate Analysis [ASTM D5142] of the feedstocks have
been conducted using a muffle furnace and a CHNSO [ASTM D5291] analyser
respectively.

(c) Higher Heating Values of the feedstocks have been determined with the aid of a bomb
calorimeter.

(d) The pyrolysis kinetics of collected feedstocks (jute wastes and lime wastes) have been
determined by conducting both (a) isothermal experiments at different pyrolysis
temperatures (523- 1173K) in a semi-batch pyrolyzer and (b) non-isothermal experiments
in a thermogravimetric analyser (TGA).

(e)Experiments on catalytic pyrolysis of waste jute and lime waste have been carried out
using [Aluminum Oxide [Al,Os], Zinc Oxide [ZnO], Sodium Chloride [NaCl], Potassium
Chloride [KCI], Sodium Aluminosilicate [NaAl(SiOz)2]] in a semi — batch pyrolyzer. The

ratio of catalysts to feedstocks has been maintained at 1:1.

() The best catalyst for each feedstock has been identified.

(9) Studies have been carried out for determination of the kinetics using experimental data
under isothermal and non — isothermal conditions using the most suitable catalyst.

(h) The products, namely pyro — char, pyro -oil and pyro gas have been characterized as
follows:

(i) The elemental composition, porosity, specific surface area, mineralogy and heating
value of pyro-char have been determined using CHNO (ASTM D5373 -02), SEM (ASTM
E 2809 -13), BET (ASTM D 5604 -96[2012]), XRD (ASTM D 3906 -03) and Bomb
Calorimeter (ASTM D 2013) respectively.

(ii) The elemental composition, heating values, boiling point range and pH of pyro-oil
have been determined using CHNO (ASTM D5291), Bomb Calorimeter (ASTM D240 -
14), ASTM distillation (ASTM D 86) and pH meter respectively. The assessment of the
pyro -oil samples for the presence of chemical bonds and compounds has been done using
FTIR (ASTM D7371) and GC/MS (ASTM D 4128 -66[2012]) respectively.

(i11) The composition of pyro — gas has been determined using GC (ASTM E112).
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Methodology for Aim 2

Based on primary pyrolysis kinetics determined using isothermal experiments and
secondary pyrolysis kinetics data from literatures a mathematical model has been developed
for a semi batch tubular pyrolyzer using waste jute. Time histories of products and reactants
have been determined at each pyrolysis temperature. The model has been validated by
comparing simulated predictions with the experimental results.

Methodology for Aim 3

(a) Sesame oil cake has been collected from local edible oil refineries. The proximate and
ultimate analyses of sesame oil cake have been done along with the determination of higher
heating values, following the same methods used in case of jute waste and lime waste.
Pyrolysis kinetics data for sesame oil cake have been collected from literature.

(a) The jute waste and sesame oil cake have been mixed in the ratio 1:1.

(b) The kinetics of co-pyrolysis of jute waste-sesame oil cake mixture has been studied using
lumped and distributed model for experimental data obtained under isothermal and non —
isothermal condition in a semi — batch pyrolyzer and TGA respectively.

Methodology for Aim 4

(@) The secondary pyrolysis Kinetics of the pyro -oil has been determined by carrying out
experiments in a muffle furnace under isothermal conditions in the temperature range of 500
to 900°C.

(b) Using the Aspen Plus software the production of different hydrocarbons through the
conversion of pyro-gas using Fischer Tropsch synthesis has been predicted. The sensitivity
analysis has been done to correlate the production rates of diesel and gasoline with the

pyrolysis temperature (T) and the recycle ratio of CO> (RCOZ) in the Fischer Tropsch

process. Further, the production rates of both the liquid fuels have been optimized using
response surface methodology considering T and R¢co , 8 factors.
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Methodology for Aim 5

The energy and environmental footprints for large pyrolysis plants has been done using
Process Simulation Software (ASPEN PLUS®) in the following way:

(a) Pyrolysis plant data for a 100 tpd capacity unit have been generated using Aspen Plus ®
modelling.

(b) The following options of usage of pyro — char, pyro -oil and pyro — gas have been
considered. Pyro -oil has been used in power plant located at 20 km distance from the
pyrolysis plant. Pyro — gas has been utilized to supply energy of pyrolysis and drying. Pyro
— char has been partially used for supplying energy of pyrolysis and drying and rest for
soil amendment. Sensitivity analysis has been made to derive model equations to correlate

energy return on energy investment (EROEI) and CO; avoidance (ACQ2 ) with % char
deposition in field and pyrolysis temperature.
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Chapter. 4
MATERIAL AND METHODS







4. Material and Methods
4.1. Feedstocks

Jute wastes, sesame oil cake and lime wastes, collected from different areas of Kolkata, India

have been used under the present study. The detailed descriptions are listed below in the table.
4.1.

Table. 4.1. Details of pyrolysis feedstocks

Lignocellulosic feed Collection Area Figure
stock
Jute wastes Local market near the

research institute.

Sesame oil cake wastes  Local oil mill

Lime wastes Local market near the
research institute.

4.2. Chemicals

Benzene, Acetone, Aluminium Oxide [Al2Oz], zinc oxide [ZnO], sodium chloride [NaCl],

potassium chloride [KCI], sodium aluminosilicate [NaAI(SiOs)2] procured from Merck [,
India were used.

4.3. Analytical Instruments

a) Bomb Calorimeter: Bomb calorimeter (Figures. 4.1.a, 4.1.b) was manufactured by
S.C. Dey Company, Kolkata, India owned by Chemical Engineering Department
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b) CHNSO Analyser: The model number of CHNSO analyser (Figure. 4.2) is Vario
Micro Cube, 2400 series-11, and was manufactured by Perkin Elmer, U. S. A. owned
by Chemical Engineering Department

c) Scanning Electron Microscope (SEM): The scanning electron microscope (SEM)
(model no. JEOL — JSM 5200) (Figure. 4.3) was owned by Metallurgical and Material
Engineering Department.

d) Thermogravimetric analyser (TGA): Pyris Diamond thermogravimetric analyser
(TGA) (Figure. 4.4) was owned by Metallurgical and Material Engineering
Department.

e) X-ray Diffraction (XRD): Manufactured by MODEL- ULTIMA-1I RIGAKU MAKE
(JAPAN) owned by Metallurgical and Material Engineering Department. (Figure. 4.5)

f) Bet Analyzer (BET): Manufactured by Nova® e -series Quatacrome owned by CGCRI
Kolkata. (Figure. 4.6)

g) Atmospheric distillation unit: (Figure. 4.7) Manufactured by Bhattacharya Limited,
Kolkata, India. Vacuum evaporator: Manufactured by Bhattacharyya Company,
Kolkata, India. (Figure. 4.14.c)

h) Fourier Transform Infrared Spectrometer (FT-IR): The FTIR (Figure. 4.8) was
manufactured by Schimadzu Company (VERTEX 70). The serial no is A213748 owned
by Chemical Engineering Department.

i) Gas chromatography mass spectrometry (GC-MS): Manufactured by GC-MS--
Make--Varian-Model-Saturn2200 owned by Mitra SK (P) LTD. (Figure. 4.9).

) Muffle furnace: A muffle furnace (Figure 1.8) was manufactured by the S.C. Dey
Company, Kolkata, India used for the secondary pyrolysis. (Figure. 4.10)

Gas chromatography (GC): Manufactured by GC-Make-Varian-Model-CP3800
owned by Mitra SK (P) LTD. (Figure. 4.11)

Figure. Photograph of

4.1.b.

Bomb

I::i»gyure. 4.1.a. Photograph of Bomb
calorimeter
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F'igure. 4.5, Photograph. of XRD Figure. 4.6. Photograph of BET Analyz
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er

39



Figure. 4.8. Photograph of FTIR Figure. 4.9. Photograph of GC-MS Analyzer
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Figure 4.10. Photograph of Muffle
furnace

4.4. Experimental Set-up

4.4.1. Experimental set-up for pyrolysis of feedstocks
Figures 4.12 and 4.13 show the experimental set up of pyrolysis of lignocellulosic feedstocks.

A 50-mm diameter and 640 mm long cylindrical stainless steel fixed bed reactor was placed
horizontally in a tubular furnace 231,

Weightbox

*

Condenser

Condenser botile

= U-ube  Silica gel bed

¢ |

Reactor (sample
[H [I] holder)

Furnace "
N gas Temper ature controller

Li:'e bath

Gas amplng

Figure 4.12. The schematic of experimental set-up of horizontal semi-batch reactor.
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Figure. 4.13. Photograph of experimental set-up

Each equipment attached with the pyrolyzer have been briefly described in table.4.2.

Table. 4.2. Details of every instrument used to run the experiment

Instruments

1. PID
Controller

Photograph
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Specificati
ons
Manufactu
red by
Bhattachar
ya and
company,
Kolkata,
India.



2. N2
cylinder

Supplied
by Prakash
Trader
India
Limited,
Kolkata,
India. The
purity  of
N2 gas was
99%.

3. Weighin Manufactu
g red by S.C.
machine Dey

company,

Kolkata,
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4. Tubular
furnace

5.

Reactor

6.

Condense
r

Manufactu
red by S.C.
Dey
company
and
Bhattachar
ya and
company,
Kolkata,
India

Manufactu
red by S.C.
Dey
company,
Kolkata,
India

Manufactu
red by
Sarada
Chemical,
Kolkata,
India.
Thea
reactor
volume is
1256 m®.




Glass
apparatus
were
manufactu
red by
Sarada
Chemical,
Kolkata,
India. The
basin is
brought
from the
local
market.

7. Container
s and U-
tube

Manufactu
red by
Sarada
Chemical,
Kolkata,

s India.

8. Sampling
Tube

Manufactu
red by S.C.
Dey
company,
Kolkata,
India

9. Constant
Temperat
ure water
bath
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4.5. Experimental Methods

4.5.1. Pyrolysis under Isothermal condition
The pyrolysis process was carried out in three ways.: a) non-catalytic b) catalytic pyrolysis and
c) co-pyrolysis

4.5.1.1. Non-catalytic: The pyrolysis reactor was hung by a S.S chain attached with a weighing
machine for continuous monitoring of the residual mass of solid in the reactor. The furnace
temperature was varied from 573K to 1173K for all feed stocks. Heating rate was maintained
at 10°C/min. Once the furnace temperature was raised to a pre-set value, pyrolyzer/reactor was
inserted into the furnace. Isothermal condition was maintained throughout the entire pyrolysis
period. Pyrolysis was carried out for one hour at all temperatures. Experiments were designed
to investigate the effects of temperature of pyrolysis on yields of pyro — oil and char and their
characteristics. Nitrogen was supplied to the pyrolyzer at a rate of 0.833 L/min throughout the
experiment to sweep the volatiles produced during pyrolysis and to maintain inert atmosphere
in the reactor. The volatile product stream along with nitrogen was directed to a water-cooled
condenser and a series of vessels placed in an ice-bath. Finally, the gas stream was passed
through a silica gel bed and was collected in a gas sampling bottle. The organic part of
condensed volatiles which got dissolved in benzene was extracted in a rotary evaporator and
the quantity of pyro-oil was determined.

4.5.1.1.2. Catalytic: The catalysts (Aluminium Oxide [Al.0s] [, zinc oxide [ZnO] ™, sodium
chloride [NaCl] ™, potassium chloride [KCI] [, sodium aluminosilicate [NaAl(SiO3)z]) ™
were activated for 2 hrs in muffle furnace. Then the catalysts were mixed with feedstocks (jute
and lime waste) in the ratio 1:10. The same experimental procedure was followed as in case of
non-catalytic pyrolysis.

4.5.1.1.3. Co-pyrolysis:

The Co-pyrolysis process was carried out both in non-catalytic and catalytic routes. For both
the processes the feedstocks (jute waste and sesame oil cake) were mixed in the ratio 1:1. For
catalytic co-pyrolysis, the feedstocks were mixed with catalysts in the ratio 1:10. For both non-
catalytic and catalytic co-pyrolysis, the experimental procedure was same as that described in
the section 4.5.1.1.

4.5.2. Pyrolysis under Non-Isothermal Condition

The experiments on Pyrolysis under Non-Isothermal Condition were carried out in the
Thermogravimetric analyser (TGA) The thermogravimetric analyses of different feed stocks
have been performed with and without catalysts under nonisothermal conditions at specified
heating rates (10 K/min, 15 K/min, 20 K/min, 25 K/min, 30 K/min) in the nitrogen atmosphere.
Nitrogen atmosphere has been used and alumina has been used as the reference substance.

4.6. Extraction of pyro-oil

The condensed volatiles products (Figure 4.3.a) obtained from pyrolysis of lignocellulosic feed
stock were mixed with benzene at 1:10 ratio and placed in a separating funnel (Figure 4.3.b)
for 8 to 10 h to separate the aqueous and non-aqueous parts of tar content in benzene. Benzene
was subsequently evaporated in a vacuum evaporator (Figure 4.3.c) to extract the pyro-oil.
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Figure.4.14. Photographs of tar product (a), separating funnel (b) and Vacuum
evaporator (c)

4.7. Collection of pyro-gas

The gaseous products obtained after pyrolysis of lignocellulosic wastes were collected in
Tedlar bags and were sent for analysis to Mitra SK (P) LTD. The bags were provided by CEL
SCIENTIFIC CORP., Delhi, India. The photograph of Tedlar bag is shown in figure. 4.15.

Figure. 4.15. Photograph of Tedlar bag provided by CEL SCIENTIFIC CORP.

4.8. Analytical Methods

4.8.1. Proximate Analysis

ASTM D 3173 - 87, ASTM D 3175 — 85, ASTM D 3174 — 89 [¢l and ASTM D 7582-15 1]
methods were used for the determination of moisture, volatile matter and ashes respectively.
The determination of moisture content, volatile matter and ash content of all feed stock WERE
done using the muffle furnace.

4.8.2. Ultimate Analysis (ASTM D 5291) [

Ultimate analyses of all feed stocks were done using CHNSO analyser to determine the
elemental composition with respect to contents of carbon, hydrogen, nitrogen, sulphur and
oxygen. The elemental compositions of char and pyro-oil obtained at different pyrolysis
temperatures (573 to 1173K) were also done using the same method.
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4.8.3. Determination of higher heating value (ASTM D 2013) !

The higher heating values of raw samples were determined by using bomb calorimeter (ASTM
D 2015 — 85). The higher heating values of char and pyro-oil obtained at different pyrolysis
temperatures (573 to 1173K) were also determined using this bomb calorimeter.

4.8.4. SEM Analysis (ASTM E 2809 -13) [29

The Scanning electron microscope (SEM) (model no. JEOL — JSM 5200) was used to study
the morphological characteristics of raw sample and char sample obtained from pyrolysis of
lignocellulosic feedstock at different temperature. Micrographs with different magnification of
15KV X 100 and 15KV X 500 of raw and char sample were obtained.

4.8.5. XRD (X-ray Diffraction) (ASTM D 5758) [*4
The XRD analysis of different feedstocks and char samples were performed using the XRD
analyzer. The Cu target slit 10 mm should be used for carrying out the analysis.

4.8.6. BET analysis (ASTM D 3663 -03(2015)) [*?

The surface area of the pyro-chars has been identified by BET analyzer.

4.8.7. FT-IR analysis (ASTM D 7371) 3]

Information on chemical bonds present in pyro-oil was obtained using FTIR spectroscopy. The
IR spectra were obtained using the FTIR spectrometer with 4cm™ resolution and 35 scans
between 4000 and 400 cm™,

4.8.8. GC-MS analysis (ASTM D 4128-06(2012)) 4

The compounds present in the pyro-oil were identified using Gas Chromatography mass
spectroscopy (GC-MS) analyser. The gas chromatograph was fitted with a 25.0 m capillary
column coated with a 0.33 pum thick film of 5% phenyl methylpolysiloxane. Helium was
employed as a carrier gas at a constant flow of 1.0 mL min*. The initial oven temperature was
308K for 2.0 min and then programmed from 313 to 598K at 5°Cmin™ with an isotherm held
for 48.50 min. The split ratio was maintained at 16:1 and the injection was carried out at 523K.
The ion source and transfer line temperatures were 503 and 598K, respectively. Data were
collected in the full-scan mode and a solvent delay of 2.0 min was used. The chromatographic
peaks were identified with the help of the NBS 75 K.N data library. In addition, identification
was also carried out on the basis of the fragmentation observed and taking into account the
retention times of the peaks using standard compounds, whenever available.

4.8.9. Determination of boiling point of pyro-oil (ASTM D 86) %]
The boiling points of pyro-oils obtained at different temperatures from pyrolysis of feedstocks
were determined using atmospheric distillation unit.

4.8.10. GC analysis (ASTM E 112) [1¢]
The composition of pyro-gas obtained from pyrolysis of all lignocellulosic feedstock were
determined using gas chromatography.

4.9. Computational Methods

Matlab R2014ab [ was used for the solution of differential equations. Aspen Plus ® 18 was
used for process simulation for both lab-scale and large scale pyrolysis processes. Design
Expert 7.0.0 ® ¥ was used for statistical modelling and optimization using Response surface
methodology (RSM).
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Chapter. 5

THEORETICAL
ANALYSIS







5. Theoretical Analysis

5.1. Pyrolysis Kinetics

Pyrolysis of lignocellulosic materials proceeds through complex reactions in series, parallel or
combination of both. Hundreds of products and intermediates are formed. For primary
pyrolysis of biomass, two types of kinetic models are developed. These are: (i) lumped kinetic
model and (ii) distributed activation energy model (DAEM) Under the present study the
parameters for lumped and DAE models have been determined for pyrolyzing feed-stocks,
namely, waste jute and lime waste using experimental data obtained under isothermal and non-
isothermal conditions respectively. Same models have been attempted for both non-catalytic
and catalytic pyrolysis of waste jute and lime waste and for co-pyrolysis of waste jute and
sesame oil cake. The models have been described as follows:

5.1.1. Lumped Kinetic Model
In simple lumped kinetic model 2% the pyrolyzing feedstock is assumed to be converted
instantaneously to an active compound, which in turn is assumed to participate in two parallel
reactions to generate pyrolysis products. For simplicity, all the condensable and non-
condensable volatile products are lumped as volatiles and solid products are lumped as char.

In accordance with the concept of previous researchers 9 the reaction scheme considered
for the determination of lumped kinetics is as follows:

Gas

_ | ki (R-1)
Lignocellulosic Active (il

Biomass Complex

Char

The model is based on the following assumptions [*21:

I.  The first step of the scheme, i.e. the ‘Active complex’ formation is instantaneous.
Thus, the reaction is considered to be in equilibrium.

ii.  All the reactions occurring in the scheme are of first order with respect to the solid
reactant.

iii.  The solid residual obtained at infinite time, at any temperature in the pyrolysis zone
is entirely comprised of char.

iv.  Solid residue obtained at any time other than t = « is made up of unreacted solid
reactant and solid product char.

V.  Absolute inert atmosphere prevails during pyrolysis.

vi.  Heat and mass transfer resistance in the samples may be negligible. This may be
justified by a very high specific surface area of the sample and very small size of the
crucibles used.

vii.  Any transport limitation within the analytical part of the system may be neglected.
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The weight loss profile of the solid reactant W with time may be given by:
dw 1)
—— —kW
dt
The profile of increase of weights of volatiles and char against time are given respectively by

the following expressions:

dw )
~ =k W
dt
dw ®)
= =kW
dt
M @)
dt
dwg ()
—= = kgW
dt
From equations 1, 2 and 3,
k=k, +k (©)
From equation 4 and 5
ky =k + kg ()

Equations (1), (2) and (3) have been solved analytically with the following initial conditions:
W(t—0)=W, W, ({t—0) :WVO W_(t—0) :WCO W (t—0) :W|0 ,

(8)
Wy (t — 0) =Wy 0
The solutions under isothermal conditions are as follows:
W (t) =W, exp(-kt) ©)
WO =exp(—kt)
O
N AL TS
WO
Wy (1) -Wyy Ky (10)
T = (?)[1—9@ (=kt)]
K. (11)
W,(6) W, = (5Wo exp (kD)
W) -Wy, Kk (12)
T —?[1— exp (—kt)]
Wg () -Wg, kg (13)
T —7[1— exp (—kt)]

The differentiation of solid reactant from char has been done using assumption (iii). Under
isothermal condition:
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W, () -W, kW kW, (t—wo)-W, (14)

W, (0)-W, kW Kk, W, (t—>x)-W,

v

However, according to the assumption (iii):

W, (t > o0) =W, (t - ) (15)
and,
W, (t — o0) =W, =W, (t > ) (16)
Therefore:
W, (1) —W, W, (t — %) -W, (17)
W, (1) =W, W, =W, (t —> )
Hence,

W, (t > o) —W, (18)
Wc (t) _Wco = - [Vvv (t) _Wvo ]

Wy =W (t — )
The weight of the unreacted reactant at any time t is given by:

Wi (t = o0) W, (19)
W (t) =W, — W, (£) W, 1#[1+
WO _WR (t —> OO)
Determination of Kk, kv, ke, ki and kg
The integral method of analysis has been followed to verify the assumed order of the reactions
and in turn the rate constants, k, kv, K¢, ki and kg. The linearity of the plot of the logarithms of
w(t)
— against the pyrolysis time has been verified and the values of k have been determined
0

from the slope at different values of pyrolysis temperature. Similarly, the validity of the 1%
order kinetics of formation of volatiles and char have been verified by checking the linearity

Wy, — Wy We —We . .
of the plots of ° and 9 respectively against [1—exp(—kt)]and the values of ky

Wo Wo

and k¢ have been determined from the slopes of the plots. Similarly, the validity of the 1% order
kinetics of formation of liquid and gas have been verified by checking the linearity of the plots

W =W,

Wg —W,
and —— 9o respectively against [1— exp(—kt)] and the values of ki and kq have
Wo Wo

been determined from the slopes of the plots.

of

5.1.2. Temperature dependence of Rate constants

The Arrhenius equations have been attempted for the dependence of reaction rate constants on pyrolysis
temperature. Therefore,

E (20)
k - ko eXp (— ﬁ)
E (21)
kv = kv0 eXp (_ ﬁ)
(22)

E
K= kc0 exp (- ﬁ)
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E 23
ki =ki, &P () )

E (24)
Kg =Kg, X0 (- =7)

The validity of the Arrhenius type dependencies has been checked by verifying the linearity of
the plots of INK, Ink,, Ink. , kjand In kg respectively against the inverse of pyrolysis

temperature. The values of A, Ay ,Ac Al Aq E, E,, E¢,Ej and Eg have been
determined from the plots and through non-linear regression analysis 6%,

5.2. Distributed activation energy model

The distributed activation energy model (DAEM) has been used for pyrolysis of feed-stocks
under study to examine the mechanism of reactions occurring under non-isothermal conditions
[11, 13-18] " Since biomass is a combination of three chemical compounds, namely cellulose,
hemicellulose and lignin. An array of large number of independent parallel and series reactions
characterized with different activation energies ' 1328 gre expected to occur at different rates
in the entire range of pyrolysis temperatures. Hence DAE model is particularly important for
the analysis of pyrolysis kinetics of biomass under non — isothermal conditions. The main
reason behind the distribution of activation energy may be due to the difference in bond
strengths of components M. The Friedman %1 iso-conversional method has been attempted to
analyze the TGA data of pyrolysis of waste jute, lime waste and co-pyrolysis feedstock. All
the reactions occurring during the experiments were assumed to be of first order irreversible
type with Arrhenius type temperature dependency of the rate constants [* 12, The Friedman
iso-conversional equation is as follows:

25
a[d—x] ko, eXp—Ex (RT 1)) (%) )
ildt /i X ’

where,

*
T =To +at; X=VIV ;v =volatile content; and v* = effective volatile content; i = ordinal
number of a non-isothermal experiment conducted at heating rate a..

Using equation (25),

dx E
In (ai d_zj,i = In(ko, f(x))- RT;

(26)

dx
Iso-conversion plots of |n[ai d_T ] against (-1000/RT) at different extent of conversion have been used to
X, i

determine the values of activation energies and pre-exponential factors at different conversion.

5.2.1. Distribution of activation energies
The distribution function of activation energies has also been determined by attempting a Gaussian pattern with
mean activation energy Eo and standard deviation o as follows [*:

e

(27)
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5.3.  Mathematical Modelling of Pyrolyzer

The semi-batch pyrolyzer has been represented schematically in figure. 5.1.

Component “{" Component “i” leaving
entering by bulk flow by bulk flow

—-» -
e -
N > - o »  Volatiles
2 \ ', .
| “i leavi
Component “i" | Eor:'ponerlwt i” leaving
i ersion
entering by dispersion | ! y dispersio
' 17
” i7 ”/in:':‘\:

disappearance/production of component “i”

Figure 5.1. Schematic diagram of pyrolyzer

The mathematical model has been developed by taking both primary and secondary pyrolysis
into account. While primary pyrolysis is a decomposition of the biomass into the lumped
products namely volatiles and chars, the secondary pyrolysis signifies the decomposition of
volatiles. During modelling, the decomposition of condensable volatile, namely tar is being
considered and the secondary reactions among gaseous products have been neglected. The

reactions considered under primary and secondary pyrolysis pathways are as follows 1%

Primary Pyrolysis Reactions

I(V
. (R-1)
_ _ T —>Volatiles
Biomass — Active — Complex !
— Char
kC
Among the condensable

(pyro-oil) and non-condensable (CO, CO. and CHs etc.) volatile components, pyro-oil
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generated from pyrolysis of biomass feedstocks is assumed to decompose through a

homogeneous tar cracking reaction as follows:

Pyro —oil —v,CO +V,, CO, +Vv,, H, +V¢,, CH, +Vv,Pyro—oil, (28)
All alkanes and alkenes have been lumped as methane [*°!. The secondary reactions among the
gaseous components are only involved in the homogeneous tar cracking reaction. The
stoichiometric coefficients, v;, for different components have been taken from literature 2%,
The rate of formation of any product, j, through cracking of pyro-oil is given as follows,

. B (29)
498 [ (-9337/RT,)
ljcrack =0j.10™7.exp " '(\Ng.tarpg)

where (Wg_tar Py) is the concentration of pyro-oil in the gas phase.

The mass balance equations for unreacted feed material, char, pyro-oil and different gaseous
components in the pyrolyzer have been developed with the following assumptions, (2%

1. Reactor is operated under isothermal condition

2. Cracking reaction of volatiles takes place only in the gas phase.

3. Gaseous molecules formed through cracking of volatiles do not interact among themselves.

Mass balance equations for different components under dynamic condition are as follows,

Solid phase
%(1—5)pSW =—k(1-¢)pW (30)
Char

(1)

%(1—3),05WC =k, (1-&)pW

Gas phase
Material balance equations for different gaseous components are as follows,

G 0 oW (32)
a ({;OWT) = _E (VgOWT ) + ‘C"DT:D?ZT + (kvpsW —& rcrack)

0 0 0°W, (33)
a (pWeo) = e (VepWeo) + gDCOpaTZCO + 80 Ucolrac)

o o 0" Weo, (34)
a (‘530\/\/002 )= _E (V&cho2 )+ 5Dcoz ,0? + &0 Uco, erack)

d 0 "W, (35)
E(QOWCHA) = _E(V&)WCH4)+5DCH4P o2 + 80 Uy, Morack)
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0°W (36)

0 0 ,
a (@DVVH2 ) = _E (V‘c*pWH2 ) + 6‘DHZ paTgH + & Uy, r-crack)
Values of diffusivities, Dt, Dco, Dco2, DcHs, DH2 have been provided in Table 2. Equation (33—

37) have been solved using the following boundary conditions,

ww, ]
W, =0
Att=0 W, =0
Weo =0 Forall Z (37)
Weo, =0
Wy, =0
W, =0

Ha

M _g
oz

e _
oz
oW,
AtZ=L azv =0 for all t (38)
OWeo

oz
ow,
o _
oz
8Wcm
oz
oW,

L 0Z

=0

=0

5.4. Kinetics of Secondary Cracking of pyro- oil
The reaction scheme for the secondary pyrolysis of pyro-oil may be represented below:

k (R-1. 1)

\%

_ _ T —Volatiles
Primary — pyro —oil —
{ > Soot

Kk

c

The values of K , kv , kC and the corresponding preexponential factors and activation

energies A, A, , Ac ,E, E, and E_ have been determined following the same procedure
as that of pyrolysis of biomass.
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5.5.Energy and Environmental Analysis (EEA) for the Pyrolysis of Waste

Jute

To establish a new waste to energy technology on commercial scale, its potential for energy
generation and its environmental impact should be assessed. Therefore, the energy and
environmental analysis of the pyrolysis process of waste jute has been done under the present
study on the basis of its predicted performance on large scale. For energy and environmental
analysis, the performance of a large (100 tpd) pyrolysis plant of waste jute has been considered.
Although the availability of jute waste in a particular locality may not always be sufficient to
run a large plant of this capacity, this scale has been chosen based on the availability
lignocellulosic waste biomass available in an Indian metro city like Kolkata where the total
generated solid waste is 12000tpd and 73% is contributed by lignocellulosics. The standard
procedure recommended by 1SO 14040 (2006) ?>2% for LCA has been followed with some
simplification. The structure is as follows:

1. Definition of Goal and Scope
2. Process description
3. Assessment of Impact

4. Data interpretation and parametric sensitivity

Goal and Scope

The EEA study aims at quantification and comparison of energy output and CO; footprints of
a 100 tpd pyrolysis plant using pyrolysis temperature and percentage char deposited for soil
amendment as parameters. The collected jute wastes are dried and subsequently pyrolyzed in
a fixed bed pyrolyzer for the production of pyro-oil, char and gas. The pyro — products are
ultimately utilized for generation of energy through different routes.

5.5.1. System Boundaries

In the scheme considered for the Energy and Environment Analysis, the following options of
usage of pyro — char, pyro -oil and pyro — gas have been considered. Pyro -oil has been used in
power plant located at 20 km distance from the pyrolysis plant. Pyro — gas has been utilized to
supply energy of pyrolysis and drying. Pyro — char has been partially used for supplying energy
of pyrolysis and drying and rest for soil amendment.
The system boundaries for the scheme are shown in Figure 5.2. The system is divided into
several phases:

1. Drying of jute

2. Pyrolysis of pre-dried jute to produce pyro-oil, char and gas.

3. Utilization of a portion of char for soil amendment.

4. Utilization of gas and a portion of char for supply of energy for drying and pyrolysis.

5. Utilization of pyro — oil in a power plant based on CHP principle.
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Figure 5.2. LCA system boundaries for the pyrolysis of jute

5.5.2. Process Description
For the simplification of the analysis the materials and energy involved in the installation and
dismantling of the plant have not been considered. The amount of jute waste has only been
considered as the inventory. The energy required for the transportation of waste from the
collection point to the pyrolysis plant has also been neglected. The utilization of different pyro-
products is described below:

5.5.3. Pyro — char and gas for energy generation
Energy generated through incineration of pyro-gas and a fraction of pyro-char is used to supply
heat energy required for pyrolysis and drying. Since electrical energy, usually generated in
coal-fired power plants in India, is to run the dryer and the pyrolyzer, the pyro-char and gas are
actually replacing coal which is a potent CO> emitter.

5.5.4. Utilization of fraction of char for soil amendment

A portion of pyro-char has been proposed to be transported to an agricultural field situated at
a distance of 20 km from the pyrolysis plant. The avoidance of N2O emission by urea, a N-
fertilizer, as a result of char deposition is evaluated using standard procedure 344 The
emission of CO> caused by transportation of bio-char has also been accounted.

5.5.5. Utilization of Bio —oil for power generation
The bio-oil obtained by the condensation of volatile products of pyrolysis i.e. pyro-oil is used
for power generation.

5.5.6. Transportation of Pyro-oil to Power plant
The pyro-oil has been assumed to be utilized by substitution of diesel in a power plant, situated
at a distance of 20 km from the pyrolysis unit. Therefore, both energy consumption and CO>
emission are involved during the transportation. According to the method described by
previous researchers [31:31 and following Indian convention, it has been assumed that 25t heavy
duty diesel trucks are used for transportation of pyro-oil to power plant and the trucks consume
2.5kg/km and 2kg/km diesel under loaded and unloaded conditions respectively.
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5.6. Simulation with Aspen Plus ® B
In the absence of real data on 100 tpd pyrolysis plant the performance of the large plant has
been simulated using Aspen Plus ® %1 Software. It has been used for the calculation of the
data on the utilization of different pyro-products for energy generation.
Aspen Plus ® %1 has been used for both modelling the lab-scale plants for the selection of the
appropriate model through its validation by comparison with experimental data. The
development of a model in Aspen Plus ® 5*linvolves the following steps:

1. Stream class specification

2. Property method selection.

3. System component specification (from databank).

4. Defining the process flowsheet (unit operation blocks and connecting material, energy

and work streams)

5. Specifying feed streams (feed rate, composition and thermodynamic conditions)

6. Specifying unit operation blocks (thermodynamic condition, chemical reactions etc.)
Different equipment and their representative Aspen Plus ® %1 blocks along with reactions
considered for the pyrolysis plant, are shown in Figure 5.3 and are described as follows:

5.6.1. Dryer

Initially the waste jute is dried in the dryer. The dryer is represented by Rstoic and Flash-dry
blocks so that the moisture of the biomass can be removed. The drying process may be
presented as follows:

Jute(wet) — Jute(dry) + H,O(vapour) (R-11)
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5.6.2. Pyrolyzer

INCINERATOR
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Kstoic

@ Reauil

Figure 5.3. Flow sheet for the pyrolysis plant

Pyrolysis Reaction Schemes
Aspen Plus ® 51 has been used for the predication of reactor performance for the lab scale
pyrolyzer and 100 tpd waste jute pyrolysis plant. During the reactor modelling, both
equilibrium and stoichiometric approaches have been used. Two reaction schemes with and
without accounting for secondary gaseous reactions have been used. Based on the experimental
data on the yields of char and tar and the analysis of pyrolysis gas (not shown), the following
representative stoichiometric equation for the chemical reaction may be written:
Jute—1_50 25Char + 0.26Tar + 0.39CH 4 +0.3CO +0.34C0O»+0.389H (R-111)
According to this reaction pyrolysis of jute has been considered to be a homogeneous solid
phase reaction and the pyrolysis products have been lumped as char — the solid product, and
volatiles made up of tar (condensable) and gaseous products. The volatile is further assumed
to crack to different gaseous components, namely, CO, CO2, Hz, CHs and inert tar. Comparing
the elemental composition of char and tar obtained at different temperatures with different
standard compounds, Quinone (CeH402) and Guaiacol (C7HgO2) have been considered to be
the closest with the former and latter respectively. In reality, pyro-oil and char are a complex
combination of different hydrocarbons. However, for simplification of the model and for the
facilitation of using the Aspen Plus ® [ library, the pyro-oil and pyro-char have also been
considered as guaiacol and quinone respectively by B during their research studies on
pyrolysis of horse dung. Thus, the pyrolysis reaction reduces to

Jute—*50.25 Quinone + 0.26 Guaiacol -+ 0.39 CH 4+ 0.3CO +0.34CO , + 0389 H (R-1V)
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Secondary reactions include the thermal cracking of guaiacol to catechol (C¢HsO) and other
secondary gaseous reactions as follows:

2Guaiacol <> 2Catechol +CoH 4 (R-V)
CO+3Hy «<>CHy4 + H,0 (R-VI)
C02 +4H2 (—)CH4 +2H20 (R-V”)
CO+H20(—)C02+H2 (R-Vl“)

Reaction Scheme-1 considers only reaction R-IV and the Reaction scheme-ll considers
reactions R-1V to R—VIII. The pyrolyzer is represented by either Rstoic or a combination of
Rstoic and Requil reactor blocks in reaction schemes | and Il respectively.For lab-scale
pyrolyzer model predictions have been compared with experimental data. The model giving
the closest prediction for small scale reactor will be subsequently followed for 100 tpd plant.
5.6.3. Condenser
The volatile products obtained from pyrolysis are condensed by using condensing separator
block in order to obtain the char (quinone) and tar (guaiacol) at 115°C and 204°C respectively.
Utilization of pyro-products
5.6.4. Incinerator for pyro-gas and fraction of char
The incinerator is represented by a Requil block. In the incinerator, a portion of pyro-char and
the non-condensable pyro-gas generated in the pyrolyzer are combusted with 20% excess air.
The main reactions are as follows:

CO +0.50, <> CO, (R-1X)
CH4 + 202 <> C02 + 2H20 (R‘X)
H2 +0.502(—) Hzo (R'XI)
QUINONE +6 0,6 CO 5+ 2H ,0 (R-X11)
C,H, +30, <> 2C0O, +2H,0 (R-XI11)

5.6.5. Utilization of Bio —oil for power generation

The bio-oil obtained by the condensation of volatile products of pyrolysis i.e. pyro-oil is used
for power generation. Figures. 5.4 shows the flow sheets for CHP based power plant using
Aspen Plus ® %1 software.
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Figure 5.4. Flow sheet for CHP based power plant

The main reaction for the combustion of the bio-oil in the thermal power plant B2l is as follows:
Guaiacol +80, — 7CO5 +4H 50 (R-X1V)

Catechol + 70, - 6CO , + 3 H,0 (R-XV)

The amount of guaiacol and catechol will be determined using equations R-11l and 1V. The
thermal power plant is assumed to run at 30% [31] efficiency for fuel to electrical energy
conversion. Waste heat recovery from exhaust flue gas is assumed to be at an efficiency of
70% [34].

Aspen Plus® blocks that have been used in order to simulate the pyrolysis process are also
described in Table.5.1.

Table. 5.1. Unit wise specification of process parameters and reactions of pyrolysis plant
and CHP based power plant.

Unit Aspen Parameters Value
Process Code
Dryer Feed Stream inlet 1 bar
pressure
Feed Stream inlet 6 tons/day, 10 tons/day, 15
flow rate tons/day
Moisture 10% of the total flow
Nitrogen inlet 50 kg/hr.
stream
Rstoic Drier 100°C
Temperature
Drier pressure 1 bar
Drier reaction Equation. R-I
Flash2 Flash dryingtemp ~ 30°C
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Flash drying 1 bar
pressure
Pyrolyzer  Rstoic/Requil ~Pyrolyzer 400°C — 900°C
temperature
Pyrolyzer 1 bar
pressure
Pyrolyzer Equation. R-11 — R-111
reaction (Rstoic)
Pyrolyzer Equation. R-VIII and R-I11 -
reaction R-VII
(Rstoic +Requil)
Heat HeatX HeatX Hot/Cold outlet temperature
Exchanger approaches to 180°C
Separator  Flash2 Separator (Char Outlet Flash Temperature:
Separator) 115°C
Outlet Flash Pressure: 1 bar
Flash2 Separator (Bio-oil Outlet Flash Temperature:
Separator) 204°C
Outlet Flash Pressure: 1 bar
Splitter FSplit Splitter (Char Fraction of Char used: 2.0,
Separator) 0.3,0.4,05,0.6,0.7
Incinerator Rstoic/Requil  Incinerator 400°C
Temperature
Incinerator 1 bar
pressure
Incinerator Equation. R-IV
Reaction Equation. R-V
Equation. R-VI
Equation. R-VII
Heat Feed Stream inlet 1 bar
Exchanger pressure
Feed Stream inlet 30°C
temperature
Feed Stream inlet 700 kg/hr.
flow rate
Mole frac N2: 0.79
02:0.21
HeatX Heat X Hot Stream Outlet
Temperature: 200°C
Diesel Set  Rstoic Combustor Temperature: 800°C
Engine Pressure: 1Bar
Equation. R-VIII
Thermal
Power
Plant
Coupled
with CHP
RGibbs Burner (Boiler) Temperature: 1200°C

Pressure: 1 Bar
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Calculation option: Phase
equilibrium and chemical
equilibrium

HeatX Superheated Flow direction: Counter
evaporator current
(Boiler) Specification: Cold stream
outlet temperature: 504 °C
HeatX Evaporator Flow direction: Counter
(Boiler) current
Specification: Cold stream
outlet vapour fraction: 1
HeatX Economic Flow direction: Counter
Evaporator current
(Boiler) Specification: Cold stream
outlet temperature: 300°C
HeatX Air Flow rate Temperature: 30°C
(Boiler) Pressure: 1 Bar
In Evaporator Mass Flow rate: 100, 150,
200, 250, 300, 350 kg/hr. as
the temperature of the
pyrolysis changes from 400°C
to 900°C.
HeatX In PHAIR Temperature: 30°C
(Boiler) Pressure: 1 Bar
Mass Flow rate: 100 kg/hr.
Flow direction: Counter
current
Specification: Cold stream
outlet temperature: 150°C
Compr TURBINE Type: Isentropic
Discharge Pressure: 30 Bar
HeatX CONDENSER Flow direction: Counter

current
Specification: Hot stream
outlet temperature: 120°C
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5.7. Impact assessment
During the energy and environmental analysis focus has been given on the return on investment
of energy, namely, energy return on energy investment (EROEI) of the 100 tpd pyrolysis plant
and the consequent CO; avoidance (Aboz ) due to utilization of pyro-products in different

ways. The pyrolysis temperature (T) and % char deposited (f) in agro — field have been
considered as the main independent parameters. Using the response surface methodology,

EROEI and Acoz have respectively been maximized and minimized with respect to the
factors T and f.
Definitions of Energy return on energy investment (EROEI) and avoidance of CO> (Acoz )

calculated on per day basis are as follows:
i 39
EROE] = Energy delivered (Ep) (39)

- - x100
Energy required to deliver that energy (ER)

where,

Ep = Energy generated through utilization of pyrolysis products (Eg)—
Energy spent in the transportation (Eg)

E,=Energy supplied by biomass (jutewaste ) =( Mass of jute )x HHV

Where, HHV =Higher Heating value

Ec = EPyronsis+drying + Epower plant

Es = ETransportation of pyro—oil and pyro—char

Total avoidance of COz is possible due to (1) utilization of char and gas for the supply of energy
for pyrolysis and drying and thereby replacing grid electricity which is generated in coal based
power plants in India, (2) replacement of diesel oil in the power plant by pyro-oil and (3)
reduction of N2O (Equivalent CO2) emission by the replacement of nitrogen based fertilizer by
pyro-char. Conversely, the emission of CO> caused by transportation of pyro-oil and pyro-char
from the pyrolysis plant to the power plant and agricultural field respectively has been debited.
Therefore,

Aco, = Aco, (coal replacementby pyro — gas and char) + (40)
Aco, (diesel replacementby pyro —oil) +
Aco, (Soil Amendment by pyro — char) -
CO, Emission due to transporta tion of pyro —oil and char

5.7.1. Calculation of Energy supplied and CO2 emission avoided

5.7.1.1. Utilization of pyro-gas and pyro-char for the supply of energy
for Pyrolysis and Drying

Data:

Coal used in power plant for grid electricity supply: Lignite:
Carbon percentage (pz) in lignite = 71% ¢!

Calorific value of lignite sub-B, = 10500 — 21000 kJ/kg 71
Average calorific value (c1) = 15750 kJ/kg

Electrical Grid Distribution efficiency = 91% [54]

66



Coal-fired Power Plant efficiency = 30%

Assumption: thermal energy conversion efficiency due to incineration of gas and char is 100%

Basis 1day
Mass flow rate of CO due to incineration of char and gas = m1 kg (Aspen Plus ® [

calculation)
Energy supplied due to incineration of char and gas = e1 kJ (Aspen Plus ® P calculation)
Energy required for pyrolysis and drying = e, kJ (Aspen Plus ® % calculation)

Excess Energy left for other uses = e1-e> =e3 kJ (42)

Grid energy, supplied from power plant, replaced=e; KJ

Coal energy avoided (kJ)= — & _
gy (i) 0.91x0.3 H.(say)

H
Coal burning avoided (kg) = C—l =H,(say)

1

Corresponding CO> emission avoided (kg) = % x 44 = H,(say)

Actual CO- emission avoided due to utilization of pyro-char and pyro- (35)
gas (kg) = H, —m, = H,(say)
5.7.1.2. Utilization of pyro-oil
Data:
Molecular formula for diesel: C12Hazs 128
Molecular weight of diesel= 167
Gross calorific value of diesel: 44800 kJ/kg [8: %9
Oil-fired Power plant efficiency: 35%
Thermal energy recovery efficiency in the CHP = 70%
CV of pyro-oil: C2 (Experimental)
Percentage of carbon in pyro-oil=p> (Experimental)
5.7.1.3. Pyro-oil used in CHP Plant

Basis: 1day
Pyro-oil produced = m, (ASPEN calculation)

Electrical energy generated in the CHP = e4 (Aspen Plus ® [ calculation)
Thermal energy generated in the CHP = es (Aspen Plus ® *°l calculation)

CO; emission due to combustion of pyro-oil in the CHP unit (kg) = %x 44 = H (say)
m,xC,
44800

Corresponding CO2 emission avoided (kg) = ll_(|5_67 x12x 44 = H, (say)

Diesel burning avoided (kg) = H, (say)

Actual COz emission avoided = H, — H, = H,(say) (42)

5.7.1.4. Transportation of Pyro-oil to Power plant
Data:
Formula for diesel: C12Hz3 (8!
Molecular weight of diesel= 167
Gross calorific value of diesel: 44800 kJ/kg 38 %
Fuel consumption for transportation:
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2.5 kg /km diesel for loaded truck 10411

2 kg /km diesel for unloaded trucks [4°44

Number of 25t capacity trucks used for transportation of pyro-oil per day=1

Pyro-oil produced = m; (tonnes) (Aspen Plus ® ! calculation)

The distance between pyrolysis unit and power plant= d (say)
Energy consumption for the forward journey (Pyro-unit to power plant) (43)
= 2.5xd x 44800 = eg KJ (say)
Energy consumption for the return journey =2xd x44800 =e7 kJ (say) (44)

Total CO emission that could be avoided, - ng - 2+29x12:4, _ g Kg (say) ~(45)

5.7.1.5. Transportation of pyro-char to agricultural field
Similar to pyro-oil 1 truck of 25 t capacity will be sufficient for transportation of pyro char to
the agricultural field, irrespective of the fraction of char being deposited and amount of char
being produced in the present range of pyrolysis temperature. Since the distance between
agricultural field and pyro plant is same (20 km) as that between pyro-oil power plant and the
latter, therefore

Total energy consumption = e +e., kJ (46)
Total CO2 emission = Hyg = 2+ 2.\?6;12 <44 d (47)
5.7.16. Avoidance of N — emission due to char deposition

Data:
Biochar deposited: 20 g biochar per kg soil [*°]
Application rate of urea = 10% of soil [*°]
Depth up to which urea is applied = 0.00635 m [42.44-46]
Density of soil = 1250 kg/m?® [45,46]
N0 emission by N-fertilizer: 1.25% of N — applied (kg N/hectare) 48]
N20 emission avoided by biochar application: 50% [4344]
Molecular formula of urea = CH4N20O
Molecular weight of urea = 60

n

i=1
where g, = 0.15 for agricultural field 1!
N = Emission of N2O
No of working days of pyrolysis plant per year = 300
Basis: 1 Year
Fraction of char deposited in the field = “f”
Mass of char produced per hour = ms kg/h (Aspen Plus®)
Annual production rate of char =m, = f x300x24 kgly

m, x f x300x 24
0.02

Mass of soil in which biochar is deposited = kg/y=m, (say)

Amount of urea applied = m, x0.1=m_ kg/ y say)
Since urea may be applied up to the depth of 0.00635m [l

m
Area of soil =———+———m?=Am?=Ax10"* = A hectare
rea oF S0l = 50%0.00635 A

Since one molecule of urea contains 2 nitrogen atoms therefore,
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m
Amount of N applied :6_(5)X28 kg/y=mg(say)

N20 emission due fertilizer =m, <0.0125kg/ y=m., (say)
. m

Annual N2O emission per hectare =X7= N kg/y/ha(say)

Therefore,

n
i=1
Where, g, =0.15

n
. log Nemission = Y ,0.15+N x0.0038 ~1.5160=p
i=1
" Nemission =10P
Nemission avoided due to biochar application =0.5x10P

. . . 0.5x10° x296 (48)
Equivalent CO emission avoided "~ 200 kg/dy (8]

57.17.  Overall Ep and Aco,
Basis: 1 day;
Energy delivered (Ep) by pyro-products:
Ep =e1+eq4+e5—2(eg+€7) kJ (49)
Total avoidance of CO» emission:
0.5x10P x296 (50)

ACO, =H4+Hg—Hi0+———— kg

5.8.  Parametric Sensitivity and Optimization

The effects of parameters namely, pyrolysis temperature (T) and fraction (f) of pyro-char

utilized for soil amendment on the major response variables namely, EROEI and ACOZ have
been correlated mathematically. The model equations have been developed with the aid of

response surface methodology e simultaneously varying the values of f and T. The values of
(T) and (f) were fixed using Box Behnken method 5859,

The mathematical relationships between the responses (Yi) and factors, char deposition (X1)
and pyrolysis temperature (X2) are given by,

Yi = fi(xl’XZ) where | 21,2 (51)
Y1 = EROEI
V1= ACOZ

It is assumed that the independent factors A and B are continuous and controllable by
experiments with negligible errors. The generalized second order polynomial, correlating the
responses with the independent factors, is of the following form:
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2 2 (52)
yi=aj+ Zﬁu Xj+ 2, 2 Biuj XuXj+ Zﬁuj
j=1 j=1lu=1
u#j
The significance of the coefficients and the adequacy of the fit are determined using Student-t
test and Fischer F-test respectively. The values of EROEI and ACOZ respectively have been

maximized and minimized. The development of model equation and optimization have been
done using Design -Expert Software 7.0 ® 561,

5.9.  Conversion of Pyro-gas to Liquid and Gaseous Fuels through Fischer-
Tropsch Process:

The conversion of pyro-gas to liquid has been studied for the 100 tpd plant using Aspen Plus
® B8], The pyro-gas obtained from the pyrolyzer is fed to the reformer followed by shift reactor
in order to obtain CO and H>. The product of the shift reactor is fed into the FT reactor in order
to obtain gasoline, bio — diesel, waxes, CO, and unconverted CO and Hz and C; — C4
compounds. The unconverted CO and Hz and C1 — C4 compounds is fed to the power plant in
order to obtain energy. The CO- obtained is then recycled back to the reformer and mixed with
the pyro-gas to reduce its emission. The detailed flowsheet of the process is shown in figure
5.5.

Excess Energy CO

Separator

Gasoline,
Bio-diesel,

>

w
T Separator {r

.

£~ g Syn-Crude
——

Fower Plant

Combustor J} Unconverted CO and H: and C1 - C4 compounds .
H-0 Power Plant

Requil

Rstaic
E ||||”H I HE: HeatExchanger  FT:Fischer Tropsch

Prolyzer

Product

Figure 5.5. Flow sheet of pyrolysis plant integrated with FT Reactor
5.10. Syn Gas Production Unit

The syngas production unit consists of a reformer and a shift reactor. The mixture of pyro —
gas and steam is fed to the reformer. The temperature of the reformer is kept 1000°C and
pressure 2 bar so that the methane, which is present in the pyro-gas will react with steam to get
converted in CO and H, 2. The detailed reaction is as follows:

Methane + H,O— CO+ 3H, (R-XVI)
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The converted gas (CO and Hz) and unconverted gas which comprises of CO2, Hz, CO and part
of CHjs is then fed to the shift rector for further conversion to CO and H. The reactions
occurring in the reactor are as follows [°2:
Methane + CO, — 2CO+ 2H> (R-XVII)
C02 —+ H2 = CO + Hzo (R-XV'”)

The final product contains CO, H», water vapour, CO2, unreacted ethylene and methane,
originally present in the pyro-gas. The residual COz is separated and recycled to the reactor.

5.11. The Fischer Tropsch Unit
The syngas is cooled and water is removed from the gas in a flash column. The moisture-free
gas is fed into the FT reactor. The catalyst that have been considered is Cobalt [*°l and the ratio
between the Hz and CO: is considered almost 1:1. The temperature and pressure of the FT
reactor are considered 240°C and 20 bar respectively. Similar to the results obtained by
previous researchers 52, the conversion of the synthetic gas is considered to be as 87% 531, The
detailed FT reactions are as follows:

2H, +C0—-CH 40 (R-XIX)
CO+2H,0 —CO, +H, (R-XX)
4H, + 2C0—> CyHgO + H,0 (R-XXI)
6H, + 3CO—> C3HgO + 2H,0 (R-XXII)
8H, + 4C0— C4Hyg0 + 3H,0 (R-XXII)
10H, + 5CO— C5Hy,0 + 4H,0 (R-XXIV)
12H, + 6CO— CgHy40 + 5H,0 (R-XXV)
14H, + 7CO— C7Hys0 + 6H,0 (R-XXVI)
17H, + 8CO—> CgHyg + 8H,0 (R-XXVII)
16H, + 8CO—> CgH1g0 + 7H,0 (R-XXVIII)
19H, + 9CO—> CgHyg + 9H,0 (R-XXIX)
18H, + 9CO— CgHy0 + 8H,0 (R-XXX)
21H, +10 CO— CygHy + 10H,0 (R-XXXI)
20H, +10CO— CygHp0 + 9H,0 (R-XXXII)
23H, +11 CO—> Cy1Hog + 11H,0 (R-XXXII)
22H 5+ 11CO—> Cq1H 240 + 10 H,0 (R-XXXIV)
25H,+12 CO—> CppHpg + 12H,0 (R-XXXV)
27H, +13C0O—> CgHpg + 13H,0 (R-XXXVI)
29H, + 14CO—> CyqHgy + 14H,0 (R-XXXVII)
31H, +15CO— Cy5H3p + 15H50 (R-XXXVIII)
11H, + 5CO— CsHy» + 5H,0 (R-XXXIX)
13H, + 6CO—> CgHyy + 6H,0 (R-XL)
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15H2 +7CO0—> C7H16 + 7H20 (R'XI—I)

33H, + 16CO— CigHay + 16H,0 (R-XLII)
35H, + 17CO— Cy7Hgq + 17H,0 (R-XLIIT)
39H, +19CO— CygHyp + 19H,0 (R-XLIV)
41H, + 20CO—> CppHygp + 20H,0 (R-XLV)
43Hj + 21CO—> CoyHyy + 21H,0 (R-XLVI)
45H9 + 22CO— CyoHyg+ 22H,0 (R-XLVII)
4TH, + 23CO—> Cp3Hyg + 23H,0 (R-XLVIII)
51H, + 25CO— CosH5p + 25H,0 (R-XLIX)
53H, + 26CO— CogHry + 26 H,0 (R-L)
55H, + 27CO— Cy7Hgg + 27H,0 (R-LI)
57H, + 28CO— CogHsg + 28H,0 (R-LII)
59H, + 29CO—> CogHgp + 29H,0 (R-LIIT)
61H, + 30CO— CyyHgp + 30H,0 (R-LIV)
65H, + 32CO— C3pHgg + 32H,0 (R-LV)
713H, +36CO— CggH74 + 36H,0 (R-LVI)
7H,+ 3CO— C3Hg + 3H,0 (R-LVI)
9H, + 4CO—> C4Hyg + 4H,0 (R-LVIII)

The final products are gasoline (Cs- Ci11), bio-diesel (C12- C1g) and waxes (C20-Cso), CO2 and
unconverted CO and Hz and C;1 and C4 compounds. The unconverted CO and Hz and C; -C4
compounds are sent to the power plant for energy generation. The CO; obtained is fed back to
reformer to make the process emission free. The detailed process conditions are provided in
Table- 5.2.

Table 5.2: Unit wise specification of process parameters and reactions of

pyrolysis plant and gas to liquid conversion plant

Unit Aspen Parameters Value
Process
Code
Syn-Gas
Production
Unit
Water 30°C
Temperature
Water Flow rate 14.833/15.38/18.41/21.45/22.5/22.73
kmol/h
Heater Heater Heater Pressure 2 Bar
Vap Frac 1
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Mixer Mixer Mixer Pressure 2 Bar

Heat MHeatX Hot stream Feed Gas
Exchanger inlet
Hot stream Feed 700°C
Temperature
Cold stream feed Syn-Gasl
inlet
Reformer Requil Reformer 2 Bar
Pressure
Reformer 1000°C
Temperature
Reformer R- XVII
Reaction
Heater Heater Pressure 5 Bar
Temperature 927°C
Shift Requil Shift Reactor 2 Bar
Reactor Pressure
Shift Reactor 650°C
Temperature
Shift Reactor R- XVII -R- XVIII
Reaction
The mole ratio of 23.23: 36.14
CO and H;
FT Reactor
Unit
Heater Heater Temperature 500°C
Pressure 1 Bar
Separator Sep Mixed
Split Fraction of 1
H20
Compressor  Compr Type Isentropic
Outlet Discharge 20 Bar
Pressure
FT Reactor  Rstoic FT Reactor 20 Bar
Pressure
FT Reactor 240°C
Temperature
FT Reactor R- XIX - R- LV
Reactions
The ratio of H» 1:1
and CO;
Separator Sep Mixed
Split Fraction of 1
H20
Split Fraction of 1
Methane
Split Fraction of 1
CO
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Split Fraction of 1
CoH4
Split Fraction of 1
CH4O
Separator Sep Mixed
Split Fraction of 1
CO;
Thermal
Power Plant
Coupled
with CHP
(unconverted
product and
C1-Cy)
RGibbs Burner (Boiler) Temperature: 1200°C
Pressure: 1 Bar
Calculation option: Phase
equilibrium and chemical
equilibrium
HeatX Superheated Flow direction: Counter current
evaporator Specification: Cold stream outlet
(Boiler) temperature: 504 °C
HeatX Evaporator Flow direction: Counter current
(Boiler) Specification: Cold stream outlet
vapour fraction: 1
HeatX Economic Flow direction: Counter current
Evaporator Specification: Cold stream outlet
(Boiler) temperature: 300°C
HeatX Air Flow rate Temperature: 30°C
(Boiler) Pressure: 1 Bar
In Evaporator Mass Flow rate: 10000, 11000,
12000, 13000, 14000, 15000 kg/hr.
as the temperature of the pyrolysis
changes from 400°C to 900°C.
HeatX In PHAIR Temperature: 30°C
(Boiler) Pressure: 1 Bar
Mass Flow rate: 100 kg/hr.
Flow direction: Counter current
Specification: Cold stream outlet
temperature: 150°C
Compr TURBINE Type: Isentropic
Discharge Pressure: 30 Bar
HeatX CONDENSER Flow direction: Counter current

Specification: Hot stream outlet
temperature: 120°C

5.12. Parametric Sensitivity
The yields of gasoline and diesel have been correlated individually to the factors,
namely, pyrolysis temperature (T) and recycle ratio (RCOZ) of CO2 by response
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surface methodology 71 using the same procedure described in section 5.8. The
optimum values of T and R(;o2 have also been determined.
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Chapter. 6

RESULTS AND DISCUSSION







6. Results and Discussion
6.1. Characterization of pyrolysis feed stocks

6.1.1. Results of proximate and ultimate analyses
The higher heating values and the results of proximate and ultimate analyses of all pyrolysis
feed stocks under study have been provided in Table.1.
Table.6.1. Proximate and Ultimate analyses, Heating Values and Bulk Density of the

feed stocks

Properties Jute Wastes Sesame Oil Cake Lime Wastes
Moisture (W%) 10.025 7.41 9.2
Volatile Matter (w%) | 77.15 85.72 78.3
Ash (w%) 2.59 3.8 2.00
Fixed Carbon (w%) 10.235 3.07 10.5
C% (w/w) 49.79 45.19 46.42
H% (w/w) 6.02 7.55 8.00
0% (w/w) 41.37 39.27 44.56
N% (w/w) 0.19 7.26 0.44
Cl% (w/w) 0.05 0.08 0.08
S% (w/w) 0.05 0.721 0.5
Heating value (MJ /kg) | 18.7 19.78 22.56
Bulk Density (kg/m°) | 110 460 1050

6.2. Kinetics of non-catalytic pyrolysis
6.2.1 Lumped Kinetics

6.2.1.1. Experimental time histories

As described in the section 5.1.1, the lumped kinetics 3112 of pyrolysis of all feedstocks
namely waste jute and lime waste have been determined using integral method of analysis.
Time histories of weight fractions of residue, volatiles and char obtained during the batch mode
experiments in the semi -batch pyrolyzer have been used for this purpose.

