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Abstract

Thermogravimetric Analyzer (TGA) is a standard state of the art instrument used for

investigating char gasification kinetics. However, one major flaw of the TGA is the

build up of a stagnant gas region between the empty space of the crucible mouth and

the char sample layer which leads to poor gas-solid contacting. Diffusion is the predom-

inant transport mechanism for transport of the reactive gas from the crucible mouth to

the porous char layer. Therefore, the aim of this work is to present a numerical model

for evaluating the kinetic data using a TGA, which encapsulates the three diffusion

phenomenons of the reactive gas inside the TGA crucible (i) diffusion of gas between

the char layer and crucible mouth, (ii) diffusion of gas within the inter-particle voids of

the char layer and (iii) diffusion of the gas within the intra-particle pores of the char

particle. The model was first formulated and validated for the non-porous char particles

and then extended to the porous particles. Experimentally derived kinetic data was

used as an initial input for the model and the improved parameters were derived by

tuning the model to predict the experimental curves. The consideration of diffusional

effects within the crucible resulted in an 8.5% increase in the activation energy.

In the second part of this work, chars are formed using the blends of Softwood and

High Density Polyethylene. First, the synergistic effects during the co-pyrolysis of these

mixtures are studied using the TGA. It is seen that the synergies between biomass and

plastic favour the release of volatiles and reduce the char formation. The synergistic
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effects also improve the gasification reactivity of the chars by increasing its carbon con-

tent and the BET surface area. Finally, the TGA model is used to determine the kinetic

parameters of gasification of these chars. A 3.9% decrease in the activation energy was

observed upon increasing the blending ratio of the HDPE from 0 to 50%.
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Chapter 1

Introduction

1.1 Background and Motivation

The fossil fuels have fueled our transition to the industrial age for almost three centuries

now. Although, it is not known how much fossil fuel is still available, but it generally

accepted that it is non-renewable and is being depleted [1]. Other major problem as-

sociated with the burning of fossil fuels is global warming, which has life-threatening

consequences if the global emissions are not contained immediately. This has forced the

governments, all the over the world to push for renewable and carbon neutral sources

of energy to meet the ever-growing energy demands of nations [2]. Biomass is one such

renewable source or energy that has the potential to cope with the fossil fuel depletion

and mitigate the green house gas emissions. Therefore, in the last two decades the

thermochemical conversion of biomass has been extensively studied in order to utilize

biomass as fuel [3]. Municipal Solid Waste (MSW) which majorly comprises of biomass

and plastics as its main components is now viewed not as a waste that needs to be

disposed but as a energy recovering source of fuel [4]. Thermochemical conversion of

the MSW also provides solution to the problem associated with its disposal.

Gasification as a thermochemical conversion technology is particularly attractive be-

cause the syngas produced after treatment can be used for multivarious purposes. If
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CO2 is used as an oxidative medium for the gasification technology, it provides the added

benefits of acting as a potential carbon capture and utilization technology (CCU) [5].

Char heterogeneous reaction with the reactive gas is the rate determining step in the

gasification process and therefore it is necessary to study the gasification kinetics of

char in order to design the gasifier reactors [6]. Therefore, this research work attempts

to provide solutions to the limitations associated with the experimental methods used

for calculating gasification kinetics of the biochar while also investigating the effects of

synergies existing between biomass and plastic components on the char reactivity.

1.2 Research Objectives

Following major objectives were aimed to be accomplished during this study’s duration:

• Experimental investigation of the char gasification using CO2 in a Thermograve-

metric Analyzer (TGA)

• Development, Validation and Implementation of a numerical model encapsulating

various heat and mass transfer phenomenons within the TGA crucible in order

to re-valuate the improved kinetic parameters of char gasification

• Evaluation of synergistic effects between the biomass and the plastic components

during their co-pyrolysis.

• Understanding of the effects of these synergies on the reactivity of the char formed

using various blends of Softwood and High Density Polyethylene.

1.3 Thesis Outline

The thesis consists of six chapters. The following description outlines each chapter in

this thesis:
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Chapter 1: Introduces the background, motivation and the overall objectives asso-

ciated with this study.