6.2.1.1.1. Use of jute waste and lime waste as pyrolysis feedstock

Figures 6.1 represent the profiles of residual weight fractions of jute wastes and lime waste
with respect to pyrolysis time using the experimental data obtained from the semi-batch
pyrolyzer using approximately 100g of each sample in the temperature range of 573 to 1173K.
The corresponding data used for the plots are provided in TableA.1 in the Appendix. Figures
6.2 show the profiles of volatile weight fraction obtained through pyrolysis of jute wastes and
lime waste with respect to pyrolysis time. Figures 6.3 show the profiles of char fraction
obtained through pyrolysis of jute wastes **€l and lime waste ["® with respect to pyrolysis
time. The corresponding values used for the plots are provided in the Table A.2. and A.3.
respectively.

From the analysis of the figures it is evident that the pyrolysis of both feedstocks begins at
673K. Below this temperature the reactions do not occur at a detectable rate. From the plots, it
can be predicted that at each temperature, a saturation level of residues, volatile weight fraction
and char weight fraction is obtained at 60 minutes or earlier. In previous research articles, it
has been reported that the constituent molecules, namely, cellulose, hemicellulose and lignin
of lignocellulosic biomass have different pyrolysis characteristics [*2l. While the pyrolysis of
hemicellulose and cellulose occurs at 220 — 315 °C and 315 — 400 °C respectively, that of lignin
occurs in a very wide range of temperature from 160 — 900 °C B,
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Figure 6.1. Time histories of weight fraction of residue of (a) jute wastes (b) lime waste
using pyrolysis temperature as parameter.
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6.2.1.2. Parameters of lumped kinetic Model

. . w o
In Figures 6.4 and 6.5., experimental values of In[—"] have been plotted against time and

w
those of ﬁ, &, Mand hd] have been plotted against (1—exp[—k *t])/k for pyrolysis
Wo Wg Wy Wo

of jute wastes and lime wastes respectively. The corresponding data used for the plots have
been provided in Tables A4. — A8. in the appendix. From the close inspection of the figures, it
is clearly evident that linear plots have obtained for both feedstocks establishing the validity of
1% order kinetics [* %2, The rate constants for pyrolysis have been determined from the slope
of the linear plot as well as from the regression equations (R? = 1) at different temperature. The
results of statistical “t-test” ' and “f-test” [**1 shown in each figure (Figures 6.4-6.5) suggest
the perfect agreement between the regressed and experimental data.
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different temperature of lime waste

Values of k for jute wastes and lime waste have been in reported in Table 6.2. It is clearly seen
that with the increase in temperature the values of k show an increasing trend for both the
feedstocks. Similarly, the values for kv, k¢, ki and kg for jute and lime waste have been reported
in the table 6.3., 6.4., 6.5. and 6.6. respectively [*1215],

Table 6.2. Values of “k” at different temperature of jute wastes and lime waste

T (K) Jute wastes Lime wastes
573K - 0.0489
673K 0.0691 0.0499
773K 0.0691 0.0523
873K 0.0739 0.0619
973K 0.0798 0.0795
1073K 0.1036 0.085
1173K 0.1153 0.0933
Table 6.3. Values of “ky” at different temperature of jute wastes and lime waste

T (K) Jute wastes Lime wastes
573K - 0.0406
673K 0.066 0.0414
773K 0.0678 0.0436
873K 0.041 0.0527
973K 0.0582 0.0687
1073K 0.0969 0.0734
1173K 0.1125 0.0795
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Table 6.4. Values of “kc” at different temperature of jute wastes and lime waste

T (K) Jute wastes Lime wastes
573K - 0.0083
673K 0.001 0.0085
773K 0.0014 0.0087
873K 0.0329 0.0092
973K 0.0217 0.0108
1073K 0.0067 0.0115
1173K 0.0028 0.0138
Table.6.5. Values of “ki” at different temperature of jute wastes and lime waste
T (K) Jute wastes Lime wastes
573K - 0.0164
673K 0.0345 0.0164
773K 0.0343 0.0178
873K 0.0375 0.0232
973K 0.031 0.0286
1073K 0.055 0.029
1173K 0.0604 0.0311
Table.6.6. Values of “ky” at different temperature of jute wastes and lime waste
T (K) Jute wastes Lime wastes
573K - 0.0242
673K 0.0333 0.025
773K 0.0348 0.0266
873K 0.0342 0.0347
973K 0.0272 0.0401
1073K 0.0486 0.0444
1173K 0.0521 0.0484

6.2.1.3. Temperature dependence of rate constant

In figures 6.6 and 6.7. the logarithms of rate constant k, kv, ke, ki and kg have been plotted
against the reciprocal of pyrolysis temperature for pyrolysis of jute waste and lime waste
respectively. The linear nature of the plots in all cases proves the validity of Arrhenius
equations to correlate the dependence of rate constants on reaction temperature. The values of
activation energies (E, Ev, Ec, E), Eg) [* and pre-exponential factors (A, Ay, Ac, Ai, Ag) ¥
have also been determined from the Arrhenius plots and have been tabulated in table 6.7. The
corresponding values used for the plots are provided in the Table 6.2., 6.3., 6.4. 6.5. and 6.6
respectively.
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Figure 6.6. Calculated Rate Constants for weight loss of jute waste, VVolatile formation,
char formation, liquid formation and gas formation as per Arrhenius law in logarithmic
scale against reciprocal of temperature for jute waste (k), volatile formation (kv), char
formation (kc) and liquid formation (ki) and gas formation (kg) respectively.
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Figure 6.7. Calculated Rate Constants for weight loss of lime waste, Volatile formation, char
formation, liquid formation and gas formation as per Arrhenius law in logarithmic scale against
reciprocal of temperature for lime waste (k), volatile formation (k.), char formation (k¢) and
liquid formation (ki) and gas formation (kg) respectively.
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Table 6.7. Calculated Activation Energies and Frequency Factors as per Arrhenius Law

for jute wastes and lime waste

Sl Feed Reaction  Activation Frequency Correlation
No.  Stocks rate Energy factor Coefficient
constant  (kJ/mol) (min™)

1 Jute k 9.153714 (E)  0.216103 (A) 0.915
Kv 7.201587 (Ev) 0.163327 (Av) 0.901

Ke 24.74246 (Ec) 0.156609 (Ac) 0.898

ki 6.809831 (E)) 0.102192 (A) 0.9704

Kg 4.9228.3 (Eg)  0.072679 (Ag) 0.8739

2 Lime k 6.6918 (E) 0.1717 (A) 0.943
wastes Ky 6.9285 (Ev) 0.1522 (Av) 0.972

Ke 4.3308 (Ec) 0.0187 (Ac) 0.984

Ki 7.050688 (Ef)  0.093837 (A) 0.893

Kg 6.901535 (Eg)  0.06136 (Ag) 0.874

6.2.2. Distributed Activation Energy Model (DAEM)

6.2. 2.1 TGA Plots

Figures. 6.8 and 6.9. show respectively the time trajectories of % (w/w) of solid residue for
waste jute and lime wastes remaining during TGA under nonisothermal conditions using
heating rate (10 K min?, 15 K min’, 20 K min, 25 K min, 30 K min!) as a parameter.
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Figure 6.8 Percentage of weight residue of jute waste in the temperature range of 30-900 °C at
different heating rates (TGA plot).
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Figure 6.9. Percentage of weight residue of lime wastes in the temperature range of 30—
900 °C at different heating rates (TGA plot).

From the analysis of the plots it is clearly evident that distinct patterns of weight loss are
followed in different temperature ranges for both the feedstocks. While for waste jute the
trajectory may be divided into four zones, namely 30-100 °C, 100-275 °C, 275-350 °C and
350-700 °C, for lime waste the temperature zones are 25-100 °C, 100-275 °C, 275-775 °C and
775-900 °C. The presence of several types of components following different pyrolyzing
characteristics is probably reflected by these patterns. While the cellulosic and hemi-cellulosic
components of jute are thermally decomposed at less severity of temperature, the lignin present
in jute is expected to react at higher temperatures corresponding to higher conversion levels.
The difference in the temperature zone above 275°C may be due to the difference in their
compositions with respect to cellulose, hemicellulose and lignin. The wide span of pyrolysis
pattern above 275 °C may be explained by no lignin content of the biomass. The single
pyrolysis pattern from 275 °C — 775°C may be due to the thermal decomposition of cellulose
and hemicellulose in that zone.

6.2.2.1.1. Isoconversion Plots

In Figures 6.10. and 6.11. logarithm of [ai(dx/dT)x,] has been plotted against (-1000/RT;) for
pyrolysis of waste jute and lime waste respectively.. A set of straight lines have been obtained
at different values for conversion for both the feedstocks validating the Friedman model [
with the assumptions of 1% order kinetics and Arrhenius type temperature dependence of rate
constants for the pyrolytic reactions. From the detailed analysis of the figures it is revealed that
parallel lines are obtained in the conversion ranges of 0.2 to 0. 8 and 0.05 to 0.7 for waste jute
and lime waste respectively. The parallel nature of straight lines indicates a close distribution
of activation energies. On the other hand, the non-parallel relationship at lower (<0.2 for jute
and <0.05 for lime waste) and higher (>0.8 for jute and 0.7 for lime waste) ranges of conversion
clearly indicates the probability of occurrence of pyrolysis reactions, distinctly different from
those occurring at the widely spread intermediate (0.2-0.8 for jute and 0.05 — 0.7 for lime)
conversion levels. Further investigation is required for this purpose. It is expected that the
conversion below 0.2 and 0.05 for jute waste and lime waste respectively represents mostly the
removal of moisture and commencement of primary pyrolysis of hemicelluloses and cellulose.
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On the other hand, at high conversion levels (>0.8 for jute waste and >0.7 for lime waste) the
pyrolysis of recalcitrant components like lignin following a pattern, distinctly different from
the primary and secondary pyrolysis of cellulosic components in the intermediate conversion

ranges, is dominant.
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Figure 6.11. Plot of In[ai(dx/dT) x, i] vs. (-1000/RT;) at different conversion values from

0.05 to 0.95 for all the heating rates (5-30 K min-t) of lime wastes.

6.2.2.1.2. Dependence of activation energies and frequency factor on

conversion

In Figures 6.12 -6.13. activation energies and In[A*f(x)], as obtained from the iso-conversion
plots, have been graphed against conversion for jute and lime wastes respectively. The patterns
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of the plots for waste jute are similar to those reported by Wu et al. [*% during the pyrolysis of
biomass feedstocks.
However, the resemblance is nominal in case of lime waste. This may be due to very low lignin
content and citrus nature of lime waste unlike most of the biomass usually studied 2721,
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Figure 6.12. Plot of E and In[A*f(x)] vs. conversion for non-catalytic pyrolysis
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Figure 6.13 Plot of E and In[A*f(x)] vs. conversion for non-catalytic pyrolysis of lime

waste

6.2.2.1.3. Distribution of activation energy
In Figures 6.14-6.15, f(E) has been plotted against E respectively for jute wastes and lime
wastes. The analysis of the figure 6.14. reveals that f(E) versus E follows almost a Gaussian
distribution 11 in the conversion range of 0.2 -0.8 for jute waste where the relationship between
E and conversion is linear. Similar observation has been reported for pyrolysis of other
biomasses. [*72°1 Figure 6.15 reveals that no such Gaussian relationship is obtained between
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f(E) and E for lime waste. The low lignin content and citrus nature of lime waste may be
responsible for this non-Gaussian distribution of f(E) on E. The mean values of average
activation energy are 276.56 kJ mol™ and 83.71 kJ mol for jute and lime wastes respectively.
When compared to the activation energies of lumped kinetics no parity is observed with those
obtained through DAE modelling for both the feedstocks. Since the pyrolysis is actually a
complex combination of reactions causing decomposition of different constituent molecules of
a biomass, it is understandable that DAEM kinetics should represent the reality more closely.
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Figure 6.14. Plot of f(E) vs. E obtained from Friedman differential isoconversion method
for pyrolysis of jute waste.
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Figure 6.15. Plot of f(E) vs. E obtained from Friedman differential isoconversion method
for pyrolysis of lime waste.
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6.3. Results of pyrolyzer model

Using model predictions of concentration of tar, CO2, CO, H, and CH4 against dimensionless
axial position (z) and reaction time (t), surface plots (3D) and 2D plots have been generated for
jute waste 1532331 Figures 6.16. show the simulated surface plots for the variation of pyro-oil
with respect to time and axial position. Similarly figures 6.15-6.18. represent the plots for CO,
Hz, CO2 and CHg respectively. All plots shown in figures 6.17 -6.20 predict the trends of
pyrolysis temperature at 973K. The predicted trends of variation of concentration of
condensable and non-condensable gaseous components of pyrolysis products of jute waste with
respect to time and axial position are being discussed. It is evident that the maximum fraction
of reactive tar in the gaseous phase is 31% whereas of CO, Hz, CO2 and CH4 are 2%, 0.1%,
11% and 1.75% respectively.

6.3.1 pyro-oil

Figure 6.16 (3D plot and 2D plot) reveals that at each grid point (z=1; 0.75; 0.50; 0.25),
concentration of tar obtained from pyrolysis of jute waste, increases sharply with reaction time
up to 1200s at 973K. The maximum predicted mass fraction of tar, W, in gas phase at 973K
after a time interval of 1200 s are 0.31, 0.2, 0.1 and 0.05 at dimensionless axial length, z=1,
0.75, 0.50 and 0.25 respectively. As time progresses beyond 1200s mass of tar subsequently
declines almost exponentially and reaches zero level at 3600s. The pattern signifies the
generation of tar during the initial period (up to 1200s) of pyrolysis and the decomposition and
conversion of tar through homogeneous and heterogeneous reactions beyond this period at each
axial grid position. (MATLAB PROGRAMMIE are given in Appendix A.9) As the pyrolyzer
is operated in semi-batch mode, the amount of unreacted biomass gets diminished and hence
the amount of tar decreases afterwards.

6.3.2. CO

The surface plot for the variation of mass fraction of “CO” in the gas phase against time and
temperature at 973K is shown in Figure 6.17. It is evident that similar to tar, there exists an
increasing trend of “CO” up to a reaction time of 1200 s beyond which the concentration
decreases. This trend is also supported by the 2D plot, obtained by graphing the same parameter
against reaction time using axial position as a parameter at 973K. The weight fraction of “CO”
is always very low and the maximum value is 2%.

6.3.3. H2

Surface plots and 2D plots for weight fractions of “H2” in the void space of thermally degrading
waste jute sample, are shown in Figures 6.18 for pyrolysis temperatures of 973K. Similar to
the trend obtained for weight fraction of “CO”, the maximum weight fraction of “H>” at 973K,
indicating the feasibility of tar cracking reaction at higher pyrolysis temperature. The maximum
weight fractions of “H2” for 973K are obtained at 1200s. The maximum weight fraction of
“Hp” at 973K is 3.6X10°°.
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Figure 6.16. 3d and 2d plot of mass fraction of pyro-oil in gas phase of jute waste at
973K.

CO (z,1)
CO (z1)

0o
Time (t) Distance (z)

The maximum COreactive fraction in the gaseous phase is 2% (v/v).

Figure 6.17. 3d and 2d plot of mass fraction of CO in gas phase of jute waste at 973K.
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Figure 6.18. 3d and 2d plot of mass fraction of Hz in gas phase of jute waste at 973K.
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Figure 6.19. 3d and 2d plot of mass fraction of CO2 in gas phase of jute waste at 973K.
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Figure 6.20. 3d and 2d plot of mass fraction of CH4 in gas phase of jute waste at 973K.

6.3.4 CO;

Surface plots of variation of weight fractions of “CO2” as a function of time and axial position
are shown in Figure 6.19 for 973K. At 973K the maximum weight fraction obtained for “CO”
is 0.024.

6.3.5. CH4

Surface plots of variation of weight fractions of “CHj4” as a function of time and axial position
are shown in Figure 6.20 for 973K. At 973K the maximum weight fraction obtained for “CH4”
is 0.0175.

6.3.6. Validation of model

6.3.6.1. Tar (condensable part)

In Figure 6.21 the simulated and experimental values of exit concentration of pyro-oil of jute
waste obtained in the temperature range of 400 (673K) to 900°C (1173K) have been plotted.
The agreement between simulated and experimental values at the pyrolyzer exit is
commendable. Thus, the applicability of mathematical model for the present system is
validated.
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Figure 6.21. Comparison of simulated and experimental values of exit concentration of
tar against pyrolysis temperatures (at Z=1)

6.4. Catalytic pyrolysis
6.4.1. Lumped Kinetics

6.4.1.1. Experimental time histories

As described in the section 5.1.1, the lumped kinetics 112 of catalytic pyrolysis of all
feedstocks namely, jute waste and lime waste have been determined using integral method of
analysis.

6.4.1.2 Jute waste

Figure 6.22 represent the profiles of residual weight fraction of pyrolysis of jute wastes in
presence of a) alumina b) ZnO c) KCI d) NaCl and e) sodium aluminosilicate 343 respectively
with respect to pyrolysis time in the temperature range of 573K to 1173 K. The corresponding
data are provided in the Table A.10.a. in the appendix. Similarly, the figures 6.23. and 6.24.
represent respectively the time histories of weight fractions of volatile and char generated
during the pyrolysis of jute wastes in presence of a) alumina b) ZnO c) KCI d) NaCl and e)
sodium aluminosilicate with respect to pyrolysis time in the temperature range of 573K to 1173
K.
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Figure 6.23. Time Histories of volatile weight fraction using pyrolysis temperature as
parameter: (a) jute with alumina (b) jute with ZnO (c) jute with KCI (d) jute with NaCl

and (e) jute with Aluminosilicate

The corresponding values used for the plots are provided in the Table A.11.a. and Table A.12.a.
respectively in the appendix. From the analysis of the figures it is revealed that similar to non-
catalytic pyrolysis, catalytic pyrolysis of jute wastes begins at 673K for all catalysts under

study [34-38],
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Figure 6.24. Time Histories of char weight fraction using pyrolysis temperature as
parameter: (a) jute with alumina (b) jute with ZnO (c) jute with KCI (d) jute with NaCl
and (e) jute with Aluminosilicate
6.4.1.2.1. Parameters of lumped kinetic Model
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Experimental values of Inf — | have been plotted against time and those of v L
w Wo Wo Wy

w

and —2 have been plotted against (1—exp[-k*t])/k for catalytic pyrolysis of jute wastes
Wo

for all temperatures and catalysts under study [A.13.a — A.17.a]. Figures 6.25 -6.27 show the

series of plots for 773K, 973K and 1173K respectively using all catalysts 431, The linearity

of the plots proves the validity of 1% order kinetics [* %2 for all cases. Similar, plots have also
!

!
/ 4 '
been obtained at other temperature (not shown). The values of k' k, k. Kk and kg 121
have been determined from the slopes of the respective plots and are provided in table 6.8-6.12.
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Table 6.8. Values of «k'» of catalytic pyrolysis of jute waste at different temperature

T (K)  Jute wastes Jute Jute Jute Jute wastes
with wastes wastes wastes with
alumina with ZnO with KCI with Aluminosilicate
NacCl
673K 0.044 0.0253 0.03 0.0425 0.027
773K 0.0573 0.0267 0.0305 0.0515 0.0319
873K 0.058 0.0281 0.032 0.056 0.034
973K 0.062 0.0303 0.038 0.0575 0.034
1073K  0.064 0.0303 0.034 0.0575 0.034
1173K  0.068 0.0385 0.039 0.0544 0.038

/
Table 6.9. Values of “ kv ” of catalytic pyrolysis of jute waste at different temperature

T (K) Jute Jute Jute Jute Jute wastes
wastes wastes wastes wastes with
with with ZnO with KCI with Aluminosilicate

alumina NacCl

673K 0.0398 0.0212 0.0187 0.032 0.0215

773K 0.046 0.0177 0.0302 0.0344 0.025

873K 0.047 0.0248 0.027 0.0431 0.023

973K 0.048 0.022 0.023 0.0555 0.021

1073K 0.049 0.022 0.0225 0.0555 0.0213

1173K 0.051 0.0315 0.0356 0.0525 0.0253

!
Table 6.10. Values of * kc ” of catalytic pyrolysis of jute waste at different temperature

T (K)  Jute wastes Jute Jute Jute Jute wastes
with wastes wastes wastes with
alumina with ZnO with KCI with Aluminosilicate
NaCl
673K 0.0047 0.0041 0.011 0.0105 0.0055
773K 0.011 0.0089 0.0003 0.0171 0.0069
873K 0.012 0.0033 0.023 0.0129 0.0109
973K 0.014 0.0083 0.026 0.002 0.0122
1073K  0.015 0.0083 0.027 0.002 0.0122
1173K  0.017 0.007 0.034 0.0019 0.0123
Table 6.11. Values of * k,' ” of catalytic pyrolysis of jute waste at different temperature
T (K)  Jute wastes Jute Jute Jute Jute wastes
with wastes wastes wastes with
alumina with ZnO with KCI with Aluminosilicate
NacCl
673K 0.0153 0.0063 0.0026 0.0071 0.0031
773K 0.0219 0.0087 0.0086 0.0067 0.0044
873K 0.0248 0.0118 0.0069 0.0092 0.0038
973K 0.0214 0.0134 0.0085 0.0113 0.0093
1073K 0.0228 0.0093 0.0037 0.0158 0.0038
1173K 0.0223 0.0131 0.0087 0.0143 0.0048
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Table 6.12. Values of « kg' ” of catalytic pyrolysis of jute waste at different temperature

T (K)  Jute wastes Jute Jute Jute Jute wastes
with wastes wastes wastes with
alumina with ZnO with KCI with Aluminosilicate
NacCl
673K 0.0245 0.0149 0.0161 0.0249 0.0184
773K 0.0241 0.009 0.0216 0.0277 0.0206
873K 0.0224 0.0133 0.0206 0.0359 0.0198
973K 0.022 0.0146 0.0261 0.0352 0.0232
1073K 0.0262 0.0127 0.0188 0.0397 0.0175
1173K 0.0287 0.0189 0.0269 0.0387 0.0205

6.4.1.2.2. Temperature dependence of rate constant

' ! ! , '
Using the values of rate constants k , kv ,kc .k and Kg Arrhenius plots (shown in the Appendix

A.18.a.) have been made following the same method as used in case of non-catalytic pyrolysis of jute.
The Arrhenius type dependence of rate constants on temperature has been established from the linearity
of the plots. The values of activation energies and pre-exponential factors for catalytic pyrolysis using
all catalysts under study have been determined from the Arrhenius plots and through non-linear
regression analysis and are tabulated in table 6.13.

Table 6.13. Calculated Activation Energies and Frequency Factors as per Arrhenius Law for

catalytic pyrolysis of jute wastes

SI. No.  Feed Reactio  Activation Frequency Correlation
Stocks n Energy factor Coefficient
rate (kJ/mol) (min?)
constant
1 Jute + alumina k' 3.5337 (E”) 0.0545 (A) 0.967
" ' 41361 (E/)  0.0447 (AJ)  0.968
v
' 13.309 (Ec) 0.1330 (Ac)  0.962
kC
k 1.489860 (E/)  0.03002 (A)  0.815
k , :
’ 4.089906 (E;) 0.036806(A,) 0.896
2 Jute+ ZnO k' 4.833 (E’) 0.0566 (A 0.872
" ' 8129 (EV) 0.5038 (Av)  0.959
v
' 14.392 (Ec) 05071 (Ac)  0.945
kC
K- 3578179(E)  0.022005(A)  0.935
k , :
’ 8.157032(E,)  0.030367(A,) 0.9516
3 Jute+ KCI k' 5.9087 (E’) 0.1236 (A) 0.963
6.5688 (Ev) 0.1065 (Av)  0.961
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=

e

13.5018 (Ec)  0.0189 (Ac)  0.940

K
¢ 4707719(E))  0.040312(A/)  0.901
kI
% 8.318988(E,)  0.01815(A,)  0.856
9
4 Jute+ NaCl k' 5.0881 (E’) 0.1159 (A) 0.905
" ' 30703 (Ey)  0.0704 (Ay)  0.889
Vv
' 16.769 (Ec)  0.1072 (Ac)  0.899
kC
k 6.375258(E))  0.078519(A/)  0.9119
k .
° 11.58639(E;)  0.048709(A;)  0.9406
5 Jute+ k' 7.84737(E’) 0.0524 (A) 0.945
NaAl(SiOs), /
k, 55672(Ev)  0.0241(A/)  0.926
!
kc 21.617 (Ec)  0.0458 (Ac)  0.894
K, ,
X 6.153133(E/)  0.021647(A/)  0.838

=1

5.853638(E,)  0.010016(A;)  0.8909

6.4.1.2.3. Comparison of Activation energies and pre-exponential factor of

catalytic and non-catalytic pyrolysis of jute wastes.

The lumped kinetic parameters determined using the data of isothermal experiments have been
shown in Table 6.12. From the analysis of the table, it is evident that the lowering of activation
energy occurs with the use of all catalysts and it is maximum for alumina with respect to the
overall pyrolysis reaction. Thus, alumina is selected as the best performing catalyst for the
pyrolysis of jute waste.

6.4.1.3. lime wastes

Figure 6.28 represent the profiles of residual weight fraction of pyrolysis of lime wastes in
presence of a) alumina b) ZnO ¢) KCI d) NaCl and €) sodium aluminosilicate 4% respectively
with respect to pyrolysis time in the temperature range of 573K to 1173 K. The corresponding
data are provided in the Table A.10.b. in the appendix. Similarly, the figures 6.29. and 6.30.
represent respectively the time histories of weight fractions of volatile and char generated
during the pyrolysis of lime wastes ["8l in presence of a) alumina b) ZnO ¢) KCI d) NaCl and
e) sodium aluminosilicate +28 with respect to pyrolysis time in the temperature range of 573K
to 1173 K. The corresponding values used for the plots are provided in the Table A.11.b. and
Table A.12.b. respectively in the appendix. From the analysis of the figures it is revealed that
similar to non-catalytic pyrolysis, catalytic pyrolysis of lime wastes begins at 673K for all
catalysts under study.
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Figure 6.28. Time histories of weight fraction of residue of (a) lime waste with alumina
(b) lime waste with ZnO (c) lime waste with KCI (d) lime waste with NaCl and (e) lime
waste with Aluminosilicate using pyrolysis temperature as parameter.
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2 lime wastes with NaCl
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Figure 6.29. Time Histories of volatile weight fraction using pyrolysis temperature as
parameter: (a) lime waste with alumina (b) lime waste with ZnO (c) lime waste with KCI
(d) lime waste with NaCl and (e) lime waste with Aluminosilicate
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v lime wastes with NaCl
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Figure 6.30. Time Histories of char weight fraction using pyrolysis temperature as
parameter: (a) lime waste with alumina (b) lime waste with ZnO (c) lime waste with KCI
(d) lime waste with NaCl and (e) lime waste with Aluminosilicate

6.4.1.3.1. Parameters of lumped kinetic Model

Experimental values of Inf — | have been plotted against time and those of —, —, —

w Wy Wy W,
w
and —2 have been plotted against (1—exp[-k*t])/k for catalytic pyrolysis of lime wastes
Wo
for all temperatures and catalysts under study [A.13.b -A.17.b]. . Figures 6.31 -6.33 show the

series of plots for 773K, 973K and 1173K respectively using all catalysts. The linearity of the
plots proves the validity of 1% order kinetics B 12 for all cases. Similar, plots have also been
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obtained at other temperature (not shown). The values of k', k, k. K and kg [8-12.15] have

been determined from the slopes of the respective plots and are provided in table 6.14-6.18.
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Figure 6.32. Plots of In[&} vs time and &, &, Mand —9 vs (1—exp[-k*t])/k
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at 973K (a) lime waste with alumina (b) lime waste with ZnO (c) lime waste with KCI (d)
lime waste with NaCl and (e) lime waste with Aluminosilicate
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Table 6.14. Values of “k’” of catalytic pyrolysis of lime waste at different temperature

T (K) Lime Lime Lime Lime Lime wastes
wastes wastes wastes wastes with
with with ZnO with KCI with Aluminosilicate

alumina NacCl

573K 0.0392 0.0359 0.0465 0.0347 0.0554

673K 0.0499 0.0499 0.0499 0.0499 0.0499

773K 0.0508 0.0529 0.0631 0.0524 0.0536

873K 0.0619 0.0619 0.0619 0.0619 0.0619

973K 0.0795 0.0795 0.0795 0.0795 0.0795

1073K 0.085 0.085 0.085 0.085 0.085

1173K 0.0933 0.0933 0.0933 0.0933 0.0933

Table 6.15. Values of “, ' of catalytic pyrolysis of lime waste at different temperature

T (K) Lime Lime Lime Lime Lime wastes
wastes wastes wastes wastes with
with with ZnO with KCI with Aluminosilicate

alumina NacCl

573K 0.0331 0.0242 0.0288 0.0197 0.0386

673K 0.0414 0.0414 0.0414 0.0414 0.0414

773K 0.0436 0.0436 0.0436 0.0436 0.0436

873K 0.0527 0.0527 0.0527 0.0527 0.0527

973K 0.0687 0.0687 0.0687 0.0687 0.0687

1073K 0.0734 0.0734 0.0734 0.0734 0.0734
1173K 0.0795 0.0795 0.0795 0.0795 0.0795

Table 6.16. Values of « kcr ” of catalytic pyrolysis of lime waste at different temperature

T (K) Lime Lime Lime Lime Lime wastes
wastes wastes wastes wastes with
with with ZnO with KCI with Aluminosilicate

alumina NacCl

573K 0.006 0.0117 0.0177 0.0151 0.0168

673K 0.0145 0.0087 0.0187 0.0087 0.0182

773K 0.0087 0.0087 0.0087 0.0087 0.0087

873K 0.0092 0.0092 0.0092 0.0092 0.0092

973K 0.0108 0.0108 0.0108 0.0108 0.0108

1073K 0.0115 0.0115 0.0115 0.0115 0.0115
1173K 0.0138 0.0138 0.0138 0.0138 0.0138

Table 6.17. Values of « k,' ” of catalytic pyrolysis of lime waste at different temperature

T (K) Lime Lime Lime Lime Lime wastes
wastes wastes wastes wastes with
with with ZnO with KCI with Aluminosilicate
alumina NacCl
573K 0.013 0.0131 0.0185 0.0111 0.0175
673K 0.0167 0.0222 0.0256 0.0223 0.0171
773K 0.019 0.0236 0.0302 0.0224 0.0235
873K 0.0251 0.0347 0.0295 0.0214 0.0231
973K 0.031 0.054 0.0492 0.0354 0.031

183



1073K 0.032 0.0521 0.0453 0.0291 0.0268

1173K 0.0329 0.0452 0.046 0.0278 0.027
Table 6.18. Values of « kg, ” of catalytic pyrolysis of lime waste at different temperature
T (K) Lime Lime Lime Lime Lime wastes

wastes wastes wastes wastes with
with with ZnO  with KCI with Aluminosilicate
alumina NaCl
573K 0.0201 0.0111 0.0103 0.0086 0.0211
673K 0.0247 0.0192 0.0158 0.0191 0.0243
773K 0.0249 0.0208 0.0158 0.0219 0.0211
873K 0.0332 0.02 0.023 0.0266 0.0296
973K 0.0377 0.147 0.0195 0.0328 0.0386
1073K 0.0414 0.0213 0.0281 0.0443 0.0466
1173K 0.0464 0.0343 0.0335 0.0517 0.0525

6.4.1.3.2. Temperature dependence of rate constant

! ! !

!
Using the values of rate constants k', K, .k, K| andky 1812151 Arrhenius plots (shown in the

Appendix A.18.b) have been made following the same method as used in case of non-catalytic
pyrolysis of lime waste. The Arrhenius type dependence of rate constants on temperature has
been established from the linearity of the plots. The values of activation energies and pre-
exponential factors for catalytic pyrolysis using all catalysts under study have been determined
from the Arrhenius plots and through non-linear regression analysis and are tabulated in table
6.19.

Table 6.19. Calculated Activation Energies and Frequency Factors as per Arrhenius
Law for catalytic pyrolysis of lime wastes

SI. No.  Feed Reaction  Activation Frequency Correlation
Stocks rate Energy factor Coefficient
constant  (kJ/mol) (min™?)
1 Lime + k' 4.9343 (E’) 0.1220 (A) 0.923
alumina /

k,  39715(Ev) 00976 (Av)  0.937

!

ke 20.693 (Ec)  0.0542 (Ac)  0.968

’

K,
k,  7.84833(E/)  0.098392 (A) 0.9471
9.36655 (E;)  0.089977(A;)  0.9728
2 Lime+ ZnO k' 45868 (E’)  0.1357 (A) 0.967

k, 58929 (Ev)  01225(Ay)  0.985

ke 12895 (Ec)  0.0209 (Ac)  0.989
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« 13.00206(E) 0.211845(A/) 0.9147
12.23405(E;)  0.158453(A;)  0.945
Lime+ KCI k' 65065 (E’) 01718 (A)  0.941
!
k, 87047 (Ev)  0.1699 (Ay)  0.932
!
ke 1.9072 (Ec)  0.0241(Ac)  0.947
K,
k,  896082(E)  0.2207(A)  0.8999
9.821328(E;)  0.081749(A;)  0.8995
Lime+ NaCl k' 92035(E)  02371(A) 0941
!
k, 124202 (EVv) 03030 (AV)  0.932
!
ke 6.7576 (Ec)  0.0224 (Ac)  0.947
K,
k,  1533767(E) 0.08803(A)  0.9653
8.256301(E;)  0.076597(A;)  0.899
Lime+ k' 89541 (E) 02290 (A)  0.981
NaAl(SiO3)2 '
k) 107333 (Ev) 02446 (AY)  0.983
!
ke 25149 (Ec)  0.0148 (Ac)  0.988
K,
k| 8.749654(E) 0.L12478(A))  0.894
5.174135(E,)  0.049371(Ag)  0.8909

6.4.1.3.3. Comparison of Activation energies and pre-exponential factor of catalytic and
non-catalytic pyrolysis of lime wastes.

The lumped kinetic parameters determined using the data of isothermal experiments have been
shown in Table 6.18. From the analysis of the table, it is evident that the lowering of activation
energy occurs with the use of all catalysts and it is maximum for ZnO with respect to the overall
pyrolysis reaction. Thus, ZnO is selected as the best performing catalyst for the pyrolysis of
lime waste.

6.4.2. Distributed Activation Energy Model (DAEM)

6.4.2.1. TGA plots

Figures. 6.34 and 6.35. show respectively the time trajectories of % (w/w) of solid residue for
catalytic pyrolysis of jute and lime wastes remaining during TGA under nonisothermal
conditions using heating rate (10 K min, 15 K min?, 20 K min*, 25 K min, 30 K min) as
a parameter. The experimental data obtained using alumina and zinc oxide respectively for jute
and lime wastes have been used.
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Figure 6.34. Percentage of weight residue of jute waste using catalysts in the temperature
range of 30-900 °C at different heating rates (TGA plot).
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Figure 6.35. Percentage of weight residue of lime waste using catalysts in the temperature
range of 30-900 °C at different heating rates (TGA plot).

From the analysis of the plots it is clearly evident that distinct patterns of weight loss are
followed in different temperature ranges for both the feedstocks. While four distinct
temperature zones following unique patterns of decomposition are obtained for non-catalytic
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pyrolysis of jute (30-100 °C, 100-275 °C, 275-350 °C and 350-700 °C) and lime wastes (25—
100 °C, 100-275 °C, 275-775 °C and 775-900 °C), two prominent temperature zones for jute
waste (30-150 °C ,150-700 °C), and lime waste (25-600 °C, and 600-900°C) are obtained for
catalytic pyrolysis. The residual solid obtained at each temperature is much less in case of
catalytic pyrolysis as compared to the non-catalytic one for both the feedstocks. Both the
observations signify the pronounced catalytic effect of alumina and ZnO on the primary and
secondary reactions generating condensable and non-condensable volatiles during pyrolysis of
jute and lime waste respectively.

6.4.2.1.1. Isoconversion Plots

In Figures 6.36. and 6.37. logarithm of [ai(dx/dT)y, i] has been plotted against (-1000/RT;) for
catalytic pyrolysis of waste jute and lime waste respectively

24

In{B{aLv/v* /AT

x15E A% LT

<124

[-1000/RT]

Figure 6.36. Plot of In[ai(dx/dT)«,i] vs. (-1000/RT;) at different conversion values from 0.05 to 0.95
for all the heating rates (5-30 K min?) of jute wastes using catalysts.
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Figure 6.37. Plot of In[ai(dx/dT) x, i] vs. (-1000/RT;) at different conversion values from
0.05 to 0.95 for all the heating rates (5-30 K mint) of lime wastes using catalysts.
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A set of straight lines have been obtained at different values of conversion for both the
feedstocks validating the Friedman model B% with the assumptions of 1% order kinetics and
Arrhenius type temperature dependence of rate constants for the pyrolytic reactions. From the
detailed analysis of the figures it is revealed that parallel lines are obtained in the conversion
ranges of 0.55 to 0. 70 and 0.10 to 0.35 for catalytic pyrolysis of waste jute and lime waste
respectively signifying a close distribution of activation energies. The zones are distinctly
different from those obtained for non-catalytic (0.15-0.8 for jute and 0.05-0.70 for lime waste)
pyrolysis. This may be justified by different catalytic effects of alumina and zinc oxide
respectively on different array of pyrolytic reactions for jute and lime wastes. The exact
mechanism of catalytic effects should further be investigated to reveal the real facts. As
discussed in case of non-catalytic pyrolysis, the non-parallel relationship at lower (<0.55 for
jute and <0.1 for lime waste) and higher (>0.7 for jute and >0.35 for lime waste) ranges of
conversion clearly indicates the probability of occurrence of pyrolysis reactions, distinctly
different from those occurring at the intermediate (0.55-0.7 for jute and 0.1 — 0.35 for lime)
conversion levels.

6.4.2.1.2. Dependence of activation energies and frequency factor on

conversion

In Figures 6.38 and 6.39. activation energies and In[A*f(x)], as obtained from the iso-
conversion plots, have been graphed against conversion for catalytic pyrolysis of jute and lime
wastes respectively. The patterns of the plots for catalytic waste jute are similar to those of
reported by Wu et al. ' during the pyrolysis of biomass feedstocks. However, as observed in
case of noncatalytic pyrolysis of lime waste, the resemblance with pyrolysis of biomass is
nominal even in presence of catalyst, namely zinc oxide. The dissimilarity may again be
justified by low lignin content and citrus nature of lime waste compared to most of the biomass

usually studied [17-2°1,
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Figure 6.38. Plot of E and In[A*f(x)] vs. conversion for catalytic pyrolysis of jute waste
using catalyst Al2O:s.
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Figure 6.39. Plot of E and In[A*f(x)] vs. conversion for catalytic pyrolysis of lime waste
using ZnO as catalyst.

6.4.2.1.3. Distribution of activation energy
In Figures 6.40-6.41, f(E) has been plotted against E respectively for catalytic pyrolysis of jute
wastes and lime wastes.
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Figure 6.40. Plot of f(E) vs. E obtained from Friedman differential isoconversion method
and Gaussian distribution for catalytic pyrolysis of jute waste.

189



fle)vs E

0.2

0.15
-
L

0.1

0.05

0 \d
8 13 18 23 28 33 38

E (k)/mol)
B expermental —e—guasian

Figure 6.41. Plot of f(E) vs. E obtained from Friedman differential isoconversion method
and Gaussian distribution for catalytic pyrolysis of lime waste.

The analysis of the figure 6.40. reveals that f(E) versus E follows almost a Gaussian distribution
31 in the conversion range of 0.55 -0.7 for catalytic pyrolysis of jute waste where the
relationship between E and conversion is linear. Similar observation has been reported for
pyrolysis of other biomasses. 172 Figure 6.41 reveals that no such Gaussian relationship is
obtained between f(E) and E for catalytic pyrolysis of lime waste. The low lignin content and
citrus nature of lime waste may be responsible for this non-Gaussian distribution of f(E) on E.
The mean values of average activation energy are 150.33 kJ mol™? and 51.91 kJ mol™ for
catalytic pyrolysis of jute and lime wastes respectively. For both the feedstocks, the values are
much lower in comparison to those (276.56 kJ mol™ for waste jute and 83.71 kJ mol™ for lime
waste) for non-catalytic pyrolysis. Lower range of E for catalytic pyrolysis reveals the positive
influence of alumina and zinc oxide on pyrolysis of jute and lime wastes respectively. The
values of the pre-exponential factors for both catalytic and non-catalytic pyrolysis of jute waste
are in the same order, the values of catalytic one being slightly greater. No such comparison
can be drawn for pyrolysis of lime waste in presence of ZnO since the values of pre-exponential
factors for catalytic is lower than that of the non-catalytic one. When compared to the activation
energies of lumped Kinetics no parity is observed with those obtained through DAE modelling
for both the feedstocks. Since the pyrolysis is actually a complex combination of reactions
causing decomposition of different constituent molecules of a biomass, it is understandable
that DAEM kinetics should represent the reality more closely.
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6.5. co-pyrolysis of jute waste and sesame oil cake
6.5.1. lumped Kinetics
6.5.1.1. Experimental time histories

Figures 6.42 a, b and c represent the time histories of weight fractions of residue, volatile and
char respectively for non-catalytic and catalytic co-pyrolysis B9 of jute waste and sesame oil
cake in the pyrolysis temperature range of 573K to 1173K. The corresponding data are
provided in the Table A.19 in the appendix. From the analysis of the figures it is revealed that
catalytic and non-catalytic co-pyrolysis of feedstocks begins at 673K, which is very similar to
that of jute waste [*>81 and sesame oil cake 531,
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Figures 6.42. (a) Time histories of weight fraction of residue of co-pyrolysis of jute wastes
and sesame oil cake (b) Time Histories of volatile weight fraction using pyrolysis
temperature as parameter for co-pyrolysis of jute wastes and sesame oil cake (c) Time
Histories of char weight fraction using pyrolysis temperature as parameter: (a) co-
pyrolysis of jute wastes and sesame oil cake

6.5.1.2. Parameters of lumped kinetic Model

: w o Wy W, W
Experimental values of In[—oj have been plotted against time and those of —-, —& —L

w W Wgy Wq

and % have been plotted against (1—exp[-k*t])/k for co-pyrolysis of jute wastes and
0

sesame oil for all temperatures. Figures 6.43 -6.45 show the series of plots for 773K, 973K
and 1173K respectively using all jute wastes and sesame oil cake [A20-A-24]. The linearity of
the plots proves the validity of 1% order kinetics [ %2 for all cases. Similar, plots have also
been obtained at other temperature (not shown). The values of k, k, ke, ki and kg 1215 have
been determined from the slopes of the respective plots and are provided in table 6.20. Figure
6.46, 6.47, 6.48 shows the variation of k, ky, k. of jute waste %, sesame oil cake 538 and co-
pyrolysis % of jute waste and sesame oil cake 81 respectively. From the figure, it appears that
the values of k, ky and k. of co-pyrolysis % of jute waste and sesame oil cake is very similar
to that of jute waste. This may be due to the presence of recalcitrant lignocellulosic in jute
which dominates the overall trend of co-pyrolysis. Similar observation has been reported by
Aparna et al during their studies on co-pyrolysis of mustard oil cake and paper waste [,
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Figure 6.46 Variation of k of jute waste, sesame oil cake and co-pyrolysis of jute waste
and sesame oil cake.
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Figure 6.47 Variation of kv of jute waste, sesame oil cake and co-pyrolysis of jute waste
and sesame oil cake.
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Figure 6.48 Variation of kc of jute waste, sesame oil cake and co-pyrolysis of jute waste
and sesame oil cake

Table 6.20. Values of “k, ky, K¢, ki and kg at different temperature for co-pyrolysis of
jute wastes and sesame oil cake

T (K) co-pyrolysis  co-pyrolysis co-pyrolysis co-pyrolysis  co-pyrolysis

of jute of jute of jute of jute of jute
wastesand  wastesand  wastesand  wastesand  wastes and
sesame oil sesame oil sesame oil sesame oil sesame oil
cake (k) cake cake cake cake
(kv) (ke) (ki) (kg)
573K 0.0489 0.0406 0.0083 0.0202 0.0204
673K 0.0499 0.0414 0.0085 0.0209 0.0205
773K 0.0523 0.0436 0.0087 0.0246 0.0196
873K 0.0619 0.0527 0.0092 0.0197 0.0219
973K 0.0795 0.0727 0.0068 0.0303 0.0424
1073K 0.085 0.0775 0.0075 0.0339 0.0436
1173K 0.0082 0.0851 0.0028 0.0287 0.0564

6.5.1.3. Temperature dependence on rate constant

Using the values of rate constants k, ky, ke, ki and kg [*12351 Arrhenius plots (shown in the
Appendix A.25) have been made following the same method as used in case of pyrolysis of
other feedstocks. The linearity of the plots proves the validity of Arrhenius relationship (111251,
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Figure 6.49. Comparison of Activation energies between pyrolysis of jute, sesame oil cake
and co-pyrolysis of jute and sesame oil cake.
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Figure 6.50. Comparison of frequency factors between pyrolysis of jute, sesame oil cake
and co-pyrolysis of jute and sesame oil cake.

Figure 6.49 -6.50 represents the activation energies and frequency factors of co-pyrolysis %
of jute and sesame oil cake [38:34-38],
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6.5.2. DAEM (Distributed activation model)

6.5.2.1. TGA plots

Figures. 6.51. shows the time trajectories of % (w/w) of solid residue for non-catalytic co-
pyrolysis of jute waste and sesame oil cake remaining during TGA under nonisothermal
conditions using heating rate (10 K min, 15 K min?, 20 K min*, 25 K min*, 30 K min) as
a parameter. From the analysis of the plots it is clearly evident that distinct patterns of weight
loss are followed in different temperature ranges for the feedstock. A comparison can be made
between jute waste, sesame oil cake and co-pyrolysis of jute waste and sesame oil cake. The
temperature profiles for jute waste [1] are 30 -100°C, 100-275 °C, 275 -350 °C, 350-700 °C
and for sesame oil cake [2] are 30-227 °C, 227-477°C, 477 °C >, co-pyrolysis of jute waste and
sesame oil cake are 60-220 °C, 220-430°C, 430-840°C, 840 °C >. From the comparison, it may
be inferred that although the trend of non-isothermal co-pyrolysis is distinct from that of
individual constituents, the trend is more similar to that of jute rather than sesame oil cake. The
dominating behaviour of the recalcitrant lignin in jute may be responsible for such observation.
The residual solid obtained is approximately 10% of the weight loss for non-catalytic co-

pyrolysis.

wt loss of non-catalytic co-pyrolysis
100

% wt loss

20

10

30 130 230 330 430 530 630 730 830
Temperature [°C)

—+—10 K/min  —»—15 K/ min 20 K min 25 K/min  —=— 30 K/min

Figure 6.51. Percentage of weight residue of co-pyrolysis of jute wastes and sesame oil
cake in the temperature range of 30-900 °C at different heating rates (TGA plot).
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Figure 6.52. Plot of In[ai(dx/dT) x, i] vs. (-1000/RTi) at different conversion values from
0.05 to 0.95 for all the heating rates (5-30 K min-1) of co-pyrolysis of jute wastes and
sesame oil cake.

6.5.2.2. Isoconversion Plots

In Figures 6.53. logarithm of [ai(dx/dT) x, i] has been plotted against (-1000/RT;) for non-
catalytic and catalytic co-pyrolysis of feedstock respectively. From the figure, it is revealed
that parallel curves are generated. From the non-linearity of the plots it may be inferred that
Friedman model B% is not valid.

6.6. Product Yield

Pyrolysis of lignocellulosic wastes (jute wastes €1 lime wastes ["®l) and co-pyrolysis [ of
jute wastes and lime wastes were carried out respectively in horizontal and vertical semi-batch
pyrolyzer described in section 5.1. Three products, namely, char, tar and gas were obtained
from pyrolysis of lignocellulosic wastes. The yield of each product was defined on the basis of
initial mass of pyrolysis feed stock used. Thus, yield of any product, i, may be defined as

Yi = {ﬂ}XlOO
M 0

where,
M; =Mass of product i

M, = Initial  mass of reactant

The effect of pyrolysis temperature on product yield are described below:
6.6.1. Pyro-char yield of various lignocellulosic wastes

Figures 6.55-57 presents the formation of pyro-char after catalytic and non-catalytic pyrolysis for waste jute [+-
81 lime waste ["®1 and co-pyrolysis % of jute waste and sesame oil cake [, From figure 6.55
it is evident that the formation of pyro-char decreases from 673K (400 °C) to 973K (700 °C)
after which it remains constant in case of non-catalytic pyrolysis of waste jute. The maximum
and minimum vyields of pyro-char are 49% and 26% respectively. However, in the case of
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catalytic pyrolysis it is evident that the formation of pyro-char decreases monotonously with
the rise in temperature. It is also clear that the decrease in the formation of pyro-char from jute
waste is maximum in the presence of alumina (46% to 22%) followed by KCI (34% to 24%),
NaCl (45% to 23%), ZnO (44% to 34%) and sodium Aluminosilicate (44% to 32%).

Pyro -Char

Ojute Ejute+aluming Ojute+Zno  Ajute+KCl Bjute+MNall @ jute + aluminosilicate

45

=

Prodwct Formation (3&)
o (¥ 5]
= o

(]
[N ]

w LI

873 973
Temperature (K)

Figure 6.55. Yield of Pyro-char of jute wastes with and without catalyst at different
temperature (K).

Pyro-Char
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Olime = lime +alumina Dlime +Zn0 lime +Kd 0 lirme +Nacl F2 lime + aluminosilicate

Figure 6.56. Yield of Pyro-char of lime wastes with and without catalyst at different
temperature (K)
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Figure 6.57. Yield of Pyro-char of co-pyrolysis of jute wastes and sesame oil cake at
different temperature (K)

From figure 6.56 it is evident that the formation of pyro-char decreases in the case of non-
catalytic pyrolysis of lime wastes ["€]. In the case of non-catalytic pyrolysis of lime waste, the
formation of pyro-char decreases from 38% to 24% as the temperature is increased from 573K
to 1173K. In the case of catalytic pyrolysis of lime waste, the decrease in the formation of pyro-
char is maximum for ZnO (28% to 17%) followed by alumina (38% to 26%), NaCl (35% to
28%), sodium Aluminosilicate (36% to 28.7%) and KCI (37% to 36%). Unlike the general
trend, there is an increase in the % char at 773K in comparison to 573K in presence of ZnO.
Further investigation is needed to elucidate the fact.

From figure 6.57 it is evident that in case of co-pyrolysis of lignocellulosic wastes the
formation of pyro-char decreases from 50% to 20% as the temperature changes from 573K to
873K, beyond which it increases slightly with the increase in pyrolysis temperature.

For all the cases, although the decreasing trend with pyrolysis temperature of pyro-char is
explainable as it is expected that the thermal decomposition of large molecular weight
compounds proceeds at higher rate with the increase of temperature [“*-41. However, the
increasing trend of char with temperature is against the expected behaviour and needs further
investigation.

6.6.2. Pyro-oil yield of various lignocellulosic wastes

Figures 6.58 and 6.59 represent the dependence of yield of pyro-oil on pyrolysis temperature
obtained through catalytic and non-catalytic pyrolysis of waste jute and lime waste
respectively.
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Figure 6.58. Yield of Pyro-oil of jute wastes with and without catalyst at different

temperature (K).

Pyro -Qil

[Py, e, e,

e
e e e e e e e e e e g g g g

2B F F 32| &8 32 =

(50) UGy 19N POodd

1173

1073

973

873

173

673

573

Temperature (K)

@lime + aluminasilicate

Olime + NaCl

@lime+ KCl

Alime Mlime+alumina Dlime+In0
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Figure 6.60. Yield of Pyro-oil of co-pyrolysis of jute wastes and sesame oil cake with and
without catalyst at different temperature (K)

In figure 6.58. the yields of pyro-oil obtained through isothermal semi batch pyrolysis of jute
waste with and without catalysts over 1 h have been plotted as a function of pyrolysis
temperature. From the analysis of the patterns of dependence of oil yield on temperature, it
appears that the catalytic effect of Al.Oz and ZnO are prominent. In case of non-catalytic
pyrolysis of jute, the pyro-oil passes through a maximum at 973K. Same trend is observed in
presence of ZnO. On the other hand, catalytic effect of alumina is very pronounced. In this case
yield of pyro-oil increases monotonically even beyond 973K. Effects of NaCl and KClI on pyro-
oil yield is not very significant and is almost identical. Up to 700°C, the pyro-oil yield in
presence of Na-K additives is a little less compared to that of jute. Similar observation has been
obtained by Hoekstra et. al. during their studies on pyrolysis of pinewood in presence of Na +
K catalyst 7). Osama et al also indicated the decrease in liquid yield during the fast pyrolysis
of wood and agricultural residues in presence of Na + K catalysts 4. Sodium aluminosilicate
shows inhibiting effect with respect to pyro-oil formation. This may be due to catalytic effect
of sodium aluminate on cracking of pyro-oil or tar.

From figure 6.59 it is evident that the formation of pyro-oil increases in the case of catalytic
and non-catalytic pyrolysis of lime waste. It is evident from the figure that in case of non-
catalytic pyrolysis of lime waste the formation of pyro-oil increased from 20% to 31% with the
rise of pyrolysis temperature from 573K to 1173K. In case of catalytic pyrolysis of lime waste,
the presence of ZnO yields the maximum pyro-oil (35% - 61%), followed by KCI (37% to
52%), alumina (20% to 35%), NaCl (34% to 35%), sodium Aluminosilicate (28% to 35%). In
the case of catalytic pyrolysis of lime waste, it is evident that the yield of pyro-oil increased till
973K after which the formation of pyro-oil is much lower than the maximum as the pyrolysis
temperature is increased further 142481, The reason behind the decrement is need to be further
investigated. The maximum vyield is obtained at 973K in both the cases (catalytic and non-
catalytic) of pyrolysis.

From figure 6.60 it is evident that the formation of pyro-oil increases with temperature and
passes through a maximum at 773K. The decrease of pyro-oil yield beyond 773K may be due
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to cracking of pyro-oil to gaseous compounds. The pattern of oil yield of co-pyrolysis is

different from that of jute. This may be due to the effect of sesame oil cake on jute. The

maximum oil yield is 30% for co-pyrolysis of jute waste and sesame oil cake.

6.6.3. Pyro-gas yield of various lignocellulosic wastes

Figures 6.61 -63 presents the formation of pyro-gas after catalytic and non-catalytic pyrolysis

-pyrolysis of jute waste and sesame oil cake.

lime waste and co

for waste jute,

Gas

Pyro -

& jute + aluminosilicate

Ojute+Ind MAjute+KCl Bjute+ Mall

Ejute + alumina

Ojute

s
=

50

g

"5}
[]

(34) uonewog anpod

1173

1073

Temperature (K)

gas of jute wastes with and without catalyst at different

Figure 6.61. Yield of Pyro

temperature (K).

Gas

Pyro

i T i o T g iy iy T iy iy iy, oy
R R R R

(3:) uoyjeWI0y PNposY

1173

1073

973

873

773

673

573

Temperature (K)

A lime + aluminosilicate

Blime+ KCl  &Elime+ NaCl

O lime + ZnO

Kl lime + alumina

Olime

Figure 6.62. Yield of Pyro-gas of lime wastes with and without catalyst at different

temperature (K)

207



Pyro-Gas

g

=]
un

o 8

g

R

Product Farmation (%)
t
™1
R | SRR

RN X ORI

-
-

573 673 773 873 973 1073 1173
Temperature (K]

O co-pyrolysis

Figure 6.63. Yield of Pyro-gas of co-pyrolysis of jute wastes and sesame oil cake with
and without catalyst at different temperature (K)

From figure 6.61 showing the patterns of variation of gas yield with temperature, it is evident
that the yield of pyro-gas increases with temperature for both non-catalytic and catalytic
pyrolysis. The catalytic effects of aluminosilicate and NaCl have been observed to be higher
compared to others. This may be due to their catalytic effect on secondary tar cracking
reactions.

From figure 6.62 it is evident that the formation of pyro-gas increases with temperature for
catalytic and non-catalytic pyrolysis of lime waste. It is evident that in case of non-catalytic
pyrolysis of lime waste the yield increases from 36% to 49%. In case of catalytic pyrolysis, the
formation of pyro-gas in presence of alumina increases from 36% to 46%, followed by NaCl
(28% to 48%), sodium Aluminosilicate (34% to 47%), KCI (20% to 22%). In case of catalytic
pyrolysis in presence of ZnO the formation of pyro-gas decreases from 30% to 12% till 773K
after which it increased to 34% as the temperature is increased. It is clear that although ZnO
has positive effect on the production of pyro-oil, the effect is negative for the production of
pyro-gas. All other catalysts investigated under the present study are also not effective in
enhancement of pyro-gas yield.

From figure 6.63 it is evident that the yield of pyro-gas increases for co-pyrolysis of jute wastes
and sesame oil cake. In case of co-pyrolysis, the formation of pyro-gas increased from 17% to
47%.