Chapter 2: This chapter reviews in detail the available literature on the subject

matter. The chapter discusses briefly the thermochemical conversion routes of biomass

to energy followed by a comprehensive review into kinetic modeling of char reactivity,

state of the art instruments utilized and the problem statement associated with the

TGA. At last a brief review is provided on the literature available for co-pyrolysis of

biomass and plastic components.

Chapter 3: This chapter lays out a detailed scheme of the experiments conducted

in this study. This included feed characterization, char gasification tests in a TGA and

co-pyrolysis of SW and HDPE blends using the TGA and the tube funace.

Chapter 4: Chapter 4 in this thesis proposes a novel numerical model of the TGA.

The chapter discusses in detail the model formulation, validation, solution methodology

and implementation to re-evaluate kinetic experiments from the tests conducted inside

the TGA.

Chapter 5: In this chapter, results obtained from the experiments performed us-

ing the blends of SW and HDPE are presented and discussed in detail based on the

available literature.

Chapter 6: Finally the conclusion provides the outcomes obtained in this study and

includes in brief, the possible future work that can be done.
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Chapter 2

Literature Review

2.1 Biomass feedstocks: A general overview

Biomass is a contemporaneous and renewable resource unlike fossil fuels, mainly deriv-

ing its energy source from a process called photosynthesis. Photosynthesis combines

solar energy and carbon dioxide into chemical energy in the form of carbohydrates [1].

Hence, its usage as a fuel is a carbon neutral process since the carbon dioxide captured

from the atmosphere during the photosynthesis is used to form the carbon source for

energy generation using the thermo-chemical conversion processes. A general classifica-

tion of biomass can be made based on its source, origin and distinct biological diversity.

Table 2.1 classifies biomass into five groups mainly based on source and its biological

diversity.

2.1.1 Composition of biomass

Since different biomass groups show vast diversity in terms of their natural origin, struc-

tural and elemental composition of biomass varies extensively. Lignocellulosic biomass

i.e biomass originating from plant and plant based materials such as woody remains

of the forest waste, non-edible parts of crops and other agricultural waste biomass, is

abundantly available in the nature and is at the forefront of research activities based
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on energy generation through biomass worldwide [7].

Table 2.1: Biomass classification based on existence in nature [8]

Biomass groups Subgroups and species

Woody biomass forest tree residue:barks, branches, leaves,

stems; mill residue:lumps, off-cuts, saw-

dust, sawmill; wood pellets, chips and

other wood species

Herbaceous and agricultural biomass grasses: weed, cane, bamboo etc.; straw

crops: corn, soya bean, wheat, rice, mil-

let, flax, barley etc.; other residue: shells,

husks, kernels, pulps, bagasse etc.

Aquatic biomass marine algae: macroalgae(blue, green,

brown, red), microalgae; others: seaweed,

kelp, water hyacinth, marine dead re-

mains, coral reefs etc.

Industrial biomass waste(semi-biomass) municipal solid waste, refuse-derived fuel,

sewage sludge, paper-pulp sludge, waste

papers

Other biomass animal waste, various manures, bones,

meat etc.

Structural composition of lignocellulose biomass

Polymers having extensive chains of carbon atoms linked to macromolecules form basic

structural composition of biomass [1]. Chemical bonds linking carbon with carbon, or

carbon with oxygen, or sometimes other elements such as nitrogen and sulfur form the

backbone of the polymer. The three main components of lignocellulosic biomass are

cellulose (40-60%), hemi-cellulose (20-40%), and lignin (15-35%). Besides these, a small
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fraction of inorganic mixture is also present [9].

Cellulose is a long chain linear polysaccharide with the molecular formula (C6 H10 O5)n,

a high molecular weight and forms the main part of the cell wall of the plant’s cell.

It is composed of two β-glucopyranose units and the framework is linked by β-1,4-

glycosidic bonds [10]. Hemicelluloses are heteropolysaccharides and act as a linkage

between cellulose and lignin ([7],[9]). Their composition varies depending upon the

type of biomass and their molecular weight is lower than that of cellulose [11]. Lignins

are a complex and amorphous aromatic polymer with a three-dimensional network

composed of different phenylpropane units. The units are connected by different ether

and carbon to carbon linkages. It is concentrated between outer layers of the fibres,

leading to structural rigidity of the plant structure ([1], [12]).

Elemental composition of biomass

Any biomass consists of carbon(C), hydrogen(H), oxygen(O), nitrogen(N) and sul-

phur(S) as its main elemental constituents. A small amount of inorganic components

such as calcium, sodium, potassium, magnesium, phosphorus, silicon etc. are also

present which contributes to the ash formation during its thermo-chemical conversion

[13]. As photosynthesis converts CO2 into carbohydrates, carbon is obviously the most

important constituent of lignocellulosic biomass and the decreasing order of abundance

of these elements in biomass commonly follows C (40-60%), O (30-50%), H (1-10%),

N (< 1%) and S (< 1%) ([8], [9], [13]). Proximate analysis of typical biomass samples

suggest that it has a higher content of volatiles as compared to coal but a lower fixed

carbon content [14].
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2.1.2 Energy from biomass

As discussed earlier, biomass stores solar energy in the chemical form and through

conversion processes, this energy can be converted into different type of energy carriers.

Fig.2.1 classifies three major conversion routes that can be employed to produce energy

and utility chemicals from biomass. Type of biomass feedstock available, the type of fuel

required and the cost the process are the few important parameters which contribute

majorly in deciding the conversion technology to be implemented for production process

[7].

 
 Biomass 

Physico-chemical conversion Thermochemical conversion Biochemical conversion 

Gasification Pyrolysis/ Liquefaction Combustion 

Esterification/Transesterification Anaerobic digestion/Fermentation 

heat energy syngas bio-oil, biochar 

bioethanol 
biogas, ethanol 

Figure 2.1: Different conversion routes for biomass to energy [7], [15]

Physico-chemical route

Physico-chemical route of biomass conversion uses first generation biomass such as

vegetable oils, cooking oils and animal fats and converts them into biodiesel through

esterification and/or transesterification process. In this process, the triglycerides of oil

7



are converted into methyl or ethyl esters using methyl or ethyl alcohol in the presence of

an alkaline catalyst [16]. The production of first generation biofuels is a well established

process, however the biomass sources for this process come in direct competition with

the food industry in terms of land and water usage for their cultivation. This may cause

economical imbalance in the food industry and society in general [17].

Biochemical route

Biochemical route involves the enzymatic transformation of cellulose and hemi-cellulose

to sugars and subsequent fermentation to bioethanol [18]. Another popular biochemical

technology is anaerobic digestion in which mixed culture enzymes are used to break

down biomass to produce biogas [9]. This process is popularly used in the municipal

waste management. This route is less prone to commercialization yet and much needs to

be done in reducing costs, improving efficacy of enzymes and improving overall process

integration. Although, with recent research trends in new sources of enzymes and their

cocktail preparation, this technology has made major advancements in terms of capital

cutting by making enzyme production cost effective [19].

Thermochemical routes

The thermochemical conversion involves applying heat and chemical processes to obtain

energy from biomass. Generally, thermochemical conversion technologies are classified

into combustion, pyrolysis, liquefaction and gasification [17].

Combustion

Like coal, biomass can be directly combusted in power plants to produce heat energy.

Combustion is the sequence of exothermic chemical reactions between the fuel and ex-

cess air accompanied by the production of heat and conversion of chemical species.

Although biomass combustion is a complex process, the main process steps are drying,

devolatilization, char combustion and gas phase oxidation [20]. It is the best established

8



and most commonly used technology for converting biomass to heat. The combustion

efficiency depends primarily on good contact between the oxygen in air and the biomass

fuel.

Pyrolysis

Pyrolysis is the process of degradation of biomass by heat in the absence of oxygen

resulting in the production of liquid(bio-oil), gaseous(combustible gas) and solid(char)

products [21]. In all the thermo-chemical conversion routes, kinetics of biomass py-

rolysis play a key role in reactor design and determining product distribution [15].

Independent pyrolysis of components of biomass by Wei et al. [12] gave temperature

ranges for thermal decomposition of cellulose, hemicellulose and lignin. Hemicellulose

degradation starts first around 170 0C followed by cellulose around 270 0C. For both

hemicellulose and cellulose, almost all degradation takes place in a narrow temperature

range uptill 400 0C whereas lignin degradation takes place over a broader range and

continues beyond 700 0C. Based on the residence time of the particles in the reactor,

heating rate and final temperature, pyrolysis process can be further classified into slow

pyrolysis, intermediate pyrolysis and fast pyrolysis [1].