6.6.4. Elemental Analysis (C-H-O) of pyro-product

6.6.4.1. Pyro-char

The elemental, particularly C-H-O, composition of the pyro-char is a very important criterion
from the perspective of its usage as a fuel. While the higher fractions of “C” and “H” in pyro-
char contribute towards increase in heating value of pyro-char, higher fraction of “O” causes
lowering of heating value, higher risk of polymerization etc. Figure 6.64 and 6.65 represent the
C-H-0O content of pyro-char of jute and lime wastes. Figure 6.66 represents the C-H-O content
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of pyro-char obtained after co-pyrolysis of jute waste and sesame oil cake. From the figures, it
can be inferred that while % C increases with the rise in pyrolysis temperature, %0 decreases.
The % H is almost insensitive to the pyrolysis temperature. The effect of alumina and zinc
oxide, the best catalysts with respect to the generation of pyro oil respectively from jute and
lime pyrolysis, on the C-H-O composition of pyro-char has also been depicted in Figure 6.64-
6.65. Figure 6.66 represents the C-H-O composition of pyro oil obtained from co-pyrolysis of
jute waste and sesame oil cake. The values of the C-H-N-S-O are provided in the table A.26-
A.43 in the appendix. From the analysis of the figures, it may be generally stated that the
increasing and decreasing trends of %C and %0 respectively are higher in case of catalytic
pyrolysis in comparison to the non-catalytic counterpart.

jute [%C) jute + alumina [%C) jute (%H)
jute + alumina (%H) —— jute (3%0) jute + alumina (3%0)

70

w3t of CfH 0
ES
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Figure 6.64. Plot of wt.% of element present in pyro-char against temperature for
catalytic and non-catalytic pyrolysis of jute waste.
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Figure 6.65. Plot of wt.% of element present in pyro-char against temperature for
catalytic and non-catalytic pyrolysis of lime waste.
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Figure 6.66. Plot of wt.% of element present in pyro-char against temperature for
catalytic and non-catalytic co-pyrolysis of jute waste and sesame oil cake.
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6.6.4.2. Effect of catalyst on C-H-O content of pyro-oil

Figure 6.67, 6.68 and 6.69 represent the elemental (C-H-O) composition of pyro-oil against
temperature for catalytic and non-catalytic pyrolysis of waste jute, lime waste and co-pyrolysis
of jute waste and sesame oil cake.

From the Figure 6.67, it is clear that carbon content of pyro-oil decreases with pyrolysis
temperature for both catalytic and non-catalytic reactions. Similar observation has been
reported by Yang et. al. I during their work on fast pyrolysis of enzymatic hydrolysis of
empty fruit bunches (EHN). The content of carbon is higher for catalytic pyro-oil in comparison
to non-catalytic one up to 600°C. Content of hydrogen is not temperature sensitive and is not
influenced by the presence of alumina. The weight fraction of oxygen in pyro-oil also
decreases with pyrolysis temperature. However, up to 600° C, the oxygen content in pyro-oil
is lowered in presence of catalyst. Overall, alumina shows positive effect on the improvement
of elemental composition of pyro-oil up to 600°C. Almost similar trends of %C, %H and % O
have been observed in case of pyrolysis of lime waste and co-pyrolysis of jute waste and sesame
oil cake. The effect of catalyst is, however insignificant in case of pyrolysis of lime waste and
co-pyrolysis of waste jute and sesame oil cake. The values of the C-H-N-S-O are provided in
the table A.44-A.61 in the appendix.
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Figure 6.67. Plot of wt.% of compound present in pyro-oil against temperature for
catalytic and non-catalytic pyrolysis of jute waste.
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Figure 6.69. Plot of wt.% of compound present in pyro-oil against temperature for catalytic and non-
catalytic co-pyrolysis of jute waste.

6.6.5. Structural Characterization of Char from Catalytic and Non-Catalytic
Pyrolysis

Fig. 6.70 shows the SEM images of original jute and the solid residue obtained at 600 °C, with
and without alumina. The figure distinctly shows the increase in porosity in presence of
catalyst. This elucidates the proposed mechanism of catalytic activity with respect to pyro-oil
yield through enhancement of surface area. The values of surface area per unit mass of bio-
char obtained through pyrolysis of jute at 600 °C with and without alumina, as determined
using BET method, are provided in Table 6.21. It is also ascertained that the specific surface
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area of bio-char obtained through catalytic pyrolysis (5.144 m? g1) is higher than that of bio-
char of non-catalytic pyrolysis (3.143 m? g!) at the same value of reaction temperature. The
specific surface area of bio-char of non-catalytic pyrolysis is comparable to those observed by
previous researchers during their studies on pyrolysis of saw dust, wheat and flax straws (<5
m?g1). B The presence of alumina on the pyrolyzing solid during catalytic pyrolysis is also
established through the comparison of the XRD spectra, represented in Fig. 6.73, of solid
residues of catalytic and non-catalytic pyrolysis. Close observation of the Fig. 6.64 depicting
the pattern of char yield against pyrolysis temperature reveals that for both non-catalytic and
catalytic process, there is a monotonous decreasing trend over the entire temperature range.
The decreasing trend is sharper in case of Al2Os assisted pyrolysis compared to non-catalytic
process. The high catalyzing effect on pyro-oil formation may be the underlying reason to
explain this observation. Similar kind of observation is obtained for lime wastes, which is
shown by the figure 6.71 (SEM images) and 6.74 (XRD spectra) and for co-pyrolysis, which
is shown by the figure 6.72 (SEM images) and 6.75 (XRD spectra).

Table 6.21. BET specific surface area of biochar of catalytic and non-catalytic pyrolysis
of jute wastes at 600°C

Pyrolysis Process Specific surface area of char
(m*/g)
Catalytic 5.144
Non-Catalytic 3.143
Jute Residual solid at 600°C ~ (without alumina) Residual solid at 600°C ~(with alumina)

Figure 6.70. SEM images of original jute and the solid obtained at 600 °C, with and
without alumina
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Lime waste Residual Solid at 600°C (without Zn0) Residual Solid at 600°C (with Zn0)

Figure 6.71. SEM images of original lime and the solid obtained at 600 °C, with and
without ZnO
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Figure 6.73. XRD spectra of solid residue obtained through non-catalytic and catalytic
pyrolysis of jute at 600 °C.
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Figure 6.74. XRD spectra of solid residue obtained through non-catalytic and catalytic
pyrolysis of lime at 600 °C.
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Figure 6.75. XRD spectra of solid residue obtained through non-catalytic and catalytic
co-pyrolysis of jute wastes and sesame oil cake at 600 °C.

6.6.6. pH of Bio-oil

The value of pH of the pyro-oil is shown in Fig. 6.76 -6.78. For pyro-oil obtained through non-
catalytic pyrolysis of jute, the pH increases with the rise in temperature till 973K beyond which
it falls. In case of catalytic (Alumina) pyrolysis of jute waste, it decreases with the rise in
temperature. Therefore, it may be inferred that the pyro-oil obtained through catalytic pyrolysis
is, in general, more acidic in comparison to that obtained through non-catalytic process in case
of jute wastes.

From the figure 6.77, which represents catalytic (ZnO) and non-catalytic pyrolysis of lime
waste, it can be inferred that the pH of lime waste pyro-oil is basic in nature but the presence
of catalyst makes the pyro-oil acidic. Figure 6.78 represents co-pyrolysis of jute waste and
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sesame oil cake. It can be inferred from the figure that the pH of pyro-oil obtained from co-

pyrolysis is acidic in nature whereas the pH of catalytic pyro-oil is basic in nature 554,

Since the pyro-oil obtained from non-catalytic and catalytic pyrolysis of any of the feedstocks

is either acidic or basic in nature precautions should be taken during storage of the catalytic
yro-oil to avoid corrosion.

B73 7

b |

3 873 973 1073 1173

Temperature [K)

Cllute 0 Jute + alumina

Figure 6.76. Dependence of pH of pyro-oil on the temperature of catalytic and non-
catalytic pyrolysis of waste jute.

[
=]

pH
[T S N ¥ I - T - -]

573 673 173 B73 973 1073 1173

Temperature (K)

O lime wastes O lime wastes +In0

Figure 6.77. Dependence of pH of pyro-oil on the temperature of catalytic and non-
catalytic pyrolysis of lime wastes
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Figure 6.78. Dependence of pH of pyro-oil on the temperature of catalytic and non-
catalytic co-pyrolysis of waste jute and sesame oil cake

6.6.7. Calorific value of the products
The calorific values of the pyro-char, pyro-oil are segregated into 6.6.7.1 and 6.6.7.2.
respectively.

6.6.7.1. Calorific value of pyro-char

Figure 6.79, 6.80 and 6.81 depict the dependence of calorific value of pyro-char of the catalytic
and non-catalytic pyrolysis of waste jute, lime wastes and co-pyrolysis of jute and sesame oil
cake respectively as a function of pyrolysis temperature. From the analysis of the figures, it
can be inferred that in all cases the calorific value of the pyro-char increases with the rise in
pyrolysis temperature. This is due to the increase in the % C and decrease in %O in the char
with the increase of pyrolysis temperature.
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Figure 6.79. Variation of calorific values of char for both catalytic and non-catalytic
yrolysis of waste jute.
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Figure 6.80. Variation of calorific values of char for both catalytic and non-catalytic
pyrolysis of lime wastes
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Figure 6.81. Variation of calorific values of char for both catalytic and non-catalytic co-
pyrolysis of jute waste and sesame oil cake

6.6.7.2. Calorific value of pyro-oil

Figure 6.82 and 6.83 represent the calorific value of the pyro-oil of the catalytic and non-
catalytic pyrolysis of waste jute and lime wastes respectively as a function of pyrolysis
temperature. In Figure 6.84, the same plot has been made for the co-pyrolysis of jute wastes
and sesame oil cake. In all cases the Cv of puro-oil has decreased with the increase of pyrolysis
temperature. This is due to the decrease and increase in the values of %C and %0 respectively
with the increase of temperature.

Calorific value of Pyro -0il

673 773 B73 o973

1073 1173

g

Bk 8GR

Calorific value (MUSkg)
=]

=T

Temperature (K]

W Jute ™ Jute+ alumina

Figure 6.82. Variation of calorific values of pyro-oil for both catalytic and non-catalytic
pyrolysis of waste jute.
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Figure 6.83. Variation of calorific values of pyro-oil for both catalytic and non-catalytic
pyrolysis of lime wastes.
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Figure 6.84. Variation of calorific values of pyro-oil for both catalytic and non-catalytic
co-pyrolysis of jute wastes and sesame oil cake.
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6.6.8. Distillation characterises of pyro-oil

Figure 6.85 — 6.87 represents the variation of initial boiling point (IBP) and final boiling point
(FBP) of pyro-oil for non-catalytic and catalytic pyrolysis of jute wastes, lime wastes and co-
pyrolysis of jute waste and sesame oil cake. Distillation characteristics of the pyro-oil obtained
at different pyrolysis temperature has been determined by ASTM D86 method . From the
figure, it is revealed that with the use of catalysts, higher values of IBP and FBP have been
obtained. This may be due to higher carbon content in the pyro-oil obtained from catalytic
pyrolysis in comparison to that obtained through non-catalytic pyrolysis of the same feedstock
at each pyrolysis temperature as described in section 6.6.4.2.

140
120
:G' 100
5 80
e
60
:
2 40
20
0
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Tar of different temperature
@IBP -jute @FBP - jute DIBP -jute with alumina @ FBP -jute with alumina

Figure. 6.85. Variation of IBP and FBP of pyro-oil for non-catalytic and catalytic
yrolysis of jute waste with temperature.
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Figure. 6.86. Variation of IBP and FBP of pyro-oil for non-catalytic and catalytic
pyrolysis of lime waste with temperature.
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Figure. 6.87. Variation of IBP and FBP of pyro-oil for non-catalytic and catalytic co-pyrolysis of
jute waste and sesame oil cake with temperature.

6.6.9. FTIR analysis of the catalytic and non-catalytic pyro-oil derived after

pyrolysis of lignocellulosic feedstocks

Figure 6.88 and 6.89 represents the results of FTIR analysis of pyro-oil obtained through non-
catalytic and catalytic pyrolysis of jute waste 700°C. Composition of the liquid products are
presented in Table 6.21. The table shows the presence of alkanes, alkenes, ketones, aldehydes
and carboxylic acids, primary, secondary and tertiary alcohols, ethers and esters, single,
polycyclic and substituted aromatics groups and the presence of water impurities and other
polymers. The pronounced oxygenated functional groups of O — H; C = O; C — O and aromatic
compounds show that the oil is highly oxygenated and therefore, very acidic, as have also been
indicated by the elemental composition and the pH value. The high fraction of oxygenated
compounds reduces the calorific value of the oil since C = O bonds do not release energy during
combustion. Through the comparison of 6.82 and 6.83, it is difficult to effect of catalysis on
the FTIR characteristics of pyro-oil The presence of hydrocarbon groups C — H; C = C; and
alcohols indicate that the liquids have a potential to be used as fuel. The results of FTIR analysis
is comparable to those obtained ¢ and Sarkar et. al. °™ during their studies on non-catalytic
and catalytic pyrolysis of jute wastes.
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Figure 6.90 represents the FTIR analysis of the pyro-oil obtained after co-pyrolysis of jute
waste and sesame oil cake at 500°C and figure 6.91 represents the analysis of the pyro-oil
obtained after co-pyrolysis of jute waste and sesame oil cake with the variation in temperature
(300°C — 500°C). Characterization with respect to chemical bonds present in the pyro-oil has
been done using FTIR analysis. The functional groups of the pyro-oil obtained at temperature
of 500°C or 773K was analyzed by Fourier Transform Infrared (FTIR) spectroscopy to identify
the basic compositional groups shown in Fig 6.90 Based on the FTIR results, the functional
groups and the indicated composition of the liquid products are presented in Table 6.22. From
the close analysis of the table, it appears that the bio-oil is highly oxygenated as indicated by
the predominance of oxygenated functional groups namely O — H; C=0; C — O and aromatic
compounds. This is also established by the elemental composition (not shown) and the acidic
nature, indicated by low value of pH. The high fraction of oxygenated compounds causes the
lowering of calorific value of the oil, particularly due to the presence of C=0 bonds which do
not release energy during combustion %21, The presence of hydrocarbon groups C —H; C = C;
and alcohols indicate that the liquids have a potential to be used as fuel. The results of FTIR
analysis is comparable to those obtained by Islam and Nabi, 2005 561 and Sarkar et. al. 7]
during their studies on pyrolysis of jute wastes. The FTIR spectrum of pyro-oil obtained in the
temperature range 573K have been shown in the figure 6.85, which shows a decreasing trend
of compounds carrying C — O stretching and O — H bonding (1300 — 950) with the increase in
temperature. This may probably be due to further cracking of these compounds above 573 K.
However, the exact reason is yet to be investigated.

225



8691

guioe|

Y X
e N
= 80uL!

I\

|'|
I\

f

" .1' ! .’II l’|

¥y ULy
VY

A !
\

{.
1
2000

2200

| ——— 009€
£5LeE
02626
4 L0IEE
| ——G'IpE
| LE%E
[~ 9786E
| —— I ¥5E m

Wavenumbers (1/cm)
II
II
‘I
!l
J
f
4{0
g
o~
Wavenumbers (1/cm)

e 609€¢

|
|||
2400

\ —_—- Ji
—_— e -_——

—_— ———————— v

O \ _————

P 11 m T — g1 il Ny
GEI9E ~

e - 18296 926e . e 1}
— —————— (%] S \

1.5+

m = _—

1800
- oo
=3
=

Figure 6.90. FTIR analysis of the pyro-oil obtained by co-pyrolysis at 500°C.
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Table. 6.22. FTIR functional groups and the indicated compounds of pyro-oil.

Frequency Groups Class of
Range (cm ?) compounds
3600-3200 [O-H Polymeric O —
stretching H
3050-2800 [C-H Alkanes
stretching
1775-1650 |C=0 Ketones,
stretching Aldehydes,
Carboxylic
acids
1680-1575 |[C=C Alkenes
stretching
1550 - 1475 | -NO3 Nitrogenous
stretching compounds
1490-1325 |C-H Alkanes
stretching
1300 - 950 Cc-0O Primary,
stretching, O | Secondary and
—H bending | Tertiary
alcohols
Phenols,
esters, ethers
900 - 650 - Aromatic
compounds
900 - 650 - Aromatic
compounds
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Figure 6.91. FTIR spectrum of pyro-oil obtained at different temperatures by co-
pyrolysis.
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6.6.10. GC/MS analysis of the pyro-oil

For the qualitative and quantitative characterization of pyro-oil obtained through non-catalytic
and catalytic pyrolysis, samples were analyzed with SQ 8 Gas Chromatograph/Mass
Spectrometer PerkinElmer 8, equipped with flame ionization and mass spectrometry detectors
(GC-PPC-MS) The compounds present in pyro-oil obtained through non-catalytic and catalytic
pyrolysis of jute at 600°C are represented in Table 6.23, 6.24 and lime waste at 500°C are
represented in Table 6.25, 6.26. and co-pyrolysis of jute waste and sesame oil cake are
represented in Table 6.27. The Tables provide the lists of compounds with their retention times

and prospective uses.

Table 6.23. GC/MS analysis of the pyro-oil of waste jute

Retention time ~ Name of compound Molec  Usage
ular
Weight
3.809 1,2,3,6 - 127 As a GABAa receptor in
tetrahydropyridine-2- scientific research 5
carboxylic acid
(CsH9NO>)
3.939 2-cyclopenten-1-one 82 As a FEMA GRAS flavouring
(CsHs0) substance €%
Oxirane, 2-ethyl-3- 114 Manufacture of o-
4.829 propyl —cis (C7H140) amylcinnamaldehyde and
lubricant [6]
1-silacyclo-2,4- 96 Used as synthetic studies
5.164 Hexadiene (CsHsSi) by organic chemists [62]
6.205 1-Ethylcyclopentene 96 Useful compound in organic
(C7H12) synthesis. [63
6.365 1H-imidazole, 45 - 84 Pharmaceutical use. 64
dihydro- 2 — methyl
(C4HgN2)
Bicyclo [5,3,0] Decane 138 Industrial solvent [
7.495 (C1oH1s)
7.650 2-cyclopenten-1-one,2,3- 110 Building block in organic
Dimethyl synthesis. (6]
(C7H100) Drug for genital or sexual
disorder. (671
7.710 Cyclohexanol, 1 — 124 Pharmaceutical use. [
Ethynyl
(CeH120)
8.135 Pyridine, 5 — methyl 94 Isolated from coal tar and
(CeH7N) synthesized industrially 6%
9.021 D-Limonene  (CioHi1s) 136 Cosmetic usage ¥
Solvent for cleaning purpose
/paint/biofuel. [']
9.231 2-cyclopenten-1-one,2,3- 110 Not reported
Dimethyl
[(CH3)2CsHa(=0)]
p-cresol (C7Hg0) 108 Antioxidant [2
9.616
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Used as a used to capture and

study the species of orchid bee
[73]

10.021 Benzene methanol, 4 — 124 Use as a flavorants [74) [73]
hydroxyl (C7HgO2)

10.181 Phenol, 2 -methoxy 124 Dermatology and  radical
(C7HsO2) Bg}lymerization of monomers

10.406 Bicyclo-[2.2.2] Octane, 2 124 Not reported
— methyl (CoHae)

11.932 5-methoxyindane 148 Commercial bio-conversion of
(C10H120) anethole to more valuable

compound 7]

12.577 4-pentenoic acid, 5 — 172 Purification purposes. 8]
ethoxy, ethyl ester, (E )-
(C11H1202)

13.212 (2)-4-methyl-5-(2- 152 Use as an intermediate in the
oxopropylidene)-5H- preparation of more complex
Furan-2one  (CsHsOs) compounds. [

13.488 (S,S,S,5)-1,1°- 194 Use as a food additive [

Bicyyclopentyl-2,2’-
Dicarboxaldehyde

(C12H1802)

13.628 2 cyclopentene-1- 166 Use as an antioxidant for
acetaldehyde,2- synthetic rubber, polymer and
formyl-,Alpha,3 oil derivative (8182
Dimethyl
(C10H1402)

14.863 Octadecane, 1- chloro 288 Use only in area provided with
(C18H37Cl) ?p]propriate exhaust ventilation

83

15.488 1-methoxy-2-methyl-4- 168 Therapeutic usage 84
(methylthio)  Benzene
(CoH120S)

17.249 Phthalic acid, monoethyl 194 Breakdown of glucosinate
ester  (CoHgOu) glucobrassicin(®

17.824 2-Azetidinone, 1 - 147 Biomedical usage (!
phenyl (CoH9NO)

21.901 IH-1,2,3 —Triazole,4-(4- 98 For R&D use only 7]
methylphenyl)
(CsHeN4)

Table 6.24. GC/MS analysis of the pyro-oil derived from catalytic pyrolysis of waste jute

Retention Name of Molecular Usage

time compound Weight

3.258 Hydrazine, 74 used in the alkyne zipper reaction [88]

Trimethyl-
(CsH1oN2)
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3.313

3.353

4.999

5.054

5.114

6.025

6.345

7.245

7.620

8.145

9.016

9.701
10.026

Silane, Butyl
Trimethyl -
(C7H1sSi)

Silane, Trimethyl
propyl -
(CsH16Si)

1H —Imidazole —
4 — methanol
(CsHsN20)
Cyclopentane, 1
— Hydroxymethyl
- 1,3 — dimethyl -
(CgH160)
Levoglucosenone
(CsHe03)

Trans, Trans and
trans, Cis - 1,8 —
Dimethyl  spiro
[5,5] undecane
(C13H24)

2,2 — Dimethyl
hex - 4 -
Enylamine
(CeH17N)

Trans, Cis -1,8 —
Dimethyl  spiro
[4,5] Decane
(C21H27CIO4S)

2 — cyclopenten -
1- one, 23 -
dimethyl
(C7H100)
Pyrimidine, 5 —
methyl

(CsH7N)

D — limonene
(C10H16)

p-cresol
(C7HsO)
Silane,
Tetraethenyl
(CeH12Si)

130

116

98

128

126

180

127

166

110

94

136

108

136

use as heaters in rapid solidification 8%

used under atmospheric pressure at 0 °C in
dichloromethane [*°

used in the coordination chemistry (1

As air freshener 9]

Froth floatation process for cleaning coal
where of 95% MCHM, 4% water and 0.1% 4-
methylcyclo hexamethanolmonoether. (3]
uses hydroxyquinol as
a substrate with oxygen to produce 3-
hydroxy-cis,cis-muconate.[?411]
Phloroglucinol is mainly used as a coupling
agent in printing [°510]

It is useful for the industrial synthesis of
pharmaceutical [74, 35] and explosive
(TATB) [96, 110]

Pharmacology [°7]

Not reported

Not reported

Used as an antioxidant for synthetic rubber,
polymer and oil derivative €

Isolated from coal tar and synthesized
industrially [

Cosmetic usage 1%
Solvent for cleaning purpose /paint/biofuel.
[101]

Antioxidant 102

Used in plating, important material for
producing catalyst, other silver compounds
and paste (1%
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11.952

12.252

13.713

14.233

15.488

16.709

17.244

17.824

19.170

20.946

21.131

21.701

22.231

1,3,2 -
Dioxaborolane, 2
— phenyl-
(CeH9BO?)
(2) — 4- Methyl —
5 - (2-oxo
propylidene) —
S5H — Furan — 2 —
one

(CeHg03)
Formic acid, 2,6
- dimethoxy
phenyl ester
(CoH1004)
Phenol, 2, 6 —
Dimethoxy -
(CgH100:5)
4-METHOXY-2-
METHYL-1-
METHYLSULF
ANYL-
BENZENE
(CoH120S)
1- acetyl -3 - (4
—  pyridyl) -
pyrazoline
(C10H1:1N30)
N-
nitrosonornicotin
e (CyH11N30)
2 - propen -1 —
one, 2 — methyl —
1 —  phenyl
(C10H100)
2 — ethyl — 2 —
phenylaziridine
(C1oH13N)
2 —methyl benzyl
phosphonic acid
(C12H1903P)
5 _
phenylisoxazolin
e (CoHgNO)
Trans — 1 —cyano
— 2 — phenyl
cyclopropanol
(CsHao)
2,56 -
trimethylbenzimi

148

152

182

154

168

189

177

146

147

186

147

159

160

Used to the myocardium (104

Food preparation 1%
Pyrolysis oil [1%]
Bio-fuel derived from woody biomass 7]

Not reported

Not reported

Not reported

Not reported

Curing, aging, processing and smoking of
tobacco [108.109]

Not reported

Not reported

Not reported

Breakdown of glucosinate glucobrassicin 84

Not reported

Not reported
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dazole

(C10H12N?)
Table 6.25. GC/MS analysis of the pyro-oil of lime waste
No Retention Name of Molecular Usages
time Compound weight
1 213 1,2- 106 1. Areas of application include
Dimethylbenzene the printing, rubber, and leather industries. It is
(CgH10) a common component of ink, rubber,
and adhesives (1471
2. used in the laboratory to make baths with dry
ice to cool reaction vessels (1481
2 335 D — limonene 136 Cosmetic usage [14°]
(C10H1s6) Solvent for cleaning purpose /paint/biofuel. 4]
3 456 m-Ethyl methyl 120 1. Used as a common solvent, e.g. for paints,
benzene (CoH12) paint thinners, silicone sealants, many chemical
reactants, rubber, printing ink,adhesives (glues)
, lacquers, leather tanners, and disinfectants [4°]
2. Used as a fuels that have recently included
in jet fuel surrogate blends 5%
4  6.66 (4E,62)-2,6- 136 used as a perfume component 511 [152]
Dimethyl-2,4,6
Octatriene
(C10H1s)
5 1785 1,2,3 Trimethyl 120 It is isolated from the Co aromatic
benzene (CoH12) hydrocarbon  fraction  during  petroleum
distillation. It is also generated by methylation
of toluene and xylenes 25
6 945 2,6 Octadiene - 138 Not found
2,6-Dimethyl (E)
(C1oHa1s)
7  9.92 Trycyclo 137 Not found
[5.2.1.0.1,5]
Decane (CioH17)
8 1041 14 -Diethyl 134 Not found
benzene (C1oH14)
9 10.62 Citronellal 154 Used as a strong antifungal qualifier. (54
(C10H180)
10 10.71 B-ionone 192 used in perfumery and flavouring to recreate
(C13H200) their scent [155]. [156]
11 10.75 Octantal 128 used commercially as a component in perfumes
(CH3(CH2)6CHO) ?nd] in flavor production for the food industry
157
12 11.40 Phenol (C¢HsO) 94 1. used medically to help sore throat 1%
2.preparation of cosmetics including sunscreens
and hair colouring ™% and skin lightening
preparation (12
13 1251 Methyl 110 used as a topical application in skin whitening to
hydroquinone reduce the color of skin 122123
(CsHs02)
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14

15

16

17

18

19

20

21

22

23

24

25

26

27

13.78

14.44

14.62

15.50

15.76

15.89

16.88

17.15

17.25

17.67

17.86

17.92

18.23

19.08

Guaiacol 124
(C7Hg0y)

5-methyl- 138
guaiacol

(CeH1002)

4-propyl guaiacol 166
(C10H1402)

Isoeugenol 164
(C10H1202)

Vanillin 152
(CgHg03)

Acetovanillone 166
(CoH1003)

Homovanillyl 168
alcohol

(CoH1205)
Homovanillic 182

acid (CoH1004)

Homosyringric 212
acid (C10H1205)
Sringaldehyde 182
(CoH1004)
Acetosyringone 196
(C10H1204)

Butylated 220
hydroxytoluene
(C15H240)

m-cresol (C7HsO) 108

2,4 xylenol 122
(CeH100)

Guaiacol is a precursor to various flavorants,
such as eugenol™ and vanillin.*®! |ts
derivatives are wused medicinally as an
expectorant, antiseptic, and local anesthetic.
Not found

Used medicinally as an expectorant, antiseptic,
and local anesthetic. [1241 [125]
Not found

1.used in the fragrance industry, in perfumes,
and to mask unpleasant odors or tastes in
medicines, livestock fodder, and cleaning
products, [£32]

2. used as a chemical intermediate in the
production of pharmaceuticals and other fine
chemicals. In 1970, more than half the world's
vanillin production was used in the synthesis of
other chemicals, % but as of 2004, this use
?cc]ounts for only 13% of the market for vanillin.
133

Used in medical treatments like arthritic [°8],
Bowel disease %1 asthmatic  [16%
Atherosclerosis 1% Familial 1 and Erectile
dysfunction [1621. [163]

Not found

used as a reagent to detect oxidative enzymes,
and is associated with dopamine levels in the
brain. (2641
Not found

Not found
Not found

Used as food additive, household product
ingredient, industrial additive, personal care
product/cosmetic ingredient, pesticide
ingredient, plastic/Rubber ingredient and
Medical/Veterinary/Research [1¢°]

1.Used to synthetic vitamin E [166]

2. used as a solvent for dissolving polymers,
e.g., polyaniline 671

used in the manufacture of antioxidants [1¢°]
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28 20.34 2-allyl-p-cresol 148 Used for synthetic intermediates to other
(C10H120) compounds and materials, including plastics,
pesticides, pharmaceuticals, and dyes [143]
29 21.56 3-methoxy-5- 138 Not found
methylphenol
(CeH1002)
30 21.99 3-methoxy- 140 Not found
catechol
(C7Hs03)
31 22.49 4-methyl- 124 Not found
catechol
(C7Hg02)
32 2286 4-ethyl-catechol 138 used as a precursor to fine chemicals such as
(CsH1002) perfumes and pharmaceuticals, (1?7}
Table 6.26. GC/MS analysis of the pyro-oil derived from catalytic pyrolysis of lime
waste
No Retent Nameof  Molecular Usages
ion Compound weight
time
1 3.09 Hydrazine, 74 Not found
Trimethyl —
(CsH10N2)
2 545 Cyclopetane 128 Not found
, 1-
hyroxymeth
yl-1,3-
dimethyl
(CsH160)
3 681 23 86 Production from glucose by fermentation [*37]
Butanedion
e (C4He0O2)
4 752 Pyrimidine, 80 Not found
5-methyl
(C4HaN2)
5 9.05 Levoglucos 126 uses hydroxyquinol as a substrate with oxygen to
enone produce 3-hydroxy-cis,cis-muconate.*17:116]
(CsHeO3)
6 10.82 2-Hydroxy- 102 Not found
3-
oxobutanal
(C4He03)
7 11.02 Succinaldeh 86 Used as a crosslinking agent but is less widely used than
yde the related dialdehyde glutaraldehyde 3]
(CsH602)
8 1136 D- 136 Cosmetic usage 14
limonene Solvent for cleaning purpose /paint/biofuel. (141
(C10H16)
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10

11

13

14

15

16

17

18

19

20

21

22

23

11.56

11.60

11.62

11.66

11.70

12.09

12.71

13.99

14.50

14.75

15.41

15.43

16.00

17.34

Citronellal
(C10H180)
-ionone
(C13H200)
Octantal
(CH3(CH>)e
CHO)
[-sinensal
(C15H220)
wine
lactone
(C10H1403)
p-cresol
(C7HgO)
2(5H) —
Furanone
(C4H402)

4-Hydroxy-

5,6-dihydro-

(2H)-pyran-
2-one
(CsHeO3)
Guaiacol
(C7Hg02)

Cresol
(C7HgO)

5-methyl-
guaiacol
(CgH1002)
4-methyl-
guaiacol
(CeH1002)
4-Ethyl
guaiacol
(CgH1202)
4-
vinylguaiac
ol
(CoH1002)

154

192

128

218

166

108

114

124

108

138

138

152

150

Used as a strong antifungal qualifier. 154

used in perfumery and flavouring to recreate their scent
[155], [156]

used commercially as a component in perfumes and in
flavor production for the food industry 571

Not found

Not found

Antioxidant (142

used in:
« synthesis of (+)-L-733,060, (+)-CP-99,994 and (2S,3R)-
3-hydroxypipecolic acid [239]
+ synthesis of 5-substituted 2(5H) furanones (y-
butenolides) via direct aldol reaction with aromatic
aldehydes catalyzed by bifunctional aminothiourea and
aminosquaramide organocatalysts [139]
« Michael addition reactions for synthesis of lignans 1%
 three-component Michael-Aldol reactions with an
aldehyde and a thiolate [*3% or carbanion %%

Not found

Guaiacol is a precursor to various flavorants, such
as eugenol™4 and vanillin.['?®! Its derivatives are used
medicinally as an expectorant, antiseptic, and
local anesthetic.

Used for synthetic intermediates to other compounds and
materials, including plastics, pesticides, pharmaceuticals,
and dyes 141

Not found

Not found

Not found

used as a flavoring agent [*44]
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24

25

26

27

28

29

30

31

32

33

34

35

36

37

17.52

18.42

19.08

19.95

21.46

21.74

22.61

22.89

23.05

23.81

24.01

24.12

24.26

24.35

Vanillin
(CgHgO3)

Isoeugenol
(C10H1202)
Homovanill
ic acid
(CoH1004)
Syringol
(CgH1003)
4-
Vinylsyring
ol
(C10H1203)
4-allyl-
syringol
(C11H1403)
Sringaldehy
de
(CoH1004)
Acetosyring
one
(C10H1204)
4-propenyl
Syringol
(trans)
(C11H1403)
m-cresol
(C7HsO)

2-allyl-p-
cresol
(C10H120)
3,4-
dimethoxy-
phenol
(CeH1003)
3-hydroxy-
benzaldehy
de (C7Hs02)
4-hydroxy-
2-
methoxyxci
namaldehyd

152

164

182

154

180

194

182

196

194

108

148

154

122

178

1.used in the fragrance industry, in perfumes, and to mask
unpleasant odors or tastes in medicines, livestock fodder,
and cleaning products. (%1

2. used as a chemical intermediate in the production
of pharmaceuticals and other fine chemicals. In 1970, more
than half the world's vanillin production was used in the
synthesis of other chemicals, [***l but as of 2004, this use
accounts for only 13% of the market for vanillin. (3

Not found

used as a reagent to detect oxidative enzymes, and is
associated with dopamine levels in the brain. [164]

Used as food additives and contaminants 129

Used as an antioxidant [14°]

used in perfumes, flavorings, and essential oils. It is also as
a local antiseptic and anaesthetic (2%

Not found

Used as food additives and contaminants 129

Not found

1.Used to synthetic vitamin E [166]
2. used as a solvent for
e.g., polyaniline [167]

Used for synthetic intermediates to other compounds and
materials, including plastics, pesticides, pharmaceuticals,
and dyes 141

Not found

dissolving polymers,

Not found

use in a study to investigate the antioxidant and antiradical
activities of ferulates using a p-carotene-linoleate model
system and a DPPH radical scavenging assay [1¢%]
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e

(C10H1003)
38 2456  3-methoxy- 140 Not found
catechol
(C7Hs03)
39 24.62 4-methyl- 124 Not found
catechol
(C7Hg0O2)
40 24.66  4-ethyl- 138 used as a precursor to fine chemicals such as perfumes and
catechol pharmaceuticals. 1?71
(CeH1002)
41 2489 5- 145 Not found
Phenylisoox
azoline
(CoH7NO)
Figure. 6.27. GC/MS analysis of the pyro-oil derived from co-pyrolysis of waste jute and
sesame oil cake
No Retention Name of Molecular Usages
time Compound weight
1 3.35 2-octanone 128 food additive permitted for direct addition to food
(CgH160) for human consumption as a synthetic flavouring
substance and adjuvant in accordance with the
following conditions: 1) the quantity added to food
does not exceed the amount reasonably required to
accomplish its intended physical, nutritive, or other
technical effect in food, and 2) when intended for
use in or on food it is of appropriate food grade and
is prepared and handled as a food ingredient. (2]
2 518 Decane 174 Used for industrial purposes 12
(C1roH22)
3 7.02 Cyclodecan 140 temporary protection of sensitive surfaces [*°]
e (C1oH20)
4 8.16 2- 184 2-Dodecanone was used in the synthesis of brushed
dodecanone block copolymer by conjugating with 2-butanone,
(C12H240) 2-hexanone, 2-octanone and 2-decanone through
an acid-labile hydrazone linker to poly (ethylene
glycol)-poly  (aspartate  hydrazide)  block
copolymers 114
5 8.95 7- 198 Not found
tridecanone
(C13H260)
6 9.45 8- 238 Use of allogeneic, radiation-sterilised bone blocks
heptadecen in reconstruction of the atrophied alveolar ridge in
e (C17H34) the maxilla and mandible [**°]
7 9.92 Levoglucos 126 uses hydroxyquinol as a substrate with oxygen to
enone produce 3-hydroxy-cis,cis-muconate.*17:116]
(CsHeO3)
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10

11

12

13

14

15

16

17

18

19

10.43

11.38

12.62

13.89

14.38

14.58

15.55

15.76

15.91

16.96

17.05

17.20

Phenol
(CsHeO)

Methyl
hydroquino
ne
(CsHeO2)
Guaiacol
(C7Hg02)

4-ethyl
phenol
(CsH100)
Pyrocatech
ol (CeHeO2)
Phenol 2-
methoxy 4 —
methyl
(CgH1002)
3-
methoxycat
ehol
(C7HsO3)
4-ethyl
guaiacol
(CoH12072)
4-
methylcatec
hol
(C7Hg0O2)
2,6-
dimethoxyp
henol
(CeH1003)
Eugenol
(C10H1202)
2-
methoxy-
4-
propylphe
nol
(CH30Cs
H3(CH.C
H>CHs)
OH)

04

110

124

218

110

138

140

152

124

154

164

166

1. used medically to help sore throat 2]
2.preparation of cosmetics including sunscreens
and hair colouring ™ and skin lightening
preparation 12

used as a topical application in skin whitening to
reduce the color of skin [121:122]

Guaiacol is a precursor to various flavorants, such
as eugenol™ and vanillin.[?4 Its derivatives are
used medicinally as an expectorant, antiseptic, and
local anesthetic

used as an indicator of the yeast's presence [12°]

used as a precursor to fine chemicals such as
perfumes and pharmaceuticals. (1261

Used for synthetic intermediates to other
compounds and materials, including plastics,
pesticides, pharmaceuticals, and dyes [*?7]

Not found

Not found

Used as a smokeless fuel Coalite obtains
homocatechol from ammoniacal liquor by solvent
extraction, distillation and crystallisation.[2®]

Used as food additives and contaminants [12°]

used in perfumes, flavorings, and essential oils. It
is also as a local antiseptic and anaesthetic [*3%
Potential applications include the profile
enhancement of smoke flavors, clove, spicy
nuances for cinnamon and pepper, vanilla, and fruit
nuances. (3]
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20

21

22

23

24

25

17.94

18.78

19.52

20.31

23.22

24.49

Vanillin
(CgHgO3)

Isoeugenol
(C10H1202)
4’-hydroxy-
3’-
methoxyace
tophenone
(CoH1003)
2-
propanone,
1-(-
hydroxy-3-
methoxyph
enol)
(C10H1203)
3,5-
dimethoxy-
4’-hydroxy
acetopheno
ne
(C10H1204)
Syringaldeh
yde
(CoH1004)

152

164

166

180

196

182

1.used in the fragrance industry, in perfumes, and
to mask unpleasant odors or tastes in medicines,
livestock fodder, and cleaning products. (32

2. used as a chemical intermediate in the production
of pharmaceuticals and other fine chemicals. In
1970, more than half the world's vanillin
production was used in the synthesis of other
chemicals, 33 but as of 2004, this use accounts for
only 13% of the market for vanillin. (3]

Not found

used in the treatment of atherosclerosis in order to
prevent the activity of NADPH oxidase activity,
halting the production of reactive oxygen species.
In effect, this inhibition stops initiation of disease
in the endothelial cells 134

Not found

Not found

Not found

The Tables provide the lists of compounds with their retention times and prospective uses. The
chemical composition of the pyro-oil samples is comparison to that of pyro-oils obtained by
previous investigators during the studies on pyrolysis of different biomass feedstocks [1-54:16%-
1731 1t is clear that most of the compounds are useful and thus besides the prospect of usage of
pyro-oil as fuel after up-gradation through de-oxygenation etc., this may be used as a source for
many valuable chemicals.

6.6.11. GC Analysis

Table. 6.28 represents the GC analysis of the pyro-gas derived from non-catalytic and catalytic
pyrolysis of jute and lime waste and non-catalytic and catalytic co-pyrolysis of waste jute and
sesame oil cake.
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Table. 6.28. GC analysis of the pyro-gas derived from non-catalytic and catalytic
pyrolysis of jute and lime waste and non-catalytic and catalytic co-pyrolysis of waste
jute and sesame oil cake

CO2 CcO CHa H2
(% of (% of (% of (% of
compound compound compound compound
formed) formed) formed) formed)
Jute waste 38.8 11.2 7.86 42.14
Jute waste 44.8 6.59 5.12 43.49
in presence
of alumina
Lime 57.4 2.89 2.28 37.43
wastes
Lime 58.2 3.27 4.18 34.35
wastes in
presence of
Zn0O
co- 52.4 4.32 441 38.87
pyrolysis of
jute waste
and sesame
oil cake

From the analysis of pyro-gas obtained through non-catalytic and catalytic pyrolysis and co-
pyrolysis of different biomass under study, it clear that CO2, CO, CHs and H> are the main
components present in the gaseous of pyrolysis. The composition with respect to the content
of CO and H: is suitable to be used as energy source and as a feedstock for Fischer-Tropsch
process for the conversion to liquid fuel.

6.7. Secondary cracking of pyro-oil

6.7.1. Kinetic parameters

The kinetic parameters k, ky and ks, as described in section 5.4, of thermal cracking of pyro-
oil, obtained from non-catalytic pyrolysis of jute waste and lime waste, have been determined

. : w W .
by plotting respectively. The values of W—V and W—S have been plotted against
0 0

(1—exp[-k*t])/k shown in Tables A.6.-A.11. provided in the supplementary section. The

corresponding values of % and % , determined using the batch type experimental data have
0 (o]
been shown in tables A.62-A.64 provided in the supplementary section. The kinetic parameters,
k’, kv’ and ks’ for thermal cracking of pyro-oil, obtained from catalytic pyrolysis of jute and
lime waste using alumina and zinc oxide respectively, have been determined following the
same procedure. The corresponding plots figure A.66. and table A.63-A.65. have been
provided in the supplementary section. The values of k and ky are shown in the table A.67.a
and A.67.b respectively. To determine the dependence of rate constants of thermal cracking of
pyro-oil obtained from non-catalytic and catalytic pyrolysis of jute and lime wastes, the
logarithmic values of rate constants, k, kv, ks and k’, ky’, ks’ respectively have been plotted
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against the inverse of temperature in figures A.68.in the supplementary section. The linearity
of all plots proves the validity of Arrhenius equations of temperature dependence of all rate
constants. The values of activation energies and pre-exponential factors have been provided in
table. In all analysis, the pyro-oil obtained at pyrolysis temperature of 500°C, 700°C and 900°C
have been used.

6.7.2. Comparison of rate constant, k

In figures 6.92.a-6.92. b the values of rate constant, k, for the thermal decomposition of pyro-
oil obtained through non-catalytic and catalytic pyrolysis of waste jute have been plotted as a
function of cracking temperature. Similar plots 6.93.a-6.93. b has been made for pyro-oil
obtained from non-catalytic and catalytic pyrolysis of lime waste. In all cases the rate constant
shows an increasing trend with the increase of cracking temperature. The rate constant k
increases monotonically with temperature for thermal cracking of pyro-oil obtained through
catalytic and non-catalytic pyrolysis at 500°C. For waste jute, the values of rate constant, k, of
pyro-oil obtained at 700°C and 900°C remain above that for pyro-oil obtained at 500°C up to
800°C and 550°C respectively for non-catalytic and catalytic pyro-oil. However, for lime waste
the values of rate constant, k, of thermal cracking of catalytic and non-catalytic pyro-oil at
500°C always remain below those obtained at 700°C and 900°C. These observations may be
justified by the fact that the content of high molecular weight compounds is much more in case
of pyro-oil obtained at 500°C in comparison to that obtained at 700°C and 900°C and hence the
thermal cracking rate is slower in case of the former with respect to the latter ones. In case of
pyro-oil obtained at 700°C and 900°C, the rate constant increases sharply with temperature up
to 800°C and saturation is observed beyond this temperature level. This may be due to the fact
that the molecules present in these pyro-oil samples are no more degradable above 800°C. The
observation that values of thermal cracking rate constants of catalytic and non-catalytic pyro-
oil from jute and lime wastes at 500°C supersede those obtained at 700°C and 900°C cannot be
explained and needs further investigation. The values of rate constant for catalytic pyro-oil are
always greater than that of non-catalytic pyro-oil. This may be due to the abundance of lower
molecular weight compounds in catalytic pyro-oil in comparison to that in non-catalytic ones.
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Figure 6.92.a. Variation of k of pyro-oil obtained at 500°C(773K), 700°C(973K) and
900°C(1173K) from jute waste.
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0.215
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Temperature (°C)
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Figure 6.92.b. Variation of k of pyro-oil obtained at 500°C(773K), 700°C(973K) and
900°C(1173K) from jute waste with alumina.
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Figure 6.93.a. Variation of k of pyro-oil obtained at 500°C(773K), 700°C(973K) and
900°C(1173K) from lime waste
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Temperature (°C)
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Figure 6.93.b. Variation of k of pyro-oil obtained at 500°C(773K), 700°C(973K) and 900°C(1173K)
from lime waste with ZnO
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6.7.3. Comparison of rate constant, ky

From the analysis of the figures 6.94.a-6.94. b it is evident that the rate constant of generation
of volatiles during thermal cracking of catalytic and non-catalytic pyro-oil increases as the
pyrolysis  temperature at which the pyro-oil is obtained increases i.e.
k o >k, >k__ forjute. This may be explained by the fact that the content of
900°C 700°C 500°C

heavy molecules in the pyro-oil increases as the pyrolysis temperature at which it is obtained
decreases i.e. the higher temperature pyro-oil contains less recalcitrant molecules in
comparison to lower temperature pyro-oil. Hence the formation rate of volatile is higher in case
of higher temperature pyro-oil as exhibited by the trend of ky in figure 6.95.a-6.95. b. However,
in case of lime waste, the rate constant for volatile formation from pyro-oil obtained at 500°C
exceeds the values corresponding to 700°C and 900°C. The values of rate constant, for volatile
formation are almost equal for pyro-oil obtained at 700°C and 900°C, the values of 700°C lying
slightly below. Moreover, the values of rate constant, of all pyro-oil samples obtained from
lime waste are insensitive to the change in temperature. This nature of thermal decomposition
of pyro-oil obtained from lime waste is not explainable and requires in-depth research
investigation. For both the feedstocks the values of ky for catalytic pyro-oil are higher than
those of non-catalytic ones. This may be explained by the fact that the catalytic pyro-oil
contains lower molecular weight molecules which are more prone to volatilization.

jute

01
0.095
0.09 S —

0.085

LI (1/min)
e
B

0.075

500 550 600 650 700 750 800 850 900

Temperature [°C)

—o—jute-500 —eo—jute- 700 jute- 900

Figure 6.94.a. Variation of kv of pyro-oil obtained at 500°C(773K), 700°C(973K) and
900°C(1173K) from jute waste
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Figure 6.94.b. Variation of kv of pyro-oil obtained at 500°C(773K), 700°C(973K) and
900°C(1173K) from jute waste with alumina.
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Figure 6.95.a. Variation of kv of pyro-oil obtained at 500°C(773K), 700°C(973K) and
900°C(1173K) from lime waste
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Figure 6.95.b. Variation of kv of pyro-oil obtained at 500°C(773K), 700°C(973K) and
900°C(1173K) from lime waste with ZnO.

6.7.4. Activation energies

Figure 6.96 — 6.99 shows the variation of activation energies against temperature for various
feedstocks.

From the analysis of the figures it is clear that for both waste jute and lime waste the activation
energies of thermal decomposition, E and volatile formation, Ey decrease as the pyrolysis
temperatures at which the pyro-oil samples are obtained increases. The array of molecules
present in lower temperature pyro-oil are much heavier than that present in higher temperature
pyro-oil, requiring high threshold energy for thermal cracking. Therefore, as the pyrolysis
temperature increase the ease of cracking of pyro-oil also increases.
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Figure 6.96. Plot of Activation energy against temperature of jute waste pyro-oil.
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6.8. Aspen Plus® Modelling

6.8.1. Selection of Aspen Plus ® Model 1871

To check the validity of Aspen Plus® Models 1871, the experimental trends of generation of total
gas and its components using the lab scale pyrolyzer have been compared with the simulated
predictions using reaction scheme -1 and scheme-I11. Actually, the reaction schemes | and 11
mainly differ with respect to the occurrence of gas phase secondary reactions. While Scheme-
| neglects the secondary reactions, they are accounted in scheme-Il. From the analysis of
figures 6.100.a. and 6.100.b., it is clear that the results of ASPEN simulation using scheme II
fits the best with the experimental trends of the lab scale reactor. During this simulation,
stoichiometric model based on the kinetics of primary pyrolysis, determined under the present
study, has been combined with the equilibrium model for reversible secondary pyrolysis
reaction. Therefore, the combination of stoichiometric and equilibrium models representing
respectively the primary and secondary pyrolysis reactions in Reaction scheme-11 is followed
for the prediction of the performance of the 100 tpd pyrolyzer. In many pioneering studies 74
1861 for process simulation modelling on pyrolysis of bio-wastes, mostly Requil and RGibbs
models of Aspen Plus® have been used. However, both the models are based on the assumption
of equilibrium, i.e., the condition when the change in Gibbs free energy for reaction is zero.
However, the Requil and RGibbs models represent very ideal situation and is away from
reality.

Pyro-Gas
—f— gas (Scheme-l) —f— gas experimental - gas (Scheme-ll)
80
.
- -
70 ——
s 2
-
— ol
- — —— ~
60 P — — —
=
-~
an
=
o 50
-
]
o
g
T 40
2
©
=
30
20 [—— ]
. . - Lg———1%=
.- -
10
380 480 580 680 780 880
Temperature (°C)

Figure 6.100.a. Prediction of production rate of pyro-gas as a function of
pyrolysis temperature using Aspen Plus®
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Figure 6.100.b. Prediction of production rate of gaseous components as a

function of pyrolysis temperature using Aspen Plus®

Under the present investigation, the combination of both stoichiometric model for primary
pyrolysis, based on exact pyrolysis Kinetics of jute, already determined by semi-batch pyrolyzer
by the present group, and equilibrium model based on standard data of Aspen library 871 for
secondary pyrolysis has been found to be adequate. This combination may also be attempted

for other pyrolysis feedstocks to represent a real situation.

6.8.2. Fischer—Tropsch 18811 product profile

Figure 6.101 represents the production of gasoline, diesel and waxes with respect to the
temperature when the COz is totally recycled. It is revealed from the plot that the production
of gasoline, diesel and waxes increases from 400°C to 500°C after which the increment is

minimal.
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Figure. 6.101 Prediction of production rate of gasoline, diesel and waxes components as
a function of pyrolysis temperature using Aspen Plus®

6.8.3. Effect of CO2recycle

Figures. 6.102.a, b and c show the flow rates of gasoline, diesel and waxes respectively with
respect to the temperature using % CO: recycled as the parameter. When %CO: recycled is
varied from 40% to 60%, the formation of gasoline, diesel and waxes shows an increasing trend
with the rise in temperature. However, from 70% to 80%, the production shows an incremental
trend till 800°C beyond which it decreases. Thus, the recycle ratio of CO2 plays a vital role in
the formation of the products through FT process.
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Figure 6.102.a. Prediction of production rate of gasoline components as a function of
pyrolysis temperature using Aspen Plus® as CO: s varied.
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Figure 6.102.b. Prediction of production rate of diesel components as a function of

pyrolysis temperature using Aspen Plus® as CO: s varied.
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Figure 6.102.c. Prediction of production rate of waxes components as a function of

pyrolysis temperature using Aspen Plus® as CO:z s varied

6.8.4. Sensitivity of gasoline and diesel production

The flowrate of gasoline and diesel are correlated to the temperature and fraction of CO>
recycled, in order to obtain the optimum condition using response surface methodology. Design
Expert® software has been used for this purpose. The quadratic equations predicted by the

statistical modelling are as follows:
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Figure 6.103 and figure 6.104 shows the variation of temperature with respect to the fraction
of COz recycled. From the ANOVA table provided in the Appendix A.69., the model equation
is surface cubic type indicating large contribution of pyrolysis temperature and fraction of CO>
recycled on this dependent variable. The model equation for optimum gasoline flowrate is

f gasoline =133.74286- 0.00246(T) +1.7848x R, +0.013055(T )R o, 2)

-0.00000320311(T)* - 11.44147R g, °

The model equation for optimum diesel flowrate is
fgiesel =43.46582-0.00040583(T) - 0.52439 R oo, +0.00389572(T)R o, (3)

-0.00000144656(T )? - 1.68257R 0,2

133.45 l
133.243

133.035

132.827 |

Flow rate (kg/h)

13262

525.00

( Rcoz ) - 550,00

fraction of CO , recycled 0% oo Temperature (°c) (TFT)

Figure 6.103. The variation of flowrate of gasoline with respect to temperature and
fraction of CO2 recycled.
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Figure 6.104. The variation of flowrate of diesel with respect to temperature and fraction
of COzrecycled.

The maximum values of flowrates of gasoline (132.94 kg/h) and diesel (43.11 kg/h) have been
obtained at T =863.7°C and RC02 =0.66 and T =867°C and RCOZ = 0.62 respectively. As

predicted by the model equations 2, the optimum conditions of gasoline and diesel are
interchangeable. As predicted by the model equation 3, the flow rate of diesel at the optimum

condition of gasoline production rate (T =863.7°C and RCQ2 = 0.66) is 43.08kg/h against

43.11 kg/h at its own optimum condition. For gasoline, the flow rate remains at 133kg/h when
the optimum operating condition for the maximum diesel production is maintained. Therefore,
either of the conditions can be maintained to obtain the maximum flow rates of both diesel and
gasoline.

6.8.5. Sensitivity Analysis for Energy delivered and Environmental impact
for 100 tpd plant

Sensitivity analysis has been conducted for the energy delivered and avoidance of CO> using
pyrolysis temperature and % of char deposited for soil amendments as parameters. For each
case 13 sets of conditions have been used and the values of dependent variables have been
calculated using the Aspen Plus ® model already validated for semi-batch pyrolyzer. The
model equation has been developed for both the cases using Response Surface Methology® [
and the conditions corresponding to maximum and minimum values of EROEI and A,

respectively have been identified.

6.8.6. Sensitivity of EROEI
The model equation correlating the EROEI with the pyrolysis temperature, T and % of pyro-
char deposited, f, as predicted using response surface methodology is as follows:
EROEI = 82.2674-0.00577324T - 0.061404f +0.0000490999Tf
(4)

+0.00000398516T 2 + 0.000192762f 2
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From the ANOVA table (Table.6.29), it appears that the quadratic model equation is adequate
for the dependence of energy return on energy investment on T and f. From the table, it is
evident that the linear temperature term is the most significant one in the quadratic equation.
Hence EROEI is expected to be most sensitive with respect to the pyrolysis temperature. The
contour plots showing the dependence of EROEI on T and f are shown in Figure 6.105.
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Figure 6.105. The variation of EROEl on T and f

Table. 6.29. ANOVA for response surface quadratic model for the variation of EROEI
as a simultaneous function of pyrolysis temperature and % of char deposited.

Source Sum of df Mean FValue p-value

Squares Square Prob > F
signific

Model 2.139722 5 0.427944 23.39389 0.0003 ant

A-

Temperature 0.810117 1 0.810117 44.28561 0.0003

B-% of char 0.436571 1 0.436571 23.86548 0.0018

AB 0.376688 1 0.376688 20.59192 0.0027

A? 0.073731 1 0.073731 4.030569 0.0847

B? 0.015391 1 0.015391 0.841338 0.3895

Residual 0.128051 7 0.018293

R?=0.9435, Adjusted R? = 0.9032, Predicted R? = 0.1793, Adeq Precision = 15.478

The maximum value of energy delivered has been obtained at pyrolysis temperature of 900°C
and the fraction of char deposition of 0.2. The energy generation trend may be scrutinized
using Figure 6.106 and figure 6.107 where values of energy generated using gas, char and oil
have been shown individually against T at f=0.2 and against f at 900°C. From the figure 6.106
it is clear that energy delivered decreases with increase of pyrolysis temperature. The share of
energy supplied for drying and pyrolysis is the major one at all sets of conditions. As the
temperature increases, the share of thermal energy generated in the pyro-oil based power plant
increases. On the other hand, it is clear from Figure 6.107 that as per expectation, the share of
energy delivered using char and gas and also the overall energy delivered decrease with the
increase of percentage char deposition in agricultural field. The required energy for
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transportation of pyro-oil and char respectively to power plant and field always remains the
same at -7776 MJ/day. The details of calculation have been provided in the Appendix. A.70
and A.72.
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Figure 6.106. Trends of energy generation with pyrolysis temperature at 20% char
deposition for soil amendment.
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6.8.7. Sensitivity of avoidance of CO:z (A, )
The quadratic model equation correlating avoidance of CO, emission with T and f is as follows:
ACO, =1056.1628—0.1497T +0.7927 f +0.000719372Tf +0.000156314T 2 —0.016002f2 (9)

From the ANOVA table (Table 6.30) also indicates that the linear temperature term is the most
significant one in Eg.5 and hence Aco, is also most sensitive with respect to pyrolysis

temperature.

Table 6.30. ANOVA for response surface quadratic model for the dependence of
avoidance of CO2 emission as a function of pyrolysis temperature and fraction of
pyrolysis deposited for soil amendment

Source Sum of df Mean F Value p-
Squares Square value

Prob >

F
Model 3152.040099 5 630.4080198 15.87070062 0.0011 significant
A- <
Temperature 2764.892192 1 2764.892192 69.60694475 0.0001
B-% of char  95.77565419 1 95.77565419 2.411179246 0.1644
AB 80.85882318 1 80.85882318 2.035643796 0.1967
A? 185.1807493 1 185.1807493 4.66197786 0.0677
B2 152907795 1 152907795 3.849497088 0.0906
Residual 278.0504935 7 39.72149907

R?=0.9189, Adjusted R? = 0.861, Predicted R? = 0.5366 and Adeq Precision = 14.463
Figure. 6.108 shows the contour plots showing the dependence of avoidance of CO2 emission
as a function of pyrolysis temperature and fraction of pyrolysis char deposited for soil
amendment.
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Figure 6.108 The dependence of avoidance of CO2 emission as a function of pyrolysis
temperature and fraction of pyrolysis char deposited for soil amendment.
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The maximum value of avoidance of CO, emission of 1081 g/KWh has been obtained at
T=589.4°C and f = 0.2495 respectively. In figures 6.105 and 6.106 the dependence of total
avoidance of CO2 emission respectively on T at f =0.2 and on f at T=600 °C have been shown.
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Figure 6.109. Trends of COzemission and avoidance with pyrolysis temperature at
20% char deposition for soil amendment

It is clear from the figure 6.109 that the total avoidance of CO emission decreases with the
increase of pyrolysis temperature. Similar to the trend of total avoidance, the emission avoided
due to the usage of char and gas also decreases with temperature. The emission avoided due to
utilisation of pyro-oil in power plant however passes from negative to positive values as the
pyrolysis temperature is increased from 400°C to 900°C. The effect of pyrolysis temperature
on the avoidance of CO. emission due to deposition of char is insignificant. The transportation
of pyro-oil and pyro-char to the power plant and agricultural field respectively creates
additional CO2 emission at a constant rate of 284.551kg/day. By scrutinizing the contribution
of each component, it is apparent that the avoidance of CO2 emission is mainly possible due to
replacement of energy for pyrolysis and drying by pyro-gas and pyro-char.