Slow pyrolysis is characterized by low heating rates and residence time of hours with

maximum temperature around 400 − 600 0C. It yields char as its major product. Fast

pyrolysis, predominantly used for production of bio-oil, is performed at elevated tem-

peratures (550 − 900 0C), high heating rates and short residence time of vapors less

than 1 s ([1],[15]).

Liquefaction

Liquefaction, also known as Hydrothermal Liquefaction (HTL), like pyrolysis is carried

out in an oxygen deficit environment but at relatively lower temperatures and high op-

erating pressures. It is the thermochemical conversion of biomass in a hot, pressurized

water environment. Sufficient residence time allows for breakdown of solid polymeric

structure to liquid components [22]. Optimum temperature condition for different feed-
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stocks lies in the range 275− 375 0C and pressure usually varies from 4-25 MPa [23].

Gasification

Gasification is the high temperature(> 700 0C) conversion of biomass into gaseous prod-

ucts called synthesis gas or syngas comprising mostly of CO and H2 depending upon

the gasification agent [24]. It is different from combustion due to the fact that if oxy-

gen or air is employed as the agent in a gasifier, only partial amount of stoichiometric

requirement (30-40%) is fed into the reactor. While the main purpose of combustion

process is the production of heat energy, gasification is primarily used for syngas pro-

duction which can then be either directly combusted or used as a basis for value-added

products such as methanol, synthetic natural gas, dimethyl ether etc [7]. LCA of dif-

ferent thermochemical technologies either for fuel production or as waste management

technologies, suggest that the gasification technology has considerable environmental

benefits in terms of emission when compared with the combustion process ([25],[26]).

2.2 Fundamentals of Gasification

2.2.1 Gasification steps and reactions

Irrespective of the gasifying agent, three basic steps can characterize the gasification

process [24]. These are:

• Drying: In this step all the inherent moisture in biomass is released as the tem-

perature increases past 100 0C. Since it an endothermic step, usually feedstock

with high moisture content are not processed using gasification [27].

• Pyrolysis: As discussed in the previous section, as the temperature increases past

250 0C, thermal degradation of biomass starts, which is accompanied by release of

volatile products in form of tars and gases, leaving behind a solid product known

as char.
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• Char gasification and reduction: This is the rate determining step of the gasifica-

tion process and determines the final conversion achieved in the process. In this

step, solid char particles react heterogeneously with gasification medium forming

gaseous products. As the temperature increases past 700 0C, kinetics of heteroge-

neous reaction become dominant and control the gasification rate. Different sets

of reaction may take place depending upon the medium of gasification agent [28].

Usually, the selection of gasification medium is governed by the composition of

syngas desired.

Different gasification mediums include air, pure oxygen, steam, carbon dioxide or a

mixture of these agents. Major gasification reactions with their respective reaction

enthalpy which influence the composition of syngas are presented in Table 2.2. As can

be seen from gasification reactions, major constituents of syngas are CO and H2.

Table 2.2: Major gasification reactions (+ve reaction enthalphy means an exothermic

reaction and -ve reaction enthalpy means an endothermic reaction). [28],[29]

Heterogeneous gasification reactions

Carbon oxidation Cs +O2 = CO2 + 406 kJ mol−1

Carbon partial oxidation Cs + 1
2
O2 = CO + 134 kJ mol−1

Boudouard reaction Cs + CO2 = 2CO − 172 kJ mol−1

Water gas reaction Cs +H2O = CO +H2 − 131 kJ mol−1

Methane formation reaction Cs + 2H2 = CH4 + 75 kJ mol−1

Homogeneous gasification reactions

Carbon monoxide oxidation CO + 1
2
O2 = CO2 + 284 kJ mol−1

Water gas shift reaction CO +H2O = CO2 +H2 + 42 kJ mol−1

Methane oxidation CH4 + 2O2 = CO2 + 2H2O + 808 kJ mol−1

Methane steam reforming CH4 +H2O = CO + 3H2 − 206 kJ mol−1

Methane dry reforming CH4 + CO2 = 2CO + 2H2 − 247 kJ mol−1

Hydrocarbon steam reforming CnHm +mH2O = mCO + (m+ n/2)H2
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Gasification of biomass in air, produces syngas diluted with nitrogen having a heat-