Emission avoided due to usage CO; emission due to Emission avoided due to Equivalent CO, emission avoided
of char and gas transportation of Pyro-cil to utilization of pyro-oil due to avoidance of N;0 through Total Avoidance of CO;
Power plant or pyro - char to field char deposition
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Figure 6.110. Trends of CO2emission and avoidance with % fraction of char deposition
at 600°C char deposition for soil amendment

Figure 6.110 clearly shows that as per expectation, the overall A(;()2 and that due to utilization

of pyro-char and gas for the supply of energy for pyrolysis and drying decreases with the
increase in the fraction of char deposited for soil amendment. The details of calculation have
been provided in the Appendix. A.71 and A.72
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7. Conclusions and Recommendations

7.1. Conclusions

The pyrolysis of lignocellulosic biomass stands out as the most promising thermochemical
processes to generate energy resources and chemicals from wastes. Globally, research studies
are being extensively carried out to upgrade the knowledge base on pyrolysis characteristics of
different lignocellulosic biomass. Before this thesis work, pyrolysis studies on Indian
lignocellulosic biomass, namely rice straw, wheat straw, pith coir, soybean stalks, mustard
seed, press cake, coconut shell, cashew nut shell, ground nut shell, corn cob, sesame oil cake,
cotton based varieties, glossy paper cup, paper cup waste and vegetable wastes were studied.
However, no research focus was given on the pyrolysis of jute packaging wastes, residues of
citrus fruits and so on. The data on Catalytic pyrolysis of Indian lignocellulosic wastes was not
available. The avenues of co-pyrolysis of mixture of lignocellulosic biomass of Indian origin
were also rarely studied. No research attempt was reported on the further processing of pyro-
products namely, pyro-oil, pyro-gas etc generated from Indian Biomass. Even under the threat
of global warming, no research outcome was reported on the energy and environmental
footprint of pyrolysis plant of Indian lignocellulosic biomass. Therefore, in this thesis, both
experimental and theoretical approaches have been used to extensively study the pyrolysis
characteristics of jute packaging wastes and lime wastes starting from the determination of
non-catalytic and catalytic pyrolysis kinetics using lumped and distributed model and
characterization of pyro-products to the development of mathematical model for pyrolysis
reactors, studies on co-pyrolysis of jute waste with sesame oil cake, assessment of further
processing of pyro-oil and pyro-gas and energy and environmental analysis of large pyrolysis
plant using jute waste. The overall contributions of this thesis to the community of pyrolysis
technology for lignocellulosic biomass are summarized below.

First, the process of non-catalytic and catalytic pyrolysis of Indian jute packaging wastes and
lime wastes have been studied using both theoretical and experimental methodologies. Under
this

i The thermochemical properties of Indian jute packaging wastes and lime wastes
have been determined using proximate [D7582 — 15] and ultimate [ASTM
D5142] analyses. The higher heating values have been determined using bomb
calorimeter. The feasible pyrolysis temperature range of both the feedstocks has
been determined.

ii. The kinetics of the non-catalytic pyrolysis using lumped and distributed
activation models have been determined for the first time.

a. Lumped kinetics

Reaction kinetics for the thermal decomposition of solid reactant, and the
formation of total volatile, pyro-oil, pyro-gas and char have been determined
using the lumped kinetic model using the experimental data obtained under
isothermal condition. For both jute and lime wastes, the first order kinetics have
been proved to be followed by all reactions. The Arrhenius type dependence of
all rate constants on pyrolysis temperature has been determined.

b. Distributed activated model

DAE model using the Friedman differential isoconversional method has been
followed for the determination of kinetics of nonisothermal pyrolysis for non-
catalytic pyrolysis of jute and lime wastes. The TGA data of jute wastes without
catalysts at different heating rates (5-25 K min) have been used for this
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purpose. It has been inferred that the activation energies and frequency factors
are strongly dependent upon the pyrolytic conversion level of the samples. In
case of non-catalytic pyrolysis, the activation energy has been observed to
follow Gaussian distribution over a wide range of conversion..

The effect of catalysts on the pyrolysis of waste jute and lime waste have been
studied for the first time.

Based on the maximum pyro-oil yield the most suitable catalysts for the
pyrolysis of jute waste and lime waste have been selected.

Similar to non-catalytic pyrolysis the first order kinetics have been proved to be
valid for catalytic decomposition of solid reactant, and the formation of total
volatile, pyro-oil, pyro-gas and char when the lumped kinetics have been
determined using experimental data obtained under isothermal condition. The
temperature dependence of all rate constants has been observed to obey the
Arrhenius equation. For the most suitable catalysts, namely alumina and zinc
oxide for jute and lime wastes respectively, the lower values of activation
energies have been obtained for all reactions.

DAE model using the Friedman differential isoconversional method has also
been used for the determination of kinetics of nonisothermal pyrolysis for
catalytic pyrolysis of jute and lime wastes. No Gaussian relationship is obtained
between f(E) and E for catalytic pyrolysis of jute and lime waste.

Products analyses for the catalytic pyrolysis of jute waste and lime waste have
been done for the first time.

The trends of pyro-products generated from catalytic and non-catalytic pyrolysis
of jute waste and lime waste have been analyzed. While, the yields of pyro-oil
have been observed to pass through a maximum at an intermediate pyrolysis
temperature (around 500°C), the yields of pyro-char and pyro-gas have been
observed to respectively decrease and increase monotonically with pyrolysis
temperature.

The pyro-char has been characterized by proximate and ultimate analyses. The
increasing and decreasing trends of %C and %O respectively with temperature
are higher in case of catalytic pyrolysis in comparison to the non-catalytic
counterpart in the case of pyro-char. The specific surface area of bio-char has
been observed to increase by the catalytic effect of alumina for jute waste. The
calorific values of the pyro-chars have been determined using bomb calorimeter;
which has been observed to show an increasing trend with the increase of
temperature.

The carbon content of pyro-oil has been observed to decrease with pyrolysis
temperature for both catalytic and non-catalytic reactions. The pyro-oil obtained
from non-catalytic and catalytic pyrolysis of any of the feedstocks has been
observed to be either acidic or basic in nature. Precautions should be taken
during storage of the catalytic pyro-oil to avoid corrosion. The chemical
composition of the pyro oils has been analyzed using FTIR and GC/MS. The
compounds present in bio-oil from both catalytic and non-catalytic pyrolysis of
waste jute and lime waste have been observed to have high potential to be used
as valuable chemicals. Catalytic pyrolysis ensured the generation of bio-oil with
high aromatic and aliphatic contents. The %C and %0 in pyro-oil decreased and
increased respectively with the increase of pyrolysis temperature. Improvement
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with respect to the contents of carbon and oxygen has been observed by the use
of catalysts, namely, alumina and zinc oxide respectively for the pyrolysis of
jute and lime wastes. Distillation characteristics of the pyro-oil have been
performed using D-86, which revealed that with the use of catalysts higher
values of initial and final boiling points of pyro-oil have been obtained.

d. The composition of pyro-gases obtained from the pyrolysis of both jute and lime
wastes have been analyzed using gas chromatography (GC) and the presence of
CO, CO2, H2 and CH4 has been detected. The gaseous composition with respect
to the content of CO and H; has been observed to be suitable for usage as energy
source and as a feedstock for Fischer-Tropsch process for the conversion to
liquid fuel.

Second, a mathematical model to predict the transient behaviour of a semi batch pyrolyzer
using waste jute has been developed for the first time. Differential mass balance equations have
been written for unreacted biomass, pyro-oil and all gaseous components for the lab scale
pyrolyzer for jute waste. Lumped kinetic parameters have been used for primary pyrolysis and
kinetic data from literature have been used for the secondary pyrolysis i.e., the decomposition
of pyro-oil to different gaseous components. Reactions among the gaseous components have
been neglected. The set of ordinary and partial differential equations have been solved
numerically using MATLAB-2014. The time trajectory of the unconverted reactant has been
predicted along with the axial profiles of volatile components as a function of time. The
agreement between simulated and experimental values at the pyrolyzer exit is commendable.

Third, the co-pyrolysis of Indian jute waste and sesame oil cake mixture has been studied for
the first time.

a. First order Kkinetics is followed by the thermal decomposition, production of
volatile, char, pyro-oil and pyro-gas. Arrhenius equation could explain the
temperature dependence of all reaction rate constants. At all temperatures, the
values of rate constants, namely, Kk, kv and kc are similar to those obtained for
non-catalytic pyrolysis of jute waste.

b. Friedman type DAE model is not valid for co-pyrolysis.

Fourth, processing of the pyro-oil and pyro-gas obtained through pyrolysis of Indian jute waste
and lime waste has been done for the first time.

I Thermal cracking of the pyro-oil has been performed to study the lumped
kinetic model applicable for isothermal operation. The values of activation
energy for the cracking of pyro-oil obtained at different pyrolysis temperature
have been obtained for both jute and lime wastes in the cracking temperature
range of 300-900°C. First order kinetics is valid for thermal decomposition of
pyro-oil, formation of volatile and soot. Arrhenius type temperature dependence
is again followed by all rate constants. for both waste jute and lime waste the
activation energies of thermal decomposition, E and volatile formation, Ey
decrease as the pyrolysis temperatures at which the pyro-oil samples are
obtained increases.

ii. Sensitivity Analysis of Fischer Tropsch synthesis

ASPEN model has been developed for Fischer-Tropsch synthesis using
pyro gas and the sensitivity analysis has been done to optimize the flowrates
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of product diesel and gasoline using recycle ratio of CO> (RCOZ) and
pyrolysis temperature (T) as parameters.

Fifth, assessment of Energy and Environmental Footprints of a large pyrolysis unit has been
done.

I Aspen PLUS Simulation for large scale pyrolysis plant for jute waste

Two Aspen Plus® models have been developed for a lab scale (100g/h) pyrolyzer. In model-I,
only primary pyrolysis has been used and in model-I1 combination of primary and secondary
pyrolysis have been used. Rstoic has been chosen for primary pyrolysis and Requil model for
secondary pyrolysis. The predictions of the two models have been compared with the results
of lab-scale pyrolyzer. The model — Il has been proved to be more realistic and has been used
to predict the performance of the large (100 tpd) pyrolysis unit based on lignocellulosic Indian
waste jute. Although the availability of jute waste in a particular locality may not always be
sufficient to run a large plant of this capacity, the simulated results obtained for this scale may
be utilized to set-up large plants for huge amount of lignocellulosic waste available in metro
cities. In case of Kolkata the amount of lignocellulosic waste, generated per day, is as high as
8760 tpd.

ii. Assessment of Energy and Environment Footprints of a large pyrolysis unit
using Process Simulation Software

The study focuses on EEA of a large scale (100 tpd) pyrolysis plant for the assessment of
energy and CO; emission footprint by extending model —II. During EEA, all pyro-gas and a
portion of pyro-char have been considered to be used to supply energy for pyrolysis and drying,
pyro-oil has been used for power generation and the residual part of char has been considered
to be deposited in agricultural field for soil amendment to avoid N2O (equivalent to COy)
emission. Distance between pyrolysis plant and power plant as well as agricultural field, each
has been considered to be 20 km. Sensitivity analysis of energy efficiency and avoidance of
CO- emission has been made with RSM techniques with pyrolysis temperature and fraction of
char deposited in agricultural field as parameters. The maximum value of energy delivered has
been obtained at pyrolysis temperature of 900°C and the fraction of char deposition of 0.2. The
effect of pyrolysis temperature on the avoidance of CO2 emission due to deposition of char is
insignificant. The transportation of pyro-oil and pyro-char to the power plant and agricultural
field respectively creates additional CO2 emission at a constant rate of 284.551kg/day. By
scrutinizing the contribution of each component, it is apparent that the avoidance of CO>
emission is mainly possible due to replacement of energy for pyrolysis and drying by pyro-gas
and pyro-char.

7.2. Significance of Results

To the best of knowledge, the catalytic pyrolysis of this type of feedstock has been studied for
the first time. The attempts of determination of distributed kinetic model parameters, process
simulation modelling and energy and environmental analysis have also been done for the first
time for Indian lignocellulosic biomass. Overall, the results of this research finding are
expected to be useful for the generation of energy from lignocellulosic wastes of metro cities
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like Kolkata. The results of Kinetic analysis will help in designing reactors for this purpose.
The information on catalytic pyrolysis may be utilized for the selection of catalysts for the
wastes to be handled. The analysis of the pyro-products may be utilized for the proper
utilization of the products, i.e. both for the purpose of generation of energy and chemicals. The
data on co-pyrolysis should facilitate the implementation of pyrolysis units using mixture of
lignocellulosic feedstocks of diverse nature. Results on large scale pyrolysis plant and the
Energy -environmental Analysis are expected to motivate industries and municipal authorities
to set up pyrolysis units using lignocellulosic bio-wastes for the generation of energy,
chemicals and for the amendment of soil of agricultural fields located in the near vicinity. The
outcome of the research can be extended for the prediction of pyrolysis behaviour of other
similar feedstocks like jute dust, textile waste, orange peels and so on. However, due to the
specific pyrolysis behaviour of feedstocks, the data should be validated by conducting
experiments with each feedstock

7.3. Recommendations for Future Work

From the Results and discussion section and the conclusions drawn above, it is clear that the
results documented in this research are significant. However, there is further scope for
improvement. The recommendations for future research studies are as follows:

e Deoxygenation of pyro-oil
Research work should be focused on deoxygenation of pyro-oil while carrying out
catalytic and non-catalytic experiments. As the oxygen content of pyro-oil is high, even
with the use of catalysts. Different pre-treatment and post-treatment processes for the
lowering of oxygen content in pyro-oil should be studied extensively.

e Development of reactor Models
Further mathematical models should be attempted to be developed by using more
realistic DAE kinetics, rather than lumped kinetics.

e Implementations of Scale-up Technique
Real experimental studies have to be conducted on large scale pyrolysis plants
integrated with power plants using the pyro-oil and with the scope of transportation of
pyro-char to the local agricultural fields for soil amendments to validate Aspen Plus®
model. Different pyrolysis feedstocks similar to jute waste and their mixtures should be
attempted to be used in the large-scale units.
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ZExEEE

f(a)

Subscripts

U—oQ —0 <

weight fraction of the reactant to the basis of its initial weight

weight fraction of the volatiles to the basis of its initial weight of the reactant
weight fraction of the char to the basis of its initial weight of the reactant
weight fraction of the liquid to the basis of its initial weight of the reactant
weight fraction of the gas to the basis of its initial weight of the reactant
rate constant for volatiles formation, (min)

rate constant for char formation, (min)

rate constant for liquid formation, (min)

rate constant for gas formation, (min)

rate constant, (min)

Total activation energy, (kJ/mol)

activation energy for volatile formation, (kJ/mol)

activation energy for char formation, (kJ/mol)

activation energy for liquid formation, (kJ/mol)

activation energy for gas formation, (kJ/mol)

gas constant, (kJ/mol/K)

Pyrolysis temperature, K

time, (minute)

Pre-exponential factor

volatile content

effective volatile

heating rate

stoichiometric coefficients

CO; avoidance

energy return on energy investment
% char deposited
recycle ratio

concentration of pyro-oil in the gas phase

rate constant for pseudo-component i (units dependent on the order of the
reaction)
reaction order for pseudo-component i

retention time (min)

pre-exponential factor

activation energy

function describing the biomass thermal decomposition.

volatiles

char

liquid

gas

initial condition

ordinal number of a non-isothermal experiment
residue
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Appendix.

Al. Values of Wr

(a) Jute wastes

Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1
5 0.770529 0.750916 0.846008 0.815254 0.655894 0.607362
10 0.704162 0.507937 0.720532 0.59322 0.340304 0.226994
15 0.309336 0.274725 0.54943 0.383051 0.169202 0.134969
20 0.292463 0.23199 0.541825 0.372881 0.161597 0.120654
25 0.256468 0.192918 0.530418 0.345763 0.15019 0.112474
30 0.23847 0.173382 0.528517 0.322034 0.148289 0.106339
35 0.188976 0.119658 0.503802 0.29661 0.123574 0.087935
40 0.165354 0.094017 0.494297 0.29322 0.114068 0.079755
45 0.150731 0.065934 0.479087 0.286441 0.098859 0.067485
50 0.147357 0.050061 0.477186 0.277966 0.096958 0.051125
55 0.125984 0.039072 0.471483 0.271186 0.091255 0.038855
60 0.096738 0.019536 0.444867 0.271186 0.064639 0.02454
(b) lime wastes
Weight Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1 1
5 0.889764 0.789905 0.825746 0.67927 0.814026 0.692396 0.749755
10 0.786089 0.682128 0.525903 0.52412 0.647098 0.506912 0.655545
15 0.430446 0.585266 0.492936 0.479791 0.519382 0.394009 0.593719
20 0.410761 0.564802 0.406593 0.269883 0.473448 0.327189 0.553484
25 0.34252 0.493861 0.356358 0.25163 0.334528 0.275346 0.476938
30 0.321522 0.335607 0.189953 0.225554 0.267309 0.25 0.404318
35 0.290026 0.302865 0.152276 0.198175 0.221376 0.180876 0.378803
40 0.249344 0.260573 0.119309 0.186441 0.140713 0.125576 0.322866
45 0.232283 0.242838 0.098901 0.156454 0.13287 0.043779 0.283611
50 0.215223 0.225102 0.078493 0.142112 0.117186 0.03341 0.26104
55 0.190289 0.199181 0.048666 0.116037 0.094779 0.019585 0.241413
60 0.169291 0.177353 0.039246 0.093872 0.086937 0.010369 0.220805
A2. Values of Wv
(a) Jute wastes
Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.229471 0.249084 0.153992 0.184746 0.344106 0.392638
10 0.295838 0.492063 0.279468 0.40678 0.659696 0.773006
15 0.690664 0.725275 0.45057 0.616949 0.830798 0.865031
20 0.707537 0.76801 0.458175 0.627119 0.838403 0.879346
25 0.743532 0.807082 0.469582 0.654237 0.84981 0.887526
30 0.76153 0.826618 0.471483 0.677966 0.851711 0.893661
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35 0.811024 0.880342 0.496198 0.70339 0.876426 0.912065
40 0.834646 0.905983 0.505703 0.70678 0.885932 0.920245
45 0.849269 0.934066 0.520913 0.713559 0.901141 0.932515
50 0.852643 0.949939 0.522814 0.722034 0.903042 0.948875
55 0.874016 0.960928 0.528517 0.728814 0.908745 0.961145
60 0.903262 0.980464 0.555133 0.728814 0.935361 0.97546
(b) lime wastes
Volatile Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.110236 0.210095 0.174254 0.32073 0.185974 0.307604 0.250245
10 0.213911 0.317872 0.474097 0.47588 0.352902 0.493088 0.344455
15 0.569554 0.414734 0.507064 0.520209 0.480618 0.605991 0.406281
20 0.589239 0.435198 0.593407 0.730117 0.526552 0.672811 0.446516
25 0.65748 0.506139 0.643642 0.74837 0.665472 0.724654 0.523062
30 0.678478 0.664393 0.810047 0.774446 0.732691 0.75 0.595682
35 0.709974 0.697135 0.847724 0.801825 0.778624 0.819124 0.621197
40 0.750656 0.739427 0.880691 0.813559 0.859287 0.874424 0.677134
45 0.767717 0.757162 0.901099 0.843546 0.86713 0.956221 0.716389
50 0.784777 0.774898 0.921507 0.857888 0.882814 0.96659 0.73896
55 0.809711 0.800819 0.951334 0.883963 0.905221 0.980415 0.758587
60 0.830709 0.822647 0.960754 0.906128 0.913063 0.989631 0.779195
A3. Values of W¢
(a) Jute wastes
Char Char Char Char Char Char
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.024576 0.004963 0.123405 0.068743 0.02378 0.009878
10 0.031684 0.009805 0.223957 0.15136 0.045589 0.019447
15 0.073969 0.014451 0.361073 0.229562 0.057413 0.021762
20 0.075776 0.015303 0.367168 0.233346 0.057938 0.022122
25 0.079631 0.016081 0.376309 0.243437 0.058727 0.022328
30 0.081559 0.016471 0.377832 0.252266 0.058858 0.022482
35 0.086859 0.017541 0.397638 0.261726 0.060566 0.022945
40 0.089389 0.018052 0.405255 0.262988 0.061223 0.023151
45 0.090955 0.018612 0.417444 0.26551 0.062274 0.02346
50 0.091317 0.018928 0.418967 0.268664 0.062405 0.023871
55 0.093606 0.019147 0.423538 0.271186 0.062799 0.02418
60 0.096738 0.019536 0.444867 0.271186 0.064639 0.02454
(b) lime wastes
Char Char Char Char Char Char Char
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.022465 0.045294 0.007118 0.033227 0.017707 0.003223 0.070913
10 0.043593 0.06853 0.019367 0.0493 0.033601 0.005166 0.09761
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15 0.11607 0.089412 0.020713 0.053892 0.045762 0.006349 0.11513
20 0.120082 0.093824 0.02424 0.075638 0.050135 0.007049 0.126532
25 0.133989 0.109118 0.026293 0.077529 0.063363 0.007592 0.148223
30 0.138268 0.143236 0.03309 0.08023 0.069763 0.007858 0.168802
35 0.144687 0.150294 0.034629 0.083067 0.074136 0.008582 0.176032
40 0.152977 0.159412 0.035976 0.084282 0.081817 0.009162 0.191883
45 0.156454 0.163236 0.03681 0.087389 0.082564 0.010019 0.203007
50 0.159931 0.167059 0.037643 0.088875 0.084057 0.010127 0.209403
55 0.165012 0.172647 0.038862 0.091576 0.08619 0.010272 0.214965
60 0.169291 0.177353 0.039246 0.093872 0.086937 0.010369 0.220805
Ad. tvs In Yo
w
a)  jute wastes
InW—0 In& In& InW—0 In& InW—0
time W w w W W W
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.3455 0.3455 0.3695 0.399 0.518 0.5765
10 0.691 0.691 0.739 0.798 1.036 1.153
15 1.0365 1.0365 1.1085 1.197 1.554 1.7295
20 1.382 1.382 1.478 1.596 2.072 2.306
25 1.7275 1.7275 1.8475 1.995 2.59 2.8825
30 2.073 2.073 2.217 2.394 3.108 3.459
35 2.4185 2.4185 2.5865 2.793 3.626 4.0355
40 2.764 2.764 2.956 3.192 4.144 4.612
45 3.1095 3.1095 3.3255 3.591 4.662 5.1885
50 3.455 3.455 3.695 3.99 5.18 5.765
55 3.8005 3.8005 4.0645 4.389 5.698 6.3415
60 4.146 4.146 4.434 4.788 6.216 6.918
(b) lime wastes
InW—0 InW—0 InW—° InW—0 In& In& In&
time w w w w w w w
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.2445 0.2495 0.2615 0.3095 0.3975 0.425 0.465
10 0.489 0.499 0.523 0.619 0.795 0.85 0.93
15 0.7335 0.7485 0.7845 0.9285 1.1925 1.275 1.395
20 0.978 0.998 1.046 1.238 1.59 1.7 1.86
25 1.2225 1.2475 1.3075 1.5475 1.9875 2.125 2.325
30 1.467 1.497 1.569 1.857 2.385 2.55 2.79
35 1.7115 1.7465 1.8305 2.1665 2.7825 2.975 3.255
40 1.956 1.996 2.092 2.476 3.18 34 3.72
45 2.2005 2.2455 2.3535 2.7855 3.5775 3.825 4.185
50 2.445 2.495 2.615 3.095 3.975 4.25 4.65
55 2.6895 2.7445 2.8765 3.4045 4.3725 4.675 5.115
60 2.934 2.994 3.138 3.714 477 5.1 5.58
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Wy
A5, " vs (1—exp[-k*t])/k

0

a) jute wastes

Wy Wy Wy Wy Wy Wy

(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.227694 0.286638 0.286638 0.17139 0.239954 0.378143 0.427499
7.220337 0.489539 0.489539 0.289834 0.400961 0.603407 0.667694
9.338727 0.633166 0.633166 0.371689 0.508995 0.737599 0.80265
10.83826 0.734834 0.734834 0.428257 0.581485 0.817539 0.878477
11.89974 0.806802 0.806802 0.46735 0.630125 0.86516 0.921081
12.65112 0.857746 0.857746 0.494366 0.662762 0.893528 0.945018
13.18299 0.893807 0.893807 0.513036 0.684662 0.910427 0.958468
13.55949 0.919334 0.919334 0.525939 0.699356 0.920495 0.966025
13.826 0.937403 0.937403 0.534856 0.709215 0.926492 0.970271
14.01466 0.950194 0.950194 0.541018 0.715831 0.930064 0.972656
14.1482 0.959248 0.959248 0.545277 0.72027 0.932192 0.973997
14.24273 0.965657 0.965657 0.54822 0.723249 0.93346 0.97475

(b) lime wastes

Wy Wy Wy Wy Wy Wy Wy

(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4435665 | 0180088 | 0.183197 | 0.191827 | 0.226624 | 0.283443 020808 |  0.317885
7909216 | 0321114 | 0325942 | 0339513 | 0.302023 | 0473017 | 0494444 | 0517559
1062034 | 0431551 | 0437168 | 0453217 | 0514956 | 0601914 | 0622233 | 0.642981
12.75946 | 0518034 | 0523834 | 0540756 | 0.604506 | 0.687928 | 0705777 | 0.721764
14.42755 | 0585758 | 0591363 | 0.608153 |  0.670219 074573 | 0.760396 | 077125
1573382 | 0.638793 | 0643981 | 0.660041 | 0718439 | 0.784572 | 0796104 |  0.802333
1675675 |  0.680324 |  0.684981 0.69999 | 0753825 | 0810674 | 0819448 | 0.821858
1755781 | 0712847 | 0716927 | 0730746 | 0779791 | 0828215 | 0834711 | 0834123
1818512 | 0.738316 | 0.741819 | 0.754425 | 0798845 | 0.840002 | 0.844689 | 0.841826
18.67636 0.75826 | 0761215 | 0.772656 | 0812827 | 0847923 | 0851212 |  0.846665
10.06105 | 0.773878 | 0776328 | 0.786691 | 0.823088 | 0.853246 | 0.855477 |  0.849705
1936229 | 0786109 | 0.788104 | 0797497 | 0830617 | 0.856823 | 0.858265 | 0.851614
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We
A6. W— vs (L—exp[-k*t])/k

0

a) jute wastes

We We We We We We
(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.227694 0.005919 0.005919 0.13753 0.089467 0.026146 0.01064
7.220337 0.010108 0.010108 0.232574 0.149499 0.041722 0.016618
9.338727 0.013074 0.013074 0.298258 0.18978 0.051 0.019977
10.83826 0.015174 0.015174 0.34365 0.216808 0.056527 0.021864
11.89974 0.01666 0.01666 0.37502 0.234944 0.05982 0.022925
12.65112 0.017712 0.017712 0.396699 0.247112 0.061782 0.02352
13.18299 0.018456 0.018456 0.41168 0.255278 0.06295 0.023855
13.55949 0.018983 0.018983 0.422034 0.260756 0.063646 0.024043
13.826 0.019356 0.019356 0.429189 0.264433 0.064061 0.024149
14.01466 0.019621 0.019621 0.434134 0.266899 0.064308 0.024208
14.1482 0.019807 0.019807 0.437551 0.268554 0.064455 0.024242
14.24273 0.01994 0.01994 0.439913 0.269665 0.064543 0.02426
(b) lime wastes
We We We We We We We
(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4435665 | 0.036816 | 0.037613 | 0.038277 | 0.039562 |  0.044559 0.04725 0.05398
7.909216 |  0.065646 0.06692 | 0.067747 | 0.068594 | 0.074502 | 0.078141 | 0.087887
10.62934 | 0.088224 | 0.089757 | 0.090435 | 0.089898 | 0.094624 | 0.098336 | 0.109186
12.75946 |  0.105904 0.10755 |  0.107903 0.10553 |  0.108146 0.11154 |  0.122564
14.42755 | 019749 | 0.21415 | 021352 | 0.17002 | 0.17233 | 0.120172 | 0.130967
1573382 | 0.130591 | 0.132218 | 0.131705 0.12542 | 0.123339 | 0.125815 | 0.136245
16.75675 | 0.139081 | 0.140636 | 0.139677 | 0.131597 | 0.127442 | 0.129504 | 0.139561
1755781 0.14573 | 0.147195 | 0.145814 0.13613 0.1302 | 0.131916 | 0.141643
18.18512 | 0.150936 | 0.152306 | 0.150539 | 0.139457 | 0.132053 | 0.133493 | 0.142952
18.67636 | 0.155014 | 0.156288 | 0.154177 | 0.141898 | 0.133298 | 0.134524 | 0.143773
19.06105 | 0.158207 | 0.159391 | 0.156977 | 0.143689 | 0.134135 | 0.135198 | 0.144289
19.36229 | 0.160707 | 0.161809 | 0.159134 | 0.145003 | 0.134697 | 0.135639 | 0.144614
Wi
A7. — vs (1—exp[-k*t])/k
Wo
a) jute wastes
Wi Wi Wi Wi Wi Wi
(1—exp[-k>t])/k Wo Wo Wo Wo Wo Wo
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400 500 600 700 800 900
0 0 0 0 0 0 0
4.227694 0.145702 0.141532 0.15682 0.127758 0.226668 0.249228
7.220337 0.24884 0.236498 0.265195 0.213483 0.378761 0.416458
9.338727 0.321847 0.30022 0.34009 0.271004 0.480813 0.528668
10.83826 0.373527 0.342976 0.391849 0.309599 0.54929 0.60396
11.89974 0.410109 0.371666 0.427619 0.335497 0.595237 0.65448
12.65112 0.436004 0.390916 0.452338 0.352874 0.626067 0.688378
13.18299 0.454335 0.403833 0.469422 0.364533 0.646753 0.711124
13.55949 0.46731 0.4125 0.481228 0.372357 0.660634 0.726386
13.826 0.476495 0.418315 0.489386 0.377606 0.669947 0.736627
14.01466 0.482997 0.422217 0.495025 0.381129 0.676197 0.743498
14.1482 0.487599 0.424835 0.498921 0.383492 0.68039 0.748109
14.24273 0.490857 0.426592 0.501614 0.385078 0.683204 0.751202
b) lime wastes
Wi Wi Wi Wi Wi Wi Wi
(A—exp[-k*t])/k W W W Wy W Wo W
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4435665 | 0.072538 | 0.072544 | 0.078412 | 0.099904 | 0.118061 0.11796 |  0.124297
7.909216 |  0.129343 0.12907 | 0.38782 | 0.173216 | 0.197397 | 0.195078 | 0.202373
10.62934 | 0.173826 | 0.173114 0.18526 | 0.227012 | 0.250711 | 0.245496 | 0.251415
12.75946 | 0.208661 | 0.207433 | 0.221043 | 0.266489 | 0.286538 | 0.278457 0.28222
14.42755 0.23594 | 0.234173 | 0.248592 | 0.295458 | 0.310613 | 0.300007 0.30157
15.73382 | 0.257302 0.25501 | 0.269802 | 0.316715 | 0.326792 | 0.314095 | 0.313724
16.75675 0.27403 | 0.271245 | 0.286132 | 0.332315 | 0.337664 | 0.323305 | 0.321358
17.55781 0.28713 |  0.283895 | 0.298704 | 0.343761 0.34497 | 0.329327 | 0.326154
18.18512 | 0.297389 | 0.293753 | 0.308383 | 0.352161 0.34988 | 0.333264 | 0.329166
18.67636 | 0.305422 | 0.301433 | 0.315835 | 0.358325 | 0.353179 | 0.335837 | 0.331058
19.06105 | 0.311713 | 0.307418 | 0.321573 | 0.362848 | 0.355396 0.33752 |  0.332247
19.36229 0.31664 |  0.312081 0.32599 | 0.366168 | 0.356886 0.33862 |  0.332993
Wy
A8. — vs (1—exp[-k*t])/k
Wo
a) jute wastes
Wg Wy Wy Wg Wy Wg
(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.227694 0.140936 0.143362 0.150015 0.112182 0.200467 0.2146
7.220337 0.240699 0.239557 0.250673 0.187455 0.334978 0.358595
9.338727 0.311319 0.304103 0.318214 0.237962 0.425233 0.455215
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10.83826 0.361308 0.347413 0.363534 0.271852 0.485794 0.520045
11.89974 0.396693 0.376473 0.393942 0.204592 0.52643 0.563546
12.65112 0.421741 0.395972 0.414346 0.309851 0.553696 0.592735
13.18299 0.439472 0.409056 0.428037 0.320089 0.571991 0.61232
13.55949 0.452023 0.417835 0.437224 0.326958 0.584268 0.625461
13.826 0.460908 0.423726 0.443388 0.331568 0.592505 0.634279
14.01466 0.467197 0.427678 0.447524 0.334661 0.598032 0.640196
14.1482 0.471648 0.430331 0.450299 0.336736 0.60174 0.644166
14.24273 0.4748 0.43211 0.452161 0.338129 0.604229 0.64683
b) lime wastes
Wg Wg Wg Wy Wg | Wg Wy
(1—exp[-k*t])/k Wo Wo Wo Wo Wo | Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4435665 | 010755 | 0.10653 | 0.114068 |  0.132256 |  0.165383 018102 |  0.193587
7.909216 | 0191772 | 0196872 | 0.202949 |  0.235308 027652 |  0.299366 | 0315186
10.62934 | 0.257725 | 0264054 | 0.272203 | 0315606 | 0.351203 | 0376737 |  0.391566
1275046 | 0309373 | 0.316401 | 0326166 | 0.378173 | 0.401391 | 0427319 |  0.439544
14.42755 | 0.349819 035719 |  0.368214 | 0426925 | 0435116 | 0.460389 |  0.46968
1573382 |  0.381491 | 0.388971 | 0400976 |  0.464911 045778 |  0.482009 |  0.48861
16.75675 | 0406294 | 0413736 |  0.426505 0.49451 047301 |  0.496143 0.5005
1755781 | 0425717 | 0433032 | 0446396 | 0517574 | 0483245 | 0505384 |  0.507969
1818512 |  0.440927 | 0448067 | 0461896 | 0535544 | 0490122 | 0511425 | 051266
18.67636 | 0452838 | 0450782 | 0473973 | 0549547 | 0.494744 | 0515375 | 0515607
1006105 | 0462165 | 0468911 | 0483383 | 0560457 049785 | 0517957 |  0.517458
19.36229 046947 | 0476024 | 0490715 | 0568959 | 0499937 | 0519645 | 0518621

A.9. Matlab Programming

function pdex4

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

R

The PDEs are

D(u1)/Dt = 0.024*D*2(u1)/Dx"2 - F(ul - u2)
D(u2)/Dt = 0.170*DA2(u2)/Dx2 + F(ul - u2)

where F(y) = exp(5.73*y) - exp(-11.46*y).

In the form expected by PDEPE, the equations are

[ ful
[|*D_||=

[0.024*D(uL)/DX | |- F(ul - u2) |
+

[1] Dt Ju2] Dx|0.170*D(u2)/Dx| [+ F(ul - u2)|

c u

f(x,t,u,Du/Dx)

s(x,t,u,Du/Dx)

The initial condition is ul(x,0) = 1 and u2(x,0) =0 for 0 <=x <= 1.
The left boundary condition is D(ul)/Dx =0, u2(0,t) = 0. The
condition on the partial derivative of ul has to be written in terms
of the flux. In the form expected by PDEPE, the left bc is

0] [ |0.024*D(uL)Dx| [0]

[+ 0> =||
2l [0] ]0.170*D(u2)/Dx| [0]
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%

X

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

%
%
%

m=
X =

The right boundary condition is ul(1,t) = 1, D(u2)/Dx = 0:

ui-1 o] |0.024*D(u1)/Dx| [0]
|1+ 1> =

| 0] |1 ]0.170*D(u2)/Dx| [0]

p(L,tu) q(1t) f(d,tuDbDu/Dx) O

See the subfunctions PDEX4PDE, PDEXA4IC, and PDEX4BC for the coding of the
problem definition.

The solution changes rapidly for small t. The program selects the step
size in time to resolve this sharp change, but to see this behavior in

the plots, output times must be selected accordingly. There are boundary
layers in the solution at both ends of [0,1], so mesh points must be
placed there to resolve these sharp changes.

[1] DO3PBF, NAG Library Manual, Numerical Algorithms Group, Oxford.
See also PDEPE, @.

Lawrence F. Shampine and Jacek Kierzenka

Copyright 1984-2001 The MathWorks, Inc.

$Revision: 1.5 $ $Date: 2001/04/15 12:02:57 $

0;
[00.005 0.01 0.05 0.1 0.2 0.5 0.7 0.9 0.95 0.99 0.995 1];

t=[00.0050.010.050.1051152];

sol = pdepe(m,@pdex4pde,@pdex4ic,@pdex4bc,x,t);
ul =sol(:,:,1);
u2 =sol(:,;,2);

figure;

surf(x,t,ul);
title(ul(x,t)");
xlabel('Distance x');
ylabel('Time t');

figure;

surf(x,t,u2);
title('u2(x,t)");
xlabel('Distance x');
ylabel('Time t');

%

function [c,f,s] = pdex4pde(x,t,u,DuDx)

c=

[1; 1];

f=[0.024; 0.17] .* DuDx;

y=
F=

u(1) - u(2);
exp(5.73*y)-exp(-11.47*y);

s=[-F; F];

%

function u0 = pdex4ic(x);
u0 =[1; 0J;

%

function [pl,ql,pr,qr] = pdex4bc(xl,ul xr,ur,t)
pl =[0; ul2)];

ql=[1;0];

pr = [ur(1)-1; O];

qr=10; 1I;
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A.10 Values of Wr
a) jute wastes

i) jute waste with alumina
Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1
5 0.881002 0.724441 0.86744 0.826087 0.686239 0.826758
10 0.611691 0.631789 0.683513 0.741153 0.6 0.544597
15 0.565762 0.528754 0.557581 0.622851 0.547706 0.502573
20 0.517745 0.488019 0.532726 0.528817 0.489908 0.357633
25 0.419624 0.408946 0.460646 0.47725 0.394495 0.295026
30 0.374739 0.3123 0.425021 0.438827 0.316514 0.233276
35 0.210856 0.280351 0.389395 0.399393 0.244037 0.193825
40 0.195198 0.233227 0.372825 0.377149 0.205505 0.173242
45 0.15762 0.213259 0.3314 0.35996 0.162385 0.147513
50 0.140919 0.185304 0.271748 0.340748 0.13578 0.131218
55 0.124217 0.16853 0.140017 0.320526 0.108257 0.11578
60 0.106472 0.154952 0.113505 0.302326 0.100917 0.100343
i) jute with ZnO
Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1
5 0.930052 0.981633 0.921053 0.914184 0.781308 0.804721
10 0.854922 0.918367 0.892105 0.897497 0.614953 0.793991
15 0.797927 0.810204 0.692105 0.829559 0.543925 0.628755
20 0.738342 0.691837 0.652632 0.63528 0.515888 0.626609
25 0.61658 0.667347 0.538158 0.574493 0.497196 0.463519
30 0.560881 0.642857 0.481579 0.529201 0.407477 0.444206
35 0.525907 0.559184 0.425 0.506555 0.394393 0.407725
40 0.467617 0.504082 0.398684 0.432658 0.37757 0.356223
45 0.330311 0.487755 0.332895 0.388558 0.35514 0.345494
50 0.270725 0.467347 0.238158 0.342074 0.321495 0.274678
55 0.198187 0.453061 0.160526 0.294398 0.276636 0.270386
60 0.163212 0.334694 0.118421 0.272944 0.196262 0.182403
iii) jute with KCI
Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1
5 0.940063 0.884034 0.948276 0.906471 0.986982 0.802277
10 0.804416 0.764706 0.756897 0.844481 0.931361 0.693582
15 0.781283 0.665546 0.625862 0.759108 0.897633 0.717391
20 0.757098 0.633613 0.6 0.670473 0.860355 0.612836
25 0.707676 0.511765 0.525 0.642741 0.798817 0.378882
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30 0.685068 0.417647 0.487931 0.5677 0.748521 0.317805
35 0.602524 0.316807 0.450862 0.502991 0.678107 0.300207
40 0.542061 0.231933 0.433621 0.469277 0.64142 0.171843
45 0.48633 0.164706 0.390517 0.449157 0.560355 0.166667
50 0.462145 0.092437 0.328448 0.42795 0.537278 0.132505
55 0.380126 0.04958 0.191379 0.406199 0.454438 0.130435
60 0.371188 0.008403 0.163793 0.342034 0.443787 0.087992
iv jute with NaCl
Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1
5 0.940133 0.832094 0.753846 0.704612 0.731939 0.666364
10 0.841463 0.721573 0.677949 0.587831 0.642586 0.507706
15 0.607539 0.671626 0.575385 0.488714 0.588403 0.461469
20 0.468958 0.604676 0.50359 0.363101 0.528517 0.419764
25 0.411308 0.51966 0.434872 0.295388 0.467681 0.366274
30 0.382483 0.450584 0.411282 0.210991 0.396388 0.31913
35 0.344789 0.430393 0.367179 0.146222 0.292776 0.286491
40 0.314856 0.408077 0.346667 0.109912 0.271863 0.231188
45 0.284922 0.383634 0.315897 0.087341 0.246198 0.198549
50 0.281596 0.360255 0.283077 0.069676 0.228137 0.158658
55 0.260532 0.342189 0.26359 0.054956 0.209125 0.067996
60 0.247228 0.332625 0.230769 0.034347 0.192015 0.035358
V) jute with Aluminosilicate
Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1
5 0.932065 0.875969 0.920635 0.925317 0.862797 0.821543
10 0.858016 0.760465 0.842063 0.851382 0.678628 0.787245
15 0.769022 0.736434 0.777778 0.790889 0.609499 0.719185
20 0.675272 0.629457 0.668254 0.687827 0.483905 0.653269
25 0.643342 0.593023 0.630952 0.652726 0.353562 0.615756
30 0.515625 0.524806 0.561111 0.587005 0.307124 0.601822
35 0.504755 0.512403 0.484921 0.51531 0.298681 0.562165
40 0.485054 0.489922 0.446032 0.478715 0.283377 0.490354
45 0.447011 0.446512 0.401587 0.436893 0.253826 0.462487
50 0.334239 0.317829 0.373016 0.410007 0.166227 0.404609
55 0.287364 0.264341 0.342063 0.380881 0.129815 0.344051
60 0.204484 0.216279 0.324603 0.364451 0.044327 0.324759
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b) lime wastes

i) lime wastes with alumina
Weight Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1 1
5 0.943005 0.918919 0.776758 0.787611 0.589021 0.768325 0.830789
10 0.840674 0.825036 0.674312 0.681416 0.560831 0.609948 0.723919
15 0.489637 0.776671 0.577982 0.631268 0.502967 0.54712 0.643766
20 0.470207 0.716927 0.503058 0.59587 0.45549 0.471204 0.592875
25 0.40285 0.685633 0.477064 0.538348 0.396142 0.425393 0.552163
30 0.382124 0.634424 0.41896 0.49115 0.369436 0.383508 0.474555
35 0.338083 0.58606 0.348624 0.445428 0.335312 0.35733 0.441476
40 0.310881 0.527738 0.30581 0.402655 0.299703 0.294503 0.419847
45 0.281088 0.490754 0.279817 0.359882 0.295252 0.267016 0.396947
50 0.251295 0.462304 0.243119 0.297935 0.268546 0.242147 0.386768
55 0.213731 0.435277 0.218654 0.262537 0.255193 0.223822 0.371501
60 0.154145 0.415363 0.198777 0.256637 0.250742 0.209424 0.361323
i) lime wastes with ZnO
Weight Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1 1
5 0.945026 0.852006 0.742894 0.888175 0.741222 0.81202 0.900826
10 0.802356 0.719225 0.625323 0.79563 0.663199 0.734015 0.760331
15 0.748691 0.672199 0.426357 0.72108 0.612484 0.672634 0.684573
20 0.636126 0.583679 0.381137 0.654242 0.543563 0.620205 0.614325
25 0.582461 0.518672 0.306202 0.59383 0.518856 0.558824 0.472452
30 0.53534 0.46473 0.255814 0.539846 0.477243 0.483376 0.411846
35 0.494764 0.421853 0.21447 0.494859 0.417425 0.429668 0.367769
40 0.463351 0.340249 0.113695 0.476864 0.369311 0.382353 0.320937
45 0.409686 0.295989 0.085271 0.449871 0.339402 0.355499 0.296143
50 0.376963 0.26971 0.059432 0.410026 0.308192 0.315857 0.269972
55 0.349476 0.24343 0.0323 0.383033 0.280884 0.292839 0.241047
60 0.325916 0.214385 0.020672 0.374036 0.252276 0.278772 0.22865
iii) lime wastes with KCI
Weight Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1 1
5 0.935288 0.856287 0.843501 0.80417 0.83187 0.807604 0.850498
10 0.85541 0.757485 0.717949 0.687217 0.779203 0.62212 0.668605
15 0.581395 0.696607 0.656057 0.629193 0.747468 0.509217 0.563123
20 0.566229 0.681637 0.595933 0.510426 0.719784 0.442396 0.420266
25 0.51365 0.639721 0.580018 0.497733 0.594193 0.390553 0.354651
30 0.497472 0.533932 0.563218 0.479601 0.572586 0.342166 0.289037
35 0.473205 0.49002 0.547303 0.460562 0.555706 0.296083 0.236711
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40 0.44186 0.459082 0.523431 0.452403 0.524646 0.270737 0.20598
45 0.428716 0.446108 0.506631 0.43155 0.511816 0.239631 0.17691
50 0.415571 0.433134 0.48099 0.421578 0.500338 0.217742 0.16196
55 0.39636 0.414172 0.466844 0.403445 0.488859 0.199309 0.141196
60 0.380182 0.398204 0.44916 0.388033 0.480081 0.190092 0.123754
iv) lime wastes with NaCl
Weight Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1 1
5 0.900631 0.809984 0.833333 0.733427 0.642119 0.774436 0.820099
10 0.829653 0.719807 0.660767 0.562764 0.540052 0.620301 0.722084
15 0.799685 0.642512 0.501475 0.497884 0.425065 0.522556 0.583127
20 0.731861 0.565217 0.436578 0.448519 0.372093 0.424812 0.528536
25 0.706625 0.479871 0.396755 0.394922 0.267442 0.373434 0.476427
30 0.657729 0.417069 0.336283 0.349788 0.21447 0.318296 0.430521
35 0.61041 0.333333 0.281711 0.306065 0.173127 0.278195 0.398263
40 0.548896 0.293076 0.250737 0.267983 0.131783 0.260652 0.352357
45 0.5 0.26248 0.215339 0.222849 0.087855 0.229323 0.330025
50 0.463722 0.227053 0.205015 0.183357 0.046512 0.205514 0.307692
55 0.443218 0.206119 0.174041 0.146685 0.024548 0.179198 0.2866
60 0.433754 0.196457 0.157817 0.141044 0.002584 0.165414 0.282878
V) lime wastes with Aluminosilicate
Weight Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1 1
5 0.86114 0.84413 0.757485 0.729167 0.844371 0.762877 0.749774
10 0.779275 0.76417 0.595808 0.654356 0.756623 0.619893 0.613369
15 0.505699 0.692308 0.431138 0.59375 0.702815 0.53286 0.527552
20 0.482902 0.667004 0.374251 0.488636 0.630795 0.48135 0.415537
25 0.439378 0.624494 0.312375 0.418561 0.586921 0.441385 0.33514
30 0.422798 0.567814 0.270459 0.371212 0.555464 0.421847 0.276423
35 0.397927 0.492915 0.225549 0.351326 0.504139 0.368561 0.224029
40 0.365803 0.47166 0.163673 0.342803 0.470199 0.325933 0.173442
45 0.341969 0.448381 0.130739 0.321023 0.443709 0.262877 0.151762
50 0.328497 0.435223 0.07984 0.310606 0.403146 0.254885 0.138211
55 0.319171 0.415992 0.060878 0.291667 0.384106 0.244227 0.113821
60 0.302591 0.389676 0.03493 0.275568 0.366722 0.237123 0.106594
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A.11. Values of Wy
a) jute wastes

i) jute with alumina
Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.118998 0.275559 0.13256 0.173913 0.313761 0.173242
10 0.388309 0.368211 0.316487 0.258847 04 0.455403
15 0.434238 0.471246 0.442419 0.377149 0.452294 0.497427
20 0.482255 0.511981 0.467274 0.471183 0.510092 0.642367
25 0.580376 0.591054 0.539354 0.52275 0.605505 0.704974
30 0.625261 0.6877 0.574979 0.561173 0.683486 0.766724
35 0.789144 0.719649 0.610605 0.600607 0.755963 0.806175
40 0.804802 0.766773 0.627175 0.622851 0.794495 0.826758
45 0.84238 0.786741 0.6686 0.64004 0.837615 0.852487
50 0.859081 0.814696 0.728252 0.659252 0.86422 0.868782
55 0.875783 0.83147 0.859983 0.679474 0.891743 0.88422
60 0.893528 0.845048 0.886495 0.697674 0.899083 0.899657
i) jute with ZnO
Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.069948 0.018367 0.078947 0.085816 0.218692 0.195279
10 0.145078 0.081633 0.107895 0.102503 0.385047 0.206009
15 0.202073 0.189796 0.307895 0.170441 0.456075 0.371245
20 0.261658 0.308163 0.347368 0.36472 0.484112 0.373391
25 0.38342 0.332653 0.461842 0.425507 0.502804 0.536481
30 0.439119 0.357143 0.518421 0.470799 0.592523 0.555794
35 0.474093 0.440816 0.575 0.493445 0.605607 0.592275
40 0.532383 0.495918 0.601316 0.567342 0.62243 0.643777
45 0.669689 0.512245 0.667105 0.611442 0.64486 0.654506
50 0.729275 0.532653 0.761842 0.657926 0.678505 0.725322
55 0.801813 0.546939 0.839474 0.705602 0.723364 0.729614
60 0.836788 0.665306 0.881579 0.727056 0.803738 0.817597
iii) jute with KCI
Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.059937 0.115966 0.051724 0.093529 0.013018 0.197723
10 0.195584 0.235294 0.243103 0.155519 0.068639 0.306418
15 0.218717 0.334454 0.374138 0.240892 0.102367 0.282609
20 0.242902 0.366387 0.4 0.329527 0.139645 0.387164
25 0.292324 0.488235 0.475 0.357259 0.201183 0.621118
30 0.314932 0.582353 0.512069 0.4323 0.251479 0.682195
35 0.397476 0.683193 0.549138 0.497009 0.321893 0.699793
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40 0.457939 0.768067 0.566379 0.530723 0.35858 0.828157
45 0.51367 0.835294 0.609483 0.550843 0.439645 0.833333
50 0.537855 0.907563 0.671552 0.57205 0.462722 0.867495
55 0.619874 0.95042 0.808621 0.593801 0.545562 0.869565
60 0.628812 0.991597 0.836207 0.657966 0.556213 0.912008
iv jute with NaCl
Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.059867 0.167906 0.246154 0.295388 0.268061 0.333636
10 0.158537 0.278427 0.322051 0.412169 0.357414 0.492294
15 0.392461 0.328374 0.424615 0.511286 0.411597 0.538531
20 0.531042 0.395324 0.49641 0.636899 0.471483 0.580236
25 0.588692 0.48034 0.565128 0.704612 0.532319 0.633726
30 0.617517 0.549416 0.588718 0.789009 0.603612 0.68087
35 0.655211 0.569607 0.632821 0.853778 0.707224 0.713509
40 0.685144 0.591923 0.653333 0.890088 0.728137 0.768812
45 0.715078 0.616366 0.684103 0.912659 0.753802 0.801451
50 0.718404 0.639745 0.716923 0.930324 0.771863 0.841342
55 0.739468 0.657811 0.73641 0.945044 0.790875 0.932004
60 0.752772 0.667375 0.769231 0.965653 0.807985 0.964642
V) jute with Aluminosilicate
Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.067935 0.124031 0.079365 0.074683 0.137203 0.178457
10 0.141984 0.239535 0.157937 0.148618 0.321372 0.212755
15 0.230978 0.263566 0.222222 0.209111 0.390501 0.280815
20 0.324728 0.370543 0.331746 0.312173 0.516095 0.346731
25 0.356658 0.406977 0.369048 0.347274 0.646438 0.384244
30 0.484375 0.475194 0.438889 0.412995 0.692876 0.398178
35 0.495245 0.487597 0.515079 0.48469 0.701319 0.437835
40 0.514946 0.510078 0.553968 0.521285 0.716623 0.509646
45 0.552989 0.553488 0.598413 0.563107 0.746174 0.537513
50 0.665761 0.682171 0.626984 0.589993 0.833773 0.595391
55 0.712636 0.735659 0.657937 0.619119 0.870185 0.655949
60 0.795516 0.783721 0.675397 0.635549 0.955673 0.675241
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b) lime waste
i) lime wastes with alumina
Volatile Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.056995 0.081081 0.223242 0.212389 0.410979 0.231675 0.169211
10 0.159326 0.174964 0.325688 0.318584 0.439169 0.390052 0.276081
15 0.510363 0.223329 0.422018 0.368732 0.497033 0.45288 0.356234
20 0.529793 0.283073 0.496942 0.40413 0.54451 0.528796 0.407125
25 0.59715 0.314367 0.522936 0.461652 0.603858 0.574607 0.447837
30 0.617876 0.365576 0.58104 0.50885 0.630564 0.616492 0.525445
35 0.661917 0.41394 0.651376 0.554572 0.664688 0.64267 0.558524
40 0.689119 0.472262 0.69419 0.597345 0.700297 0.705497 0.580153
45 0.718912 0.509246 0.720183 0.640118 0.704748 0.732984 0.603053
50 0.748705 0.537696 0.756881 0.702065 0.731454 0.757853 0.613232
55 0.786269 0.564723 0.781346 0.737463 0.744807 0.776178 0.628499
60 0.845855 0.584637 0.801223 0.743363 0.749258 0.790576 0.638677
i) lime wastes with ZnO
Volatile Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.054974 0.147994 0.257106 0.111825 0.258778 0.18798 0.099174
10 0.197644 0.280775 0.374677 0.20437 0.336801 0.265985 0.239669
15 0.251309 0.327801 0.573643 0.27892 0.387516 0.327366 0.315427
20 0.363874 0.416321 0.618863 0.345758 0.456437 0.379795 0.385675
25 0.417539 0.481328 0.693798 0.40617 0.481144 0.441176 0.527548
30 0.46466 0.53527 0.744186 0.460154 0.522757 0.516624 0.588154
35 0.505236 0.578147 0.78553 0.505141 0.582575 0.570332 0.632231
40 0.536649 0.659751 0.886305 0.523136 0.630689 0.617647 0.679063
45 0.590314 0.704011 0.914729 0.550129 0.660598 0.644501 0.703857
50 0.623037 0.73029 0.940568 0.589974 0.691808 0.684143 0.730028
55 0.650524 0.75657 0.9677 0.616967 0.719116 0.707161 0.758953
60 0.674084 0.785615 0.979328 0.625964 0.747724 0.721228 0.77135
iii) lime wastes with KCI
Volatile Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.064712 0.143713 0.156499 0.19583 0.16813 0.192396 0.149502
10 0.14459 0.242515 0.282051 0.312783 0.220797 0.37788 0.331395
15 0.418605 0.303393 0.343943 0.370807 0.252532 0.490783 0.436877
20 0.433771 0.318363 0.404067 0.489574 0.280216 0.557604 0.579734
25 0.48635 0.360279 0.419982 0.502267 0.405807 0.609447 0.645349
30 0.502528 0.466068 0.436782 0.520399 0.427414 0.657834 0.710963
35 0.526795 0.50998 0.452697 0.539438 0.444294 0.703917 0.763289
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40 0.55814 0.540918 0.476569 0.547597 0.475354 0.729263 0.79402
45 0.571284 0.553892 0.493369 0.56845 0.488184 0.760369 0.82309
50 0.584429 0.566866 0.51901 0.578422 0.499662 0.782258 0.83804
55 0.60364 0.585828 0.533156 0.596555 0.511141 0.800691 0.858804
60 0.619818 0.601796 0.55084 0.611967 0.519919 0.809908 0.876246
iv) lime wastes with NaCl
Volatile Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.099369 0.190016 0.166667 0.266573 0.357881 0.225564 0.179901
10 0.170347 0.280193 0.339233 0.437236 0.459948 0.379699 0.277916
15 0.200315 0.357488 0.498525 0.502116 0.574935 0.477444 0.416873
20 0.268139 0.434783 0.563422 0.551481 0.627907 0.575188 0.471464
25 0.293375 0.520129 0.603245 0.605078 0.732558 0.626566 0.523573
30 0.342271 0.582931 0.663717 0.650212 0.78553 0.681704 0.569479
35 0.38959 0.666667 0.718289 0.693935 0.826873 0.721805 0.601737
40 0.451104 0.706924 0.749263 0.732017 0.868217 0.739348 0.647643
45 0.5 0.73752 0.784661 0.777151 0.912145 0.770677 0.669975
50 0.536278 0.772947 0.794985 0.816643 0.953488 0.794486 0.692308
55 0.556782 0.793881 0.825959 0.853315 0.975452 0.820802 0.7134
60 0.566246 0.803543 0.842183 0.858956 0.997416 0.834586 0.717122
V) lime wastes with Aluminosilicate
Volatile Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.13886 0.15587 0.242515 0.270833 0.155629 0.237123 0.250226
10 0.220725 0.23583 0.404192 0.345644 0.243377 0.380107 0.386631
15 0.494301 0.307692 0.568862 0.40625 0.297185 0.46714 0.472448
20 0.517098 0.332996 0.625749 0.511364 0.369205 0.51865 0.584463
25 0.560622 0.375506 0.687625 0.581439 0.413079 0.558615 0.66486
30 0.577202 0.432186 0.729541 0.628788 0.444536 0.578153 0.723577
35 0.602073 0.507085 0.774451 0.648674 0.495861 0.631439 0.775971
40 0.634197 0.52834 0.836327 0.657197 0.529801 0.674067 0.826558
45 0.658031 0.551619 0.869261 0.678977 0.556291 0.737123 0.848238
50 0.671503 0.564777 0.92016 0.689394 0.596854 0.745115 0.861789
55 0.680829 0.584008 0.939122 0.708333 0.615894 0.755773 0.886179
60 0.697409 0.610324 0.96507 0.724432 0.633278 0.762877 0.893406
A.12. Values of Wc
a) jute wastes
i) jute with alumina
char char char char char char
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.01418 0.050528 0.016973 0.075362 0.035218 0.019322
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10 0.04627 0.067517 0.040522 0.112167 0.044898 0.050793
15 0.051743 0.08641 0.056646 0.163431 0.050768 0.05548
20 0.057465 0.093879 0.059829 0.204179 0.057255 0.071646
25 0.069157 0.108379 0.069057 0.226525 0.067965 0.078629
30 0.074505 0.1261 0.073619 0.243175 0.076718 0.085516
35 0.094034 0.131958 0.07818 0.260263 0.084853 0.089917
40 0.095899 0.140599 0.080302 0.269902 0.089178 0.092212
45 0.100377 0.144261 0.085606 0.277351 0.094018 0.095082
50 0.102367 0.149387 0.093243 0.285676 0.097004 0.096899
55 0.104357 0.152462 0.11011 0.294439 0.100094 0.098621
60 0.106472 0.154952 0.113505 0.302326 0.100917 0.100343
i) jute with ZnO
char char char char char char
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.013643 0.00924 0.010605 0.032216 0.053401 0.043566
10 0.028297 0.041067 0.014493 0.038481 0.094023 0.04596
15 0.039414 0.09548 0.041359 0.063985 0.111367 0.082824
20 0.051035 0.155027 0.046661 0.136919 0.118213 0.083302
25 0.074785 0.167347 0.062038 0.159739 0.122778 0.119687
30 0.085649 0.179667 0.069639 0.176742 0.144686 0.123996
35 0.09247 0.22176 0.077239 0.185244 0.147881 0.132135
40 0.103839 0.24948 0.080774 0.212986 0.151989 0.143625
45 0.13062 0.257694 0.089611 0.229541 0.157466 0.146018
50 0.142242 0.26796 0.102337 0.246992 0.165681 0.161817
55 0.156391 0.275147 0.112765 0.26489 0.176636 0.162775
60 0.163212 0.334694 0.118421 0.272944 0.196262 0.182403
iii) jute with KCI
char char char char char char
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.035381 0.000983 0.010132 0.04862 0.010387 0.019077
10 0.115453 0.001994 0.047618 0.080844 0.054765 0.029564
15 0.129109 0.002834 0.073285 0.125224 0.081676 0.027266
20 0.143385 0.003105 0.078351 0.1713 0.111419 0.037354
25 0.172559 0.004138 0.093041 0.185716 0.160519 0.059926
30 0.185904 0.004935 0.100302 0.224725 0.200648 0.065819
35 0.234631 0.00579 0.107563 0.258363 0.25683 0.067517
40 0.270322 0.006509 0.11094 0.275888 0.286101 0.079902
45 0.30322 0.007079 0.119383 0.286347 0.350781 0.080401
50 0.317496 0.007691 0.131541 0.297371 0.369193 0.083697
55 0.365912 0.008054 0.15839 0.308678 0.435289 0.083897
60 0.371188 0.008403 0.163793 0.342034 0.443787 0.087992
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iv) jute with NaCl

char char char char char char
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.019662 0.083686 0.073846 0.010507 0.063704 0.012229
10 0.052067 0.13877 0.096615 0.01466 0.084938 0.018045
15 0.128894 0.163664 0.127385 0.018186 0.097815 0.019739
20 0.174407 0.197033 0.148923 0.022654 0.112047 0.021268
25 0.193341 0.239405 0.169538 0.025062 0.126504 0.023229
30 0.202807 0.273833 0.176615 0.028064 0.143447 0.024957
35 0.215187 0.283896 0.189846 0.030368 0.16807 0.026153
40 0.225018 0.295019 0.196 0.03166 0.17304 0.02818
45 0.234849 0.307201 0.205231 0.032462 0.179139 0.029376
50 0.235941 0.318854 0.215077 0.033091 0.183431 0.030839
55 0.242859 0.327858 0.220923 0.033614 0.187949 0.034162
60 0.247228 0.332625 0.230769 0.034347 0.192015 0.035358
V) jute with aluminosilicate
char char char char char char
Time fraction fraction fraction fraction fraction fraction
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.017462 0.034228 0.038144 0.042826 0.006364 0.085829
10 0.036496 0.066103 0.075906 0.085224 0.014906 0.102325
15 0.059372 0.072735 0.106802 0.119913 0.018113 0.135058
20 0.08347 0.102257 0.159441 0.179014 0.023938 0.166761
25 0.091677 0.112311 0.177368 0.199142 0.029984 0.184803
30 0.124506 0.131137 0.210935 0.236829 0.032138 0.191505
35 0.1273 0.134559 0.247553 0.277942 0.032529 0.210578
40 0.132364 0.140763 0.266243 0.298927 0.033239 0.245116
45 0.142143 0.152743 0.287604 0.32291 0.03461 0.258518
50 0.171131 0.188255 0.301335 0.338327 0.038673 0.286355
55 0.18318 0.203016 0.316212 0.355029 0.040362 0.31548
60 0.204484 0.216279 0.324603 0.364451 0.044327 0.324759
b) lime wastes
i) lime with alumina
char char char char char char char
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1073K
0 0 0 0 0 0 0 0
5 0.010386 0.057605 0.055384 0.073325 0.137536 0.061371 0.095729
10 0.029035 0.124306 0.0808 0.109987 0.146969 0.103325 0.156189
15 0.093006 0.158667 0.104699 0.1273 0.166334 0.119968 0.201535
20 0.096547 0.201112 0.123287 0.139521 0.182222 0.140078 0.230326
25 0.108822 0.223346 0.129736 0.15938 0.202083 0.152214 0.253358
30 0.112599 0.259728 0.144151 0.175674 0.21102 0.163309 0.297264
35 0.120625 0.294089 0.161601 0.191459 0.22244 0.170244 0.315978
40 0.125582 0.335524 0.172223 0.206226 0.234357 0.186887 0.328214
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45 0.131012 0.3618 0.178671 0.220993 0.235846 0.194168 0.34117
50 0.136441 0.382012 0.187776 0.24238 0.244784 0.200756 0.346928
55 0.143286 0.401214 0.193845 0.2546 0.249252 0.20561 0.355565
60 0.154145 0.415363 0.198777 0.256637 0.250742 0.209424 0.361323
i) lime with ZnO
char char char char char char char
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1073K
0 0 0 0 0 0 0 0
5 0.02658 0.040386 0.005427 0.06682 0.087309 0.072659 0.029398
10 0.09556 0.07662 0.007909 0.122119 0.113634 0.10281 0.071045
15 0.121507 0.089453 0.012109 0.166665 0.130745 0.126535 0.093502
20 0.175931 0.113609 0.013063 0.206603 0.153998 0.1468 0.114325
25 0.201878 0.131348 0.014645 0.242701 0.162334 0.170526 0.15638
30 0.224661 0.146068 0.015708 0.274959 0.176374 0.199688 0.174346
35 0.244279 0.157769 0.016581 0.30184 0.196556 0.220448 0.187411
40 0.259467 0.180038 0.018708 0.312593 0.212789 0.238736 0.201294
45 0.285414 0.192116 0.019308 0.328722 0.22288 0.249116 0.208643
50 0.301235 0.199287 0.019854 0.352531 0.23341 0.264438 0.216401
55 0.314525 0.206458 0.020426 0.36866 0.242623 0.273335 0.224975
60 0.325916 0.214385 0.020672 0.374036 0.252276 0.278772 0.22865
iii) lime with KCI
char char char char char char char
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1073K
0 0 0 0 0 0 0 0
5 0.039693 0.095093 0.12761 0.12417 0.155247 0.045157 0.021114
10 0.088688 0.16047 0.229987 0.198328 0.203879 0.088692 0.046804
15 0.256762 0.200753 0.280455 0.235119 0.233182 0.115191 0.061701
20 0.266065 0.210658 0.32948 0.310426 0.258745 0.130874 0.081877
25 0.298316 0.238394 0.342457 0.318474 0.374713 0.143042 0.091144
30 0.308239 0.308393 0.356156 0.329971 0.394664 0.154399 0.100411
35 0.323124 0.337449 0.369133 0.342044 0.410251 0.165215 0.107801
40 0.34235 0.357921 0.388599 0.347217 0.438931 0.171164 0.112141
45 0.350412 0.366506 0.402297 0.360439 0.450777 0.178465 0.116247
50 0.358475 0.375091 0.423205 0.366763 0.461377 0.183603 0.118358
55 0.370259 0.387638 0.434741 0.37826 0.471976 0.187929 0.121291
60 0.380182 0.398204 0.44916 0.388033 0.480081 0.190092 0.123754
iv) lime with NaCl
char char char char char char char
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1073K
0 0 0 0 0 0 0 0
5 0.076118 0.046457 0.031232 0.043772 0.000927 0.044706 0.070964
10 0.130489 0.068504 0.063569 0.071796 0.001192 0.075256 0.109628
15 0.153445 0.087402 0.093419 0.082449 0.001489 0.094628 0.164441
20 0.205399 0.1063 0.10558 0.090555 0.001627 0.114001 0.185975
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25 0.22473 0.127166 0.113042 0.099356 0.001898 0.124184 0.206531
30 0.262186 0.14252 0.124374 0.106767 0.002035 0.135113 0.224639
35 0.298432 0.162993 0.134601 0.113947 0.002142 0.14306 0.237363
40 0.345553 0.172835 0.140405 0.1202 0.002249 0.146538 0.255472
45 0.383008 0.180316 0.147038 0.127611 0.002363 0.152747 0.264281
50 0.410798 0.188977 0.148973 0.134096 0.00247 0.157466 0.27309
55 0.426505 0.194095 0.154777 0.140117 0.002527 0.162681 0.28141
60 0.433754 0.196457 0.157817 0.141044 0.002584 0.165414 0.282878
V) lime with aluminosilicate
char char char char char char char
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1073K
0 0 0 0 0 0 0 0
5 0.060248 0.099519 0.008778 0.103023 0.090122 0.073704 0.029855
10 0.095768 0.150571 0.014629 0.13148 0.140936 0.118147 0.04613
15 0.214466 0.196454 0.02059 0.154534 0.172096 0.1452 0.056369
20 0.224358 0.212609 0.022649 0.194519 0.213801 0.16121 0.069734
25 0.243242 0.239751 0.024888 0.221175 0.239208 0.173632 0.079326
30 0.250435 0.27594 0.026405 0.239186 0.257424 0.179705 0.086332
35 0.261226 0.323761 0.028031 0.246751 0.287146 0.196268 0.092583
40 0.275164 0.337332 0.03027 0.249993 0.3068 0.209518 0.098619
45 0.285505 0.352195 0.031462 0.258278 0.32214 0.229117 0.101205
50 0.29135 0.360596 0.033305 0.26224 0.345629 0.231602 0.102822
55 0.295397 0.372874 0.033991 0.269444 0.356655 0.234914 0.105732
60 0.302591 0.389676 0.03493 0.275568 0.366722 0.237123 0.106594
Wo
Al13tvs Inf —
w
a) jute waste
i) jute wastes with alumina
In& In& In& InW—O InW—0 InW—O
time w W w w w w
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.22 0.2865 0.29 0.31 0.32 0.34
10 0.44 0.573 0.58 0.62 0.64 0.68
15 0.66 0.8595 0.87 0.93 0.96 1.02
20 0.88 1.146 1.16 1.24 1.28 1.36
25 1.1 1.4325 1.45 1.55 1.6 1.7
30 1.32 1.719 1.74 1.86 1.92 2.04
35 1.54 2.0055 2.03 2.17 2.24 2.38
40 1.76 2.292 2.32 2.48 2.56 2.72
45 1.98 2.5785 2.61 2.79 2.88 3.06
50 2.2 2.865 2.9 31 32 34
55 242 3.1515 3.19 3.41 3.52 3.74
60 2.64 3.438 3.48 3.72 3.84 4.08




i)

jute wastes with ZnO

In& In& In& InW—0 InW—0 InW—0
time w w w w w w
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.1265 0.5765 0.1405 0.1515 0.1515 0.1925
10 0.253 1.153 0.281 0.303 0.303 0.385
15 0.3795 1.7295 0.4215 0.4545 0.4545 0.5775
20 0.506 2.306 0.562 0.606 0.606 0.77
25 0.6325 2.8825 0.7025 0.7575 0.7575 0.9625
30 0.759 3.459 0.843 0.909 0.909 1.155
35 0.8855 4.0355 0.9835 1.0605 1.0605 1.3475
40 1.012 4.612 1.124 1.212 1.212 1.54
45 1.1385 5.1885 1.2645 1.3635 1.3635 1.7325
50 1.265 5.765 1.405 1515 1515 1.925
55 1.3915 6.3415 1.5455 1.6665 1.6665 21175
60 1.518 6.918 1.686 1.818 1.818 2.31
iii) jute wastes with KCI
In& Inh In& InW—0 InW—0 InW—0
time w w w w w w
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.15 0.1525 0.16 0.19 0.17 0.195
10 0.3 0.305 0.32 0.38 0.34 0.39
15 0.45 0.4575 0.48 0.57 0.51 0.585
20 0.6 0.61 0.64 0.76 0.68 0.78
25 0.75 0.7625 0.8 0.95 0.85 0.975
30 0.9 0.915 0.96 1.14 1.02 1.17
35 1.05 1.0675 112 1.33 1.19 1.365
40 1.2 1.22 1.28 1.52 1.36 1.56
45 1.35 1.3725 1.44 171 153 1.755
50 15 1.525 1.6 19 1.7 1.95
55 1.65 1.6775 1.76 2.09 1.87 2.145
60 1.8 1.83 1.92 2.28 2.04 2.34
iv) jute wastes with NaCl
In& In& In& InW—0 InW—0 InW—0
time w w w w w w
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.2125 0.2575 0.28 0.2875 0.2875 0.272
10 0.425 0.515 0.56 0.575 0.575 0.544
15 0.6375 0.7725 0.84 0.8625 0.8625 0.816
20 0.85 1.03 1.12 1.15 1.15 1.088




25 1.0625 1.2875 1.4 1.4375 1.4375 1.36
30 1.275 1.545 1.68 1.725 1.725 1.632
35 1.4875 1.8025 1.96 2.0125 2.0125 1.904
40 17 2.06 2.24 2.3 2.3 2.176
45 1.9125 2.3175 2.52 2.5875 2.5875 2.448
50 2.125 2.575 2.8 2.875 2.875 2.72
55 2.3375 2.8325 3.08 3.1625 3.1625 2.992
60 2.55 3.09 3.36 3.45 3.45 3.264
V) jute wastes with Aluminosilicate
In& In& In& InW—0 InW—0 InW—0
time w W w w w w
(mins) 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0
5 0.135 0.1595 0.17 0.17 0.17 0.19
10 0.27 0.319 0.34 0.34 0.34 0.38
15 0.405 0.4785 0.51 0.51 0.51 0.57
20 0.54 0.638 0.68 0.68 0.68 0.76
25 0.675 0.7975 0.85 0.85 0.85 0.95
30 0.81 0.957 1.02 1.02 1.02 1.14
35 0.945 1.1165 1.19 1.19 1.19 1.33
40 1.08 1.276 1.36 1.36 1.36 152
45 1.215 1.4355 1.53 153 153 171
50 1.35 1.595 1.7 1.7 1.7 1.9
55 1.485 1.7545 1.87 1.87 1.87 2.09
60 1.62 1.914 2.04 2.04 2.04 2.28
b) lime wastes
i) lime wastes with alumina
InW—0 InW—0 InW—0 InW—0 In& In& In&
time w w w w w w w
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.196 0.2495 0.254 0.3095 0.3975 0.425 0.4665
10 0.392 0.499 0.508 0.619 0.795 0.85 0.933
15 0.588 0.7485 0.762 0.9285 1.1925 1.275 1.3995
20 0.784 0.998 1.016 1.238 1.59 1.7 1.866
25 0.98 1.2475 1.27 1.5475 1.9875 2.125 2.3325
30 1.176 1.497 1.524 1.857 2.385 2.55 2.799
35 1.372 1.7465 1.778 2.1665 2.7825 2.975 3.2655
40 1.568 1.996 2.032 2.476 3.18 3.4 3.732
45 1.764 2.2455 2.286 2.7855 3.5775 3.825 4.1985
50 1.96 2.495 2.54 3.095 3.975 4.25 4.665
55 2.156 2.7445 2.794 3.4045 4.3725 4.675 5.1315
60 2.352 2.994 3.048 3.714 4.77 5.1 5.598
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i)

lime wastes with ZnO

InW—0 InW—0 InW—O InW—0 In& In& In&
time w w w w w w w
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.1795 0.2495 0.2645 0.3095 0.3975 0.425 0.4665
10 0.359 0.499 0.529 0.619 0.795 0.85 0.933
15 0.5385 0.7485 0.7935 0.9285 1.1925 1.275 1.3995
20 0.718 0.998 1.058 1.238 1.59 1.7 1.866
25 0.8975 1.2475 1.3225 1.5475 1.9875 2.125 2.3325
30 1.077 1.497 1.587 1.857 2.385 2.55 2.799
35 1.2565 1.7465 1.8515 2.1665 2.7825 2.975 3.2655
40 1.436 1.996 2.116 2.476 3.18 34 3.732
45 1.6155 2.2455 2.3805 2.7855 3.5775 3.825 4.1985
50 1.795 2.495 2.645 3.095 3.975 4.25 4.665
55 1.9745 2.7445 2.9095 3.4045 4.3725 4.675 5.1315
60 2.154 2.994 3.174 3.714 477 5.1 5.598
iii) lime wastes with KCI
InW—° InW—0 InW—° InW—0 In& In& In&
time w w w w w w w
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.2325 0.2495 0.3155 0.3095 0.3975 0.425 0.4665
10 0.465 0.499 0.631 0.619 0.795 0.85 0.933
15 0.6975 0.7485 0.9465 0.9285 1.1925 1.275 1.3995
20 0.93 0.998 1.262 1.238 1.59 1.7 1.866
25 1.1625 1.2475 1.5775 1.5475 1.9875 2.125 2.3325
30 1.395 1.497 1.893 1.857 2.385 2.55 2.799
35 1.6275 1.7465 2.2085 2.1665 2.7825 2.975 3.2655
40 1.86 1.996 2.524 2.476 3.18 34 3.732
45 2.0925 2.2455 2.8395 2.7855 3.5775 3.825 4.1985
50 2.325 2.495 3.155 3.095 3.975 4.25 4.665
55 2.5575 2.7445 3.4705 3.4045 4.3725 4.675 5.1315
60 2.79 2.994 3.786 3.714 477 5.1 5.598
iv) lime wastes with NaCl
InW—0 InW—0 InW—0 InW—0 In& In& In&
time w w w w w w w
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.1735 0.2495 0.262 0.3095 0.3975 0.425 0.4665
10 0.347 0.499 0.524 0.619 0.795 0.85 0.933
15 0.5205 0.7485 0.786 0.9285 1.1925 1.275 1.3995
20 0.694 0.998 1.048 1.238 1.59 1.7 1.866
25 0.8675 1.2475 1.31 1.5475 1.9875 2.125 2.3325

301




30 1.041 1.497 1572 1.857 2.385 2.55 2.799
35 1.2145 1.7465 1.834 2.1665 2.7825 2.975 3.2655
40 1.388 1.996 2.096 2.476 3.18 3.4 3.732
45 15615 2.2455 2.358 2.7855 3.5775 3.825 4.1985
50 1.735 2.495 2.62 3.095 3.975 4.25 4.665
55 1.9085 2.7445 2.882 3.4045 4.3725 4.675 5.1315
60 2.082 2.994 3.144 3.714 4.77 5.1 5.598
V) lime wastes with Aluminosilicate
InW—0 InW—0 InW—0 InW—0 In& In& In&
time w W w w W w W
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.277 0.2495 0.268 0.3095 0.3975 0.425 0.4665
10 0.554 0.499 0.536 0.619 0.795 0.85 0.933
15 0.831 0.7485 0.804 0.9285 1.1925 1.275 1.3995
20 1.108 0.998 1.072 1.238 1.59 1.7 1.866
25 1.385 1.2475 1.34 1.5475 1.9875 2.125 2.3325
30 1.662 1.497 1.608 1.857 2.385 2.55 2.799
35 1.939 1.7465 1.876 2.1665 2.7825 2.975 3.2655
40 2.216 1.996 2.144 2.476 3.18 3.4 3.732
45 2.493 2.2455 2412 2.7855 3.5775 3.825 4.1985
50 2.77 2.495 2.68 3.095 3.975 4.25 4.665
55 3.047 2.7445 2.948 3.4045 43725 4.675 5.1315
60 3.324 2.994 3.216 3.714 477 5.1 5.598
Wy
Ald— vs (1—exp[-k*t])/k
Wo
a) jute wastes
i) jute wastes with alumina
Wy Wy Wy Wy Wy Wy
(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.488209 0.178631 0.199986 0.203993 0.206364 0.209667 0.216172
8.090081 0.321985 0.350153 0.356634 0.35772 0.361917 0.370037
10.98065 0.43703 0.462911 0.47085 0.468733 0.472473 0.479554
13.30039 0.529355 0.54758 0.556313 0.550154 0.552753 0.557504
15.16202 0.603448 0.611157 0.620262 0.609873 0.611048 0.612987
16.65602 0.662909 0.658896 0.668113 0.653673 0.653379 0.652478
17.85497 0.710628 0.694742 0.703918 0.685798 0.684118 0.680587
18.81716 0.748923 0.721659 0.730709 0.70936 0.706439 0.700594
19.58934 0.779656 0.74187 0.750756 0.726642 0.722647 0.714834
20.20902 0.804319 0.757047 0.765757 0.739317 0.734416 0.72497
20.70633 0.824112 0.768443 0.776981 0.748613 0.742963 0.732184
21.10543 0.839996 0.777 0.78538 0.755432 0.749169 0.737319
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i) jute wastes with ZnO

W \' W \' W \' W \' W \' W \'

(1—exp[-k*t])/k Wo Wo Wo Wy Wy Wy
400 500 600 700 800 900
0 0 0 0 0 0 0

4.696674 0.099569 0.082847 0.115683 0.102073 0.102073 0.143268

8.835262 0.187308 0.15534 0.216203 0.189796 0.189796 0.261449

12.48208 0.26462 0.218774 0.303547 0.265187 0.265187 0.358936

15.69556 0.332746 0.27428 0.379442 0.329979 0.329979 0.439353

18.52719 0.392777 0.32285 0.445389 0.385663 0.385663 0.505688

21.02236 0.445674 0.365349 0.502692 0.433518 0.433518 0.560407

23.22103 0.492286 0.402538 0.552484 0.474646 0.474646 0.605545

25.15845 0.533359 0.435078 0.59575 0.509992 0.509992 0.642779

26.86565 0.569552 0.463553 0.633344 0.540369 0.540369 0.673493

28.36999 0.601444 0.488468 0.666011 0.566476 0.566476 0.698829

29.69557 0.629546 0.51027 0.694395 0.588912 0.588912 0.719728

30.86365 0.654309 0.529347 0.71906 0.608195 0.608195 0.736968

iii) jute wastes with KCI

Wy Wy Wy Wy Wy Wy

(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0

4.643067 0.086825 0.14005 0.124754 0.104735 0.103457 0.16172

8.639393 0.161557 0.260291 0.231062 0.191347 0.19074 0.294789

12.07906 0.225878 0.363525 0.321652 0.262971 0.264378 0.404283

15.03961 0.281241 0.452158 0.398847 0.322202 0.326503 0.494378

17.58778 0.328892 0.528254 0.464629 0.371183 0.378917 0.568512

19.78101 0.369905 0.593587 0.520684 0.411688 0.423136 0.629511

21.66874 0.405205 0.649679 0.568451 0.445185 0.460442 0.679704

23.29353 0.435589 0.697838 0.609156 0.472885 0.491916 0.721004

24.69199 0.46174 0.739185 0.643842 0.495792 0.518469 0.754987

25.89566 0.484249 0.774683 0.6734 0.514735 0.540871 0.78295

26.93167 0.503622 0.805161 0.698587 0.5304 0.559771 0.805958

27.82337 0.520297 0.831328 0.72005 0.543354 0.575716 0.824891

iv) jute wastes with NaCl
Wy Wy Wy Wy Wy Wy
A—exp[-k*t])/k Wy Wy Wq W W W,
400 500 600 700 800 900
0 0 0 0 0 0 0

4.504463 0.144143 0.151639 0.187959 0.241173 0.241173 0.229828

8.146593 0.260691 0.268854 0.330016 0.422085 0.422085 0.404924

11.09148 0.354927 0.359459 0.43738 0.557794 0.557794 0.538321
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13.47259 | 0431123 | 0.429494 | 0518524 | 0.659594 | 0.659594 0.63995
15.39786 | 0.492732 | 0.483631 | 0579851 | 0.735958 | 0.735958 | 0.717377
16.95457 | 0542546 | 0525477 | 0.626201 | 0.793242 | 0.793242 | 0.776365
18.21325 | 0582824 | 0557824 | 0.661232 | 0.836212 | 0.836212 | 0.821305
19.23098 | 0615391 | 0582827 | 0.687708 | 0.868446 | 0.868446 | 0.855543
20.05387 | 0.641724 | 0.602154 | 0.707718 | 0.892625 | 0.892625 | 0.881627
2071922 | 0663015 | 0.617093 | 0.722841 | 0.910764 | 0.910764 0.9015
21.25721 | 0.680231 | 0.628641 | 0.734271 0.92437 0.92437 |  0.916639
21.6922 0.69415 | 0637568 | 0.742909 | 0.934576 | 0.934576 | 0.928174
V) jute wastes with Aluminosilicate
Wy Wy Wy Wy Wy Wy
(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.677188 0.10056 | 0.115541 | 0.105756 0.09656 | 0.097939 |  0.115209
8.763722 0.18842 | 0.214047 | 0.194979 | 0.178024 | 0.180567 | 0.210482
12.33419 | 0.265185 | 0.298031 | 0.270253 | 0.246753 | 0.250278 | 0.289269
15.45377 | 0332256 | 0.369633 | 0.333759 | 0.304737 0.30909 | 0.354422
18.17939 | 0.390857 | 0.430679 | 0.387337 | 0.353655 | 0.358708 | 0.408301
20.56081 | 0.442057 | 0.482725 | 0.432539 | 0.394927 | 0.400568 | 0.452857
226415 | 0486792 | 0527097 | 0.470674 | 0.429746 | 0.435885 | 0.489703
24.45942 | 0.525878 | 0.564928 | 0.502847 | 0.459121 0.46568 | 0.520173
26.04778 | 0560027 | 0597182 | 0529991 | 0.483904 | 0.490817 | 0.545371
27.43555 |  0.589864 0.62468 | 0.552891 | 0.504813 | 0.512025 | 0.566208
28.64806 | 0.615933 | 0.648124 057221 | 0522453 | 0529917 0.58344
29.70746 0.63871 | 0.668112 058851 | 0.537335 | 0.545011 0.59769
c) lime wastes
i) lime wastes with alumina
Wy Wy Wy Wy Wy Wy Wy
(1—exp[-k™t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4540504 | 0.150291 | 0.183197 | 0.192516 | 0.226624 | 0.283443 0.29898 | 0.317665
8.272854 | 0273831 | 0.325942 0.34185 | 0.392923 | 0.473917 | 0.494444 | 0.516902
11.34089 | 0.375384 | 0.437168 | 0.457687 | 0514956 | 0.601914 | 0.622233 | 0.641862
13.86286 | 0.458861 | 0.523834 0.54754 | 0.604506 | 0.687928 | 0.705777 | 0.720236
15.93594 052748 | 0591363 | 0.617239 | 0.670219 0.74573 |  0.760396 | 0.769392
17.64004 | 0583885 | 0.643981 | 0.671304 | 0.718439 | 0.784572 | 0.796104 | 0.800223
19.04084 | 0.630252 | 0.684981 | 0.713241 | 0.753825 | 0.810674 | 0.819448 | 0.819559
20.1923 | 0.668365 | 0.716927 | 0.745772 | 0.779791 | 0.828215 | 0.834711 | 0.831687
21.13883 | 0.699695 | 0.741819 | 0.771006 | 0.798845 | 0.840002 | 0.844689 | 0.839293
21.91688 | 0.725449 | 0.761215 | 0.790579 | 0.812827 | 0.847923 | 0.851212 | 0.844064
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22.55645 | 0.746618 | 0.776328 | 0.805762 | 0.823088 | 0.853246 | 0.855477 | 0.847056
23.08218 0.76402 |  0.788104 0.81754 | 0.830617 | 0.856823 | 0.858265 | 0.848933
i) lime wastes with ZnO
Wy Wy Wy Wy Wy Wy Wy
(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4576937 | 0.110762 | 0.183197 | 0.191552 | 0.226624 | 0.283443 0.29898 |  0.318863
8.401829 | 0.203324 | 0.325942 | 0.338585 | 0.392923 | 0.473917 | 0.494444 | 0518852
1159824 | 0.280678 | 0.437168 | 0451446 | 0.514956 | 0.601914 | 0.622233 | 0.644284
14.26945 | 0.345321 | 0.523834 | 0.538077 | 0.604506 | 0.687928 | 0.705777 | 0.722954
16.50174 | 0.399342 | 0.591363 | 0.604574 | 0.670219 0.74573 | 0.760396 | 0.772296
18.36725 | 0.444487 | 0.643981 | 0.655617 | 0.718439 | 0.784572 | 0.796104 | 0.803242
19.92622 | 0482215 | 0.684981 | 0.694797 | 0.753825 | 0.810674 | 0.819448 | 0.822652
21.22904 | 0.513743 | 0.716927 0.72487 | 0779791 | 0.828215 | 0.834711 | 0.834825
22.31779 | 0540091 | 0.741819 | 0.747955 | 0.798845 | 0.840002 | 0.844689 0.84246
23.22765 | 0.562109 | 0.761215 | 0.765674 | 0.812827 | 0.847923 | 0.851212 | 0.847249
23.988 0.58051 | 0.776328 | 0.779275 | 0.823088 | 0.853246 | 0.855477 | 0.850253
24.62342 | 0.595887 | 0.788104 | 0.789716 | 0.830617 | 0.856823 | 0.858265 | 0.852136
iii) lime wastes with KCI
Wy Wy Wy Wy Wy Wy Wy
(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4461296 | 0128485 | 0.183197 | 0.186959 | 0.226624 | 0.283443 0.29898 |  0.317665
7.997095 | 0.230316 | 0.325942 | 0.323331 | 0.392923 | 0.473917 | 0.494444 | 0.516902
10.79939 | 0.311022 | 0437168 | 0.422805 | 0.514956 | 0.601914 | 0.622233 | 0.641862
13.02035 | 0.374986 | 0.523834 | 0.495363 | 0.604506 | 0.687928 | 0.705777 | 0.720236
14.78057 0.42568 | 0.591363 | 0.548289 | 0.670219 0.74573 | 0.760396 | 0.769392
16.17563 | 0.465858 | 0.643981 | 0.586894 | 0.718439 | 0.784572 | 0.796104 | 0.800223
17.28129 | 0497701 | 0.684981 | 0.615053 | 0.753825 | 0.810674 | 0.819448 | 0.819559
18.15758 | 0.522938 | 0.716927 | 0.635594 | 0.779791 | 0.828215 | 0.834711 | 0.831687
18.85208 0.54294 | 0.741819 | 0.650576 | 0.798845 | 0.840002 | 0.844689 | 0.839293
19.40251 | 0.558792 | 0.761215 | 0.661505 | 0.812827 | 0.847923 | 0.851212 | 0.844064
19.83875 | 0.571356 | 0.776328 | 0.669477 | 0.823088 | 0.853246 | 0.855477 | 0.847056
20.18449 | 0.581313 | 0.788104 | 0.675291 | 0.830617 | 0.856823 | 0.858265 | 0.848933
iv) lime wastes with NaCl
Wy Wy Wy Wy Wy Wy Wy
(L—exp[-k*t])/k Wo W W, Wy W, W, W,
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4590284 | 0.090429 | 0.183197 | 0.191781 | 0.226624 | 0.283443 0.29898 |  0.317665
8.449414 | 0.166453 | 0.325942 | 0.339358 | 0.392923 | 0.473917 | 0.494444 | 0516902
11.69385 | 0.230369 | 0437168 | 0452921 | 0.514956 | 0.601914 | 0.622233 | 0.641862
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14.42151 | 0.284104 | 0523834 | 0540309 | 0.604506 | 0.687928 | 0.705777 | 0.720236
16.71469 | 0329279 | 0591363 | 0.607554 | 0.670219 0.74573 |  0.760396 |  0.769392
18.64261 | 0.367259 | 0.643981 | 0.659301 | 0.718439 | 0.784572 | 0.796104 | 0.800223
20.26345 0.39919 |  0.684981 0.69912 | 0.753825 | 0.810674 | 0.819448 | 0.819559
21.62611 | 0426034 | 0716927 | 0729761 | 0779791 | 0.828215 | 0.834711 | 0.831687
2277173 | 0.448603 | 0.741819 0.75334 | 0.798845 | 0.840002 | 0.844689 |  0.839293
23.73486 | 0467577 | 0.761215 | 0.771485 | 0.812827 | 0.847923 | 0.851212 | 0.844064
2454459 | 0483528 | 0.776328 | 0.785447 | 0.823088 | 0.853246 | 0.855477 | 0.847056
2522534 | 0496939 | 0.788104 | 0.796191 | 0.830617 | 0.856823 | 0.858265 | 0.848933
V) lime wastes with Aluminosilicate
Wy Wy Wy Wy Wy Wy Wy
A—exp[-k*t])/k W Wo W W Wy W, W,
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4367247 | 0.168576 | 0.183197 | 0191232 | 0.226624 | 0.283443 0.29898 |  0.317665
7.677859 | 0.296365 | 0.325942 | 0.337506 | 0.392923 | 0473917 | 0.494444 | 0516902
10.18748 | 0.393237 | 0437168 | 0449393 | 0514956 | 0.601914 | 0.622233 | 0.641862
12.08991 | 0.466671 | 0.523834 | 0.534976 | 0.604506 | 0.687928 | 0.705777 | 0.720236
1353206 | 0522338 | 0591363 | 0.600439 | 0.670219 0.74573 |  0.760396 |  0.769392
14.62529 | 0.564536 | 0.643981 | 0.650512 | 0.718439 | 0.784572 | 0.796104 |  0.800223
1545401 | 0596525 | 0.684981 | 0.688814 | 0.753825 | 0.810674 | 0.819448 | 0.819559
16.08223 | 0.620774 | 0.716927 | 0.718111 | 0.779791 | 0.828215 | 0.834711 | 0.831687
16.55845 |  0.639156 |  0.741819 0.74052 | 0.798845 | 0.840002 | 0.844689 |  0.839293
16.91946 | 0.653091 | 0.761215 | 0.757661 | 0.812827 | 0.847923 | 0.851212 |  0.844064
17.19312 | 0.663654 | 0.776328 | 0.770773 | 0.823088 | 0.853246 | 0.855477 | 0.847056
17.40057 | 0.671662 | 0.788104 | 0.780802 | 0.830617 | 0.856823 | 0.858265 | 0.848933
We
A15. — vs (1—exp[-k *t])/k
Wo
a) jute wastes
i) jute wastes with alumina
We We We We We We
(1—exp[=k>*t])/k | Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.488209 0.01885 | 0.049127 | 0.047743 | 0.060189 | 0.064184 | 0.072057
8.090081 | 0.033978 | 0.086016 | 0.083468 | 0.104335 | 0.110791 | 0.123346
10.98065 | 0.046119 | 0.113715 | 0.110199 | 0.136714 | 0.144634 | 0.159851
13.30039 | 0.055862 | 0.134514 | 0.130201 |  0.160462 0.16921 |  0.185835
15.16202 0.06368 | 0.150132 | 0.145168 | 0.177879 | 0.187056 | 0.204329
16.65602 | 0.069955 | 0.161859 | 0.156367 | 0.190655 | 0.200014 | 0.217493
17.85497 | 0.074991 | 0.170665 | 0.164747 | 0.200024 | 0.209424 | 0.226862
18.81716 | 0.079032 | 0.177277 | 0171017 | 0.206897 | 0.216257 | 0.233531
1958934 | 0.082275 | 0.182242 | 0.175709 | 0.211937 | 0.221218 | 0.238278
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20.20902 |  0.084878 0.18597 0.17922 | 0.215634 | 0.224821 | 0.241657
20.70633 |  0.086967 0.18877 | 0.181847 | 0.218346 | 0.227438 |  0.244061
2110543 | 0.088643 | 0.190872 | 0.183812 | 0.220334 | 0.229337 | 0.245773
i) jute wastes with ZnO
We We We We We We
(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4696674 | 0.019256 | 0.042126 | 0.015393 | 0.038509 | 0.038509 | 0.031837
8.835262 | 0.036225 | 0.078987 | 0.028769 | 0.071605 | 0.071605 0.0581
12.48208 | 0.051177 | 0.111241 | 0.040391 | 0.100048 | 0.100048 | 0.079764
15.69556 | 0.064352 |  0.139465 0.05049 | 0.124492 | 0.124492 | 0.097634
18.52719 | 0.075961 | 0.164161 | 0.059265 0.1455 0.1455 | 0.112375
21.02236 | 0.086192 | 0.185771 0.06689 | 0.163555 | 0.163555 | 0.124535
23.22103 |  0.095206 0.20468 | 0.073516 | 0.179071 | 0.179071 | 0.134566
25.15845 0.10315 | 0.221226 | 0.079273 | 0.192406 | 0.192406 0.14284
26.86565 | 0.110149 | 0.235705 | 0.084276 | 0.203867 | 0.203867 | 0.149665
28.36999 | 0.116317 | 0.248374 | 0.088622 | 0.213716 | 0.213716 | 0.155295
20.69557 | 0.121752 | 0.259459 | 0.092399 | 0.222181 | 0.222181 0.15994
30.86365 |  0.126541 0.26916 | 0.095681 | 0.229455 | 0.229455 | 0.163771
iii) jute wastes with KCI
We We We We We We
(1—exp[-k>*t])/k | Wp Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.643067 | 0.052467 | 0.001391 | 0.023103 | 0.068306 | 0.052878 | 0.015445
8.639393 | 0.097625 | 0.002586 | 0.042789 | 0.124792 | 0.097489 | 0.028154
12.07906 | 0.136493 | 0.003611 | 0.059565 | 0.171503 | 0.135126 | 0.038611
15.03961 | 0.169948 | 0.004492 | 0.073861 | 0.210132 0.16688 | 0.047216
17.58778 | 0.198742 | 0.005248 | 0.086042 | 0.242076 | 0.193668 | 0.054296
10.78101 | 0.223525 | 0.005897 | 0.096423 | 0.268492 | 0.216269 | 0.060122
21.66874 | 0.244857 | 0.006454 | 0.105269 | 0.290338 | 0.235337 | 0.064916
23.29353 | 0.263217 | 0.006932 | 0.112807 | 0.308403 | 0.251424 0.06886
24.69199 0.27902 |  0.007343 0.11923 | 0.323342 | 0.264995 | 0.072106
25.89566 | 0.292621 | 0.007696 | 0.124704 | 0.335697 | 0.276445 | 0.074776
26.93167 | 0.304328 | 0.007998 | 0.129368 | 0.345913 | 0.286105 | 0.076974
27.82337 | 0.314404 | 0.008258 | 0.133343 | 0.354361 | 0.294255 | 0.078782
iv) jute wastes with NaCl
We We We We We We
(1—exp[=k*t])/k | Wq Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
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4504463 |  0.047297 | 0.075379 | 0.056257 | 0.008691 | 0.008691 | 0.008318
8.146593 | 0.085539 | 0.133645 |  0.098775 0.01521 0.01521 |  0.014654
11.09148 0.11646 | 0.178684 0.13091 | 0.020101 | 0.020101 | 0.019482
13.47259 | 0.141462 | 0.213499 | 0.155196 | 0.023769 | 0.023769 0.02316
15.39786 | 0.161678 | 0.240409 | 0.173552 | 0.026521 | 0.026521 | 0.025962
16.95457 | 0.178023 | 0.261211 | 0.187425 | 0.028585 | 0.028585 |  0.028097
18.21325 |  0.191239 0.27729 | 0.197909 | 0.030134 | 0.030134 | 0.029723
19.23098 | 0.201925 | 0.289719 | 0.205834 | 0.031295 | 0.031295 | 0.030963
20.05387 | 0.210566 | 0.299327 | 0.211823 | 0.032167 | 0.032167 | 0.031907
20.71922 | 0.217552 | 0.306753 | 0.216349 0.03282 0.03282 |  0.032626
21.25721 | 0.223201 |  0.312493 0.21977 | 0.033311 | 0.033311 | 0.033174
21.6922 |  0.227768 0.31693 | 0.222356 | 0.033678 | 0.033678 |  0.033591
V) jute wastes with Aluminosilicate
We We We We We We
(1—exp[-k*t])/k | Wq Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.677188 | 0.025725 | 0.031889 | 0.050579 | 0.059775 | 0.058396 | 0.057832
8.763722 0.0482 | 0.059077 | 0.093251 | 0.110205 | 0.107662 | 0.105657
12.33419 | 0.067838 | 0.082257 | 0.129251 | 0.152752 | 0.149227 | 0.145206
1545377 | 0.084996 | 0.102019 | 0.159624 | 0.188646 | 0.184293 | 0.177911
18.17939 | 0.099987 | 0.118867 | 0.185248 0.21893 | 0.213877 |  0.204958
20.56081 | 0.113084 | 0.133232 | 0.206866 | 0.244478 | 0.238837 | 0.227324
22.6415 |  0.124528 | 0.145479 | 0.225105 | 0.266033 | 0.259894 | 0.245819
24.45942 |  0.134527 0.15592 | 0.240492 | 0.284218 | 0.277659 | 0.261115
26.04778 | 0.143263 | 0.164822 | 0.253474 0.29956 |  0.292647 |  0.273763
27.43555 | 0.150896 | 0.172412 | 0.264426 | 0.312503 | 0.305292 | 0.284223
28.64806 | 0.157564 | 0.178882 | 0.273666 | 0.323423 0.31596 |  0.292873
29.70746 | 0.163391 | 0.184399 | 0.281461 | 0.332636 0.32496 |  0.300026
a) lime wastes
i) lime wastes with alumina
W W W W W W W
(I—exp[-k*t))/k | Wp Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4540504 | 0.027697 | 0.037613 | 0.031792 | 0.039562 |  0.044559 0.04725 |  0.055142
8.272854 |  0.050464 0.06692 | 0.056452 | 0.068594 | 0.074502 | 0.078141 | 0.089726
11.34089 | 0.069179 | 0.089757 | 0.075581 | 0.089898 | 0.094624 | 0.098336 | 0.111418
13.86286 |  0.084563 0.10755 |  0.090419 0.10553 |  0.108146 0.11154 |  0.125022
15.93594 | 0.097209 | 0.121415 | 0.101929 | 0.117002 | 0.117233 | 0.120172 | 0.133555
17.64004 | 0.107604 | 0.132218 | 0.110857 0.12542 | 0.123339 | 0.125815 | 0.138907
19.04084 | 0.116149 | 0.140636 | 0.117783 | 0.131597 | 0.127442 | 0.129504 | 0.142263
20.1923 |  0.123173 | 0.147195 |  0.123155 0.13613 0.1302 | 0.131916 | 0.144368
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21.13883 | 0.128947 | 0.152306 | 0.127322 | 0.139457 | 0.132053 | 0.133493 | 0.145689
21.91688 | 0.133693 | 0.156288 | 0.130554 | 0.141898 | 0.133298 | 0.134524 | 0.146517
2255645 | 0.137594 | 0.159391 | 0.133062 | 0.143689 | 0.134135 | 0.135198 | 0.147036
23.08218 | 0.140801 | 0.161809 | 0.135007 | 0.145003 | 0.134697 | 0.135639 | 0.147362
i) lime wastes with ZnO
We We We We We We We
(I—exp[-k*t])/k | Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4576937 0.05355 | 0.037613 | 0.040859 | 0.039562 | 0.044559 0.04725 |  0.053943
8.401829 |  0.098301 0.06692 | 0.072221 | 0.068594 | 0.074502 | 0.078141 | 0.087776
1159824 | 0.135699 | 0.089757 | 0.096295 | 0.089898 | 0.094624 | 0.098336 | 0.108995
14.26945 |  0.166953 0.10755 | 0.114773 0.10553 | 0.108146 0.11154 |  0.122304
16.50174 0.19307 | 0121415 | 0.28957 | 0.117002 | 0.117233 | 0.120172 | 0.130652
18.36725 | 0.214897 | 0.132218 | 0.139845 0.12542 | 0123339 | 0.125815 | 0.135887
19.92622 | 0.233137 | 0.140636 | 0.148202 | 0.131597 | 0.127442 | 0.129504 0.13917
21.22904 0.24838 | 0.147195 | 0.154617 0.13613 0.1302 | 0.131916 0.14123
22.31779 | 0.261118 | 0.152306 | 0.159541 | 0.139457 | 0.132053 | 0.133493 | 0.142521
23.22765 | 0.271763 | 0.156288 0.16332 | 0141898 | 0.133298 | 0.134524 | 0.143332
23.988 0.28066 | 0159391 | 0.166222 | 0.143689 | 0.134135 | 0.135198 0.14384
24.62342 | 0.288094 | 0.161809 | 0.168449 | 0.145003 | 0.134697 | 0.135639 | 0.144158
iii) lime wastes with KCI
We | We | W | Wgo | W | W | W
(1—exp[=k*t])/k | Wq Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4.461296 | 0.078965 | 0.037613 | 0.083617 | 0.039562 |  0.044559 0.04725 |  0.055142
7.997095 |  0.141549 0.06692 | 0.144609 | 0.068594 | 0.074502 | 0.078141 | 0.089726
10.79939 | 0191149 | 0.089757 | 0.189098 | 0.089898 | 0.094624 | 0.098336 | 0.111418
13.02035 0.23046 0.10755 0.22155 0.10553 | 0.108146 0.11154 | 0.125022
14.78057 | 0.261616 | 0.121415 | 0.245221 | 0.117002 | 0.117233 | 0.120172 | 0.133555
16.17563 | 0.286309 | 0.132218 |  0.262487 0.12542 | 0123339 | 0.125815 | 0.138907
17.28129 | 0.305879 | 0.140636 | 0.275081 | 0.131597 | 0.127442 | 0.129504 | 0.142263
18.15758 | 0.321389 | 0.147195 | 0.284268 0.13613 0.1302 | 0.131916 | 0.144368
18.85208 | 0.333682 | 0.152306 | 0.290969 | 0.139457 | 0.132053 | 0.133493 | 0.145689
10.40251 | 0.343424 | 0156288 | 0.295857 | 0.141898 | 0.133298 | 0.134524 | 0.146517
19.83875 | 0.351146 | 0.159391 | 0.299422 | 0.143689 | 0.134135 | 0.135198 | 0.147036
20.18449 | 0.357265 | 0.161809 | 0.302023 | 0.145003 | 0.134697 | 0.135639 | 0.147362
iv) lime wastes with NaCl
We We We We We We We
(1—exp[-k>t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
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0 0 0 0 0 0 0 0
4590284 | 0.068854 | 0.037613 | 0.038708 | 0.039562 |  0.044559 0.04725 |  0.055142
8.449414 | 0.126741 0.06692 | 0.068494 | 0.068594 | 0.074502 | 0.078141 | 0.089726
11.69385 | 0.175408 | 0.089757 | 0.091415 | 0.089898 | 0.094624 | 0.098336 | 0.111418
14.42151 |  0.216323 0.10755 |  0.109053 0.10553 | 0.108146 0.11154 |  0.125022
16.71469 0.25072 | 0121415 | 0.122626 | 0.117002 | 0.117233 | 0.120172 | 0.133555
18.64261 | 0.279639 | 0.132218 0.13307 0.12542 | 0123339 | 0.125815 | 0.138907
20.26345 | 0.303952 | 0.140636 | 0.141107 | 0.131597 | 0.127442 | 0.129504 | 0.142263
2162611 | 0.324392 | 0.147195 | 0.147291 0.13613 0.1302 | 0.131916 | 0.144368
2277173 | 0.341576 | 0.152306 0.15205 | 0.139457 | 0.132053 | 0.133493 | 0.145689
23.73486 | 0.356023 | 0.156288 | 0.155712 | 0.141898 | 0.133298 | 0.134524 | 0.146517
2454459 | 0.368169 | 0.159391 | 0.158531 | 0.143689 | 0.134135 | 0.135198 | 0.147036
25.22534 0.37838 | 0.161809 | 0.160699 | 0.145003 | 0.134697 | 0.135639 | 0.147362
V) lime wastes with Aluminosilicate
We We We We We We We
(1—exp[-k>*t])/k | Wq Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4.367247 0.07337 | 0.037613 0.04386 | 0.039562 | 0.044559 0.04725 |  0.055142
7.677859 |  0.128988 0.06692 0.07741 | 0.068594 | 0.074502 | 0.078141 | 0.089726
10.18748 0.17115 | 0.089757 | 0.103072 | 0.089898 | 0.094624 | 0.098336 | 0.111418
12.08991 | 0.203111 0.10755 | 0.122701 0.10553 | 0.108146 0.11154 | 0.125022
1353206 | 0.227339 | 0.121415 | 0.137715 | 0.117002 | 0.117233 | 0.120172 | 0.133555
14.62529 | 0.245705 | 0.132218 0.1492 0.12542 | 0123339 | 0.125815 | 0.138907
15.45401 | 0.259627 | 0.140636 | 0.157985 | 0.131597 | 0.127442 | 0.129504 | 0.142263
16.08223 | 0.270181 | 0.147195 | 0.164704 0.13613 0.1302 | 0.131916 | 0.144368
16.55845 | 0.278182 | 0.152306 | 0.169844 | 0.139457 | 0.132053 | 0.133493 | 0.145689
16.91946 | 0.284247 | 0.156288 | 0.173776 | 0.141898 | 0.133298 | 0.134524 | 0.146517
1719312 | 0.288844 | 0.159391 | 0.176783 | 0.143689 | 0.134135 | 0.135198 | 0.147036
17.40057 0.29233 | 0.161809 | 0.179083 | 0.145003 | 0.134697 | 0.135639 | 0.147362
Wi
A16. — vs (L—exp[-k*t])/k
Wo
a) jute wastes
i) jute wastes with alumina
Wi Wi Wi Wi Wi Wi
(1—exp[-k>*t])/k | Wq Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4488209 | 0.068483 | 0.095229 | 0.107644 | 0.092194 | 0.097463 | 0.094337
8.090081 | 0.123441 | 0.166736 0.18819 | 0.159813 | 0.168235 | 0.161484
10.98065 | 0.167547 | 0.220429 | 0.248459 | 0.209409 | 0.219626 | 0.209277
13.30039 | 0.202942 | 0.260747 | 0.293557 | 0.245784 | 0.256944 | 0.243294
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15.16202 | 0.231347 | 0.291021 | 0.327302 | 0.272464 | 0.284042 | 0.267507
16.65602 | 0.254143 | 0.313753 | 0.352552 | 0.292032 0.30372 | 0.284741
17.85497 | 0.272437 | 0330822 | 0.371445 | 0.306384 | 0.318008 | 0.297007
18.81716 | 0.287119 0.34364 | 0.385583 0.31691 | 0.328384 | 0.305738
10.58934 | 0.298901 | 0.353264 | 0.396161 | 0.324631 | 0.335918 | 0.311953
20.20902 | 0.308356 | 0.360491 | 0.404077 | 0.330294 | 0.341389 | 0.316376
20.70633 | 0.315944 | 0.365917 041 | 0.334447 | 0.345362 | 0.319524
2110543 | 0.322034 | 0.369992 | 0.414432 | 0.337493 | 0.348247 | 0.321765
i) jute wastes with ZnO
Wi Wi Wi Wi Wi Wi
(1—exp[-k™t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.696674 | 0.029551 | 0.040874 | 0.054904 | 0.062037 0.04326 |  0.059602
8.835262 0.05559 | 0.076641 | 0.102612 | 0.115352 | 0.080438 | 0.108767
12.48208 | 0.078536 | 0.107937 | 0.144066 | 0.161172 | 0.112389 | 0.149323
15.69556 | 0.098755 | 0.135322 | 0.180086 | 0.200551 | 0.139849 | 0.182777
1852719 | 0.116571 | 0.159285 | 0.211385 | 0.234394 | 0.163448 | 0.210374
21.02236 0.13227 | 0.180253 | 0.238582 | 0.263479 0.18373 | 0.233138
2322103 | 0.146104 | 0.198601 | 0.262213 | 0.288475 | 0.201161 | 0.251916
2515845 | 0.158294 | 0.214656 | 0.282747 | 0.309958 | 0.216141 | 0.267406
26.86565 | 0.169036 | 0.228704 0.30059 0.32842 | 0.229015 | 0.280183
28.36999 | 0.178501 | 0.240997 | 0.316094 | 0.344287 | 0.240079 | 0.290723
20.69557 | 0.186841 | 0.251753 | 0.329565 | 0.357923 | 0.249588 | 0.299418
30.86365 | 0.194191 | 0.261166 | 0.341271 | 0.369642 0.25776 0.30659
iii) jute wastes with KCI
Wi Wi Wi Wi Wi Wi
(1—exp[=k*t])/k | Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4643067 | 0.012046 | 0.039953 | 0.031839 | 0.038895 | 0.016986 | 0.039514
8.639393 | 0.022414 | 0.074254 0.05897 0.07106 | 0.031316 | 0.072028
12.07906 | 0.031338 | 0.103704 0.08209 0.09766 | 0.043405 | 0.098781
15.03961 | 0.039019 | 0.128989 | 0.101791 | 0.119656 | 0.053605 | 0.120795
17.58778 | 0.045629 | 0.150697 0.11858 | 0.137846 0.06221 |  0.138908
19.78101 0.05132 | 0.169335 | 0.132886 | 0.152888 0.06947 | 0.153813
21.66874 | 0.056217 | 0.185336 | 0.145077 | 0.165328 | 0.075595 | 0.166076
23.29353 | 0.060432 | 0.199075 | 0.155465 | 0.175615 | 0.080762 | 0.176168
24.69199 |  0.064061 0.21087 | 0.164317 | 0.184122 | 0.085122 | 0.184471
25.89566 | 0.067183 | 0.220997 | 0.171861 | 0.191157 0.0888 | 0.191303
26.93167 | 0.069871 | 0.229691 | 0.178289 | 0.196974 | 0.091903 | 0.196925
27.82337 | 0.072185 | 0.237156 | 0.183767 | 0.201785 | 0.094521 | 0.201551
iv) jute wastes with NaCl
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Wi Wi Wi Wi Wi Wi
(1—exp[-k™t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.504463 |  0.032002 | 0.029558 | 0.040024 | 0.049151 0.06863 | 0.062818
8.146593 | 0.057877 | 0.052405 | 0.070274 | 0.086021 | 0.120112 | 0.110675
11.09148 | 0.078799 | 0.070066 | 0.093136 | 0.113678 0.15873 |  0.147136
13.47259 | 0095715 | 0083718 | 0.110415 | 0.134425 | 0.187699 | 0.174914
15.39786 |  0.109393 0.09427 | 0.123474 |  0.149988 0.20943 |  0.196077
16.95457 | 0120453 | 0102427 | 0133344 | 0.161662 | 0.225731 | 0.212199
18.21325 | 0120395 | 0108732 | 0.140804 | 0.170419 | 0.237959 | 0.224483
19.23098 | 0.136626 | 0.113606 | 0.146441 | 0.176989 | 0.247132 | 0.233841
2005387 | 0142472 | 0117373 | 050702 | 0.181916 | 0.254013 0.24097
2071922 | 0147199 | 0120285 | 0.153923 | 0.185613 | 0.259174 |  0.246402
21.25721 | 051021 | 0.122536 | 0.156357 | 0.188386 | 0.263046 0.25054
216922 | 054111 | 0124276 | 0.158196 |  0.190466 0.26595 |  0.253692
V) jute wastes with Aluminosilicate
Wi Wi Wi Wi Wi Wi
(L—exp[-k*t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4677188 |  0.014389 |  0.020501 00177 | 0042605 | 0.017282 | 0.022061
8.763722 0.02696 0.03798 | 0.032633 | 0.078549 | 0.031861 | 0.040305
12.33419 |  0.037945 | 0.052882 | 0.045231 | 0.108874 | 0.044162 | 0.055391
1545377 | 0.047542 |  0.065587 0.05586 | 0.134458 | 0.054539 | 0.067868
18.17939 | 0.055927 | 0.076418 | 0.064827 | 0.156042 | 0.063295 | 0.078185
20.56081 | 0.063253 | 0.085653 | 0.072392 | 0.174252 | 0.070681 | 0.086717
22,6415 | 0.069654 | 0.093527 | 0.078775 | 0.189615 | 0.076913 | 0.093772
24.45942 | 0.075246 | 0.100239 | 0.084159 | 0.202576 0.08217 |  0.099607
26.04778 | 0080133 | 0.105962 | 0.088702 | 0.213511 | 0.086606 | 0.104432
27.43555 | 0.084402 | 0110841 | 0.092535 | 0.222736 | 0.090348 | 0.108422
28.64806 | 0.088132 | 0.115001 | 0.095769 0.23052 | 0.093505 | 0.111722
29.70746 | 0091391 | 0.118548 | 0.098496 | 0.237086 | 0.096168 0.11445
b) lime wastes
i) lime wastes with alumina
Wi Wi Wi Wi Wi Wi Wi
(1—exp[=k*t])/k | Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4540504 | 0.059179 | 0.073706 | 0.083834 0.10809 | 0.127985 | 0.130152 | 0.131586
8.272854 | 0.107825 | 0.131137 | 0.148864 | 0.187407 021399 | 0.215241 | 0.214116
11.34089 | 0147812 | 0.175887 | 0.199307 | 0.245611 | 0.271786 0.27087 |  0.265878
13.86286 | 0.180683 | 0.210756 | 0.238435 | 0.288323 | 0.310624 | 0.307239 |  0.298343
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15.93594 |  0.207702 | 0.237925 | 0.268787 | 0.319665 | 0.336724 | 0.331016 | 0.318705
17.64004 | 0.229913 |  0.259095 0.29233 | 0.342664 | 0.354262 0.34656 | 0.331475
19.04084 024817 | 0.275591 | 0.310593 | 0.359541 | 0.366048 | 0.356722 | 0.339485
201923 | 0.263178 | 0.288444 | 0.324758 | 0.371926 | 0.373968 | 0.363366 | 0.344509
2113883 | 0.275515 | 0.298459 | 0.335747 | 0.381014 | 0.379291 0.36771 0.34766
21.91688 | 0.285655 | 0.306263 | 0.344271 | 0.387683 | 0.382867 0.37055 |  0.349636
2255645 |  0.293991 | 0.312343 | 0.350882 | 0.392576 | 0.385271 | 0.372406 | 0.350875
23.08218 | 0.300844 | 0317081 | 0.356011 | 0.396168 | 0.386886 037362 |  0.351653
i) lime wastes with ZnO
Wi Wi Wi Wi Wi Wi Wi
(L1 —exp[-k*t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4576937 | 0.060027 | 0.098067 | 0.103596 | 0.149288 | 0.222761 | 0.212015 | 0.180792
8.401829 | 0.110191 0.17448 | 0.183116 | 0.258838 | 0.372456 | 0.350624 | 0.294184
1159824 | 0452112 | 0.234021 | 0.244154 | 0.339227 | 0.473051 | 0.441243 | 0.365303
14.26945 | 0.187145 | 0.280414 | 0.291006 | 0.398217 0.54065 | 0.500486 | 0.409908
1650174 | 0.216422 | 0.316563 032697 | 0.441505 | 0.586077 | 0.539218 | 0.437884
18.36725 |  0.240888 034473 | 0.354575 | 0.473271 | 0.616604 0.56454 0.45543
10.92622 | 0.261335 | 0.366678 | 0.375764 | 0.496581 | 0.637117 | 0.581094 |  0.466435
2122904 | 0278421 | 0.383779 | 0.392029 | 0513686 | 0.650903 | 0591917 | 0.473338
22.31779 02927 | 0397104 | 0404514 | 0526238 | 0.660166 | 0.598993 | 0.477667
23.22765 | 0.304633 | 0.407487 | 0.414097 | 0535449 | 0.666392 | 0.603619 |  0.480382
23.988 | 0314605 | 0415577 | 0421453 | 0542208 | 0.670575 | 0.606643 | 0.482085
2462342 | 0322939 | 0421881 | 0427099 | 0547168 | 0.673386 0.60862 | 0.483153
iii) lime wastes with KCI
Wi Wi Wi Wi Wi Wi Wi
(1 —exp[-k*t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4461296 | 0082415 | 0113341 | 0129332 | 0.126748 | 0.202921 0.1845 | 0.183716
7.997095 | 0147734 | 0.201655 | 0.223671 | 0.219758 | 0.339284 0.30512 |  0.298942
10.79939 |  0.199502 | 0.270469 |  0.292483 0.28801 | 0.430919 | 0.383978 0.37121
13.02035 0.24053 | 0.324088 | 0.342677 | 0.338094 | 0.492498 | 0.435533 | 0.416537
14.78057 | 0.273048 | 0.365867 | 0.379289 | 0.374846 | 0533878 | 0.469238 |  0.444965
16.17563 |  0.298819 | 0.398421 | 0.405995 | 0.401816 | 0.561686 | 0.491273 | 0.462796
17.28129 | 0319245 | 0423787 | 0425475 | 0.421606 | 0580373 | 0.505679 | 0.473979
18.15758 | 0.335433 | 0443552 | 0.439684 | 0.436129 059293 | 0515097 |  0.480992
18.85208 |  0.348262 | 0.458952 | 0.450049 | 0.446786 | 0.601369 | 0.521255 | 0.485392
19.40251 | 0.358431 | 0.470952 | 0.457609 | 0.454606 0.60704 052528 | 0.488151
19.83875 036649 | 0.480303 | 0463123 | 0460344 | 0.610851 | 0527912 | 0.489881
20.18449 | 0.372877 | 0487588 | 0.467146 | 0.464555 | 0.613411 | 0529632 |  0.490966