ing value of 4-7 MJ/m3. Using pure O2 as an oxidant is an expensive alternative due

to the costs associated with separating O2 from air. Therefore, steam and CO2 have

emerged as interesting mediums for producing enhanced quality syngas with heating

value of 10-18 MJ/m3 [29]. Steam promotes the water gas and water gas shift reactions,

thus the syngas produced is rich in quality with H2. On the other hand CO2 promotes

boudouard reaction, producing syngas with CO as its major component. Utilization

of CO2 as a gasifying agent is gaining an expedited interest among scientists because

of its potential to be used as a carbon capture and utilization(CCU) technology. CO2

as a gasfication agent also has additional advantages, including, improved char proper-

ties making char reduction more efficient, enhanced syngas properties and reduced tar

formation [30].

2.2.2 Classification of gasification reactors (gasifiers)

Gasifiers are mainly classified based on the basis of their gas-solid contacting mode.

Based on this, gasifiers are broadly divided into three principal types: (i) fixed bed, (ii)

fluidized bed, and (iii) entrained-flow bed [24]. Usually, the fixed bed gasifiers are easy

to operate and handle and therefore, are used for small scale applications. For medium

to large scale operations, either fluidized or entrained flow gasifiers are preferred as

they offer an intensive contact between the gas and biomass particles [31]. A detailed

description of the commercial subdivisons of these gasifiers is provided in Table 2.3.
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2.3 Char reactivity and its kinetic modeling

As discussed in section 1.2.1, heterogeneous conversion of char into gaseous products

is the slowest step in the gasification process. Hence, the insight of the mechanisms

of this step become critical while evaluating the overall gasification process and in

the designing of the gasifiers. Heterogeneous reactions follow a general mechanism of

chemical transformation occuring in several steps [34]. For gasification of char particles

these steps can be explained as:

1. External transfer of gasification agent from the bulk to the external surface of the

particle

2. Diffusion of gasification agent through the char layer and within the pores of the

particle

3. Chemisorption of agent on an active site

4. The intrinsic chemical reaction

5. Product desorption from an active site

6. Diffusion of products through the char layer to the external surface

7. The external transfer back of the products from the external surface to the bulk

Based on these steps, three main regimes can be used to classify the char gasification

[35]. Regime I occurs at low temperatures and small particle sizes, so that the external

transfer and diffusion steps are much faster than the intrinsic chemical reaction rate.

In this case, gasification is said to be kinetically controlled. Regime II occurs when the

temperature and the particle size increase and the reactive gas isnt able to completely

penetrate the particle. Both diffusion and kinetics of the reaction contribute to the

gasification rate. Regime III occurs at very high temperatures, during which the in-

trinsic reactivity of the char is very high and the external mass transfer is the limiting

step.
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The instantaneous reaction rate R of the char gasification can be defined mathemati-

cally as [36]:

R = − 1

M

dM

dt
=
dX

dt
(2.1)

where M is the mass of the the char sample and X is the degree of conversion. It is a

well established fact that char reactivity increases with an increase in temperature [37].

Other variables which majorly affect reactivity are the partial pressure of gasifying

agent and the char surface area [6]. Therefore the expression for reactivity should

encapsulate its dependence on temperature, partial pressure of the gasification agent

and the evolution of char surface area with conversion. A general expression for the

reaction rate, taking these variables into account appears as follows [38]:

dX

dt
= k(T )G(Pagent) f(X) (2.2)

where k(T) is temperature dependent rate constant, G(Pagent) is the gasification agent

partial pressure function which represents it effect on reactivity and f(X) is the struc-

tural term implictly or explicity desrcibing the effects of available internal surface.