iv)

lime wastes with NaCl
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Wi Wi Wi Wi Wi Wi Wi
(1—exp[-k>*t])/k | Wq Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4.590284 | 0.050983 | 0.098813 | 0.098538 | 0.092098 | 0.148007 | 0.118486 | 0.110975
8.449414 | 0.093845 | 0.175807 | 0.174364 | 0.159681 | 0.247467 | 0.195949 | 0.180578
11.69385 0.12988 02358 | 0.232713 | 0.209274 | 0.314305 | 0.246592 | 0.224232
1442151 | 0160175 | 0.282546 | 0.277614 | 0.245666 | 0.359219 | 0.279701 |  0.251612
16.71469 |  0.185645 031897 | 0.312165 | 0.272371 | 0.389401 | 0.301347 | 0.268785
18.64261 | 0.207057 | 0.347351 | 0.338752 | 0.291967 | 0.409684 | 0.315498 | 0.279555
20.26345 | 0.225059 | 0.369465 | 0.359212 | 0.306348 | 0423314 | 0.324749 0.28631
21.62611 | 0.240194 | 0.386697 | 0.374956 0.3169 | 0432473 | 0.330798 |  0.290547
2277173 | 0.252918 | 0400123 | 0.387071 | 0.324644 | 0.438628 | 0.334752 | 0.293204
23.73486 | 0.263615 | 0.410585 | 0.396393 | 0.330326 | 0.442764 | 0.337337 | 0.294871
2454459 | 0272609 | 0418736 | 0403567 | 0.334496 | 0.445544 | 0.339027 | 0.295916
25.22534 0.28017 | 0.425088 | 0.409087 | 0.337555 | 0447411 | 0.340132 | 0.296572
V) lime wastes with Aluminosilicate
Wi Wi Wi Wi Wi Wi Wi
(—exp[-k*t])/k | Wpq Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4.367247 | 0.076256 | 0.075568 | 0.103084 | 0.099465 | 0.123985 | 0.109119 | 0.107982
7.677859 | 0.134063 | 0.134449 | 0.181934 | 0.172453 | 0.207303 | 0.180458 | 0.175707
10.18748 | 0.177883 | 0.180329 | 0.242246 | 0.226013 | 0.263293 | 0.227097 | 0.218184
12.08991 | 0.211102 | 0.216078 0.28838 | 0.265316 | 0.300918 | 0.257589 |  0.244825
13.53206 | 0.236283 | 0.243934 | 0.323668 | 0.294157 | 0.326201 | 0.277523 | 0.261534
14.62529 | 0.255372 |  0.265638 0.35066 | 0.315321 | 0.343192 | 0.290555 | 0.272014
15.45401 |  0.269842 0.28255 | 0.371306 |  0.330851 0.35461 | 0.299076 | 0.278587
16.08223 | 0.280812 | 0.295728 | 0.387099 | 0.342248 | 0.362282 |  0.304646 0.28271
16.55845 | 0.289127 | 0.305996 | 0.399179 | 0.350611 | 0.367438 | 0.308287 | 0.285295
16.91946 029543 | 0.313997 | 0.408419 | 0.356748 | 0.370903 | 0.310668 | 0.286917
17.19312 |  0.300209 | 0.320231 | 0.415487 | 0.361251 | 0.373232 | 0.312225 | 0.287934
17.40057 | 0.303831 | 0.325088 | 0.420893 | 0.364555 | 0.374796 | 0.313242 | 0.288572
Wy
Al17. — vs (L—exp[-k*t])/k
Wo
a) jute wastes
i) jute wastes with alumina
Wg Wy Wg Wg Wy Wg
(1—exp[-k™t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.488209 0.110148 0.104757 0.09651 0.09035 0.112205 0.121835
8.090081 0.198544 0.183417 0.168978 0.158192 0.193682 0.208553
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10.98065 0.269483 0.242482 0.223394 0.209134 0.252846 0.270277
13.30039 0.326413 0.286833 0.264254 0.247386 0.295809 0.31421
15.16202 0.372101 0.320136 0.294935 0.276109 0.327006 0.34548
16.65602 0.408766 0.345143 0.317973 0.297676 0.349659 0.367738
17.85497 0.438191 0.36392 0.335272 0.313871 0.366109 0.38358
18.81716 0.461804 0.378019 0.348262 0.326031 0.378055 0.394856
19.58934 0.480755 0.388606 0.358015 0.335163 0.386729 0.402882
20.20902 0.495963 0.396556 0.365339 0.342019 0.393027 0.408594
20.70633 0508167 0.402525 0.370839 0.347167 0.397601 0.41266
21.10543 0517962 0.407008 0.374968 0.351033 0.400922 0.415554
i) jute wastes with ZnO
Wg Wg Wg Wg Wg Wg
(1 —exp[-k*t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4696674 | 0.070019 | 0.041973 | 0.060987 | 0.064206 | 0.058813 | 0.083667
8.835262 | 0.131717 00787 | 0.114353 | 0.120387 | 0.109358 | 0.152683
12.48208 | 0.186084 | 0.110837 | 0.161049 | 0.169548 | 0.152798 | 0.209614
15.69556 | 0.233991 | 0.138958 | 0.201909 | 0.212564 0.19013 | 0.256576
1852719 | 0.276205 | 0.163564 | 0.237663 | 0.250205 | 0.222215 |  0.295314
21.02236 | 0.313404 | 0.185096 | 0.268949 | 0.283142 | 0.249788 0.32727
2322103 | 0346182 | 0.203936 | 0.296325 | 0.311962 | 0.273486 0.35363
2515845 | 0.375065 | 0.220423 032028 | 0.337181 | 0.293852 | 0.375374
26.86565 | 0.400516 | 0.234848 | 0.341241 | 0.359248 | 0.311355 0.39331
28.36999 | 0.422943 | 0.247471 | 0.359582 | 0.378558 | 0.326397 |  0.408106
29.69557 | 0.442705 | 0.258517 | 0.375632 | 0.395454 | 0.339325 | 0.420311
30.86365 | 0460119 | 0.268182 | 0.389675 | 0410239 | 0.350435 | 0.430379
iii) jute wastes with KCI
Wy Wy Wy Wy Wy Wy
(1—exp[-k*t])/k | Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4643067 | 0.074779 | 0.100097 | 0.093255 | 0.107643 | 0.086472 | 0.122206
8.639393 | 0.139143 | 0.186037 017332 | 0.200061 | 0.159425 | 0.222761
12.07906 | 0.194541 | 0.259821 024206 | 0.279408 | 0.220973 |  0.305502
15.03961 | 0242222 | 0.323169 | 0.301077 | 0.347531 | 0.272898 | 0.373584
17.58778 | 0.283262 | 0.377557 | 0.351748 040602 | 0.316706 |  0.429604
19.78101 | 0.318585 | 0424252 | 0.395251 | 0.456235 | 0.353666 | 0.475699
21.66874 | 0.348988 | 0.464343 | 0.432601 | 0499348 | 0.384847 | 0513627
2329353 | 0.375157 | 0498763 | 0.464668 | 0536363 | 0411153 | 0544836
24.69199 0.39768 | 0.528315 04922 | 0568143 | 0433347 | 0570516
25.89566 | 0.417066 | 0.553687 | 0.515837 | 0.595427 | 0.452071 | 0591647
26.93167 |  0.433751 057547 | 0536132 | 0.618853 | 0.467868 | 0.609033
27.82337 | 0.448113 | 0594172 | 0.553555 | 0.638965 |  0.481196 0.62334
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iv) jute wastes with NaCl

Wg | Wg | Wg | Wg | Wg | Wg
(1—exp[-k>t])/k Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4504463 | 0.12141 | 0.122082 | 0.149533 | 0.143989 | 0.172543 | 0.167011
8.146593 | 0.202814 |  0.216448 0.26512 | 0.255289 | 0.301973 |  0.294248
11.09148 | 0.276128 | 0.289392 | 0.354466 | 0.341322 | 0.399064 | 0.391185
13.47259 | 0.335408 | 0.345777 | 0423529 | 0407824 | 0471895 | 0.465036
15.39786 | 0.383338 | 0.389361 | 0.476914 | 0.459229 | 0.526528 0.5213
16.95457 |  0.422093 0.42305 | 0.518179 |  0.498964 0.56751 |  0.564166
18.21325 | 0453429 | 0.449092 | 0550076 | 0.529679 | 0.598253 | 0.596822
19.23098 | 0.478766 | 0.469221 | 0.574732 0.55342 |  0.621314 |  0.621702
20.05387 | 0499252 | 0484781 | 0593791 | 0571772 | 0.638613 |  0.640657
20.71922 | 0515816 | 0.496808 | 0.608523 | 0.585958 | 0.651589 | 0.655098
21.25721 052921 |  0.506105 0.61991 | 0.596923 | 0.661324 0.6661
21.6922 | 0.540039 | 0513292 | 0.628713 | 0.605399 | 0.668625 | 0.674481
V) jute wastes with Aluminosilicate
Wg | Wg | Wg | Wg | Wg | Wg
(1—exp[-k*t])/k | Wo Wo Wo Wo Wo Wo
400 500 600 700 800 900
0 0 0 0 0 0 0
4.677188 |  0.086171 0.09504 | 0.088507 | 0.103616 | 0.080658 | 0.093148
8.763722 0.16146 | 0.176067 | 0.163965 | 0.191955 | 0.148706 | 0.170177
12.33419 | 0227241 | 0.245149 | 0.228299 | 0.267271 | 0.206116 | 0.233877
1545377 | 0.284715 | 0.304046 | 0.283148 | 0.331483 0.25455 |  0.286555
18.17939 0.33493 0.35426 0.32991 | 0.386228 | 0.295413 |  0.330117
20.56081 | 0.378805 | 0.397071 | 0.369778 | 0.432902 | 0.320887 | 0.366141
22,6415 | 0417139 | 0433571 | 0.403769 | 0.472695 | 0.358972 |  0.395931
2445942 | 0450631 | 0464689 | 0432748 | 0.506621 0.38351 |  0.420566
26.04778 | 0479895 | 0.491219 | 0457455 | 0.535546 | 0.404212 |  0.440939
27.43555 | 0505462 | 0513838 | 0.478519 | 0560206 | 0.421677 | 0.457786
28.64806 | 0527801 | 0533123 | 0.496478 0.58123 | 0.436412 | 0.471718
29.70746 | 0547319 | 0549564 | 0511789 | 0599155 | 0448843 | 0.483239
b) lime wastes
i) lime wastes with alumina
Wg | Wg | Wg | Wg | Wg | Wg | Wg
(A—exp[-k*t])/k Wo Wo Wo Wo W W Wq
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4540504 | 0.091112 | 0.09491 | 0.108917 | 0.126641 | 0.155459 | 0.168828 | 0.186079
8.272854 | 0.166007 | 0.194805 | 0.193783 | 0.225318 | 0.259926 | 0.279203 | 0.302786
11.34089 | 0.227571 0.26128 | 0.259911 | 0.302206 | 0.330128 | 0.351362 | 0.375984
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13.86286 | 0.278178 | 0313078 | 0.311436 | 0.362117 | 0377304 | 0.398538 | 0.421894
1593594 | 0319777 | 0353438 | 0.351585 | 0.408799 | 0.409006 |  0.42938 | 0.450688
17.64004 | 0.353972 | 0.384886 | 0.382868 | 0.445173 | 043031 | 0.449544 | 0.468747
19.04084 | 0382081 | 040939 | 0407244 | 0473515 | 0444626 | 0.462726 | 0.480074
201923 | 0405187 | 0428483 | 0.426237 | 0495599 | 0.454246 | 0.471344 | 0487178
2113883 | 042418 | 0443361 | 0441036 | 0512807 | 0460711 | 0.476979 | 0.491634
2191688 | 0439793 | 0454953 | 0452568 | 0526215 | 0465055 | 0.480662 | 0.494428
2255645 | 0.452627 | 0.463985 | 0461553 | 0536662 | 0467975 |  0.48307 | 0.496181
2308218 | 0463177 | 0471024 | 0468554 | 0544803 | 0469937 | 0.484645 |  0.49728
i) lime wastes with ZnO
Wy Wy Wy Wy Wy Wy Wy
(1—exp[-k>*t])/k | Wq Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4576937 | 0050735 | 008513 | 0.088589 | 0.076105 | 0.060682 | 0.086965 | 0.136872
8.401829 | 0.093133 | 0.151462 | 0157617 | 0.135405 | 0.101461 |  0.14382 | 0.222718
1150824 | 0.128565 | 0.203147 | 0.211403 | 0.181611 | 0.128863 |  0.18099 | 0.276559
1426945 | 058175 |  0.24342 | 0253313 | 0217615 | 0.147278 |  0.20529 | 0.310329
1650174 | 0.18292 0.2748 | 0.285968 | 0.245668 | 0.150653 | 0.221177 | 0.331508
18.36725 | 0.203599 | 0.209251 | 0.311413 | 0.267527 | 0.167969 | 0.231564 | 0.344792
19.92622 | 022088 | 0318303 | 0.331230 | 0.284559 | 0.73557 | 0.238354 | 0.353124
2122904 | 0.235322 | 0.333148 | 0.346688 | 0.207831 | 0.177312 | 0.42794 | 0.358349
2231779 | 024739 | 0.344715 | 0.358725 | 0.308172 | 0.179835 | 0.245696 | 0.361627
23.22765 | 0257476 | 0353728 | 0.368104 | 0.316229 | 0.181531 | 0.247593 | 0.363682
23.988 | 0.265004 | 0360751 | 0.375413 | 0.322508 | 0.82671 | 0.248834 | 0.364972
2462342 | 0272948 | 0366224 | 0.381107 0.3274 | 0183437 | 0249645 | 036578
iii) lime wastes with KCI
Wg Wg Wg Wg Wg Wg Wg
(L1 —exp[-k*t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4461296 | 0.04607 | 0.069856 | 0.050468 | 0.087471 | 0.080522 |  0.11448 | 0.133948
7.997095 | 0.082583 | 0.124287 | 0.105804 | 0.155627 | 0.134633 | 0.189324 |  0.21796
1079939 | 0111521 | 0.166699 | 0.141909 | 0208734 | 0.170995 | 0.238255 | 0.270652
13.02035 | 0.134456 | 0.199746 | 0.70042 | 0.250114 | 0.95431 | 0.270244 | 0.303699
1478057 | 0.52633 | 0225496 | 0.191963 | 0282357 | 0.211851 | 0.291158 | 0.324427
16.17563 | 0.167039 |  0.24556 | 0.209043 | 0.307481 | 0.222886 | 0.30483L | 0.337427
17.28129 | 0.178457 | 0.261104 | 0222352 | 0.327057 | 0.230301 | 0313769 |  0.34558
18.15758 | 0.187506 | 0.273375 | 0.232722 | 034231 | 0235284 | 0.319613 | 0.350694
18.85208 | 0.194677 | 0.282867 | 0.240802 | 0.354195 | 0.238633 | 0.323434 | 0.353902
19.40251 | 0200361 | 0290263 | 0.247098 | 0.363456 | 0.240883 | 0.325932 | 0.355913
19.83875 | 0.204866 | 0.296026 | 0.252004 | 0.370672 | 0.242395 | 0.327565 | 0.357175
20.18449 | 0.208437 | 0300516 | 0.255827 | 0.376295 | 0.243411 | 0.328632 | 0.357966
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iv) lime wastes with NaCl

Wg Wy Wy Wy Wy Wy Wy

(I—exp[-k*t])/k | W Wo Wo Wo Wo Wo Wo

300 400 500 600 700 800 900

0 0 0 0 0 0 0 0

4.590284 0.039446 0.084384 0.093802 0.101228 0.135436 0.180493 0.20669

8.449414 0.072609 0.150135 0.166892 0.180103 0.226449 0.298495 0.336324

11.69385 0.100489 0.201368 0.223843 0.241563 0.28761 0.37564 0.41763

14.42151 0.123929 0.241288 0.268219 0.289451 0.328709 0.426076 0.468624

16.71469 0.143635 0.272393 0.302796 0.326765 0.356328 0.459049 0.500608

18.64261 0.160202 0.29663 0.329738 0.35584 0.374888 0.480606 0.520667

20.26345 0.17413 0.315515 0.350731 0.378495 0.38736 0.494699 0.533249

21.62611 0.18584 0.330231 0.367089 0.396147 0.395742 0.503913 0.54114

22.77173 0.195685 0.341696 0.379834 0.409902 0.401374 0.509936 0.546089

23.73486 0.203961 0.350631 0.389766 0.420619 0.405159 0.513875 0.549193

24.54459 0.21092 0.357592 0.397504 0.42897 0.407702 0.516449 0.55114

25.22534 0.21677 0.363016 0.403534 0.435477 0.409411 0.518132 0.552361

V) lime wastes with Aluminosilicate
Wg | Wg | Wg | Wg | Wg | Wg | Wg
(A—exp[-k*t])/k Wo Wo W Wgo Wo W, W,
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0

4.367247 0.092319 0.107629 0.088932 0.112603 0.159458 0.189861 0.189861

7.677859 0.162302 0.191493 0.158226 0.200342 0.266613 0.313986 0.313986

10.18748 0.215353 0.256839 0.21222 0.268708 0.338621 0.395135 0.395135

12.08991 0.255569 0.307756 0.254291 0.321978 0.387011 0.448188 0.448188

13.53206 0.286055 0.347429 0.287073 0.363485 0.419528 0.482873 0.482873

14.62529 0.309164 0.378343 0.312616 0.395827 0.44138 0.505548 0.505548

15.45401 0.326683 0.40243 0.332519 0.421028 0.456064 0.520373 0.520373

16.08223 0.339963 0.421199 0.348027 0.440664 0.465932 0.530065 0.530065

16.55845 0.35003 0.435824 0.360111 0.455964 0.472563 0.536401 0.536401

16.91946 0.357661 0.447219 0.369526 0.467886 0.477019 0.540544 0.540544

17.19312 0.363446 0.456098 0.376863 0.477175 0.480014 0.543252 0.543252

17.40057 0.367831 0.463016 0.38258 0.484413 0.482026 0.545022 0.545022
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A.18. Activation energies and Pre-exponential factor

a)

jute wastes
i) jute wastes with alumina
jutetalumina
. ¥=-2.8382x - 15.727
31 3 29 28 27 26 25 24 23 2 R*=0.967
& y=-3.0316x - 16.802
Ef ¥ R?=0.968
=
z -7
£ ¥=-1.9679x - 10.995
" o 8 R? =0.962
E L
~ . 2 y=-3.2211x - 17.85
£ S S 10 R?=0.851
g 11 y=-3.4199x - 18.928
R? =0.896
12
Temperature (1/K)
k kv ke ki e kg
Linear (k) Linear (kv) Linear (kc) Linear (kIj  oooeenns Linear (kg)
i) jute wastes with ZnO
jute+Zn0 y=-28013x- 15534
2 Rt=0872
f—ﬂ.l -3 -2.9 -2.8 -2 -2.6 -5 -24 -2.3 2-2.1
= ]
- 4 y=-0.6688x - 3.7664
z R2=0.959
- -b
j y=-0.6624x - 3.7833
H . -B R:=0.945
~ - A
i T T 10 y=-3.7225 - 20621
E., 12 R®=0.035
< 1 y=-34087x - 18921
- Temperature [1/K) R?=0.9516
k kv ke kl * ke Linear (k)
Linear (kv) Linear (kv) Linear (kc) Lingar (KI) «oeeene Linear (kg)
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iii) jute wastes with KCI
] y=-2.0304x - 11.329
jute + KCl R =0.963
1 y=-2.1847x - 12.138
41 -3 -29 -2.8 -27 -26 -25 -24 5-23 R*=0.961
£ .
= 3 y=-3.8713x - 21.524
E R? =0.940
=y -8
=
z 9
= L - -10 y=-3.1324x - 17.364
= E g, RZ =0.901
E B I e 11 ’
= L LT T e
- Temperature (1/K) - ¥=-3.9108x - 21.699
k kv ke i * K R®=0.856
Linear (k) Linear (kv) Linear (kc) Linear (KI) «-eoeen Linear (kg)
iv) jute wastes with NaCl
R y=-2.1022x - 11.669
y=-2.5885x - 14,342
} 31 3 -29 -2.8 -7 -26 25 -24 _:—2.3 RZ=0.889
g 5
z 5 y=-2.1783x - 12187
E R? =0.899
g W 3 y=-2482x-13.781
= ' T R%=0.9119
e A A S 0
E L S
= 10 y=-2.9324x - 16.362
E Temperature (1/K) R?=0.9406
k kv ke Kl o kg
Linear (k) Linear (kv) Linear {ke) Linear (kl) oo Linear (kg)
V) jute wastes with Aluminosilicate
jute + sodiumaluminosilicate y=-2.8765x - 15975
Rt =0.945
- 31 3 -29 -28 -1 -6 -5 -24 J-33  y=-3.634M-20.147
2 2
2 3 R!=0326
2 9
H 10 ¥=-3.0079x - 16.816
= ) R?=0.894
2 !_.'_””' 11
E —1— A y= 373820731
] D T 13 R?=0838
E |— = m L O s 14
3 15
E Temperature (1/K)
=-4,4907x - 24.886
k ku kl: kl [ ] kg Rz =ﬂm
Linear (k) Linear (kv) Linear (kc) Linear (KI) «ooeeeee Linear (kg)
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b)

lime wastes
i) lime wastes with alumina
. . y=-2.8382x-15.727
lime+alumina R?=0.923
4 y=-3.0316x - 16.802
31 3 29 28 27 26 25 24 23 A2 R =0.937
i~ -5
E
2 ... % y=-3.2211x - 17.85
i - _ R?=0.968
; he 7
z g . y=-3.4199% - 18.928
P R?=0.0471
= -8
E
=) 3
£
143 y=-1.9679x - 10.995
Temperature (1/K) R*=0.9728
k kv ke ki ® kg
Linear (k) Linear {kv) Linear {kc) Linear (kI) — -oooeenee Linear (kg)
i) lime wastes with ZnO
. y=-2.8013x -15.534
lime+Zn0 R?=0.967
&
3-3.1 -3 -29 -2.8 -2.7 -6 -2.5 -24 -2.3 1-2.1
= .
P 4 y¥=-3.7229x - 20.621
£ L - R=0985
= b 5
£ 8 ¥ = -0.6688x - 3.7664
= R?=0.989
E -10
= y=-17971x - 10.041
- A2 R?=09147
5 14
= -
= Temperature (1/K) y=-0.6624x - 3.7833
R?*=0.945
k ke kl e kg Linear (k)
Linear (kv) Linear (kv) Linear (k) Lingar (KI) «--veee Linear (kg)
iii) lime wastes with KCI
Ilme t Nac' y=-2.1022x - 11.669
4 R?=0.941
ﬁ -3l -3 -29 -8 -27 -6 -5 -24 -5-13
< 5 y=-2.5885x - 14,342
= g R?=0932
= | T § 5
z [ TN S s 3
= y=-2482x - 13.781
& E RI=0947
E =10
A g1 | y=-24931x-13897
= R?=0.9653
E -12
= 13 y=-21783x - 12.187
E Temperature (1/K) R?*=0.809
k kv ke kl s kg
Linear (k) Linear (kv) Linear (ke Lingar (kl) -«eeooe Linear (kg)
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lime wastes with NaCl

III'I"IE t NECI y=-2.1022x - 11.669
4 R?=0941
} -31 3 2.9 2.8 27 -2.6 -2.5 -24 -5-23
= 6 y=-2.5885x - 14,342
£ L5 S T e R?=0.932
= B et 7
E B IS @ g
= y=-2482x-13.781
2 .4 R?=0.947
E -10
- 11 y=-2.4931x - 13.897
= R?=0.9653
E -12
= 13 y=-21783x -12.187
z Temperature (1/K) R*=0.809
k kv ke kl s kg
Linear (k) Linear (kv) Linear (k) Linear (KI) «eeeeeee Linear (kg)
V) lime wastes with Aluminosilicate
. . . . y=-2.B765x - 15975
lime + sodiumaluminosilicate R?=0.981
3
} -31 -3 -29 28 2T w26 23 -24 -3 y=-3.6342x-20.147
= - R?=0983
E T,
Bl S S s 9 y¥=-3.7389x - 20731
2 R*=0.988
E -11
= 13| y=-3.0079x-16.816
£ R?=0.894
I-- 15 _
= y=-4.4907x - 24.886
T t 1/K
E emperature (1/K) R0,
k kv ke kl s kg
Linear (k) Linear (kv) Linear {kc) Linear (kI «ooeeees Linear {kg)
A.19. co-pyrolysis of jute wastes and sesame oil cake
a) Values of Wr
Weight Weight Weight Weight Weight Weight Weight
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 1 1 1 1 1 1 1
5 0.889764 0.789905 0.825746 0.67927 0.803783 0.807604 0.722524
10 0.786089 0.682128 0.525903 0.52412 0.62766 0.62212 0.618063
15 0.430446 0.585266 0.492936 0.479791 0.492908 0.509217 0.54951
20 0.410761 0.564802 0.406593 0.269883 0.444444 0.442396 0.504897
25 0.34252 0.493861 0.356358 0.25163 0.297872 0.390553 0.420022
30 0.321522 0.335607 0.189953 0.225554 0.22695 0.365207 0.339499
35 0.290026 0.302865 0.152276 0.198175 0.178487 0.296083 0.311208
40 0.249344 0.260573 0.119309 0.186441 0.093381 0.240783 0.249184
45 0.232283 0.242838 0.098901 0.156454 0.085106 0.158986 0.205658
50 0.215223 0.225102 0.078493 0.142112 0.068558 0.148618 0.180631
55 0.190289 0.199181 0.048666 0.116037 0.044917 0.10023 0.158868
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|

| 0.169291

60 0.177353 0.039246 0.093872 0.036643 0.056452 0.136017
b) Values of Wy
Volatile Volatile Volatile Volatile Volatile Volatile Volatile
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.110236 0.210095 0.174254 0.32073 0.196217 0.192396 0.277476
10 0.213911 0.317872 0.474097 0.47588 0.37234 0.37788 0.381937
15 0.569554 0.414734 0.507064 0.520209 0.507092 0.490783 0.45049
20 0.589239 0.435198 0.593407 0.730117 0.555556 0.557604 0.495103
25 0.65748 0.506139 0.643642 0.74837 0.702128 0.609447 0.579978
30 0.678478 0.664393 0.810047 0.774446 0.77305 0.634793 0.660501
35 0.709974 0.697135 0.847724 0.801825 0.821513 0.703917 0.688792
40 0.750656 0.739427 0.880691 0.813559 0.906619 0.759217 0.750816
45 0.767717 0.757162 0.901099 0.843546 0.914894 0.841014 0.794342
50 0.784777 0.774898 0.921507 0.857888 0.931442 0.851382 0.819369
55 0.809711 0.800819 0.951334 0.883963 0.955083 0.89977 0.841132
60 0.830709 0.822647 0.960754 0.906128 0.963357 0.943548 0.863983
c) Values of Wc
Char Char Char Char Char Char Char
Time fraction fraction fraction fraction fraction fraction fraction
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.022465 0.045294 0.007118 0.033227 0.007463 0.011511 0.043683
10 0.043593 0.06853 0.019367 0.0493 0.014163 0.022608 0.060129
15 0.11607 0.089412 0.020713 0.053892 0.019288 0.029363 0.070921
20 0.120082 0.093824 0.02424 0.075638 0.021132 0.033361 0.077944
25 0.133989 0.109118 0.026293 0.077529 0.026707 0.036463 0.091306
30 0.138268 0.143236 0.03309 0.08023 0.029404 0.037979 0.103983
35 0.144687 0.150294 0.034629 0.083067 0.031248 0.042115 0.108437
40 0.152977 0.159412 0.035976 0.084282 0.034485 0.045423 0.118202
45 0.156454 0.163236 0.03681 0.087389 0.0348 0.050317 0.125054
50 0.159931 0.167059 0.037643 0.088875 0.035429 0.050937 0.128994
55 0.165012 0.172647 0.038862 0.091576 0.036328 0.053832 0.13242
60 0.169291 0.177353 0.039246 0.093872 0.036643 0.056452 0.136017
A20.tvs In| —2
w
InW—0 InW—0 InW—0 InW—0 In& In& In&
time w w w w w w w
(mins) 573K 673K 773K 873K 973K 1073K 1173K
0 0 0 0 0 0 0 0
5 0.2445 0.2495 0.2615 0.3095 0.3975 0.425 0.4665
10 0.489 0.499 0.523 0.619 0.795 0.85 0.933
15 0.7335 0.7485 0.7845 0.9285 1.1925 1.275 1.3995
20 0.978 0.998 1.046 1.238 1.59 17 1.866
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25 1.2225 1.2475 1.3075 1.5475 1.9875 2.125 2.3325
30 1.467 1.497 1,569 1.857 2.385 255 2.799
35 1.7115 1.7465 1.8305 2.1665 2.7825 2.975 3.2655
40 1.956 1.996 2,092 2.476 3.18 34 3732
45 2.2005 2.2455 2.3535 2.7855 35775 3,825 4.1985
50 2.445 2.495 2.615 3.005 3.975 4.25 4.665
55 26895 2.7445 2.8765 3.4045 43725 4.675 5.1315
60 2.934 2.994 3.138 3.714 4.77 5.1 5.508
Wy
A2l.— vs (L—exp[-k*t])/k
Wo
Wy Wy Wy Wy Wy Wy Wy
(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4435665 | 0180083 | 0183197 | 0191827 | 0.226624 | 0.299947 | 031568 | 0.340041
7909216 | 0321114 | 0325942 | 0339513 | 0392923 | 050151 | 0522063 | 0553313
1062934 | 0431551 | 0437168 | 0453217 | 0514956 |  0.63696 | 0.656989 | 0.687075
1275946 | 0518034 | 0523834 | 0.540756 | 0.604506 | 0.727982 0.7452 | 0.77097
14.42755 | 0585758 | 0591363 | 0.608153 | 0670219 | 0.789149 |  0.80287 | 0.823588
1573382 | 0.638793 | 0.643981 | 0.660041 | 0718439 | 0.830253 | 0.840573 |  0.85659
1675675 | 0680324 | 0.684981 | 069999 | 0753825 | 0.857875 | 0.865221 | 0.877289
1755781 | 0712847 | 0716927 | 0730746 | 0779791 | 0.876437 | 0.881336 | 0.890271
1818512 | 0738316 | 0741810 | 0.754425 | 0798845 | 0.88891 | 0.891871 | 0.898413
1867636 | 075826 | 0.761215 | 0772656 | 0812827 | 0.897292 | 0.898759 |  0.90352
19.06105 | 0.773878 | 0.776328 | 0786691 | 0.823088 | 0.902925 | 0.903262 | 0.906723
1936229 | 0786109 | 0788104 | 0.797497 | 0830617 | 090671 | 0.906206 | 0.908732
We
A22. — vs (1—exp[-k*t])/k
Wo
We We We W W W W
(1—exp[-k*t])/k | Wy Wq Wq Wq Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4435665 | 0036816 | 0037613 | 0038277 | 0039562 | 0.028056 |  0.03055 | 0.032765
7.909216 | 0.065646 |  0.06692 | 0.067747 | 0068594 | 0046909 | 0.050522 | 0.053316
1062934 | 0088224 | 0.089757 | 0.090435 | 0089898 | 0.059578 |  0.06358 | 0.066205
1275046 | 0105904 | 010755 | 0107903 |  0.10553 | 0068092 | 0.072116 | 0.074289
14.42755 | 0119749 | 0121415 | 0121352 | 0117002 | 0.073813 | 0077697 | 0.079359
1573382 | 0130591 | 0132218 | 0131705 | 0.2542 | 0077658 | 0.081346 | 0.082539
1675675 | 0139081 | 0.140636 | 0.139677 | 0.31507 | 0.080241 | 0.083731 | 0.084533
1755781 | 04573 | 0147195 | 045814 |  0.13613 | 0.081978 | 0.085291 | 0.085784
1818512 | 0150936 | 0152306 | 0150539 | 0139457 | 0083144 | 008631 | 0.086569
1867636 | 0.155014 | 0.156288 | 0.154177 | 0141898 | 0.083928 | 0.086977 | 0.087061
19.06105 | 0158207 | 0159391 | 0156977 | 0143689 | 0084455 | 0087412 | 0.087369
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19.36229‘ 0.160707‘ 0.161809

0159134 | 0.145003 | 0.084809 | 0.087697 | 0.087563
Wi
A23. — vs (1—exp[-k*t])/k
Wo
d| d| d| d| d| d| d|
(1—exp[-k*t])/k Wo Wo Wo Wo Wo Wo Wo
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4.435665 0.0897 | 0092412 | 0.108181 | 0.084731 | 0.124832 | 0.137984 0.11464
7.909216 | 0.159944 | 0.164419 | 0.191469 | 0.146908 | 0.208719 | 0.228194 | 0.186541
10.62934 | 0.214952 |  0.220525 | 0.255592 |  0.192535 0.26509 0.28717 |  0.231638
1275946 | 0.258029 |  0.264243 030496 | 0.226016 | 0.302972 | 0.325727 | 0.259922
14.42755 | 0291761 | 0.298308 | 0.342968 | 0.250585 | 0.328429 | 0.350935 | 0.277661
1573382 | 0.318178 0.32485 037223 | 0.268614 | 0.345535 | 0.367415 | 0.288787
16.75675 | 0.338864 | 0.345532 | 0.394759 | 0.281844 | 0.357031 | 0.378189 | 0.295765
1755781 | 0.355063 | 0.361647 | 0412104 | 0.291552 | 0.364756 | 0.385232 | 0.300142
18.18512 | 0.367749 | 0.374204 | 0425458 | 0.298676 | 0.369947 | 0.389837 |  0.302887
18.67636 | 0.377683 | 0.383988 | 0.435739 | 0.303904 | 0.373436 | 0.392848 |  0.304609
19.06105 | 0.385463 | 0.391612 | 0.443654 0.30774 0.37578 | 0.394816 |  0.305689
19.36229 |  0.391555 | 0.397552 | 0.449748 | 0.310555 | 0.377355 | 0.396103 |  0.306366
Wy
A24. — vs (1—exp[-k*t])/k
Wo
Wy Wy Wy Wy Wy Wy Wy
(A—exp[-k*t])/k Wo Wo Wo Wo W W W
300 400 500 600 700 800 900
0 0 0 0 0 0 0 0
4435665 | 0.090388 | 0.090785 | 0.084128 | 0.083259 | 0.175115 | 0.177696 |  0.225401
7.909216 0.16117 | 0.161523 0.14968 | 0.148134 | 0.292791 | 0.293869 | 0.366771
10.62934 | 0.216599 | 0.216642 | 0.200757 | 0.198684 0.37187 | 0.369819 |  0.455438
12.75946 |  0.260005 0.25959 |  0.240556 | 0.238072 042501 | 0419473 | 0.511049
14.42755 |  0.293997 | 0.293055 | 0.271567 | 0.268763 | 0.460721 | 0.451935 |  0.545927
1573382 | 0.320615 | 0.319131 0.29573 | 0.292677 | 0484718 | 0473158 | 0.567803
16.75675 0.34146 | 0.339448 | 0.314558 031131 | 0500844 | 0.487033 | 0.581524
1755781 | 0.357784 0.35528 | 0.329228 | 0.325829 | 0511681 | 0496104 | 0590129
18.18512 | 0.370567 | 0.367615 0.34066 | 0.337142 | 0518963 | 0.502034 | 0.595526
18.67636 | 0.380577 | 0.377227 | 0.349567 | 0.345958 | 0.523857 | 0505911 | 0.598911
19.06105 | 0.388416 | 0.384717 | 0.356507 | 0.352826 | 0.527145 | 0508446 | 0.601034
19.36229 | 0.394555 | 0.390552 | 0.361915 | 0.358178 | 0.529355 | 0.510103 | 0.602366
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A.25. Activation energies and Pre-exponential factor

co-pyrolysis
4 y=-2.8382x - 15.727
41 3 29 2.8 27 26 25 24 23 A2 R =0.973
& 6
E y=-3.0316x - 16.802
5 . 7 R?=0.937
z 5 i 3
- & -
2 g 9 y=-3.4199% - 18.928
= @ RZ=0.9471
= -10
a2
z 11 y=-3.2211x - 17.85
i RZ=0.968
5 -12
= 13
i y=-1.9679x - 10.995
14 RZ=0.9728
Temperature (1/K)
k kv ke ki ® ke
Linear (k) Linear (kv) Linear (kc) Lingar (k) — ceeeeeees Linear (kg)

A.26. Ultimate analyses of char product obtained from pyrolysis of jute waste at different temperatures

e}
Temperature C H N S
(By Difference)
300°C 56.45 9.34 10.64 0.526 23.044
400°C 64.34 10.27 8.73 0.755 15.905
500°C 68.47 12.61 9.016 0.976 8.928
600°C 74.16 13.23 8.78 1.494 2.336
700°C 74.427 13.664 8.267 0.627 3.015
800°C 70.129 14.375 8.001 0.896 6.599
900°C 65.798 14.859 7.772 1.073 10.498

A.27. Ultimate analyses of char product obtained from pyrolysis of jute waste in presence of alumina at
different temperatures

Temperature C H N S E?By Difference)
300°C 50.671 10.34 10.567 0.516 27.906

400°C 57.513 9.48 9.914 0.596 22.497

500°C 60.13 9.23 9.573 0.624 20.443

600°C 63.467 9.018 9.12 0.677 17.718

700°C 69.173 8.9 8.846 0.796 12.285

800°C 57.26 8.593 8.61 0.878 24.659

900°C 54.158 8.245 8.0244 0.95 28.6226
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A.28. Ultimate analyses of char product obtained from pyrolysis of jute waste in presence of ZnO at
different temperatures

Temperature C H N S %y Difference)
300°C 48.464 13.01 9.21 0.426 28.89

400°C 525 12.183 9.009 0.614 25.694

500°C 56.176 10.671 8.987 0.769 23.397

600°C 64.279 9.515 8.813 0.897 16.496

700°C 68.913 8.676 8.565 0.965 12.881

800°C 64.274 8.349 8.416 1234 17.727

900°C 60.189 8.067 8.225 1.568 21.951

A.29. Ultimate analyses of char product obtained from pyrolysis of jute waste in presence of KCI at
different temperatures

Temperature C H N S EI)3y Difference)
300°C 52.486 14.678 11.679 0.561 20.596
400°C 56.684 11.596 10.545 0.694 20.481
500°C 59.146 9.67 10.617 0.796 19.771
600°C 60.614 8.545 9.767 0.838 20.236
700°C 68.165 8.437 9.869 1.472 12.057
800°C 62.325 8.067 9.272 1.129 19.207
900°C 58.678 7.983 8.431 1.561 23.347

A.30. Ultimate analyses of char product obtained from pyrolysis of jute waste in presence of NaCl at
different temperatures

Temperature C H N S (OBy Difference)
300°C 45.123 12.634 10.675 0.492 31.076

400°C 50.419 10.991 10.015 0.567 28.008

500°C 56.526 10.059 9.53 0.694 23.191

600°C 58.484 9.78 9.015 0.796 21.925

700°C 68.569 9.945 8.545 0.927 12.014

800°C 70.677 8.56 8.056 1.437 11.27

900°C 76.731 5.988 5.862 0.973 10.446
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A.31. Ultimate analyses of char product obtained from pyrolysis of jute waste in presence of NaAIl(SiOz)2

at different temperatures
Temperature C H N S 0
P (By Difference)
300°C 48.691 18.767 10.564 0.683 21.295
400°C 54.316 15.676 12.789 0.432 16.787
500°C 59.369 12.489 10.325 0.684 17.133
600°C 64.104 8.016 9.416 0.789 17.675
700°C 70.01 7.967 9.018 0.983 12.022
800°C 68.474 7.845 9.078 0.896 13.707
900°C 64.676 7.796 8.952 1.165 17.411
A.32. Ultimate analyses of char product obtained from pyrolysis of lime waste at different temperatures
temperature C H N S O
300 37.147 5.961 10.416 0.293 46.183
400 38.734 6.167 10.216 0.316 44,567
500 40.19 6.432 9.913 0.467 42.998
600 41.231 7.617 9.036 0.587 41.529
700 42.134 7.989 8.97 0.796 40.111
800 44.136 8.161 8.63 0.96 38.113
900 46.14 8.313 8.534 1.034 35.979

A.33. Ultimate analyses of char product obtained from pyrolysis of lime waste in presence of alumina at
different temperatures

temperature C H N S 0O
300 41.08 6.95 11.85 0.982 39.138
400 42.82 7.28 10.86 0.86 38.18
500 45.91 9.02 8.97 0.753 35.347
600 48.64 9.983 8.01 0.691 32.676
700 49.25 11.548 6.94 0.58 31.682
800 50.23 12.59 5.38 0.49 3131
900 52.17 14.78 4.67 0.402 27.978

A.34. Ultimate analyses of char product obtained from pyrolysis of lime waste in presence of ZnO at
different temperatures

temperature C H N S (0]
300 39.52 6.005 10.7911 0.89055 42.79335
400 41.26 6.335 9.8011 0.76855 41.83535
500 44.35 8.075 7.9111 0.66155 39.00235
600 47.08 9.038 6.9511 0.59955 36.33135
700 47.69 10.603 5.8811 0.48855 35.33735
800 48.67 11.645 4.3211 0.39855 34.96535
900 50.61 13.835 3.6111 0.31055 31.63335
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A.35. Ultimate analyses of char product obtained from pyrolysis of lime waste in presence of KCl at
different temperatures

temperature C H N S (6]
300 38.578 5.145 8.9011 0.81455 46.56135
400 40.318 5.475 7.9111 0.69255 45.60335
500 43.408 7.215 6.0211 0.58555 42.77035
600 46.138 8.178 5.0611 0.52355 40.09935
700 46.748 9.743 3.9911 0.41255 39.10535
800 47.728 10.785 24311 0.32255 38.73335
900 49.668 12.975 1.7211 0.23455 35.40135

A.36. Ultimate analyses of char product obtained from pyrolysis of lime waste in presence of NaCl at
different temperatures

temperature C H N S 0
300 37.678 4.945 7.9611 0.71655 48.69935
400 39.418 5.275 6.9711 0.59455 47.74135
500 42.508 7.015 5.0811 0.48755 44.90835
600 45.238 7.978 4.1211 0.42555 42.23735
700 45.848 9.543 3.0511 0.31455 41.24335
800 46.828 10.585 1.4911 0.22455 40.87135
900 48.768 12.775 0.7811 0.13655 37.53935

A.37. Ultimate analyses of char product obtained from pyrolysis of lime waste in presence of NaAl(SiOs3)2
at different temperatures

temperature C H N S 0
300 36.448 4.856 6.3111 0.63825 51.74665
400 38.188 5.186 5.3211 0.51625 50.78865
500 41.278 6.926 3.4311 0.40925 47.95565
600 44.008 7.889 24711 0.34725 45.28465
700 44.618 9.454 1.4011 0.23625 44.29065
800 45.598 10.496 0.8411 0.21672 42.84818
900 47.538 12.686 0.1311 0.12872 39.51618

A.38. Ultimate analyses of char product obtained from pyrolysis of co-pyrolysis of jute wastes and sesame
oil cake at different temperatures

temperature C H N S 0O
300 22.178 2.001 9.21 0.426 66.185
400 24.224 2.546 9.009 0.61 63.611
500 26.913 3.176 8.9 0.769 60.242
600 28.269 341 8.816 0.89 58.615
700 31.173 3.68 8.567 0.96 55.62
800 33.5 4.123 7.416 1.23 53.731
900 35.461 5.01 7.223 1.56 50.746

A.39. Ultimate analyses of char product obtained from pyrolysis of co-pyrolysis of jute wastes and sesame
oil cake in presence of alumina at different temperatures

temperature C H N S (0]
300 337 3.48 11.45 0.88 50.49
400 35.01 3.83 10.94 0.768 49.452
500 35.845 4.086 9.64 0.65 49.779
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600 36.72 4.9 8.53 0.521 49.329

700 37.91 5.12 7.36 0.462 49.148
800 38.48 6.856 6.63 0.368 47.666
900 40.12 791 5.14 0.301 46.529

A.40. Ultimate analyses of char product obtained from pyrolysis of co-pyrolysis of jute wastes and sesame
oil cake in presence of ZnO at different temperatures

temperature C H N S (6]
300 32.14 2.535 10.3911 0.78855 54.14535
400 33.45 2.885 9.8811 0.67655 53.10735
500 34.285 3.141 8.5811 0.55855 53.43435
600 35.16 3.955 74711 0.42955 52.98435
700 36.35 4.175 6.3011 0.37055 52.80335
800 36.92 5.911 55711 0.27655 51.32135
900 38.56 6.965 4.0811 0.20955 50.18435

A.41. Ultimate analyses of char product obtained from pyrolysis of co-pyrolysis of jute wastes and sesame
oil cake in presence of KCI at different temperatures

temperature C H N S (6]
300 31.198 1.675 8.5011 0.71255 57.91335
400 32.508 2.025 7.9911 0.60055 56.87535
500 33.343 2.281 6.6911 0.48255 57.20235
600 34.218 3.095 5.5811 0.35355 56.75235
700 35.408 3.315 44111 0.29455 56.57135
800 35.978 5.051 3.6811 0.20055 55.08935
900 37.618 6.105 2.1911 0.13355 53.95235

A.42. Ultimate analyses of char product obtained from pyrolysis of co-pyrolysis of jute wastes and sesame
oil cake in presence of NaCl at different temperatures

temperature C H N S (0]
300 30.298 1.475 7.5611 0.61455 60.05135
400 31.608 1.825 7.0511 0.50255 59.01335
500 32.443 2.081 5.7511 0.38455 59.34035
600 33.318 2.895 4.6411 0.25555 58.89035
700 34.508 3.115 34711 0.19655 58.70935
800 35.078 4.851 2.7411 0.10255 57.22735
900 36.718 5.905 1.2511 0.03555 56.09035

A.43. Ultimate analyses of char product obtained from pyrolysis of co-pyrolysis of jute wastes and sesame
oil cake in presence of NaAl(SiOs):. at different temperatures

temperature C H N S 0
300 29.068 1.386 5.9111 0.53625 63.09865
400 30.378 1.736 5.4011 0.42425 62.06065
500 31.213 1.992 4.1011 0.30625 62.38765
600 32.088 2.806 2.9911 0.17725 61.93765
700 33.278 3.026 1.8211 0.11825 61.75665
800 33.848 4.762 1.0911 0.09472 60.20418
900 35.488 5.816 0.4311 0.02772 58.23718
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A.44. Ultimate analyses of pyro-oil product obtained from pyrolysis of jute waste at different

temperatures
Temperature C H N S O
(By Difference)

300°C 66.47 11.35 10.69 0.526 10.964
400°C 64.24 10.27 9.73 0.637 15.123
500°C 58.47 9.61 9.01 0.756 22.154
600°C 54.13 9.25 8.78 0.893 26.947
700°C 52.467 8.614 8.217 0.976 29.726
800°C 48.123 8.345 8.001 1.079 34.452
900°C 46.797 7.859 7.774 1.496 36.074

A.45. Ultimate analyses of pyro-oil product obtained from pyrolysis of jute waste in presence of alumina
at different temperatures

Temperature C H N S O
(By Difference)

300°C 70.671 10.34 10.56 0.516 7.913

400°C 67.51 9.46 9.914 0.59 12.526

500°C 62.13 9.23 9.563 0.624 18.453

600°C 56.46 9.016 9.12 0.675 24.729

700°C 49.123 8.9 8.84 0.796 32.341

800°C 47.26 8.563 8.61 0.87 34.697

900°C 44.15 8.241 8.024 0.95 38.635

A.46. Ultimate analyses of pyro-oil product obtained from pyrolysis of jute waste in presence of ZnO at
different temperatures

Temperature C H N S O
(By Difference)
300°C 68.461 15.01 9.21 0.426 6.893
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400°C 62.5 12.123 9.009 0.61 15.758
500°C 56.173 10.6 8.9 0.769 23.558
600°C 54.269 951 8.816 0.89 26.515
700°C 48.913 8.676 8.567 0.96 32.884
800°C 44.224 8.346 8.416 1.23 37.784
900°C 40.1 8.001 8.223 1.56 42.116

A.47.Ultimate analyses of pyro-oil product obtained from pyrolysis of jute waste in presence of NaCl at
different temperatures

Temperature C H N S (6]

(By Difference)
300°C 65.1232 12.6 10.675 0.491 11.111
400°C 60.416 10.991 10.015 0.567 18.011
500°C 56.526 10.056 9.53 0.691 23.197
600°C 50.489 9.78 9.01 0.796 29.925
700°C 48.569 9 8.541 0.926 32.964
800°C 44.673 8.56 8.053 1.43 37.284
900°C 40.731 7.98 7.86 0.999 42.43

A.48.Ultimate analyses of pyro-oil product obtained from pyrolysis of jute waste in presence of KCI at
different temperatures

Temperature C H N S O
(By Difference)
300°C 62.486 14.678 11.679 0.561 10.596
400°C 60.684 11.596 10.516 0.69 16.514
500°C 55.146 9.67 10.617 0.796 23.771
600°C 50.61 8.56 9.76 0.896 30.174
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700°C 48.1 8.432 9.813 1.436 32.219
800°C 42.3 8.004 9.236 1.123 39.337
900°C 38.61 7.956 8.43 1.56 43.444

A.49. Ultimate analyses of pyro-oil product obtained from pyrolysis of jute waste in presence of

NaAl(SiOs). at different temperatures

Temperature C H N S O
(By Difference)

300°C 58.691 18.76 10.569 0.613 11.367

400°C 54.316 15.679 12.789 0.432 16.784

500°C 49.369 12.489 10.321 0.676 27.145

600°C 44.104 8.013 9.416 0.789 37.678

700°C 40.01 7.967 9.014 0.989 42.02

800°C 384 7.845 9.004 0.896 43.855

900°C 34.676 7.796 8.916 1.161 47.451

A.50.Ultimate analyses of pyro-oil product obtained from pyrolysis of lime waste at different

temperatures
Temperature C H N S O
(By Difference)

300°C 68.14 11.313 10.416 0.393 9.738

400°C 60.136 10.461 10.216 0.416 18.771

500°C 56.134 9.989 9.913 0.567 23.397

600°C 52.231 9.617 9.036 0.687 28.429

700°C 48.19 9.432 8.97 0.896 32,512

800°C 46.734 9.567 8.63 1.16 33.909

900°C 45.147 8.961 8.534 1.234 36.124
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A.51.Ultimate analyses of pyro-oil product obtained from pyrolysis of lime waste in presence of alumina
at different temperatures

Temperature

300°C

400°C

500°C

600°C

700°C

800°C

900°C

C

69.143

64.167

63.164

60.216

56.617

54.321

52.165

H

11.415

10.961

10.458

10.064

9.581

9.323

9.106

N

10.918

10.064

9.813

9.013

8.996

8.867

8.676

S

0.456

0.567

0.693

0.891

1.016

1.136

1.436

O
(By Difference)

8.068

14.241

15.872

19.816

23.79

26.353

28.617

A.52.Ultimate analyses of pyro-oil product obtained from pyrolysis of lime waste in presence of ZnO at

different temperatures
Temperature

300°C

400°C

500°C

600°C

700°C

800°C

900°C

C

66.23

61.114

56.234

54.123

51.616

49.759

47.435

H

11.016

10.916

9.136

8.96

8.856

8.753

8.345

N

10.113

9.916

9.763

9.021

8.637

8.464

8.216

S

0.431

0.592

0.693

0.893

1.013

1.236

1.479

o
(By Difference)

12.21

17.462

24.174

27.003

29.878

31.788

34.525

A.53.Ultimate analyses of pyro-oil product obtained from pyrolysis of lime waste in presence of NaCl at
different temperatures

Temperature

300°C

C

65.176

H

10.167

N

10.416
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0.769

(¢}
(By Difference)
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400°C 63.485 10.078 9.461 0.497 16.479
500°C 60.116 9.163 9.375 0.567 20.779
600°C 58.486 8.964 9.021 0.798 22.731
700°C 52.146 8.836 8.961 0.994 29.063
800°C 56.104 8.645 8.754 1.015 25.482
900°C 50.117 8.213 8.65 1.436 31.584

A.54. Ultimate analyses of pyro-oil product obtained from pyrolysis of lime waste in presence of KCI at

different temperatures

Temperature C H N S O
(By Difference)

300°C 67.167 10.918 10.169 0.567 11.179

400°C 60.163 11.001 10.013 0.661 18.162

500°C 56.216 10.013 9.29 0.761 23.72

600°C 50.148 9.16 9.67 0.698 30.324

700°C 48.128 9.6 9.765 0.813 31.694

800°C 44117 8.96 9.394 113 36.399

900°C 43.264 8.92 8.9991 1.467 37.358

A.55.Ultimate analyses of pyro-oil product obtained from pyrolysis of lime waste in presence of

NaAl(SiOa): at different temperatures

Temperature C H N S O
(By Difference)
300°C 63.41 10.9 10.456 0.619 14.615
400°C 52.146 10.875 10.567 0.569 25.843
500°C 53.158 9.756 9.613 0.493 26.98
600°C 50.261 9.676 9.236 0.761 30.066
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700°C 48.667 9.231 9.061 0.893 32.148
800°C 44.285 9.879 8.934 1.013 35.889
900°C 47.813 8.931 8.863 1.387 33.006

A.56. Ultimate analyses of pyro-oil product obtained from co-pyrolysis of jute waste and sesame oil cake
at different temperatures

Temperature C H N S O
(By Difference)

300°C 66.125 12.33 10.136 0.569 10.84

400°C 64.325 11.918 11.613 0.678 11.466

500°C 59.625 12.617 10.041 0.796 16.921

600°C 54.749 10.516 9.616 0.916 24.203

700°C 52.193 9.623 9.341 1.463 27.38

800°C 48.299 9.01 9.039 1.263 32.389

900°C 45.361 8.95 8.9 1.563 35.226

A.57. Ultimate analyses of pyro-oil product obtained from co-pyrolysis of jute waste and sesame oil cake

in presence of alumina at different temperatures

Temperature C H N S O
(By Difference)

300°C 68.413 13.981 12.61 0.613 4.383

400°C 64.564 12.673 11.758 0.656 10.349

500°C 60.126 10.567 10.117 0.796 18.394

600°C 54.231 9.124 10.063 0.963 25.619

700°C 52.234 8.456 9.61 1.126 28.574

800°C 50.167 8.516 9.78 1.435 30.102

900°C 46.168 8.2 9.56 1.613 34.459
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A.58. Ultimate analyses of pyro-oil product obtained from co-pyrolysis of jute waste and sesame oil cake
in presence of ZnO at different temperatures

Temperature C H N S O
(By Difference)

300°C 64.111 11.617 11.514 0.5 12.258
400°C 60.267 10.532 10.613 0.657 17.931
500°C 56.313 10.123 9.548 0.789 23.227
600°C 54.46 9.617 9.383 0.953 25.587
700°C 51.07 9.423 9.016 0.993 29.498
800°C 46.079 8.467 8.967 1.216 35.271
900°C 44.196 8.236 8.43 1.563 37.575

A.59. Ultimate analyses of pyro-oil product obtained from co-pyrolysis of jute waste and sesame oil cake
in presence of NaCl at different temperatures

Temperature C H N S O
(By Difference)

300°C 60.591 10.117 10.136 0.461 18.695
400°C 56.613 10.236 10.013 0.617 22,521
500°C 52.667 9.454 9.176 0.567 28.136
600°C 50.798 9.216 9.02 0.613 30.353
700°C 51.813 8.617 8.96 0.763 29.847
800°C 49.314 8.432 8.676 0.89 32.688
900°C 45.669 8.015 8.43 0.949 36.937

A.60. Ultimate analyses of pyro-oil product obtained from co-pyrolysis of jute waste and sesame oil cake
in presence of KCI at different temperatures

Temperature C H N S O
(By Difference)
300°C 63.132 10.16 10.118 0.61 15.983
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400°C 61.667 10.078 10.006 0.59 17.659

500°C 58.789 9.176 9.613 0.513 21.909
600°C 54.913 9.076 9.414 0.756 25.841
700°C 56.954 8.761 9.786 0.893 23.606
800°C 50.126 8.432 9.618 0.965 30.859
900°C 48.115 8.215 9.32 1.467 32.883

A.61. Ultimate analyses of pyro-oil product obtained from co-pyrolysis of jute waste and sesame oil cake
in presence of NaAI(SiOs): at different temperatures

Temperature C H N S O
(By Difference)
300°C 64.313 12.61 11.361 0.561 11.155
400°C 56.614 10.059 10.619 0.763 21.945
500°C 59.617 9.61 9.761 0.649 20.363
600°C 54,222 9.517 9.816 0.893 25.552
700°C 50.167 9.013 9.453 1.43 29.937
800°C 46.07 8.967 9.236 1.113 34.614
900°C 49.819 8.563 9.164 1.016 31.438
A.62.
i) Jute waste pyro-oil
a) 500°C pyro-oil cracked at 300°C
(1-exp(-k*t))/k Wy/Wo (1-exp(-k*t))/k Ws/Wo
0 0 0 0
3.353709 0.201223 3.353709 0.375615
4772871 0.286372 4772871 0.534562
5.373407 0.322404 5.373407 0.601822

b) 500°C pyro-oil cracked at 400°C

(1-exp(-k*t))/k Wo/Wo (1-exp(-k*t))/k Wy/Wo
0 0 0 0
3.261992 0.225077 3.261992 0.378391
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4.555475 0.314328 4.555475 0.528435

5.068381 0.349718 5.068381 0.587932

c) 500°C pyro-oil cracked at 500°C

(1-exp(-k*t))/k Wy/Wo (1-exp(-k*t))/k Ws/Wo
0 0 0 0
3.227679 0.232393 3.227679 0.380866
4.475955 0.322269 4.475955 0.528163
4.958714 0.357027 4.958714 0.585128

d) 500°C pyro-oil cracked at 600°C

(1-exp(-k*t))/k Wy/Wo (1-exp(-k*t))/k Ws/Wo
0 0 0 0
3.167219 0.234374 3.167219 0.395902
4.338214 0.321028 4.338214 0.542277
4771158 0.353066 4.771158 0.596395

e) 500°C pyro-oil cracked at 700°C

(1-exp(-k*t))/k Wy/Wo (1-exp(-k*t))/k Ws/Wo
0 0 0 0
3.127822 0.24397 3.127822 0.397233
4.250074 0.331506 4.250074 0.539759
4.652734 0.362913 4.652734 0.590897

f) 500°C pyro-oil cracked at 800°C

(1-exp(-k*t))/k Wy/Wo (1-exp(-k*t))/k Ws/Wo
0 0 0 0
3.082756 0.252786 3.082756 0.400758
4.150794 0.340365 4.150794 0.539603
4.520822 0.370707 4.520822 0.587707

g) 500°C pyro-oil cracked at 900°C

(1-exp(-k*t))/k Wo/Wo (1-exp(-k*t))/k We/Wo
0 0 0 0
3.020005 0.26274 3.020005 |  0.407701
4.015274 0.349329 4.015274 | 0.542062
4.343274 0.377865 4343274 | 0586342
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i)

a)

b)

d)

f)

Jute waste pyro-oil
700°C pyro-oil cracked at 300°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.248204

0.243615

4.523403

0.339255

5.024028

0.376802

700°C pyro-oil cracked at 400°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.200603

0.252848

4.413897

0.348698

4.873836

0.385033

700°C pyro-oil cracked at 500°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.167219

0.256545

4.338214

0.351395

4.771158

0.386464

700°C pyro-oil cracked at 600°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.134339

0.263284

4.264565

0.358223

4.672119

0.392458

700°C pyro-oil cracked at 700°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.108391

0.267322

4.207066

0.361808

4.595398

0.395204

700°C pyro-oil cracked at 800°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.076395

0.273799

4.136914

0.368185

4.502505

0.400723

(1-exp(-k*t))/k

Ws/Wo

0

0

3.248204

0.363799

4.523403

0.506621

5.024028

0.562691

(1-exp(-k*t))/k

Ws/Wo

0

0

3.200603

0.368069

4.413897

0.507598

4.873836

0.560491

(1-exp(-k*t))/k

Ws/Wo

0

0

3.167219

0.373732

4.338214

0.511909

4.771158

0.562997

(1-exp(-k*t))/k

Ws/Wo

0

0

3.134339

0.376121

4.264565

0.511748

4.672119

0.560654

(1-exp(-k*t))/k

Ws/Wo

0

0

3.108391

0.379224

4.207066

0.513262

4.595398

0.560639

(1-exp(-k*t))/k

Ws/Wo

0

0

3.076395

0.381473

4.136914

0.512977

4.502505

0.558311
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g) 700°C pyro-oil cracked at 900°C

i)

a) 900°C pyro-oil cracked at 300°C

b) 900°C pyro-oil cracked at 400°C

¢) 900°C pyro-oil cracked at 500°C

d) 900°C pyro-oil cracked at 600°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.057428

0.275169

4.095717

0.368615

4.448315

0.400348

Jute waste pyro-oil

(1-exp(-k*t))/k

Wy/Wo

0

0

3.200603

0.268851

4.413897

0.370767

4.873836

0.409402

(1-exp(-k*t))/k

Wy/Wo

0

0

3.187188

0.270911

4.383375

0.372587

4.832318

0.410747

(1-exp(-k*t))/k

Wy/Wo

0

0

3.167219

0.275548

4.338214

0.377425

4.771158

0.415091

(1-exp(-k*t))/k

Wy/Wo

0

0

3.134339

0.278956

4.264565

0.379546

4.672119

0.415819

e) 900°C pyro-oil cracked at 700°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.114848

0.280336

4.221325

0.379919

4.614374

0.415294

(1-exp(-k*t))/k

Ws/Wo

0

0

3.057428

0.385236

4.095717

0.51606

4.448315

0.560488

(1-exp(-k*t))/k

Ws/Wo

0

0

3.200603

0.352066

4.413897

0.485529

4.873836

0.536122

(1-exp(-k*t))/k

Ws/Wo

0

0

3.187188

0.353778

4.383375

0.486555

4.832318

0.536387

(1-exp(-k*t))/k

Ws/Wo

0

0

3.167219

0.354729

4.338214

0.48588

4.771158

0.53437

(1-exp(-k*t))/k

Ws/Wo

0

0

3.134339

0.360449

4.264565

0.490425

4.672119

0.537294

(1-exp(-k*t))/k

Ws/Wo

0

0

3.114848

0.364437

4.221325

0.493895

4.614374

0.539882
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f)  900°C pyro-oil cracked at 800°C

A.63

(L-exp(-K*D)/K |  wu/w, (1-exp(-k*t))/k Ws/Wo
0 0 0 0
3.089135 0.2842 3.089135 | 0.367607
4.164749 | 0.383157 4.164749 | 0.495605
4.539269 | 0.417613 4.539269 | 0.540173
g) 900°C pyro-oil cracked at 900°C
(1-exp(-K*D)/K |  wyw, (1-exp(-k*t))/k Ws/Wo
0 0 0 0
3.070054 | 0.288585 3.070054 | 0.368406
4.123108 | 0.387572 4123108 | 0.494773
4.484315 | 0.421526 4.484315 | 0.538118
)] Jute waste pyro-oil in presence of alumina

a) 500°C pyro-oil cracked at 300°C

b) 500°C pyro-oil cracked at 400°C

d) 5

(1-exp(-
k*t)/k

Wy/Wo

0

0

3.296835

0.227482

4.637228

0.319969

5.182192

0.357571

(1-exp(-
k*t)/k

Wy/Wo

0

0

3.296835

0.365949

4.637228

0.514732

5.182192

0.575223

500°C pyro-oil cracked at 500°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.193885

0.239541

4.398595

0.329895

4.853002

0.363975

00°C pyro-oil cracked at 600°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.134339

0.257016
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(1-exp(-k*t))/k

Ws/Wo

0

0

3.296835

0.365949

4.637228

0.514732

5.182192

0.575223

(L-exp(-k*t))/k

Ws/Wo

0

0

3.241341

0.379237

4.507499

0.527377

5.002096

0.585245

(1-exp(-k*t))/k

Ws/Wo

0

0

3.193885

0.383266

4.398595

0.527831

4.853002

0.58236

(1-exp(-k*t))/k

Ws/Wo

0

0

3.134339

0.382389

4.264565

0.520277




e)

9)

i)

b)

c)

d)

4.264565 | 0.349694 | 4.672119 | 0.569999
4.672119 | 0.383114
500°C pyro-oil cracked at 700°C
(1-exp(- (L-exp(-K*)k | wslw,
k*t))/k Wo/Wo 0 0
0 0 3108391 | 0.38544
3.108391 | 0.261105 4207066 | 0521676
4595398 | 0.386013
500°C pyro-oil cracked at 800°C
(1-exp(- (L-exp(-K*D)k | wsw,
k*t))/k Wy/Woq 0 0
0 0 3.070054 | 0.392967
4.484315 | 0.385651
500°C pyro-oil cracked at 900°C
(1-exp(-k*t)/K | wilw, (1-exp(-k*1))/k Ws/Wo
0 0 0 0
3.044878 | 0.267949 3.044878 | 0.395834
4.068617 | 0.358038 4.068617 | 0.52892
4.412815 | 0.388328 4.412815 | 0.573666
Jute waste pyro-oil in presence of alumina
700°C pyro-oil cracked at 300°C
(L-exp(-K*t)/k |  wv/wg (L-exp(-k*t))/k Ws/Wo
0 0 0 0
3.248204 | 0.269601 3.248204 | 0.337813
4.523403 | 0.375442 4.523403 | 0.470434
5.024028 | 0.416994 5.024028 | 0.522499
700°C pyro-oil cracked at 400°C
(1-exp(- (1-exp(-k*t))/k We/Wo
k*t))/k Wo/Wo 0 0
0 0 3.2141 | 0.340695
3.2141 | 0.276413 4.444755 | 0.471144
4.915965 | 0.422773
700°C pyro-oil cracked at 500°C
(1-exp(- (1-exp(-k*t))/k We/Wo
k*t))/k Wo/Wo 0 0
0 0 3.187188 | 0.347404
3.187188 | 0.277285 4.383375 | 0.477788
4.832318 | 0.420412
700°C pyro-oil cracked at 600°C
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€)

f)

g) 700°C pyro-oil cracked at 900°C

i)

b) 900°C pyro-oil cracked at 400°C

¢) 900°C pyro-oil cracked at 500°C

(1-exp(-
k*t)/k

Wy/Wo

0

0

3.147431

0.283269

4.293785

0.386441

4.711309

0.424018

700°C pyro-oil cracked at 700°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.121325

0.287162

4.23566

0.389681

4.633486

0.426281

700°C pyro-oil cracked at 800°C

(1-exp(-
k*t)/k

Wy/Wo

0

0

3.095535

0.29098

4.178779

0.392805

4.557847

0.428438

(1-exp(-k*t))/k

Wy/Wo

0

0

3.070054

0.294725

4.123108

0.395818

4.484315

0.430494

Jute waste pyro-oil in presence of alumina
a) 900°C pyro-oil cracked at 300°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.2141

0.292483

4.444755

0.404473

4.915965

0.447353

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.193885

0.293837

4.398595

0.404671

4.853002

0.446476

(1-exp(-
k*t))/k

Wy/Wo

0

344

(1-exp(-k*t))/k

Ws/Wo

0

0

3.147431

0.352512

4.293785

0.480904

4.711309

0.527667

(1-exp(-k*t))/k

Ws/Wo

0

0

3.121325

0.355831

4.23566

0.482865

4.633486

0.528217

(1-exp(-k*t))/k

Ws/Wo

0

0

3.095535

0.359082

4.178779

0.484738

4.557847

0.52871

(1-exp(-k*t))/k

Ws/Wo

0

0

3.070054

0.362266

4.123108

0.486527

4.484315

0.529149

(1-exp(-k*t))/k

Ws/Wo

0

0

3.2141

0.324624

4.444755

0.44892

4.915965

0.496512

(1-exp(-k*t))/k

Ws/Wo

0

0

3.193885

0.32897

4.398595

0.453055

4.853002

0.499859

(1-exp(-k*t))/k

Ws/Wo

0




3.173855 | 0.298342 3.173855 | 0.330081
4.353186 | 0.409199 4.353186 | 0.452731
4.791397 | 0.450391 4.791397 | 0.498305
d) 900°C pyro-oil cracked at 600°C
(1-exp(- (1-exp(-k*t))/k Ws/Wo
k*t))/k Wy/Wo 0 0
0 0 3.154007 | 0.331171
4.308514 | 0.413617 4731115 | 0496767
4731115 | 0.454187
e) 900°C pyro-oil cracked at 700°C
(1-exp(-K*D)/K |  wuIw, (1-exp(-k*t))/k Ws/Wo
0 0 0 0
3.127822 | 0.306527 3.127822 | 0.334677
4.250074 | 0.416507 4,250074 | 0.454758
4652734 | 0.455968 4,652734 | 0.497842
f) 900°C pyro-oil cracked at 800°C
(1-exp(-K*D)/K |  wvIw, (1-exp(-k*t))/k Ws/Wo
0 0 0 0
3.101953 | 0.313297 3.101953 | 0.335011
4.192885 | 0.423481 4.192885 | 0.452832
4576556 | 0.462232 4576556 | 0.494268
g) 900°C pyro-oil cracked at 900°C
(L-exp(-K*t)/k |  wv/wg (L-exp(-k*t))/k Ws/Wo
0 0 0 0
3.070054 | 0.319286 3.070054 | 0.337706
4.123108 | 0.428803 4.123108 | 0.453542
4.484315 | 0.466369 4.484315 | 0.493275
A.64.
i) lime waste pyro-oil
a) 500°C pyro-oil cracked at 300°C
(L-exp(-k*t))/k |  wilw, (1-exp(-k*t))/k Ws/Wo
0 0 0 0
3.303868 | 0.49558 3.303868 | 0.095812
4.653854 | 0.698078 4.653854 | 0.134962
5.205468 | 0.78082 5.205468 | 0.150959
b) 500°C pyro-oil cracked at 400°C
(1-exp(- (L-exp(-K*O)Kk | wsw,
k*t))/k Wy/Wo 0 0
0 0 3.282834 | 0.101768
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i)

4.604254

0.695242

5.136158

0.77556

c) 500°C pyro-oil cracked at 500°C

(1-exp(-
k*t)/k

Wy/Wo

0

0

3.255088

0.498028

4.539394

0.694527

5.046123

0.772057

d) 500°C pyro-oi

| cracked at 600°C

(1-exp(-
k*t)/k

Wy/Wo

0

0

3.227679

0.50029

4.475955

0.693773

4.958714

0.768601

e) 500°C pyro-oi

| cracked at 700°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.200603

0.502495

4.413897

0.692982

4.873836

0.765192

f) 500°C pyro-oi

| cracked at 800°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.154007

0.510949

4.308514

0.697979

4.731115

0.766441

g) 500°C pyro-oil

cracked at 900°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.127822

0.512963

4.250074

0.697012

4.652734

0.763048

Lime waste pyro-oil
a) 700°C pyro-oil cracked at 300°C

(L-exp(-K*D)/K |  wv/w,
0 0
3.261992 | 0.08155

5.136158

0.159221

(1-exp(-k*t))/k

Ws/Wo

0

0

3.255088

0.10741

8

4.539394

0.149

8

5.046123

0.16652

2

(1-exp(-k*t))/k

Ws/Wo

0

0

3.227679

0.11296

9

4.475955

0.15665

8

4.958714

0.173555

(1-exp(-k*t))/k

Ws/Wo

0

0

3.200603

0.118422

4.413897

0.163314

4.873836

0.180332

(1-exp(-k*t))/k

Ws/Wo

0

0

3.154007

0.123006

4.308514

0.168032

4.731115

0.184513

(1-exp(-k*t))/k

Ws/Wo

0

0

3.127822

0.128241

4.250074

0.174253

4.652734

0.190762
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(1-exp(-k*t))/k

Ws/Wo

0 0

3.261992

0.521919




b)

d)

€)

f)

9)

i)

4.555475

0.113887

5.068381

0.12671

700°C pyro-oil cracked at 400°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.227679

0.087147

4.475955

0.120851

4.958714

0.133885

700°C pyro-oil cracked at 500°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.193885

0.089429

4.398595

0.123161

4.853002

0.135884

700°C pyro-oil cracked at 600°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.147431

0.100718

4.293785

0.137401

4.711309

0.150762

700°C pyro-oil cracked at 700°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.121325

0.106125

4.23566

0.144012

4.633486

0.157539

700°C pyro-oil cracked at 800°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.101953

0.11167

4.192885

0.150944

4.576556

0.164756

700°C pyro-oil cracked at 900°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.082756

0.114062

4.150794

0.153579

4.520822

0.16727

Lime waste pyro-oil

347

4.555475

0.728876

5.068381

0.810941

(1-exp(-k*t))/k

Ws/Wo

0

0

3.227679

0.526112

4.475955

0.729581

4.958714

0.80827

(1-exp(-k*t))/k

Ws/Wo

0

0

3.193885

0.533379

4.398595

0.734565

4.853002

0.810451

(L-exp(-k*t))/k

Ws/Wo

0

0

3.147431

0.535063

4.293785

0.729943

4.711309

0.800922

(1-exp(-k*t))/k

Ws/Wo

0

0

3.121325

0.536868

4.23566

0.728534

4.633486

0.79696

(1-exp(-k*t))/k

Ws/Wo

0

0

3.101953

0.536638

4.192885

0.725369

4.576556

0.791744

(1-exp(-k*t))/k

Ws/Wo

0

0

3.082756

0.539482

4.150794

0.726389

4.520822

0.791144




a) 900°C pyro-oil cracked at 300°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.275865

0.088448

4.587904

0.123873

5.113397

0.138062

b) 900°C pyro-oil cracked at 400°C

¢) 900°C pyro-oil cracked at 500°C

d) 900°C pyro-oil cracked at 600°C

(1-exp(-
k*t)/k

Wy/Wo

0

0

3.248204

0.094198

4.523403

0.131179

5.024028

0.145697

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.193885

0.102204

4.398595

0.140755

4.853002

0.155296

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.160603

0.110621

4.323324

0.151316

4.751065

0.166287

e) 900°C pyro-oil cracked at 700°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.134339

0.115971

4.264565

0.157789

4.672119

0.172868

00°C pyro-oil cracked at 800°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.108391

0.118119

4.207066

0.159869

4.595398

0.174625

9 9

00°C pyro-oil cracked at 900°C

(1-exp(-k*t))/k

Wy/Wo

0

0

(1-exp(-k*t))/k

Ws/Wo

0

0

3.275865

0.511035

4.587904

0.715713

5.113397

0.79769

(1-exp(-k*t))/k

Ws/Wo

0

0

3.248204

0.513216

4.523403

0.714698

5.024028

0.793796

(1-exp(-k*t))/k

Ws/Wo

0

0

3.193885

0.520603

4.398595

0.716971

4.853002

0.791039

(1-exp(-k*t))/k

Ws/Wo

0

0

3.160603

0.521499

4.323324

0.713348

4.751065

0.783926

(1-exp(-k*t))/k

Ws/Wo

0

0

3.134339

0.523435

4.264565

0.712182

4.672119

0.780244

(1-exp(-k*t))/k

Ws/Wo

0

0

3.108391

0.528426

4.207066

0.715201

4.595398

0.781218
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(1-exp(-k*t))/k

Ws/Wo

0 0




A.65.

i) lime waste pyro-oil in presence of ZnO

3.070054

0.128942

4.123108

0.173171

4.484315

0.188341

a) 500°C pyro-oil cracked at 300°C

b)

d)

f)

9)

(1-exp(-k*t))/k

Wy/Wo

0

0

3.339359

0.494225

4.738389

0.701281

5.324514

0.788028

500°C pyro-oil cracked at 400°C

(1-exp(-
k*t)/k

Wy/Wo

0

0

3.317999

0.494382

4.687384

0.69842

5.252549

0.78263

500°C pyro-oil cracked at 500°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.289824

0.496763

4.620695

0.697725

5.159089

0.779022

500°C pyro-oil cracked at 600°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.261992

0.499085

4.555475

0.696988

5.068381

0.775462

500°C pyro-oil cracked at 700°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.2345

0.501347

4.491684

0.696211

4.980325

0.77195

500°C pyro-oil cracked at 800°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.187188

0.50995

4.383375

0.70134

4.832318

0.773171

500°C pyro-oil cracked at 900°C

3.070054

0.528049

4.123108

0.709175

4.484315

0.771302

(1-exp(-k*t))/k

Ws/Wo

0

0

3.339359

0.086823

4.738389

0.123198

5.324514

0.138437

(1-exp(-k*t))/k

Ws/Wo

0

0

3.317999

0.092904

4.687384

0.131247

5.252549

0.147071

(1-exp(-k*t))/k

Ws/Wo

0

0

3.289824

0.098695

4.620695

0.138621

5.159089

0.154773

(1-exp(-k*t))/k

We/Wo

0

0

3.261992

0.104384

4.555475

0.145775

5.068381

0.162188

(1-exp(-k*t))/k

Ws/Wo

0

0

3.2345

0.109973

4.491684

0.152717

4.980325

0.169331

(1-exp(-k*t))/k

Ws/Wo

0

0

3.187188

0.114739

4.383375

0.157802

4.832318

0.173963




i)

a)

b)

d)

f)

(1-exp(-k*t))/k

Wy/Wo

0

0

3.160603

0.512018

4.323324

0.700378

4.751065

0.769672

7

7

~

7

(1-exp(-k*t))/k

Ws/Wo

0

0

3.160603

0.120103

4.323324

0.164286

4.751065

0.18054

Lime waste pyro-oil in presence of ZnO
700°C pyro-oil cracked at 300°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.303868

0.072685

4.653854

0.102385

5.205468

0.11452

00°C pyro-oil cracked at 400°C

(1-exp(-
k*t))/k

Wy/Wo

0

0

3.268918

0.078454

4.571644

0.109719

5.090806

0.122179

00°C pyro-oil cracked at 500°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.2345

0.080862

4.491684

0.112292

4.980325

0.124508

00°C pyro-oil crac

ked at 600°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.187188

0.092428

4.383375

0.127118

4.832318

0.140137

00°C pyro-oil crac

ked at 700°C

(1-exp(-k*t))/k

Wy/Wo

0

0

3.160603

0.097979

4.323324

0.134023

4.751065

0.147283

00°C pyro-oil crac

ked at 800°C

(1-exp(-k*t))/k

Wy/Wo

0

0

350

(1-exp(-k*t))/k

Ws/Wo

0

0

3.303868

0.518707

4.653854

0.730655

5.205468

0.817259

(1-exp(-k*t))/k

Ws/Wo

0

0

3.268918

0.523027

4571644

0.731463

5.090806

0.814529

(L-exp(-k*t))/k

We/Wo

0

0

3.2345

0.530458

4.491684

0.736636

4.980325

0.816773

(1-exp(-k*t))/k

Ws/Wo
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c) pyro-oil of 900°C of jute waste
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d) Pyro-oil of 500°C of jute waste in presence of alumina
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e) Pyro-oil of 700°C of jute waste in presence of alumina
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f) Pyro-oil of 700°C of jute waste in presence of alumina
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g) Pyro-oil of 900°C of jute waste in presence of alumina
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h) pyro-oil of 500°C of lime waste
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i) pyro-oil of 700°C of lime waste
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i) pyro-oil of 900°C of lime waste
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k) pyro-oil of 500°C of lime waste in presence of ZnO
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) pyro-oil of 700°C of lime waste in presence of ZnO
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m) pyro-oil of 900°C of lime waste in presence of ZnO
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A.67. Values of k, kv, ks of different temperature of pyro-oil
a) values of k of pyro-oil

i) 500°C

if) 700°C

iii) 900°C

b) values of kv of pyro-oil

i) 500°C

Temperature
(K) jute jutet+alumina | lime lime+ZnO
573 (300 °C) 0.172 0.18 0.179 0.174
673(400 °C) 0.185 0.188 0.182 0.177
773(500 °C) 0.19 0.195 0.186 0.181
873(600 °C) 0.199 0.204 0.19 0.185
973(700 °C) 0.205 0.208 0.194 0.189
1073(800
°C) 0.212 0.214 0.201 0.196
1173(900
°C) 0.222 0.218 0.205 0.2
Temperature
(K) jute jute+alumina | lime lime+ZnO
573 (300
°C) 0.187 0.187 0.185 0.179
673(400 °C) 0.194 0.192 0.19 0.184
773(500 °C) 0.199 0.196 0.195 0.189
873(600 °C) 0.204 0.202 0.202 0.196
973(700 °C) 0.208 0.206 0.206 0.2
1073(800
°C) 0.213 0.21 0.209 0.203
1173(900
°C) 0.216 0.214 0.212 0.206
Temperature
(K) jute jute+alumina | lime lime+ZnO
573 (300
°C) 0.194 0.192 0.183 0.177
673(400 °C) 0.196 0.195 0.187 0.181
773(500 °C) 0.199 0.198 0.195 0.189
873(600 °C) 0.204 0.201 0.2 0.194
973(700 °C) 0.207 0.205 0.204 0.198
1073(800
°C) 0.211 0.209 0.208 0.202
1173(900
°C) 0.214 0.214 0.214 0.208
Temperature
(K) jute jute+alumina | lime lime+ZnO
573 (300
°C) 0.06 0.069 0.15 0.148
673(400 °C) 0.069 0.071 0.151 0.149
773(500 °C) 0.072 0.075 0.153 0.151
873(600 °C) 0.074 0.082 0.155 0.153
973(700 °C) 0.078 0.084 0.157 0.155
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i) 700°C

iii) 900°C

1073(800

c) values of ks of pyro-oil

i) 500°C

if) 700°C

°C) 0.082 0.086 0.162 0.16
1173(900
°C) 0.087 0.088 0.164 0.162
Temperature
(K) jute jute+alumina | lime lime+ZnO
573 (300
°C) 0.075 0.083 0.025 0.022
673(400 °C) 0.079 0.086 0.027 0.024
773(500 °C) 0.081 0.087 0.028 0.025
873(600 °C) 0.084 0.09 0.032 0.029
973(700 °C) 0.086 0.092 0.034 0.031
1073(800
°C) 0.089 0.094 0.036 0.033
1173(900
°C) 0.09 0.096 0.037 0.034
Temperature
(K) jute jute+alumina | lime lime+ZnO
573 (300
°C) 0.084 0.091 0.027 0.024
673(400 °C) 0.085 0.092 0.029 0.026
773(500 °C) 0.087 0.094 0.032 0.029
873(600 °C) 0.089 0.096 0.035 0.032
973(700 °C) 0.09 0.098 0.037 0.034
1073(800
°C) 0.092 0.101 0.038 0.035
1173(900
°C) 0.094 0.104 0.042 0.039
Temperature
(K) jute jute+alumina | lime lime+ZnO
573 (300
°C) 0.112 0.111 0.029 0.026
673(400 °C) 0.116 0.117 0.031 0.028
773(500 °C) 0.118 0.12 0.033 0.03
873(600 °C) 0.125 0.122 0.035 0.032
973(700 °C) 0.127 0.124 0.037 0.034
1073(800
°C) 0.13 0.128 0.039 0.036
1173(900
°C) 0.135 0.13 0.041 0.038
Temperature
(K) jute jute+alumina | lime lime+ZnO
573 (300
°C) 0.112 0.104 0.16 0.157
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0002

673(400 °C) 0.115 0.106 0.163 0.16
773(500 °C) 0.118 0.109 0.167 0.164
873(600 °C) 0.12 0.112 0.17 0.167
973(700 °C) 0.122 0.114 0.172 0.169
1073(800
°C) 0.124 0.116 0.173 0.17
1173(900
°C) 0.126 0.118 0.175 0.172
iii) 900°C
Temperature
(K) jute jute+alumina | lime lime+ZnO
573 (300
°C) 0.11 0.101 0.156 0.153
673(400 °C) 0.111 0.103 0.158 0.155
773(500 °C) 0.112 0.104 0.163 0.16
873(600 °C) 0.115 0.105 0.165 0.162
973(700 °C) 0.117 0.107 0.167 0.164
1073(800
°C) 0.119 0.108 0.17 0.167
1173(900
°C) 0.12 0.11 0.172 0.169
A.68.
a) Activation energies and Pre-exponential factor of jute waste pyro-oil at different
temperature
500°C
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b) Activation energies and Pre-exponential factor of lime waste pyro-oil at different temperature
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c) Activation energies and Pre-exponential factor of jute waste in presence of alumina pyro-oil at
different temperature
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d) Activation energies and Pre-exponential factor of jute waste in presence of alumina pyro-oil at
different temperature
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A.69.
a) ANOVA for response surface model for the variation of Diesel as a simultaneous function of pyrolysis
temperature and CO: recycled

Sum of Mean p-value
Source Squares df Square F Value Prob > F
Model 0.87 9 0.097 254.36 | <0.0001
A-A 0.000248 1 0.000248 0.65 0.4461
B-B 0.09 1 0.09 236.35 | <0.0001
AB 0.00621 1 0.00621 16.31 0.0049
A2 0.022 1 0.022 57.59 0.0001
B2 0.003868 1 0.003868 10.16 0.0153
A’B 0.01 1 0.01 26.32 0.0014
AB? 0.002233 1 0.002233 5.86 0.046
Residual 0.002665 7 0.000381
Cor Total 0.87 16

R2=0.997, Adjusted R? = 0.993, Predicted R? = 0.9524, Adeq Precision = 53.928
b) ANOVA for response surface model for the variation of Gasoline as a simultaneous function of
pyrolysis temperature and CO: recycled.

Sum of Mean p-value
Source Squares df Square F Value Prob > F
Model 0.091 9 0.01 556.77 | <0.0001
A-A 1.32E-05 1 1.32E-05 0.73 0.4224
B-B 0.008475 1 0.008475 467.29 | <0.0001
AB 0.00072 1 0.00072 39.72 0.0004
A2 0.001892 1 0.001892 104.29 | <0.0001
B2 0.000287 1 0.000287 15.84 0.0053
A’B 0.000823 1 0.000823 45.39 0.0003
AB? 0.000238 1 0.000238 13.14 0.0085
Residual 0.000127 7 1.81E-05
Cor Total 0.091 16

R?=0.9986, Adjusted R? = 0.9968, Predicted R? = 0.9799, Adeq Precision = 79.976

A.70. Figures for Energy delivered
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Figure A.1. Trends of energy delivered with fraction of char deposition for soil amendment for
400°C
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Figure A.2. Trends of energy delivered with fraction of char deposition for soil amendment for
500°C
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Figure A.3. Trends of energy delivered with fraction of char deposition for soil amendment for

600°C
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Figure A.4. Trends of energy delivered with fraction of char deposition for soil amendment for
700°C
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Figure A.5. Trends of energy delivered with fraction of char deposition for soil amendment for
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Figure A.6. Trends of energy generation with pyrolysis temperature at 30% char deposition for
soil amendment.

—
> H
F— Energy Delivered
2 1800000
2 600000 O Required sansporaton
— 3 w wn w w w v energy = Mi/day
2 < % 2
Qe || 2 12| (2| |2 [ 2] |2
s 1200000 = S e o5 . L5
- O Thermal energy generated
g N in the power pant
b —
D 2.14E+05 2.149E+05 2.14E+05 2.14E+05 2.14E+05 2.14E+05
> 800000
- Electricty energy
D 600000 generated in the power
[ = S 2 2 = = plant
400000 - - - - - -
&0 g g g g & &
— 200000 = > > > > = O Energy generated through
D utilzation of Pyro-gas and
ls o partof char
400 500 600 700 800 S00
Temperature (° C)

Figure A.7. Trends of energy generation with pyrolysis temperature at 40% char deposition for
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A.72 Sample calculation of EROEI and ACOQ

Utilization of pyro-gas and pyro-char for the supply of energy for Pyrolysis and Drying

Carbon percentage (p1) in lignite = 71%

Average calorific value (c1) = 3767.943 kcal/kg

Coal-fired Power Plant efficiency = 30%

Electrical Grid Distribution efficiency = 91%

Mass flow rate of CO, due to incineration of char and gas = 524.0688 kg/h
Energy supplied due to incineration of char and gas = 7810161 kcal/h

7810161 x (ﬂ)
10
91 ( 30

Corresponding CO; emission avoided (kg) =

x 44 =19766.2 kg/h
—) X
(100)
Actual CO; emission avoided due to utilization
of pyro-char and pyro-gas= 19766.2-524.0688= 19242.12 Kg/h

x 3767.94x12
100

Pyro-oil used in CHP Plant

Cv of pyro-oil = 26.67 MJ/day

Percentage of carbon in pyro-oil = 64.24%

Pyro-oil produced = 858.8771 kg/h

Electrical energy generated in the CHP = 192412.5 MJ/day
Thermal energy generated in the CHP = 602856.3 MJ/day

858.8771x(

26.67
100

Corresponding CO2 emission avoided (kg) =

x12x44 =1616.57 kg
167

858.8771x 64.24
100

x 44
Actual CO2 emission avoided = 1616.57 — ] = -406.49 kg/h

12
Transportation of Pyro-oil to Power plant

Energy consumption for the forward journey (Pyro-unit to power plant) = 2.5*2*44800 = 224000 kJ
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Energy consumption for the return journey = 2* 20* 44800 = 1792000 kJ

Total CO2 emission, == ((4.5*12* 44)/167) * 20 = 284.551 kg/day

Avoidance of N — emission due to char deposition
Mass of char produced per hour = 162.1448 kg/h

Fraction of char = 0.2
Fraction of char deposited = 162.1448 xooc'éx 300x24 =11674428 kglyear

Amount of urea applied =11674428x 0.1=1167443 kgl/year

area of soil = 11674428 =147.0794 ha

1250x 0.00635x 10000

N2O emission due fertilizer = 1167443x 28x0.0125 =6810.083 kg/year

604
annual N2O emission /ha = M =46.30208 kg/y/ha

147.0794

Nemission avoided due to biochar application, = 10(0-15+147.073

Equivalent CO2 emission avoided, = 0.5x 9.495106 % 296 =0.195177 kg/day

300x 24

4*0.0038-1.516)*46.30208 =9.495106

Overall Evand ACQ,
Energy delivered (Ep) by pyro-products,

_ (7810161x 4.18 % 24) +(192412.5 + 602856.3 ) - 2 224000 + 1792000 _ 1574752 Milday
1000 1000
Cv of Jute = 19.7 MJ/day
1574752
E Effici , EROEI = x 100000 =79.9367%
nergy Etictency 19.7x 10,00,00,000

Total avoidance of CO2 emission, AC02
= (19242.1+-406.49) x 24 - 2x 284.551 + 0.19518 = 451486 kg/day
451486
(1574752

)x 3600 =1032.13 g/KWh
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Catalytic pyrolysis of lignocellulosic bio-packaging
(jute) waste — kinetics using lumped and DAE
(distributed activation energy) models and pyro-oil
characterization

S. Poddar,® S. DeP and R. Chowdhury*?

The present study concentrates on the catalytic pyrolysis of a waste bio-packaging material, namely, jute, under
iso-thermal and non-isothermal conditions using a 50 mm diameter and 164 mm long semi-batch pyrolyzer and
a TGA set-up, respectively. The temperature range of pyrolysis is 673 K to 1173 K. Alumina, zinc oxide, sodium
chloride, potassium chloride, and sodium aluminosilicate have been used as the catalysts. The patterns of the
yields of all products of non-catalytic and catalytic pyrolysis under isothermal conditions have been compared.
Lumped kinetics have been determined using the data of iso-thermal experiments. Alumina has been selected
as the best performing catalyst showing the highest pyro-oil yield and lowest activation energy. The pyro-oil
of catalytic pyrolysis has higher and lower contents of carbon and oxygen, respectively, and a more acidic pH
in comparison to the non-catalytic counterpart. The kinetics of non-isothermal pyrolysis with and without
alumina have been determined using a distributed activation energy (DAE) model. While the activation
energies of non-catalytic pyrolysis follow a Gaussian distribution over a wide conversion range (0.2 to 0.8), no
such pattern is obtained for catalytic (alumina) pyrolysis. The pyro-oils of both catalytic and non-catalytic
pyrolysis have been analyzed using GC/MS and many components of industrial applications have been identified.

Introduction

In the context of both energy security and climate change
mitigation, biomass is of major interest as a renewable energy
source. In recent times, agricultural residues, municipal solid
wastes,"* vegetable wastes like Pungam oil cakes,® jute waste,**
soybean,” rapeseed,® sunflower oil cake,’ cotton based textile
wastes' and energy crops have attracted great attention as
alternative energy sources. In India, jute fabric is used as an eco-
friendly lignocellulosic bio-packaging material particularly for
food-grains and sugar'“'* and a large portion faces disposal
problems. Although a few studies have been reported on ‘waste
to energy’ processes'*™® using jute wastes, more focus should be
given to explore this possibility. Energy rich clean fuels may be
generated from biomass through thermochemical conversion
processes like pyrolysis, gasification etc. Pyrolysis, also known
as thermolysis, is a process of thermochemical decomposition
which generally leads to the generation of pyro char, pyro-oil
and pyro-gas of smaller molecular weights. Pyrolysis is con-
ducted in an oxygen deficient environment in the temperature
range of 400-900 °C. The distribution of product yield may be
changed by the adjustment of pyrolysis temperature. The pyro-
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oil obtained through pyrolysis is particularly attractive as it may
be blended with petroleum crude or may be used as an auto-
mobile fuel after upgradation. Similar to coal tar, pyro-oil may
also be used as a source for different valuable chemicals. Thus
pyrolysis may be used as a potential process to be used in bio-
refineries to generate fuel and chemicals simultaneously from
biomass. One of the main shortcomings of pyro-oil is its high
oxygen content."'” Catalytic pyrolysis usually produce upgra-
ded liquids.""® From the literature review, it is clear that a few
metal salts and oxides may serve as catalysts in pyrolysis of
biomass.***® From the chemical engineering view point, a cata-
lyst usually changes the rate of a reaction by the promotion of
a different molecular path leading to lowering of activation
energy and hence can influence both the yield and selectivity.*
As the catalytic reactions occur at the fluid-solid interfaces,
porosity of the solid also alters the overall rates. In a pyrolysis
process, an array of series—parallel reactions occur simulta-
neously. Although lumped kinetics are usually used for the
analysis of data under isothermal conditions,*” DAE models are
usually appropriate to represent the behavior of pyrolysis of
biomass under non-isothermal conditions. This model can
account for difference in behavior of pyrolysis of constituent
molecules like cellulose, hemicelluloses and lignin through
a distribution of activation energy at different conversion levels.
Therefore, DAE models should also be attempted for catalytic
pyrolysis of biomass under non-isothermal condition. However,

This journal is © The Royal Society of Chemistry 2015
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DAE models have not been developed for catalytic pyrolysis. No
correlation has been reported on the porosity of solid residue of
pyrolysis with the activity of catalysts.

Under the present research study, the catalytic effects of
metal salts of Na, K, Al, Si etc. and metal oxides like Al,O; and
ZnO on pyrolysis of waste jute in the temperature range of
400 °C to 900 °C have been investigated with special reference to
yields of products and characteristics of the pyro-oil and
determination of kinetics using isothermal and non-isothermal
data. Lumped kinetic parameters have been determined for all
catalytic pyrolysis and have been compared with those of non-
catalytic pyrolysis. For the best performing catalyst with
respect to oil yield, the C-H-O levels in the bio-oils have been
compared with those of bio-oil from non-catalytic pyrolysis. The
pyrolysis kinetics under non-isothermal conditions have been
determined using DAE (Distributed Activation Energy) model
and the distributions of activation energies of catalytic and non-
catalytic pyrolysis over conversion have been compared. The
composition of pyro-oil from both catalytic and non-catalytic
pyrolysis of waste jute has been compared.

Experimental
Materials

The feed material used for the catalytic and non-catalytic
pyrolysis is waste jute, collected from a local market. The
particle size of the feed material is 128 mm x 49 mm X 0.6 mm.
The results of proximate* and elemental analyses of the feed
material are shown along with higher heating values and bulk
density in the Table 1.

Catalysts

Aluminium Oxide [AL,O;], zinc oxide [ZnO], sodium chloride
[NaCl], potassium chloride [KCI], sodium aluminosilicate
[NaAl(SiO3),] procured from Merck, India have been used as cata-
lysts. These chemicals are chosen because many of them have been
reported'*?*** to show catalytic activity on pyrolysis of different
biomass. The particle diameter of all catalysts was approximately
0.087 mm. All the catalysts were calcined for 2 h at 120 °C.*

Equipment

A muffle furnace (Bhattacharya & Co. India) and a Bomb calo-
rimeter (S. C. Dey & Co. India) were used.

Table 1 The elemental analysis of jute

Proximate analysis Moisture Volatile matter Ash  Fixed carbon
% (w/iw) 10.025 77.15 2.59  10.235
Ultimate analysis C H o N Cl S

% (W/w) 49.79 6.02 41.37 0.19 0.05 0.05
Heating value 18.7
M) kg™

Bulk density 110
(kg m?)

This journal is © The Royal Society of Chemistry 2015
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Analytical instruments

A CHNSO analyzer (Perkin Elimer), a Thermogravimetric
analyzer (PYRIS DIAMOND TG/DTA), SEM [Jeolmake (UK)
Model JSM6360], XRD [Model Ultima-III Rigaku make (Japan)
Cu target slit 10 mm], Gas Chromatograph/Mass Spectrometer
(PerkinElmer SQ8) and BET surface area analyzer [Quantach-
rome make NOVA 4000e] were used.

Experimental procedure

The isothermal experiments were conducted in a 50 mm
diameter and 164 mm long semi-batch pyrolyzer, as described
in previous research articles.*'® For both catalytic and non-
catalytic pyrolysis, the reactor was run isothermally under
inert atmosphere maintained by N, purging in the temperature
range of 673-1173 K. Each run was started with 100 g waste jute
and the reactor was operated for 1 h. The volatiles coming out of
the pyrolyzer was passed through a series of condensation units,
as described in the previous articles.*** The total weight of solid
residue and char in the pyrolyzer was recorded continuously
using the electronic balance attached with the pyrolyzer. The
total condensate collected from all condensation units was
weighed. The non-condensable gas was collected in a sampling
bottle. The same process was repeated for all runs in case of
both non-catalytic and catalytic pyrolysis. The pyro-oil samples
were analyzed by GC/MS and the pH was determined. The pyro-
char was analyzed by SEM, XRD and BET analyzers. Non-
isothermal experiments were conducted with and without the
best performing catalyst in the temperature range of 300-900 °C
in the TGA set-up. In the thermo gravimetric analyzer, a sample
was exposed to a heating program set at different heating rates
of 10 °C min™*, 15 °C min™*, 20 °C min~', 25 °C min"* and
30°C min~ ' and the weight loss was simultaneously recorded in
a Perkin-Elmer Model. Nitrogen (150 ml min~") was used to
maintain inert atmosphere. In all catalytic experiments, cata-
lysts were thoroughly mixed with jute samples maintaining
a ratio of 1: 10.

Theoretical analysis
Lumped pyrolysis kinetics

Complex reactions in series, parallel or combination of both,
occur during pyrolysis of lignocellulosic feed stocks.**” The
reaction pathway of non-catalytic and catalytic pyrolysis may be
represented as follows:

Non-catalytic:*

ky .
—— volatile (1a)

Jute —active — complex 4,
" , char

Catalytic:

volatile (1b)

Ky
Jute + catalyst —active — complex 4,
——— char
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Assuming the first step of catalytic and non-catalytic reac-
tions to be instantaneous, the rate of change of mass of virgin
jute waste, volatile matter and pyro-char during catalytic and
non-catalytic pyrolysis are as follows:

dw
——=—kW 1
& (1¢)
dw,
=k W 1d
& (1d)
dw;
=kW 1
where, k = k, + k.
For catalytic pyrolysis
dw
— =KW 1
ar (1f)
dw,
Y=k W 1
& (1g)
dw;
=KW 1h
& (1h)

where, K =k, + k..

The rate constants k, k, and k. and ¥/, k', and k. have been
determined through non-linear regression analysis of
experimental data of semi batch pyrolyzer following the
method reported by the present researchers in previous
articles.”” For the analysis of data on isothermal pyrolysis, the
Arrhenius equation® has been attempted to describe the
dependencies of rate constants k, k,, k., k¥, k¥, and k. on
temperature.

Pyrolysis kinetics using non-isothermal data

The distributed activation energy model (DAEM) has been used
for catalytic and non-catalytic pyrolysis to examine the mecha-
nism of reactions occurring under non-isothermal condi-
tions.”>**3*  As suggested by previous researchers,*
distributions of activation energy is mainly due to the occur-
rence of large number of independent parallel and series reac-
tions characterized with different activation energies.?>**-** The
main reason behind the abnormality of activation energy may
be due to the difference in bond strengths of components.*
Under the present study the Friedman*®°* iso-conversional
method has been used to analyze the TGA data of catalytic
and non-catalytic pyrolysis of waste jute. All the reactions
occurring during the experiments were assumed to be of first
order irreversible type with Arrhenius type temperature depen-
dency of the rate constants, as followed by the previous
researchers.”?® The Friedman iso-conversional method is
based on the following equation:

dx
o (dT) = ko, exp (= E/(RT.))f (x) @)
where, T = T, + at; x = v/v*; v = volatile content; and v* =

effective volatile content; i = ordinal number of a non-
isothermal experiment conducted at heating rate «;.
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Using eqn (2)
dx i E.
In (0[,‘@) y = ln(k()\,f(x)) — RT,CJ [3)
. . dx .
iso-conversion plots of In (aiﬁ) against (—1000/RT) at
x,0

different extent of conversion have been used to determine the
values of activation energies and pre-exponential factors at
different conversion. The distribution function of activation
energies has also been determined by attempting a Gaussian
pattern with mean activation energy E, and standard deviation
g as follows:**

(E — Ey)°

S(E) = ——exp| = 522

(4)

Results and discussion
Pyrolysis product yield and product characteristics

In Fig. 1 the yields of pyro-oil obtained through isothermal
semi batch pyrolysis of jute waste with and without catalysts
over 1 h have been plotted as a function of pyrolysis temper-
ature. From the analysis of the patterns of dependence of oil
yield on temperature, it appears that the catalytic effect of
Al,O; and ZnO are prominent. In case of non-catalytic pyrol-
ysis of jute, the pyro-oil passes through a maximum at 973 K.
Same trend is observed in presence of ZnO. The trend of
temperature-trajectories of yield of pyro-oil passing through
maxima at an intermediate temperature (973 K) may be
explained by the fact that although the rate of evolution of
volatiles increases at higher temperature, the conversion of
higher molecular weight condensable pyro-oil to lower
molecular weight non-condensable gaseous components also
occurs rapidly at these temperatures. This is also evident from
the pattern of temperature trajectories of gas yield from the

Pyro-Oil
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Fig. 1 Yield of pyro oil of jute without and with catalyst at different
pyrolysis temperatures.
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lute Residual solid at 600°C ~(without alumina) Residual solid at 600°C  (with alumina)

Fig. 2 SEM images of original jute and the solid obtained at 700 °C,
with and without alumina.

Table 2 BET specific surface area of bio-char of catalytic and non-
catalytic pyrolysis at 600 °C

Specific surface

Pyrolysis process area of char (m> g™%)

Catalytic 5.144
Non-catalytic 3.143

pyrolysis of jute with and without the same catalysts as rep-
resented in Fig. 5.

On the other hand catalytic effect of alumina is very
pronounced. In this case yield of pyro-oil increases mono-
tonically even beyond 973 K.

Effects of NaCl and KCI on pyro-oil yield is not very signifi-
cant and is almost identical. Up to 700 °C, the pyro-oil yield in
presence of Na-K additives is a little less compared to that of
jute. Similar observation has been obtained by Hoekstra et al.
during their studies on pyrolysis of pinewood in presence of Na
+ K catalyst.>* Oasmaa et al. also indicated the decrease in liquid
yield during the fast pyrolysis of wood and agricultural residues
in presence of Na + K catalysts.*® Sodium aluminosilicate shows
inhibiting effect with respect to pyro-oil formation. This may be

Residual solid at 600°C
(without alumina)

Residual solid at 600°C
(with alumina)

0
ull Scale 1246 cts Cursor: 0.000 ke

Fig. 3 XRD spectra of solid residue obtained through non-catalytic
and catalytic pyrolysis of jute at 600 °C.
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Product Formation (%)

Temperature (K)

Fig. 4 Yield of pyro char of jute without and with catalyst at different
pyrolysis temperatures.

due to catalytic effect of sodium aluminate on cracking of pyro-
oil or tar.

Bed porosity and catalytic effect of alumina

The catalytic effect of alumina increases with the increase in
pyrolysis temperature. This may be due to the increase of
porosity of reacting solid with temperature, resulting in higher
surface area for catalytic reaction. The SEM images of original
jute and the solid obtained at 600 °C, with and without alumina,
as presented in Fig. 2, distinctly show the increase in porosity in
presence of catalyst, elucidating the proposed mechanism of

Pyro - Gas

Djute @ jute +alumina @jute + Zn0 Ajute + KCI Bjute+ NaCl @jute+ aluminosilicate

&

Product Formation (%)
& 8

8

Temperature (K)

Fig. 5 Yield of pyro gas of jute without and with catalyst at different
pyrolysis temperatures.
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Fig. 6 Dependence of pH of pyro-oil on the temperature of catalytic
and non-catalytic pyrolysis.

catalytic activity through enhancement of surface area. The
values of surface area per unit mass of bio-char obtained
through pyrolysis of jute at 600 °C with and without alumina, as
determined using BET method, are provided in Table 2. It is
also ascertained that the specific surface area of bio-char ob-
tained through catalytic pyrolysis (5.144 m”> g~ ') is higher than
that of bio-char of non-catalytic pyrolysis (3.143 m”* g~ ') at the
same value of reaction temperature. The specific surface area of
bio-char of non-catalytic pyrolysis is comparable to those
observed by previous researchers during their studies on
pyrolysis of saw dust, wheat and flax straws (<5 m* g~ *).%® The
presence of alumina on the pyrolyzing solid during catalytic
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Fig. 7 Wt% of compound is plotted against temperature.

pyrolysis is also established through the comparison of the XRD
spectra, represented in Fig. 3, of solid residues of catalytic and
non-catalytic pyrolysis. Close observation of the Fig. 4 depicting
the pattern of char yield against pyrolysis temperature reveals
that for both non-catalytic and catalytic process, there is
a monotonous decreasing trend over the entire temperature
range. The decreasing trend is sharper in case of Al,O; assisted
pyrolysis compared to non-catalytic process. The high cata-
lyzing effect on pyro-oil formation may be the underlying reason
to explain this observation.

From Fig. 5 showing the patterns of variation of gas yield
with temperature, it is evident that the yield of pyro-gas
increases with temperature for both non-catalytic and catalytic

Table 3 Calculated activation energies and frequency factors as per Arrhenius law

Reaction rate Activation energy Frequency factor Correlation
SL. No. Feed stocks constant (k] mol ™) (min™") coefficient
1 Jute k 9.153714 0.216103 0.915
k, 7.201587 0.163327 0.901
ke 24.74246 0.156609 0.898
2 Jute + alumina 14 3.5337 0.0545 0.967
Ky 4.1361 0.0447 0.968
K. 13.309 0.1330 0.962
3 Jute + ZnO 14 4.833 0.0566 0.872
Ky 8.129 0.5038 0.959
K. 14.392 0.5071 0.945
4 Jute + KC1 K 5.9087 0.1236 0.963
Ky 6.5688 0.1065 0.961
K. 13.5018 0.0189 0.940
5 Jute + NaCl 14 5.0881 0.1159 0.905
Ky 3.0703 0.0704 0.889
K. 16.769 0.1072 0.899
6 Jute + NaAl(SiO;), ¥ 7.84737 0.0524 0.945
Ky 5.5672 0.0241 0.926
K 21.617 0.0458 0.894

o
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Table 4 GC/MS analysis of the pyro-oil of waste jute
Retention time Name of compound Molecular weight Usage
3.809 1,2,3,6-Tetrahydropyridine-2-carboxylic acid 127 As a GABA, receptor in scientific research®”
(C6HoNO,)
3.939 2-Cyclopenten-1-one (CsHeO) 82 As a FEMA GRAS flavouring substance®®
4.829 Oxirane, 2-ethyl-3-propyl-cis (C;H,40) 114 Manufacture of a-amylcinnamaldehyde and
lubricant®®
5.164 1-Silacyclo-2,4-hexadiene (CsHSi) 96 Used as synthetic studies by organic
chemists*’
6.205 1-Ethylcyclopentene (C;H;,) 96 Useful compound in organic synthesis*"
6.365 1H-Imidazole,4,5-dihydro-2-methyl (C,HgN,) 84 Pharmaceutical use*?
7.495 Bicyclo [5,3,0] decane (CyoHjs) 138 Industrial solvent"?
7.650 2-Cyclopenten-1-one,2,3-dimethyl (C;H;,0) 110 Building block in organic synthesis**
Drug for genital or sexual disorder*®
7.710 Cyclohexanol, 1-ethynyl (CgH;,0) 124 Pharmaceutical use*®
8.135 Pyridine, 5-methyl (C¢H;N) 94 Isolated from coal tar and synthesized
industrially*”
9.021 I-Limonene (C1oH;¢) 136 Cosmetic usage*®
Solvent for cleaning purpose/paint/biofuel*’
9.231 2-Cyclopenten-1-one,2,3-dimethyl 110 Not reported
[(CH;),CsH4(=0)]
9.616 p-Cresol (C;HgO) 108 Antioxidant™®
Used as a used to capture and study the
species of orchid bee!
10.021 Benzene methanol, 4-hydroxyl (C;HgO,) 124 Use as a flavorants®*>?
10.181 Phenol, 2-methoxy (C;HgO5,) 124 Dermatology and radical polymerization of
monomers™
10.406 Bicyclo-[2.2.2] octane, 2-methyl (CoHj) 124 Not reported
11.932 5-Methoxyindane (C,H;,0) 148 Commercial bio-conversion of anethole to
more valuable compound®®
12.577 4-Pentenoic acid, 5-ethoxy, ethyl ester, 172 Purification purposes®
(E)'(CnHuoz)
13.212 (2)-4-Methyl-5-(2-oxopropylidene)-5H-furan- 152 Use as an intermediate in the preparation of
20ne (CgHg0;) more complex compounds®’
13.488 ($,S,,8)-1,1'-Bicyyclopentyl-2,2'- 194 Use as a food additive®®
dicarboxaldehyde (C;,H;30,)
13.628 2-Cyclopentene-1-acetaldehyde, 2-formyl-, 166 Use as an antioxidant for synthetic rubber,
alpha, 3-dimethyl (C;,H;40,) polymer and oil derivative®*®°
14.863 Octadecane, 1-chloro (C;3Hj;,Cl) 288 Use only in area provided with appropriate
exhaust ventilation®!
15.488 1-Methoxy-2-methyl-4-(methylthio) benzene 168 Therapeutic usage®
(CoH,,08)
17.249 Phthalic acid, monoethyl ester (CoHgO,) 194 Breakdown of glucosinate glucobrassicin®®
17.824 2-Azetidinone, 1-phenyl (CoHoNO) 147 Biomedical usage®*
21.901 1H-1,2,3-Triazole,4-(4-methylphenyl) 98 For R&D use only®®

(C3H6N4)

pyrolysis. The catalytic effects of aluminosilicate and NaCl have
been observed to be higher compared to others. This may be
due to their catalytic effect on secondary tar cracking reactions.

pH of bio-oil

The pH value of the pyro-oil is shown in Fig. 6. For pyro-oil
obtained through non-catalytic pyrolysis of jute, the pH
passes through a maximum of 5.7 at 973 K beyond which it
drops down to 4.5 at 1173 K. Similar observation has also been
reported in our previous research article on pyrolysis of jute.*®
For catalytic pyrolysis in presence of Al,O3, NaCl and KCI the
range of variation of pH is very low (3.5-4.0). On the other
hand, the pH decreases from 3.75 and 3.5 at 673 Kto 2.5 at 1173
K for aluminosilicate and ZnO respectively. Therefore, it may

This journal is © The Royal Society of Chemistry 2015

be inferred that the pyro-oil obtained through catalytic pyrol-
ysis is, in general, more acidic in comparison to that obtained
through non-catalytic process. Further investigation should be
made to elucidate the fact and precautions should be taken
during storage of the -catalytic pyro-oil to avoid acidic
corrosion.

Lumped kinetic parameters

The lumped kinetic parameters determined using the data of
isothermal experiments have been shown in Table 3.

From the analysis of the table, it is evident that the lowering
of activation energy is maximum for alumina with respect to the
overall pyrolysis reaction. Thus alumina is again proved to be
the best performing catalyst.
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Fig. 8 Percentage of weight residue of jute waste in the temperature
range of 30-900 °C at different heating rates (TGA plot).
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Fig. 9 Percentage of weight residue of jute waste using catalysts in
the temperature range of 30-900 °C at different heating rates (TGA
plot).

Effects of alumina on C-H-O content of pyro-oil

The elemental, particularly C-H-O, composition of the pyro-oil
is a very important criterion from the perspective of its usage as
a fuel. While the higher fractions of “C” and “H” in pyro-oil
contribute towards increase in heating value of pyro-oil,
higher fraction of “O imparts” detrimental properties like low
heating value, higher risk of polymerization etc. Therefore, the
effect of alumina, the best catalyst with respect to the genera-
tion of pyro oil from jute pyrolysis, on the C-H-O composition
of pyro-oil has been depicted in Fig. 7. From the Fig. 7, it is clear
that carbon content of pyro-oil decreases with pyrolysis
temperature for both catalytic and non-catalytic reactions.
Similar observation has been reported by Yang et al.*® during
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Fig.10 (a) Plot of In[e;(dx/dT), ] vs. (—1000/RT,) at different conversion
values from 0.05 to 0.95 for all the heating rates (5—25 K min~?) of jute
wastes. (b) Plot of In[a;(dx/dT),,] vs. (—1000/RT,) at different conversion
values from 0.05 to 0.95 for all the heating rates (5—30 K min~?) of jute
wastes using catalysts.

their work on fast pyrolysis of EHN. Other researchers have also
reported similar observations®° during the studies on pyrol-
ysis of paddy husk® in the temperature range of 450-600 °C.
This may be due to the fact that the non-condensable lower
molecular weight gaseous components formed through the
cracking of bio-oil at higher temperatures are rich in carbon.
The content of carbon is higher for catalytic tar in comparison
to non-catalytic one up to 600 °C. Content of hydrogen is not
temperature sensitive and is not influenced by the presence of
alumina. The weight fraction of oxygen in pyro-oil also increases
with pyrolysis temperature. Raza Naqvi®* also made similar
observations during non-catalytic pyrolysis of paddy husk in the
temperature range of 450-600 °C. The increase of concentration
of ‘O’ may also be due to the carrying over of elemental carbon
with the non-condensable cracked gaseous products, i.e., due to
decrease of %C in the bio-oil. From the results of GC/MS anal-
ysis of bio-oil at 600 °C, provided in Table 4, it is also clear that
many of the constituent compounds contain oxygen in their

This journal is © The Royal Society of Chemistry 2015
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Fig. 11 (a) Plot of £ and In[A*f(x)] vs. conversion for jute waste. (b) Plot
of E and In[A*f(x)] vs. conversion for jute waste using catalyst Al,Os.

molecules. Further analysis of the stoichiometry of the array of
reactions occurring during the primary and secondary pyrolysis
may elucidate the exact underlying fact behind the decrease and
increase of %C and %O respectively with pyrolysis temperature.
Up to 600 °C, the oxygen content in pyro-oil is lowered in
presence of catalyst. Overall, alumina shows positive effect on
the improvement of elemental composition of pyro-oil up to
600 °C.

TGA plots

Fig. 8 and 9 show the time trajectory of % (w/w) of solid residue
(char + unreacted jute) remaining during TGA under non-
isothermal conditions using heating rate (10 K min™', 15
K min~", 20 K min~", 25 K min~", 30 K min~") as a parameter
respectively with and without catalytic compound, namely
alumina. From the analysis of the plots it is clearly evident that
distinct patterns of weight loss are followed in different
temperature ranges. This is true for both catalytic (Al,03) and
non-catalytic thermo gravimetric analysis. The presence of
several types of components following different pyrolyzing
characteristics is probably reflected by these patterns. While the
cellulosic and hemi-cellulosic components of jute are thermally
decomposed at less severity of temperature, the lignin present
in jute is expected to react at higher temperatures correspond-
ing to higher conversion levels.