There are two approaches to model kinetic rate constant and pressure dependent func-

tion [39]. If the gasification agent is only steam or CO2 and the char sample size is not

large such that the products formed from gasification do not have inhibiting effect over

the reactivity, then a simple global reaction rate suffices the reactivity expression. In

this case, k(T) can be described by an Arrhenius law and a power law may be used to

describe the partial pressure function.

k(T ) = A0 exp
−EA
RT

......(Arrhenius law) (2.3)

G(PCO2 or H2O) = P n
CO2 or H2O

......(Power law) (2.4)

For the case, where a mixture of gases is used as a gasification agent or the prod-

uct concentration is large enough to cause an inhibiting effect on the rate, Langmuir-

Hinshelwood mechanism is used to model the kinetic constant. An example of the L-H
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mechanism of CO2 gasification of the char taking into account CO’s inhibiting effect is

provided below [40].

Cf + CO2
k1−→ C(O) + CO

C(O) + CO
k2−→ Cf + CO2

C(O)
k3−→ CO

where k1, k2 and k3 are the usual arrhenius rate constants. Cf corresponds to an

active carbon site over which adsorption occurs, C(O) is a carbon-oxygen complex.

The inhibiting effect of CO is then accounted in the kinetic expression as follows:

k(T )G(PCO2) =
k1 PCO2

1 + (k2/k3)PCO + (k1/k3)PCO2

(2.5)

Kinetic parameters using Eq. 2.2 are obtained using a known model f(X) and performing

isothermal gasification experiments at different temperatures and partial pressures of

the gasification agent and then fitting the chosen model to the retrieved experimental

data to obtain the parameters. Different models have been proposed for this approach.

These models have been discussed in detail in the following subsection.

2.3.1 Kinetic Models

Models encapsulating the char surface area effect on the reactivity, are of two types: i)

Volumetric and ii) Structural [6]. Structural type models explicitly take into account

the modifications taking place in the internal pore structure during conversion whereas

volumetric type models empirically correlate these changes with conversion and do not

account them explicitly into their expressions. Different kinetic models that are used

by researchers to define kinetics are discussed below.

Volumetric Model

The volumetric model (VM) is the simplest model describing heterogeneous reactions. It

assumes that the chemical reaction takes place simultaneously at all active sites which
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are uniformly distributed within the particle. For VM, the reaction rate decreases

lineraly with conversion and the overall expression is given by [41]:

dX

dt
= KVM (1−X) (2.6)

Due to its simplicity, it is widely used to model experimental results [42]. However,

when compared with other models, its fit for the experimental data is more deviating

especially for conversions > 0.7.

Shrinking Core Model or Grain Model

The Shrinking core model (SCM) also known as the Grain model developed by Szekely

and Evans [43] assumes that the porous particle consists of an assembly of uniform

nonporous grains and the reaction initially occurs on the external surface of the particle

and gradually moves in towards the core. The reaction rate expression for this case is

given by:
dX

dt
= KSCM (1−X)m (2.7)

where m depends on the shape of the assumed grain particles. For spheres, m=2/3

and for cylinders, m=1/2. When gasification is performed at high temperatures, and

external mass transfer is the limiting step (Regime III), SCM suitably describes the

morphology change of the char particle [44].

Integrated Core Model

The integrated core model (ICM) also known as the power law model, is the general-

ization of the SCM and the VM models and adds an additional parameter relating to

reaction rate as n. The char reactivity expression is hence given by [36]:

dX

dt
= KICM (1−X)n (2.8)

Random Pore Model

Many researchers have reported a maximum value of reactivity as conversion of char

proceeds ([39], [45]). There are three preliminary reasons cited in the literature for this
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[39].

• Most researchers perform isothermal tests to obtain kinetics wherein they reach a

specific temperature using an inert gas and then switch to reactive agent for char

consumption. This leads to non uniform concentration of agent at the beginning

of the gasification, which may be responsible for maximum gasification rate.

• Another reason which has been cited in literature is based on gas sampling and

analyzing. For experiments where produced gas is used to measure conversion

and reactivity, gas mixing in sampling lines is attributed to maximum reaction

rate.

• Finally, the maximum gasification reaction rate is attributed to the change in the

char reactive surface area during the gasification.

The previous models discussed i.e VM, SCM and ICM do not describe this phenomenon

of maximum value of reaction rate. Due to this, many kinetic studies use Random pore

model (RPM) developed by Bhatia and Perlmutter [46].

The RPM model considers the competing effects of pore growth during the initial

stages of reaction and the destruction of pores due to the coalescence of adjacent pores.