This journal is © The Royal Society of Chemistry 2015
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Fig. 12 (a) Plot of f(E) vs. E obtained from Friedman differential iso-
conversion method and Gaussian distribution for non-catalytic
pyrolysis of jute waste. (b) Comparison of plot of f(E) vs. E obtained
from Friedman differential isoconversion method and Gaussian
distribution for catalytic pyrolysis of jute waste.

The comparison of the plots suggests that while in case of
non-catalytic process the trajectory may be divided into four
zones, namely 30-100 °C, 100-275 °C, 275-350 °C and
350-700 °C, only two distinct zones, namely 30-150 °C and
150-700 °C are present in the catalytic process. The residual
solid obtained at each temperature is much less in case of
catalytic pyrolysis, as compared to the non-catalytic one. This
may be due to pronounced catalytic effect of alumina on the
pyrolysis reactions generating condensable and non-
condensable volatiles.

Isoconversion plots

In Fig. 10a and b logarithm of [a;(dx/dT),,] has been plotted
against (—1000/RT;) for non-catalytic and catalytic pyrolysis of
waste jute respectively. A set of straight lines have been ob-
tained at different values for conversion for both the cases
validating the Friedman model with the assumptions of 1st
order kinetics and Arrhenius type temperature dependence of
rate constants for the pyrolytic reactions.

From the detailed analysis of the figures it is revealed that for
non-catalytic pyrolysis parallel lines are obtained in the
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Table 5 GC/MS analysis of the pyro-oil derived from catalytic pyrolysis of waste jute

Retention time Name of compound Molecular weight Usage

3.258 Hydrazine, trimethyl- (C3H;,N,) 74 Used in the alkyne zipper reaction®®

3.313 Silane, butyl trimethyl- (C,H;4Si) 130 Use as heaters in rapid solidification®”

3.353 Silane, trimethyl propyl- (CeH;65i) 116 Used under atmospheric pressure at 0 °C in
dichloromethane®®

4.999 1H-Imidazole-4-methanol (C,H¢N,O) 98 Used in the coordination chemistry®

5.054 Cyclopentane, 1-hydroxymethyl-1,3- 128 As air freshener”®

dimethyl- (CgH;60)

5.114 Levoglucosenone (C¢HgO3)

6.025 trans,trans and trans,cis-1,8-Dimethyl spiro
[5,5] undecane (Cy3H,,4)

6.345 2,2-Dimethyl hex-4-enylamine (CgH;,N)

7.245 trans,cis-1,8-Dimethyl spiro [4,5] decane
(C21H,5Cl0O,S)

7.620 2-Cyclopenten-1-one, 2,3-dimethyl (C;H;,0)

8.145 Pyrimidine, 5-methyl (C¢H,N)

9.016 p-Limonene (C;oHye)

9.701 p-Cresol (C;HgO)

10.026 Silane, tetraethenyl (CgH;,Si)

11.952 1,3,2-Dioxaborolane, 2-phenyl- (CsHoBO,)

12.252 (Z2)-4-Methyl-5-(2-oxo propylidene)-5H-furan-

2-one (CgHg03)

13.713 Formic acid, 2,6-dimethoxy phenyl ester
(CoH1004)

14.233 Phenol, 2,6-dimethoxy- (CsH;003)

15.488 4-Methoxy-2-methyl-1-methylsulfanyl-
benzene (CoH;,08S)

16.709 1-Acetyl-3-(4-pyridyl)-pyrazoline (C;,H;1N30)

17.244 N-Nitrosonornicotine (CoH;;,N3;0)

17.824 2-Propen-1-one, 2-methyl-1-phenyl
(C10H100)

19.170 2-Ethyl-2-phenylaziridine (C;oH;3N)

20.946 2-Methyl benzyl phosphonic acid
(CIZHIQOSP)

21.131 5-Phenylisoxazoline (CoHoNO)

21.701 trans-1-Cyano-2-phenyl cyclopropanol
(CsHi)

22.231 2,5,6-Trimethylbenzimidazole (C,oH;,N,)

conversion range of 0.2 to 0.8. For conversion 0.05, 0.1, 0.15,
0.85, 0.9 and 0.95, the straight lines are not parallel. The parallel
nature of straight lines indicates a close distribution of activa-
tion energies. On the other hand, the non-parallel relationship
at lower (0.05-0.15) and higher (0.8-0.95) ranges of conversion
clearly indicates the probability of occurrence of pyrolysis
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Froth floatation process for cleaning coal

where of 95% MCHM, 4% water and 0.1%

4-methylcyclo hexamethanolmonoether”*
126 Uses hydroxyquinol as a substrate with

oxygen to produce 3-hydroxy-cis,cis-

muconate®>”?

Phloroglucinol is mainly used as a coupling

agent in printing®>”?

It is useful for the industrial synthesis of

pharmaceutical®*”* and explosive
(T ATB)35’75

180 Pharmacology”®

127 Not reported

166 Not reported

110 Used as an antioxidant for synthetic rubber,
polymer and oil derivative’”

94 Isolated from coal tar and synthesized

industrially”®

136 Cosmetic usage
Solvent for cleaning purpose/paint/biofuel”®

108 Antioxidant®

136 Used in plating, important material for

producing catalyst, other silver compounds
and paste®!
148 Used to the myocardium®
152 Food preparation®
Pyrolysis oil®*
Bio-fuel derived from woody biomass®

182 Not reported
154 Not reported
168 Not reported
189 Not reported
177 Curing, aging, processing and smoking of
tobacco®®
146 Not reported
147 Not reported
186 Not reported
147 Breakdown of glucosinate glucobrassicin®
159 Not reported
160 Not reported

reactions, distinctly different from those occurring at the widely
spread intermediate (0.2-0.8) conversion level. It is expected
that the conversion up to 0.15 represents mostly the removal of
moisture and commencement of primary pyrolysis of hemi-
celluloses and cellulose. On the other hand, at higher (0.8-0.95)
conversion levels the pyrolysis of recalcitrant components like
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lignin following a pattern, distinctly different from the primary
and secondary pyrolysis of cellulosic components in the inter-
mediate conversion ranges, is dominant. On the other hand, for
catalytic pyrolysis the parallel straight lines are obtained only
for conversion 0.55 to 0.7. This may be due to the random
nature of catalytic effect of alumina on pyrolytic reactions of
different components, namely cellulose, hemicellulose and
lignin. However the catalytic effect on individual reaction may
further be investigated.

In Fig. 11a and b, activation energy and In[A*f(x)], as ob-
tained from the iso-conversion plots, have been graphed against
conversion respectively for non-catalytic and catalytic pyrolysis
of waste jute. The patterns of the plots are similar to those re-
ported by Wu et al.** during the pyrolysis of biomass feedstocks.
The lower range of E for catalytic pyrolysis again establishes the
positive influence of alumina on pyrolysis of waste jute. The
values of the pre-exponential factors for both catalytic and non-
catalytic pyrolysis are of the same order, the values of catalytic
ones being slightly greater.

Distribution of activation energy

In Fig. 12a and b, f{E) has been plotted against E. The analysis of
the figures reveals that although f(E) follows almost a Gaussian
distribution where E vs. conversion (0.20-0.80) follow linear
relationship during non-isothermal pyrolysis of jute waste, no
specific distribution is followed for non-isothermal catalytic
pyrolysis. While mean value of average activation energy is
276.56 k] mol™' for non-catalytic pyrolysis, it is only 150.33
kJ mol " for catalytic pyrolysis, indicating strong catalytic effect
of alumina on the overall pyrolysis. When compared to the
activation energies of lumped kinetics no parity is observed with
those obtained through DAE modelling. Since the pyrolysis is
actually a complex combination of reactions causing decom-
position of different constituent molecules of a biomass, it is
understandable that DAEM kinetics should represent the reality
more closely.

GC/MS analysis of pyro-oil

For the qualitative and quantitative characterization of pyro-oil
obtained through non-catalytic and catalytic pyrolysis, samples
were analyzed with SQ 8 Gas Chromatograph/Mass Spectrom-
eter PerkinElmer,** equipped with flame ionization and mass
spectrometry detectors (GC-PPC-MS). The compounds present
in pyro-oil obtained through non-catalytic and catalytic pyrol-
ysis of jute at 600 °C are represented in Tables 4 and 5. The
Tables provide the lists of compounds with their retention
times and prospective uses.

From the consultation of the tables, it is clear that many new
compounds like p-limonene, decane group, furfural group,
propanol group, benzene group, phenol group, cyclopentane,
1-hydroxymethyl-1,3-dimethyl-, with aromatic and aliphatic
properties are formed due to the use of alumina. It is also
interesting to observe that most of the chemical compounds
present in bio-oil may be utilized for different uses. This may
make the pyrolysis process more attractive because even if bio-

oil is not upgraded through further de-oxygenation,
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neutralization of acidity etc., before being used as an automo-
bile fuel, it may be used for the production of valuable chemical
compounds.

Conclusion

In the present study, catalytic and non-catalytic pyrolysis of jute
waste have been studied in the temperature range of 673 K to
1173 K. Alumina has been observed to be the most promising
catalyst with respect to pyro-oil yield, deoxygenation and
enrichment of carbon content of the oil. The presence of
alumina also influences the available specific surface area of
bio-char. The specific surface area of bio-char obtained at 600
°C increases from 3.143 to 5.144 m” g~ " by the catalytic effect of
alumina. The %C and %O in pyro-oil decreases and increases
respectively with the increase of pyrolysis temperature.
However, the values of %C and %O are increased and decreased
respectively in presence of alumina. Reaction kinetics for the
thermal decomposition of solid reactant, and the formation of
volatile and char have been determined using the lumped
kinetic model applicable for isothermal operation. DAE model
using the Friedman differential isoconversional method has
also been followed for the determination of kinetics of non-
isothermal pyrolysis with and without alumina. The TGA data
of jute wastes with or without catalysts at different heating rates
(5—25 K min~") have been used for this purpose. It has been
shown that the activation energies and frequency factors are
strongly dependent upon the pyrolytic conversion level of the
samples. In case of non-catalytic pyrolysis, the activation energy
follows Gaussian distribution over a wide range of conversion.
However, no such distribution is followed in case of catalytic
pyrolysis, indicating randomness of catalytic effect of alumina.
The average activation energy is much lower (150.33 kJ mol )
for catalytic pyrolysis in comparison to its non-catalytic (276.56
kJ mol ") counter-part. The chemical composition of the pyro-
oil has been analyzed using GC/MS. Catalytic pyrolysis
ensures the generation of bio-oil with higher aromatic and
aliphatic contents. The compounds present in bio-oil from both
catalytic and non-catalytic pyrolysis of waste jute have high
potential to be used as valuable chemicals. It is expected that
both the lumped and DAE kinetics, particularly the latter one,
determined under the present study, will be of great use for
design and the prediction of performance of large scale pyro-
lyzers for jute waste and for similar lignocellulosic wastes.
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ABSTRACT

Catalytic pyrolysis involves the production of upgraded liquids in a single step within short
residence times. In the present study the catalytic pyrolysis of jute has been investigated using a
cylindrical semi-batch pyrolyzer made of stainless steel under both isothermal condition and within
the temperature range of 400°C to 900°C in an inert N2 atmosphere. Aluminium Oxide (Al,O3) was
used as the catalyst. Alumina was pre-calcined at 120°C for 2 hr in muffle furnace before being used in
the reactor. Catalyst and jute were mixed directly in the ratio of 1:10. The use of Al,O; catalyst led to
higher tar yield and phenolic compounds in the liquid product. The chemical composition of the pyro
— oil was analyzed by Fourier Transform Infrared spectroscopy to identify the basic compositional
groups and Gas Chromatography/Mass Spectrometry to quantify the components. The energy yield of
the pyro-oil has been calculated.
Keywords: Aluminum oxide, Productyiel, Pyrolysis kinetic, Pyrolysis, Energy yield, FTIR, GC/MS,

Jute.

1. INTRODUCTION

In recent years biomass is considered
to be a major source of renewable energy and
takes part in climate change mitigation and
energy security context. Biomass feed stocks
like agricultural residues [1], municipal solid
wastes[2],vegetable wastes[3], textile
disposals [4] and energy crops have attracted
great attention as renewable energy sources.
Pungam oil cakes [5], jute waste [6],[7], soya
bean [8], rape seed [9], sunflower oil cake
[10], cotton [11] are used as renewable energy
sources. Energy can be engendered from
biomass through thermochemical conversion
processes  like  combustion,  pyrolysis,
gasification  etc. Pyrolysis is the
thermochemical decomposition of organic
materials at elevated temperatures in the
absence of oxygen to produce solid char,
liguid tar, and gases. Catalytic pyrolysis
involves the production of upgraded liquids in
a single step within short residence times. [12]
investigated spruce wood pyrolysis in presence
of seven mesoporous catalysts. The increased
trend of gas yield and the aqueous part of tar

*Corresponding author. Tel.; +919830359430

yield has been observed in case of each
catalytic experiment, but in case of char yield
not so much changes has been observed in
case of catalytic and non-catalytic experiment.
[13] observed that the change in the
composition of the volatiles is produced by the
catalytic pyrolysis of biomass.[14]
investigated the effect of hydrothermal
pretreatment of biomass, the product yield and
composition of bio-oil which is produced from
the flash pyrolysis of the biomass. They have
also reported the effect of catalytic up-
gradation of pyrolysis vapours derived from
the biomass. In the present work catalytic
pyrolysis kinetics of jute in the temperature
range of 400°C to 900°C in an inert N2
atmosphere decreases the activation energy.
The use of Al,O; catalyst led to higher tar
yield and phenolic compounds are increased in
the liquid products compared to non-catalytic
pyrolysis. The simulated results of the model
were compared with the experimental results
satisfactorily.
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2. MATERIAL AND METHODS

2.1. Materials

The  feedstock wused for the
investigations was jute. The density and
energy appease in jute [6], [7] is higher than
some woods available in the world. The
volatile fraction and carbon gratify in jute is
higher than many agricultural biomass. Both
proximate analyses and ultimate analyses of
the feed material were carried out and the
analytical conclusions have been shown in
table 1 along with the heating value and the
bulk density of the feed material.

Table 1.The attributes of jute

Proximat |Moistur | Volatil | Ash Fixed
e e e Carbon
Analysis Matter
% 3.1 78 23 0.62
(W/W)

Ultimat | C H | O N Cl |S
e
Analysi
s

% | 49. | 6.0 |41.3]019]0. |O.
ww) |79 |2 |7 05 | 05

Heating | 19.7
value
(MJ

/kg)

Bulk 0.11
Density
(gm/ml)

2.2. Catalytic materials
The catalytic material used for these
experiments is Aluminium Oxide (Al,O3)
[14]. 1t was previously calcined at 120°C for 2
hrs in a muffle furnace. It has a relatively high
thermal conductivity (30 Wm—1K-1).

2.3. Equipment and Experimental Set-Up

The pyrolysis of jute sample has been

done by following the procedure described in
[6].

3. Theoretical Analysis

3.1Pyrolysis Kinetics
Pyrolysis of lignocellulosic materials
ensues by the complex reactions in series,
parallel or combination of both. [15], [16]. The

13

reaction pathway of pyrolysis has been given
below:
Jute + Catalyst -

ky
Active Complexjvz,l;;;le (3.1)
Cc
Therefore,
aw
P —kW (3.2)
Wy _ _
Frae k,W (3.3)
awe _
ke kW (3.4)

where k =k, + k.

The rate constants k, kv and kc have
been determined through non-linear regression
analysis of experimental data of captive
sampling experiments following the methods
described by [11]. The frequency factors and
activation energies are given in table 2.The
analysis is shown in equations (3.1),(3.2),(3.3),
(3.4) and (3.5).

Table 2.The Activation energies and frequency
factors of the experiment

A E
K 0.863898 34.77414
Ky 1.231952 40.44761
K 0.027223 16.8558

3.2. Energy Yield
The energy yield of pyro—oil obtained
at different pyrolysis temperatures have been
determined using the following correlation,
Cy .
Energy Yield(%) = M x 100 (3.5)
Vbiomass
where, w; = yield (weight fraction) of
pyro — oil

CVoil= Calorific Value of pyro — oil
(MJ/Kg)

CVbiomass= Calorific Value of jute
(MJ/Kg)

4. RESULTS AND DISCUSSION
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4.1. Trend of pyrolysis product yield and
product characteristics

From the analysis of experimental
data, it was observed in Figure B1 that yield of
char is increased at 973 K. From 1073 K to
1173K it remained constant. The yield of tar is
maximum at 1173K. On the other hand yield
of gas is maximum at 873 K. From 1073 K to
1173 K it remained constant.

The use of Al,O; catalyst led to higher
tar forgo and phenolic compounds are
increased in liquid products compared to non-
catalytic pyrolysis. Catalytic pyrolysis
involves the production of upgraded liquids in
a single step within short residence times. The
simulated results of the model were compared
with the experimental eventuates satisfactorily.

4.2. Energy Yield

The values of energy yield of pyro —
oil have been plotted against temperature in
figure 1. From the analysis of the figure it
shows that the increase in co-pyrolysis
temperature results in the increase of energy
yield with respect to pyro-oil. It is due to the
fact that with the increase of co-pyrolysis
temperature the tar becomes richer in carbon
which leads to the increase in specific energy
content.

4.3. Fourier Transform Infrared
Spectroscopy (FTIR) Analysis of jute Tar
The functional groups of the pyro — oil
obtained at temperature of 7000C or 973K
was estimated by Fourier Transform Infrared
(FTIR) spectroscopy to classify the basic
compositional classes shown in figure B2.

energy yield % vs temperature
45 S
40 o
35
30
25
20
15
10
5
s}

energy yield %

600 800 1000 1200

Temperature (K)

Figure 1.Energy yield variation with temperature

change
Based on the FTIR results, the
functional groups and the indicated

composition of the

bestowed in table 3.
From the close analysis of the table, it

appears that the bio-oil is highly oxygenated as

liquid products are

14

indicated by the predominance of oxygenated
functional groups namely O — H; C=0; C - O
and aromatic compounds. This is also
established by the elemental composition (not
shown) and the acidic nature, indicated by low
value of pH. The high fraction of oxygenated
compounds causes the lowering of calorific
value of the oil, particularly due to the
presence of C=0 bonds which do not release
energy during combustion [18]. The presence
of hydrocarbon groups C — H; C = C; and
alcohols reveals that the liquid have a potential
to be used as sustenance. The results of FTIR
analysis is comparable to those obtained by
[6], [17] during their studies on pyrolysis of
wastes.

4.4. Pyrolysis GC/MS

The qualitative classification and
quantitative computation of the pyro-oil,
which embodies the volatile and semi volatile
components was analyzed by SQ 8 Gas
Chromatograph/Mass Spectrometer[19],
equipped with flame ionization and mass
spectrometry detection (GC-PPC-MS). The
following figure B3 along with table Al
depicts the formation of the compounds along
with the retention times.

Table 3.FTIR functional groups and the indicated
compounds of jute Tar.

Frequency Groups Class of
Range (cm ™) compounds
3600 — 3200 O-H Polymeric O

stretching —-H
3050 — 2800 C-H Alkanes
stretching
1775 - 1650 C=0 Ketones,
stretching Aldehydes,
Carboxylic
acids
1680 — 1575 c=cC Alkenes
stretching
1550 — 1475 -NO, Nitrogenous
stretching compounds
1490 — 1325 C-H Alkanes
stretching
1300 — 950 Cc-0 Primary,
stretching, Secondary
O-H and Tertiary
bending alcohols
Phenols,
esters, ethers

900 — 650 - Aromatic

compunds

900 — 650 - Aromatic

compunds
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5. CONCLUSION
In the present investigation, catalytic

pyrolysis of jute has been studied in the
temperature range of 400°C to 900°C in the
presence of Aluminum Oxide (Al,O3). Tar
yield is much higher when used with catalyst
compared to using without catalyst. The
fraction of oxygen decreases in the bio-oil
which is also termed as pyro-oil, with the
application of suitable catalysts. The chemical
configuration of pyro — oil was cross checked
by FTIR and GC/MS. Catalytic pyrolysis
improved the production of upgraded liquids
in a single step within short residence times.

[1] Michael

[2]

[3]

[4]

[5]
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APPENDIX A
Table A1.GC/MS analysis of the bio-oil
Retention Name of compound Molecular
Time Weight
(min) (g/mol)
3.258 Hydrazine, Trimethyl- 74
3.313 Silane, Butyl Trimethyl - 130
3.353 Silane, Trimethyl propyl - 116
4.999 1H —Imidazole — 4 - methanol 98
5.054 Cyclopenteane, 1 — Hydroxymethyl - 128
1,3 — dimethyl -
5.114 Levoglucosenone 126
6.025 Trans, Trans and trans, Cis - 1,8 — 180
Dimethyl spiro [5,5] undecane
6.345 2,2 — Dimethyl hex — 4 - Enylamine 127
7.245 Trans, Cis -1,8 — Dimethyl spiro [4,5] 166
Decane
7.620 2 —cyclopenten -1- one, 2,3 - 110
dimethyl
8.145 Pyrimidine, 5 — methyl 94
9.016 D - limonene 136
9.701 p-cresol 108
10.026 Silane, Tetraethenyl 136
11.952 1,3,2 — Dioxaborolane, 2 — phenyl- 148
12.252 (2) — 4- Methyl — 5 — (2-ox0 152
propylidene) — 5H — Furan — 2 — one
13.713 Formic acid, 2,6 — dimethoxy phenyl 182
ester
14.233 Phenol, 2, 6 — Dimethoxy - 154
15.488 4-methoxy — 2-methyl — 1- 168
(methylthio) benzene
16.709 1- acetyl — 3 — (4 — pyridyl) - 189
pyrazoline
17.244 N-nitrosonornicotine 177
17.824 2 - propen -1—one, 2 — methyl — 1 — 146
phenyl
19.170 2 — ethyl — 2 - phenylaziridine 147
20.946 2 — methyl benzyl phosphonic acid 186
21.131 5 - phenylisoxazoline 147
21.701 Trans — 1 —cyano — 2 — phenyl 159
cyclopropanol
22.231 2,5,6 - trimethylbenzimidazole 160
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APPENDIX B
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Figure B1.Catalytic Pyrolysis and product characterisation
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Figure B2.FTIR investigation of pyrolysis of jute at 7000C or 973K.
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Abstract

Waste jute has been investigated as an alternative feedstock for the generation of liquid and gaseous fuel through non —
catalytic pyrolysis in a fixed bed reactor. Kinetic parameters for the pyrolysis of jute wastes have been determined in the
temperature range of 400 — 900°C. A fixed bed reactor model has been developed using the kinetic parameters determined
during the present study and the literature data on secondary tar cracking reaction.
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Keywords: pyrolysis kinetic, pyrolysis product yield, energy yield, jute.

1. Introduction

Biomass is of major interest as a renewable energy source in the context of both climate change mitigation
and energy security. Among the lignocellulosic wastes generated in India jute contributes a large portion.
According to the jute packing material act enacted in 1987, entire quantities of food grains and sugar have to
be compulsorily packed in jute sacks. Moreover, jute sacks are also used, to some extent, in cement industries.
After utilization of the packed materials many of the jute sacks face disposal problem. Therefore, suitable
waste to energy technology should be utilized to generate energy from waste jute sacks. Pyrolysis is a thermal
degradation process which may be utilized for the generation of non-conventional energy resources from
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waste materials. The mechanism of primary pyrolysis of solid and liquid feed-stocks is as follows,
Reactant — Char + Liquid(tar) + Gas(pyro — gas) (1)

In recent years many works have been reported in the literature on pyrolysis of municipal solid wastes [1]-
[8]. Although it is apparent that jute is one of the main contributors of lignocellulosic wastes in India, studies
of pyrolysis of waste jute is however lacking. Under the present investigation, pyrolysis kinetics of waste jute
sacks has been studied in the temperature range of 673K to 1173K. Lumped kinetic parameters have been
determined. The yield and characteristics of pyro -oil have been determined. A mathematical model has been
developed for a semi batch pyrolyser based on waste jute.

2. Experimental

Jute: Jute was collected from a local market. Table 1 summarizes the results of proximate analysis of the
jute sample.

Table 1. Proximate analysis of Jute Fibres

ProximateAnalysis Moisture Volatile Matter Ash Fixed Carbon
% (W/W) 10.025 77.15 2.59 10.235
A muffle furnace (Bhattacharya & Co. India) and a Bomb calorimeter (S. C. Dey & Co. India) were
used .A CHNSO analyser (Perkin Elimer) and FTIR spectroscopy (SHIMADZU FTIR 8400) were used. The
pyrolysis of jute sample has been done by following the procedure described in 12!

3. Theoretical Analysis
3.1. Pyrolysis Kinetics

Under the present study a parallel reaction model has been attempted to describe pyrolysis kinetics of jute
wastes. According to this model pyrolysis of jute has been considered to be a homogeneous solid phase
reaction and the pyrolysis products have been lumped as char — the solid product and volatiles made up of tar
(condensable) and gaseous products. The volatile is further assumed to crack to different gaseous components,
namely, CO, CO,, H,, CH, and inert tar. The reaction pathway of pyrolysis according to the present model is
as follows,

kV
) —volatile

Jute — active complex )
— char
kC

Therefore,
dw.
W _ _ew (o W (3b) Ve _kw (o
dr dt dt

where k =k, + k.
The rate constants k, k, and k. have been determined through non-linear regression analysis of
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experimental data of captive sampling experiments [3], [4].The frequency factors and activation energies are
given in Table 2.

Table 2. Calculated Activation Energies and Frequency Factors as per Arrhenius Law

Reaction rate constant K ky ke
1
Frequency Factor (min ~) 1252323 23.5706 6.086054
Activation Energy (kJ/mol) 22 55588 50.6572 413374
Correlation coefficient 1 1 1

Among the volatile components, namely tar, CO, CO,, H, and CH,, tar generated from pyrolysis of jute is
decomposed through a homogeneous tar cracking reaction. Tar cracking reaction may be represented as
follows,

Tar > veoCO+vep, CO, +vy Hy +vey CHy +v,1an,,,, 4)

The stoichiometric coefficients, v, have been reported Table 3.

The rate equation for tar cracking reaction is as follows,

Vj.crack = Vj.104'98.CXp — 93.37

'(Vngarpg) (5)
par
where, (Wg_tarpg) is the concentration of tar in the gas phase.

All alkanes and alkenes are lumped as methane. Secondary reactions among gaseous components are not
being considered during this modelling.

3.2. Mathematical Model and Prediction
Based on the reaction kinetics [7] determined in the previous section a mathematical model has been

developed to predict the gas phase composition of the pyrolysis products.
The mass balance equation for any volatile component “i” under dynamic condition is as follows,

g(&pw )——ﬁ(vgpw )+eD pazww +ir (6)
a[ . Vi (32 \%3 g1 azz j:1 g

Where, i = tar or CO or CO, or H, or CH,.

The values of diffusivities, D,; of all gaseous components have been provided in Table 3. The term on the
left hand side of the above equation represents accumulation , 1, 2™ and 3™ terms on the right hand side of
the equation represent convective flow component, dispersive flow component and the reactive part consisting

of reactions (j) of all types, namely reaction-I and II involving the component “i”. The mass balance
equations (6) for all components have been solved numerically using MATLAB function pdex4.

3.3. Energy Yield

The energy yield of pyro — oil obtained at different pyrolysis temperature have been determined using the
following correlation,
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Xcv,
EnerayYield (%) =2 ="t x100 )

Jute

where, w, = yield (weight fraction) of pyro — oil
CV,, = Calorific Value of pyro — oil (MJ/Kg)
CV... = Calorific Value of jute (MJ/Kg)

Jute

4. Result and Discussions
4.1. Trend of pyrolysis product yield and product characteristics.

From the analysis of experimental data, it was observed (not shown) that yield of char increased upto 873K
after which it remained constant. On the other hand yield of tar increased in the entire range of pyrolysis
temperature from 673K to 1173K. Yield of gas was observed to increase from 673K to 973K after which it
remained constant up to 1173K. The yield of volatiles again showed an increasing trend in the temperature
range of 673K to 1173K. The pH values of the tar were found to be in the range of 4 — 5. The calorific values
of pyro — oil varied from 16.924 to 31.545 MJ/kg as the pyrolysis temperature was increased from 673K to
1173K.

4.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis of jute Tar

The functional groups of the pyro — oil obtained at temperature of 700°C was analyzed by Fourier
Transform Infrared (FTIR) spectroscopy to identify the basic compositional groups. Based on the FTIR
results, the functional groups and the indicated compositon of the liquid products are presented in Table 4.
The table shows the presence of alkanes, alkenes, ketones, aldehydes and carboxylic acids, primary,
secondary and tertiary alcohols, ethers and esters, single, polycyclic and substituted aromatics groups and the
presence of water impurities and other polymers.

Table 3. Values of diffusivities of tar and components of pyro — gas

Component Tar Tar. cO CO, H, CH,4
inert
Diffusivity (m*/s) | 10 ° [ 0 19X10°° 14X10°° 78 X10°° 16X10°°
V. 1 0.22 0.78 X 0.72222 | 0.78 X 0.14222 | 0.78 X 0.02222 | 0.78 X 011334
1

Table 4. FTIR functional groups and the indicated compounds of jute Tar

Frequency | 3600 — 3050 - 1775 - 1680 — 1570 - 1490 — 1300 — 950 900 - 650
Range (cm | 3200 2800 1650 1575 1475 1325
.])
Groups O-H C-H Cc=0 C=cC -NO, C-H C-0 -
stretching | stretching | stretching stretching | stretching stretching | stretching, O
— H bending
Class of Polymeric | Alkanes Ketones, Alkenes Nitrogenous | Alkanes Primary, Aromatic
compounds | O—-H Aldehydes, compounds Secondary compounds
Carboxylic and Tertiary
acids alcohols
Phenols,
esters, ethers
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The pronounced oxygenated functional groups of O — H; C = O; C — O and aromatic compounds show that
the oil is highly oxygenated and therefore, very acidic, as have also been indicated by the elemental
composition and the pH value. The high fraction of oxygenated compounds reduces the calorific value of the
oil since C = O bonds do not release energy during combustion. The presence of hydrocarbon groups C — H;
C = C; and alcohols indicate that the liquids have a potential to be used as fuel. The results of FTIR analysis is
comparable to those obtained [1] during their studies on pyrolysis of jute wastes.

4.2.1 Time Histories of Weight fraction of residue during captive sampling Experiments

Figure 2 shows the experimental weight fraction profile of pyrolysis residue with respect to time in
isothermal conditions from 673K to 1173K. From close observation of the data, it appears that the pyrolysis
reactions proceed considerably in the temperature range of 573K to 1173K. Below this temperature range the
reactions do not occur at an appreciable rate.

From the plots, it is also apparent that at each temperature, a quasi — equilibrium of the reaction prevails.
The rates of devolatilization reactions decline at temperatures above 673K. Therefore, the values of frequency
factors and activation energies of the reactions of reactant decomposition, volatile formation and char
formation are determined by regression analysis of the rate constant determined in the temperature range of
573K to 673K [3], [4]. The frequency factors and activation energies of different reactions are given in Table
3.

4.3. Results of Model Simulation
In Figure 3 the mass fraction of tar in the gas phase has been plotted against reaction time at 700°C with
the axial position as a parameter. It is evident that the maximum fraction of reactive tar in the gaseous phase is

31% whereas those (not shown) of CO,, H,, CO and CH, are 11, 0.1, 2, 1.75 % respectively. These are also in
agreement with the experimental values.

% wt loss of the residue vs time

120

5100 ;
2 \
8 g0\ 673
£ a5 \\ 773
; ‘ 873
§ 40 973
e 20 : ——1073

0 T T e ——1173
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Fig. 1. Variation of percentage of weight of residue of textile wastes sample with respect to time at different pyrolysis temperature
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Fig. 2. The mass fraction of tar plotted against reaction time with the axial position as a parameter.
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Fig. 3. Variation of energy yield (%) with temperature.

4.4. Energy Yield

The values of energy yield of pyro — oil have been plotted against pyrolysis temperature in figure 3. From
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the analysis of the figure it appears that the increase in pyrolysis temperature results in the increase of energy
yield with respect to pyro-oil. It may be due to the fact that with the increase of pyrolysis temperature the tar
becomes richer in carbon which leads to the increase in specific energy content.

5. Conclusion

Pyrolysis kinetics of waste jute materials has been determined. A mathematical model involving partial
differential equations for axial distribution of gaseous components under transient condition has been
developed using the kinetic parameters determined during this study and the literature data on cracking
kinetics of tar. The model can predict the behaviour of the semi- batch pyrolyzer under dynamic condition.
The model may be utilized for further studies on pyrolysis using similar biomass feed stocks.
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Abstract—The co-pyrolysis of sesame oil cake and the waste
jute sacks has been conducted in a long tubular type semi-batch
reactor in the temperature range of 573 to 1173K in N,
atmosphere. A reaction scheme has been proposed where two
parallel reactions occur simultaneously to produce volatiles and
char. Kinetic parameters, namely, rate constants, frequency
factors, activation energies have been determined through
nonlinear regression analysis. Effects of co-pyrolysis temperature
have been observed on product yields. The pH value of the oil
confirmed that the oil is acidic in nature. The functional groups
of the pyro-oil have been analyzed by Fourier Transform
Infrared (FTIR) spectroscopy to identify the basic functional
groups. The energy yield of the pyro-oil has been calculated.

Index Terms—co-pyrolysis kinetic; co-pyrolysis product yield;
jute; sesame oil cake; pH value; FTIR; energy yield.

[. INTRODUCTION

Biomass is the source of carbon that can be converted to
renewable fuels and chemicals. Co-pyrolytic techniques have
received much attention in recent years !'"'*. In the present
investigation co-pyrolysis of waste jute and sesame oil cake
has been studied. Sesame seeds contain 42-49% "1 of seed
oil, whereas jute " contains 93 — 98% of cellulose. Every
year 0.76 million tons "*! of sesame seeds are produced in
India whereas 1575 thousand tons ") of jute are produced.

V1. Sharypov et.al (2002) " reported their research studies
on co-pyrolysis of wood biomass and synthetic polymers and
they observed high yield of light distillate fraction and
benzene soluble products. Marin et.al (2002) @ performed co-
pyrolytic techniques which provide an alternative way to
dispose and convert polyolefins and cellulose (or lignin)
derived materials into high value feedstock and the specific
benefits of this method potentially includes the reduction of
the volume of waste, the recovery of chemicals and the
replacement of fossil fuels. Yan-Jie Wang et. al. (2013) ©

978-1-4799-3421-8/14/$31.00 ©2014 IEEE

Rima Biswas
Dept. of Chemical Engineering
Jadavpur University
Kolkata, India
biswasrima622(@gmail.com

Sudipta De
Dept. of Mechanical Engineering
Jadavpur University
Kolkata, India
de_sudipta@rediffmail.com

analyzed co-pyrolysis characteristics of Torrefied pine
sawdust with different rank coals. Roy et. al. (2004) “ and
Bandhopadhyay et. al. (1999) © studied the pyrolysis of the
vegetable wastes and coconut shell respectively.

In the present work co-pyrolysis kinetics of jute and
sesame oil cake in the temperature range of 573 to 1173K
have been performed. Jute and sesame oil cake have been
mixed in the ratio 1:1. The ratio was chosen because equal
contribution of pyrolysis characteristics of each constituent is
expected at 1:1 ratio. A kinetic scheme has been proposed
where two parallel reactions occur simultaneously to produce
volatiles and char.

II. EXPERIMENTAL

A. Materials

The feedstock used for these experiments was sesame oil
cake and jute. Sesame seeds contain 42-49% of seed oil,
whereas jute contains 20 — 35%. From 1 kg of sesame seeds
320 to 350 gm oil can be extracted by mechanical pressing
and the residual part (cake) of the sesame seed are left unused.
On the other hand the waste jute sacks face disposal problem
after utilization of packed materials. Proximate analysis !'”!
and Ultimate analysis (not shown) !'”! of the feed material
were carried out and the analytical results for proximate
analysis have been shown in Table 1.

TABLE 1. PROXIMATE ANALYSIS OF JUTE FIBRES AND SESAME
OIL CAKE

Materials Proximate Moisture | Volatile Ash Fixed

Analysis Matter Carbon
Jute Fibres % (W/W) 10.025 77.15 2.59 | 10.235
Sesame oil | % (W/W) 741 85.72 3.80 | 3.07
cake

B. Equipment




A muffle furnace (Bhattacharya & Co. India) and a Bomb
calorimeter (S. C. Dey & Co. India) were used.

C. Analytical Instruments
A CHNSO analyzer (Perkin Elimer) and FTIR
spectroscopy (SHIMADZU FTIR 8400) were used.

D. Procedure

A set of experiments was carried out in a 50 mm diameter
and 164 mm long tubular type semi-batch reactor ® in the
temperature range of 573 to 1173K in N, atmosphere. At first
pyrolysis of individual feed stock, namely jute and sesame oil
cake was studied independently in the temperature range of
573K to 1173K. For the study of co — pyrolysis at the same
range 1:1 mixture of jute and sesame oil cake was used. The
weight loss of residual biomass was recorded at the different
time intervals.

III. THEORETICAL ANALYSIS

A. Pyrolysis Kinetics

In case of co—pyrolysis, a kinetic scheme has been
proposed where two parallel reactions occur simultaneously to
produce volatiles and char. Kinetic parameters, namely, rate
constants, frequency factors, activation energies have been
determined through nonlinear regression analysis. According
to Shafizadeh and Chin ), the two main competing pathways
of pyrolysis of cellulosic materials are leading to the
formation of char, gas and tar. In the present investigation,
similar to the analysis of Bandhopadhyay et al. (1999) ©, all
the volatile products have been lumped to form a single
product called volatiles and solid products have been lumped
to form char. The concept of an activated complex (Bradbury
et al., 1979 ") was proposed for the reaction pathway of the
co-pyrolysis of jute and sesame oilcake. This is as follows:

k v
) ) — volatile (M
Jute + S.OilCake — Active — Complex
—  char
kL‘
Therefore
aw

——=—kW (Qa U =kW (v i =k W (0
dt dt dt

where k,tk.=k

Rate constants k, k, and k. of primary pyrolysis at different
temperatures have been determined using the present
experimental data. ) The activation energies and frequency
factors have been calculated in table 2.

B. Energy Yield

The energy yield of pyro—oil obtained at different
pyrolysis temperature have been determined using the
following correlation

TABLE 2. CALCULATED ACTIVATION ENERGIES AND
FREQUENCY FACTORS AS PER ARRHENIUS LAW
Reaction rate k k k.
constant
Frequency
Factor (min —
1) 7.743 8.61 73.44
Activation
Energy
(kJ/mol) 3.86 3.72 5.45
Correlation 0.97 0.96 0.98
coefficient
. wXCV .
EnergyYield (%) =—"—— X100 )
Jute

Where, = yield (weight fraction) of pyro — oil
= Calorific Value of pyro — oil (MJ/Kg)
= Calorific Value of jute (MJ/Kg)

[V.RESULTS AND DISCUSSION

C. Pyrolysis product yield and product characteristics

The effect of pyrolysis temperature on product yield
obtained from co— pyrolysis of jute and sesame oil cake has
been presented in fig.1. From the analysis of fig 1, it was
observed that yield of tar increased in the range of temperature
from 573K to 773 K after which it decreased. The yield of char
decreased upto 873K after which it increased. On the other
hand yield of gas was observed to increase from 573K to
1173K.

PRODUCT YIELD

CHAR TAR GAS
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PRODUCT FORMATION (%)
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Figurel. Co-pyrolysis yield and product characterization
D. pH of Bio-oil

From the pH values of the bio-oil it is evident that it’s
nature is always acidic over the entire pyrolysis temperature
range. The liquid products obtained from co-pyrolysis have
been found to be highly viscous and high oxygen content. The
pH of bio—oil generated at various temperatures has been
measured and shown in figure 2.
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Figure 2. Variation of pH value with temperature of co-pyrolysis of pyro
—oil.

It has been observed that values of pH increases with
temperature after 1200K saturation is reached.

E. Fourier Transform Infrared Spectroscopy (FTIR) analysis
of co-pyrolysis of jute and sesame oil cake :

Characterization with respect to chemical bonds present in
the pyro-oil has been done using FTIR analysis. The
functional groups of the pyro-oil obtained at temperature of
500°C or 773K was analyzed by Fourier Transform Infrared
(FTIR) spectroscopy to identify the basic compositional
groups shown in Fig 3.

LI L L L L S
00 1750 1500 1230 1000 790

Figure 3. FTIR analysis of the pyro-oil.

Based on the FTIR results, the functional groups and the
indicated composition of the liquid products are presented in
Table 3.

From the close analysis of the table, it appears that the bio-
oil is highly oxygenated as indicated by the predominance of
oxygenated functional groups namely O — H; C=0; C — O and
aromatic compounds. This is also established by the elemental
composition (not shown) and the acidic nature, indicated by
low value of pH. The high fraction of oxygenated compounds

causes the lowering of calorific value of the oil, particularly
due to the presence of C=0 bonds which do not release energy
during combustion "), The presence of hydrocarbon groups C
— H; C = C; and alcohols indicate that the liquids have a
potential to be used as fuel. The results of FTIR analysis is
comparable to those obtained by Islam and Nabi, 2005 " and
Sarkar et. al. "? during their studies on pyrolysis of jute
wastes.

TABLE 3. FTIR FUNCTIONAL GROUPS AND THE INDICATED COMPOUNDS OF

CO-PYROLYSIS OF JUTE AND SESAME OIL CAKE TAR.

Frequency Range Groups Class of compounds
(em™
3900-3100 O — H stretching, Polymeric O —H,
N-H Stretch, Amides (Methanamide),
N-H Stretch, Amines-
Hydrogen-bonded O-H | Primary(Ethylamine ),
Stretch Amines-Secondary(N-
Methylethylamine ),
Phenols
& Alcohols(Methanol)
3100-3000 C=C-H Asymmetric | Alkenes(1-Propene),
Stretch Aromatic Rings(Benzene
)
3050 - 2800 C — H Asymmetric & | Alkanes (Methane)
Symmetric stretching
2850-2800 C-H Stretch off C=0 Aldehydes(Ethanal )
2750-2700 C-H Stretch off C=0 Aldehydes(Ethanal)
2300-2200 C=N stretching Nitriles (Methanenitrile )
2200-2100 C=C Stretching Alkynes (Propyne)
1775 - 1650 C = O stretching Ketones(Acetone),
Aldehydes(Ethanal),
Carboxylic acids (Formic
Acid),
Esters(Methyl Formate)
1680 — 1575 C = C stretching, Alkenes(1-Propene),
C-C=C Symmetric | Aromatic Rings,
stretch, Amines—
N-H Bend , Primary(Ethylamine)
N=O Stretch, Nitro-Groups
C=0 Stretch, (Nitromethane ),
N-H Bend Amides(Methanamide )
1550 — 1475 H-C-H bending, Alkanes(Methane),
-NO; stretching, Nitrogenous compounds ,
C-C=C Asymmetric | Aromatic
Stretch, Rings(Benzene),
N-H Bend Amines—Secondary (N-
Methylethylamine)
1490 — 1325 C — H stretching , Alkanes,
N=0 Bending Nitro
Groups(Nitromethane )
1300 - 950 C - O stretching, Primary, Secondary and
O — H bending Tertiary alcohols
Phenols, esters (Methyl
Formate) , ethers (Diethyl
Ether)
900 — 650 - Aromatic compounds

The FTIR spectrum of pyro-oil obtained in the temperature
range 573K to 1173K have been shown in the figure 4, which
shows a decreasing trend of compounds carrying C — O
stretching and O — H bonding (1300 — 950) with the increase
in temperature.. This may probably be due to further cracking



of these compounds above 573 K. However, the exact reason
is yet to be investigated.
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Figure 4. FTIR spectrum of pyro-oil obtained at different temperatures.

F. Energy Yield

The values of energy yield of pyro — oil have been plotted
against temperature in figure 5. From the analysis of the figure
it shows that the increase in co-pyrolysis temperature results in
the increase of energy yield with respect to pyro-oil. It may be
due to the fact that with the increase of co-pyrolysis
temperature the tar becomes richer in carbon which leads to the
increase in specific energy content.

energy yield % vs temperature

35

30 —

T

25 =

. /

energy yield %

4

10 /

0

600 700 800 900 1000 1100 1200 1300

Temperature (K)

Figure 5. Variation of energy yield % with temperature.

V. CONCLUSION

In the present investigation, co-pyrolysis of jute and
sesame oil cake has been studied at the temperature range of

573 to 1173K. In case of co — pyrolysis, a kinetic scheme has
been introduced where two parallel reactions occur
simultaneously to produce volatiles and char. The results of
kinetic analyses show that first order reactions together with
Arrhenius law account for the different subintervals of weight
loss found for materials. The FTIR analysis of the pyro-oil has
been shown in order to indicate the compounds present in the
oil. The energy yield of the pyro-oil has been calculated to
prove that the oil is good for industrial purpose. The outcome
of the research study may be utilized in designing large scale
pyrolyzer, which may be used in the Indian Metropolitan cities
for conversion of waste to energy.
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Primary and secondary pyrolysis of Sesame oil cake --- Experiments and Kinetic
Modelling
B. Mondal, A. Sarkar, S. Poddar, R. Chowdhury*
Chemical Engineering Department, Jadavpur University 700 032, India

Every year around 200 tons of sesame seeds are produced in India. Around 70 tons of sesame
oils are then extracted from these seeds. The residual part is used as de-oiled cake mainly for
cattle feed. There is, however, ample scope to generate energy from sesame oil cake. Under the
present investigation, pyrolysis has been chosen as the thermo-chemical process to generate
energy resources from sesame oil cake. The primary pyrolysis has been conducted in a 50 mm
diameter and 640 mm long semi-batch pyrolyser in the temperature range of 673 - 1173K. Effects
of pyrolysis temperature have been observed on product yields obtained from primary pyrolysis of
sesame oil cake. CHNS analyses of tar sample obtained at different temperatures have been
done. To study the morphological characteristics of char sample obtained at different
temperatures, SEM analyses have been conducted. To characterise the pyro-oil with respect to
chemical bonds FTIR analysis has been done. The calorific values of both char and tar samples
have been determined using bomb calorimeter. Rate constants k, kv and kc of primary pyrolysis at
different temperatures have been determined using the present experimental data. The activation
energy and frequency factor have been calculated. The liquid products obtained from pyrolysis of
sesame oil cake have been found to be highly oxygenated, viscous and prone to polymerisation
during storage. It is apparent that the primary pyro-oil may be upgraded by lowering the oxygen
content through secondary pyrolysis of tar. The kinetics of secondary pyrolysis of tar samples
obtained through primary pyrolysis at different temperatures have been determined using captive
sampling method in the temperature range of 673K to 1173K. The activation energy and
frequency factor of secondary pyrolysis have been observed to vary with the temperature of
primary pyrolysis through which the reactant tar is generated.

'Corresponding author: Prof. Dr. Ranjana Chowdhury; Tel: +91(033)24146378, ranjana.juchem@gmail.com
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ISOLATION OF LIGNOCELLULOSE DEGRADING FUNGI FOR IMPROVEMENT OF BIOGAS
PRODUCTION FROM JATROPHA DE-OILED CAKE (JDOC)

M D Selva Pandian, Rajan Sharma, Shailey Singhal, Avinash K. Tiwari, G Sanjay Kumar
Department of Chemical Engineering, University of Petroleum and Energy Studies, Bidholi, Dehradun 248007, Email: gsanjay@ddn.upes.ac.in

Abstract: Lignocellulosic biomass can be used to produce biogas, a promising alternative energy source. The production of biogas from lignocellulosic
biomass is currently limited by the inability of the digestion process to convert lignin and hemicelluloses. Pretreatment of the feed to remove or modify
lignin and hemicelluloses can significantly enhance the biogas methane content. In the present work we investigated the effect of fungal pretreat- ment
of feedstock on the production of biogas from JDOC. Five different fungi were isolated from natural JDOC inhabiting environment. These were
then inoculated separately to pre-treat JDOC for 10 days in a batch mode. The JDOC pretreated by fungal isolates, were then subjected to anaerobic
digestion. Biogas production was found in all pretreated JDOC substrates. An enhanced methane concentration of up to 65-86% (as compared to usual
value of 60-65%) was observed.

Keywords: Continuous Stirred Tank Reactor (CSTR), Jatropha De-oiled cake (JDOC), Pretreatment, Fungi, Biogas, Ligno-cellulosic waste
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KINETIC STUDY AND CHARACTERIZATION OF PRODUCT YIELD OF CO-PYROLYSIS OF JUTE AND
SESAME OIL
Sourav Poddar', Rima Biswas', Dr. Ranajan Chowdhury”, Dr. S. De’

'188, Raja Subodh Chandra Mullick Road, Jadavpur ;" Chemical / Jadavpur University, “188, Raja Subodh Chandra Mullick Road, Jadavpur / Mechanical / Jadavpur University
Email: souravpoddarsxc@gmail.com, biswasrimab 22@gmal.com, ranjana,jucher@gmail.con®, de_supidta@rediffmail.com

Abstract: In this present study, co-pyrolysis of sesame oil cake and the waste jute sacks was conducted in a long tubular type semi-batch reactor in the
temperature range of 573 to 1173K in N2 atmosphere. At first pyrolysis of jute and sesame oil cake have been performed in the pyrolzer separately in
the same temperature range. In case of co — pyrolysis, a kinetic scheme has been proposed where two parallel reactions occur simultaneously to produce
volatiles and char. Kinetic parameters, namely, rate constants, frequency factors, activation energies have been determined through nonlinear regression
analysis.

Keywords: co-pyrolysis kinetic, co -pyrolysis product yield, jute, sesame oil cake.
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GREEN CATALYTIC STEAM REFORMING PROCESS FOR CONVERSION OF BIO-OIL TO HYDROGEN
USING NI/CEO,-ZRO, CATALYST
Ritesh Mittal', K. K. Pant?

"* Indian Institute of Technology - Delhi, Hauz Khas, New Delhi - 110016, India.
Email: r.mittak@gmail.com, kkpani@chemicaliitd.ac.in

Abstract: Bio-oil based studies for next generation renewable bio-fuels are becoming prudent area of research globally due to growing concerns
for sustainable development. Reserves of fossil fuels like crude-oil, natural gas and coal etc. are scarce and their use impose great social cost of
environmental & health problems. Hydrogen as a clean fuel is being considered as a good alternative energy option. Bio-oil obtained by pyrolysis of
ligno-cellulosic biomass can be reformed to hydrogen and the process provides a new utilization route for bio-oil in addition to the process being carbon
neutral that aids in reducing global warming. The present paper explores catalysis in steam reforming of model bio-oil using 20wt% Ni/Ce02-Zr02
catalyst. Research results suggest that prepared catalyst effectively exhibited high activity for steam reforming of model bio-oil with high hydrogen
yield and low catalyst deactivation due to reduced coke formation.

Keywords: Bio-oil, Hydrogen, Steam Reformin;.
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temperature. That is why zirconia is doped to enhance the thermal stability of the support. In this work, nickel is impregnated as nickel oxide (NiO) over
the surface of CemZr1-mO2 (m =0, 1) support and incipient wet impregnation is the process by which the catalysts are prepared. The prepared catalysts
are also characterized via XRD, SEM, TEEM, STEM, BET-BJH, EDS and TPR to analyze the surface morphology, extent of homogeneous nature of
oxide dispersion over support, reduction conditions, etc. The foremost application of this catalyst is reduction of sooting tendency on catalyst surface
during hydrocarbon reforming technology at high temperature. Prepared catalysts are found to be promising for its application in steam reforming of
methane (SRM).

0141 (CAT012)

CARBONACEOUS SPECIES CHARACTERIZATION BY TEMPERATURE PROGRAMMED HYDROGENATION
(TPH) ON AL,0, SUPPORTED NI-FE BIMETALLIC CATALYST FOR CH, CRACKING REACTION

Sharkar Singh!, Kaustav Ray? Siddhartha Sengupta® Goutam Deo*
Department of Chemical Enginezring, Indian Institute of Technology Kanput, Ema/: shankaarj@iitk.ac.in, kanstarr(@jitk.ac.in, goutam@iitk.ac.in

Abstract: Reactions involving hydrocarbon reforming and/or cracking on nickel (Ni) based catalysts generally have the problems of carbon deposition.
Different types of carbonaceous species can be identified over the spent catalyst from these type of reaction Temperature Programmed Hydrogenation (TPH).
In the current work To identify the different types of carbonaceous species on supported Ni catalysts 15 wt% Ni, Fe and Ni-Fe bimetallic (of various Ni:Fe
ratios) catalysts, supported on y-AL O, were prepared by the Incipient Wetness Impregnation (IWT) method. All the catalyst samples were characterized for
their surface area and by X-ray diffraction (XRD). Furthermore, the different carbonaceous species deposited over these Ni based catalysts during CH,
cracking at different times were identified by TPH. Characterization studies revealed the presence of Ni-Fe alloy and easy reduction of the bimetallic catalysts.

Keywords: Methane cracking, TPH, TGA.
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CYCLOHEXANE OXIDATION USING AG-SBA-15

Priyank Khirsariya™ Anand Upadyay *, Rajubhai K Mewada *
Nirma University, Ahmedabad — 382 481, Email: 12neche1 0@nirmanni.ac.in, 1 1mchel 7@nirmanni.ac.in, rkmewada@unirmanni.ac.in

Abstract: Now a days people are more interested to carry out direct oxidation of alkanes using heterogeneous catalysts. Selective oxidation of the relatively
inert C- H bond of hydrocarbons is one of the most challenging reactions. Due to its commercial importance, cyclohexane oxidation is an interesting and
challenging area of research for academics and industrial point of view. The commercially-practiced process suffers from very low conversions and poor
selectivity for K-A oil. Cobalt and manganesz salts have commonly been employed as catalysts for this reaction; however, the high activation energy of the
C-H bonds in cyclohexane dictates the use of high temperatures and subsequently high pressures to carry out this reaction commercially. The existing com-
mercial process is having only about 6% conversion and 85% selectivity. This shows the tremendous scope for improvement in conversion or selectivity for
KA-oil production. This paper discusses about the air oxidation of cyclohexane. Silver was loaded in SBA-15 by in-situ preparation. Catalyst activity was
tested for cyclohexane oxidation reaction using air in high pressure reactor (Nano-Mag Autoclave reactor). The reactions were carried out at 160 0C and 15
kg/em2 air pressure. Samples were analyzed using Shimadzu 2010 GC with RTXWax 30 m capillary column. Ag-SBA-15 catalyst has shown about 10.5 %
conversion with 86 % selectivity for KA-oil. The catalyst was characterized to correlate with its activity for cyclohexane oxidation. The reaction parameters
to be optimized.

Keywords: Selective oxidation of cyclohexane, K-A oil, Ag/SBA-13,
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CATALYTIC PYROLYSIS OF WASTE JUTE - EXPERIMENT & KINETIC MODELLING

Rima Biswas', Sourav Poddar', Dr. Ranjana Chowdhury', Dr. S. De?
142188, Raja Subodh Chandra Mullick Road, Jadavpur / Chemical / Jadavpur University,
Email: biswasrina6?2@gmail.com, souravpoddarsxd@gmail.com, ranjana,juchen(@gmail.conr®, de_supidta@redifinail.com

Abstract: In the present study the catalytic pyrolysis of jute has been investigated using a cylindrical semi-batch pyrolyzer made of stainless steel under both
isothermal and condition within the temperature range of 400°C to 900°C in an inert N, atmosphere. Aluminium Oxide (ALO,) was used as the catalyst.
Alumina was pre-calcined at 120°C for 2 hr in muffle funace before being used in the reactor. Catalyst and jute were mixed directly at the ratio of 1:10.
Non-catalytic pyrolysis of jute sample was conducted in the pyrolser in using the same temperature range. The use of AL, catalyst led to higher tar yield and
phenolic compounds are increased in liquid products, compared to non-catalytic pyrolysis. Catalytic pyrolysis involves the production of upgraded liquids in
a single step within short residence times. The simulated results of the model were compared with the experimental results satisfactorily.

Keywords: pyrolysis kinetic, pyrolysis product yvield, jute, Ahuminum Oxide.
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Kinetic Modelling of Pyrolysis of Yellow Lime Waste of Fruit juice
outlets

S Poddar®, R Biswas® R Chowdhury’, S De*

“*4 Jadavpur University, Kolokota, India
ranfung juchemiigmail.com

Pyrobysks 18 2 thermo-chemics! process 10 generat energy resourves from bio waste. Under the present investigation,
the pyiolysis of yellow lime wastes has been conducted in 3 50 mum diameter and 640 mm long vemi-batch
pyvolyzer in the tempersture range of $73.- 1173K. Effects of pyrolysis temperature have been observed on product
yickls obtained from primary pyrolysis of Hme waste. The liquid products obtained from pyrolysis of fime waste
have been found to be highly viscous and prone to polymerization dunng sworage Kinetic parameters of the
pyrolysis material have been evaluated with the experimental data, The pH value of the lime wisic oil confirmed
that the oil 5 atkaline m nature,

Keywords: pyrotvsis kinetic, pyrolysis product yield, pH valug, lime waste.

Influence of Fly Ash to Improve the Shear Strength of Commercial and

Natural Soil

Suresh Murugan®, Murugaiyan Vijayarangam®

Pandicherry Engineermg College, Puducherry
suresh pioteldgmsl com

Industrial wasie materials are utilized to lmprove the rrobiematic soils is a cost efficient and oco fendly meshod

The present paper evalusted the influence of fly ash on the commercial and natural soil to improve s geotechnical
propertes. o this experiment, Atterberg’s Himit, maximum dry density (MDD, optimum moisture content {OMC) of
the samples with various fly ash proportion i.2. & 10%. 20%. 30% and 40% were amalyzed. The main objective of
this study is to investigate the improvement of shear strength on soils were evaluated wsing uncontfined compression
sirength (UCS) test. The test results showed 3 significant change in the geotechnical properties of samples with fly
ash. The UCS values improved by using fly ash from 1084 kPa 10 171.5 kPs for natural soil. The commercial sonl
obtained the optimum strength about 228 kPa st 10% of fiy ash on the soil.

Kevwords: Waste utslizaton, Fiy ash, Shear strenggh, UCS test
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To: sourav poddar <souravpoddarsxc@gmail.com>

hemcon 2013 Secretariat <ictchemcon2013@gmail.com> Nov 17

to me

Dear Ranjana Chowdhury,

Thank you for your recent submission of the full paper for possible presentation at Chemcon 2013. The Full papers
were further screened by the technical committee and based on the recommendations, | am pleased to inform you
that your abstract reference number CREO10 entitled "Primary and Secondary Semi-batch Pyrolysis of Yell-—--- "
has been accepted for the Poster presentation in Chemcon 2013. Please also make sure that one of the authors
must register for the program with payment of required fees and if we find that none of the authors mentioned in the
paper have registered by December 1, 2013, we will remove the paper from the program. Pls. also note that
registration is mandatory for authors attending the conference.

With best regards

Dr. Virendra K. Rathod

Department of Chemical Engineering,
Institute of Chemical Technology,
Matunga, Mumbai — 400019

Website: www.chemcon2013.com
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