Therefore this model predicts the maximum gasification rate as the reaction proceeds.

The rate expression for this model is given by:

dX

dt
= KRPM (1−X)

√
1− ψ ln(1−X) (2.9)

where ψ represents a fitting parameter that describes the internal structure of the non-

converted char particle. It is dependent on the surface area (S0), pore length (L0) and

particle’s porosity (ε0) and can be calculated using:

ψ =
4 π L0 (1− ε0)

S2
0

(2.10)

The ψ value of a char is highly influenced by the pyrolysis method of the char and may

even vary for chars formed from the same biomass source. If the value of ψ is close
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to zero, it means that the initial char sample is highly porous and therefore, there will

be negligible pore growth during the gasification. A high ψ value means that the pore

growth is strong with the progress of the reaction [47]. Using experimental results, the

value of ψ can be calculated using the following equation [48]:

ψ =
2

2 ln(1−Xmax) + 1
(2.11)

where Xmax is the conversion where the maximum reactivity is observed during exper-

iments. Some authors ([47],[49]) have also used an alternative approach of regression

analysis to determine ψ using the least square method by defining a reduced time, t/t0.5

i.e the ratio of time (t) to the time required for conversion to reach 0.5 (t0.5). Using eq.

2.9, the reduced time can be defined as:

t

t0.5
=

√
1− ψ ln(1−X)− 1√

1− ψ ln(1−X0.5)− 1
(2.12)

The structure factor was then obtained by fitting eq. 2.12 to the corresponding exper-

imental results using the regression analysis. Due to its ability to predict maximum

gasification rate at the beginning, it has been widely utilised to model char gasification

and often provides the best fit when compared with the previously discussed methods

([45], [50], [51]). (citations needed)

Modified Random Pore Model

Despite numerous studies satisfactorily using the RPM model to fit the experimental

data, there have been some limitations reported in the literature, regarding its effective-

ness, especially when the peak reaction rate is observed at high conversion values ([38],

[52]). To overcome this inefficiency of the RPM, sevral modifications and extensions to

the original RPM have been made by authors.

Zhang et al. [53] modified the RPM by adding an another parameter n, dependant on

the structure and the porosity of the solid reactant and successfully implemented it to

fit the char gasification experiments. The reactivity expression in this case is given by:

dX

dt
= KRPM (1−X)n

√
1− ψ ln(1−X) (2.13)
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Wang et al. [41] also implemented this modified version of RPM to fit their gasification

rates and concluded that M-RPM was the best fit model for describing the gasification

rate.

Another modification to RPM was made by Zhang et al. [54] to take into account the

catalytic effect of alkali metals present within the char. The modification was made by

inroducing a new conversion term with two dimensionless parameters into the original

the random pore model as indicated below:

dX

dt
= KRPM (1−X)

√
1− ψ ln(1−X)(1 + (CX)p) (2.14)

Cortazar et al. [52] determined kinetic parameters for gasification of pine sawdust char

using different kinetic models and concluded that M-RPM provided the best fit among

all the models. A summary of the above discussed models is provided in Table 2.4

2.4 State of the art in measurement of the hetero-

geneous kinetics of char gasification

Different state of the art instruments have been employed by researchers to study kinet-

ics of char gasification. Major types include Fixed bed reactors, Fluidized bed reactors,

Drop tube furnace (DTF) and Thermogravimetric Analyzers (TGA). A review of the

studies published on char gasification kinetics using these instruments is conducted

below.

2.4.1 Fixed bed reactor studies

Fixed bed reactors are widely employed in small scale gasifcation units. Studying char

gasification in these reactors allow for variations in mass of the sample used and size of

the biochar particles that can be gasified. These can be used to model industrial gasi-

fication conditions. Ahmed et al. [45] studied woodchips char gasification with steam

and CO2 in a fixed bed reactor. A comparative study of the gasification agents and
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Table 2.4: Summary of common isothermal kinetic models

Kinetic Model Reactivity Expression

Volumetric Model dX
dt

= KVM (1−X)

Shrinking Core Model dX
dt

= KSCM (1−X)2/3

Integrated Core Model dX
dt

= KICM (1−X)n

Random Pore Model dX
dt

= KRPM (1−X)
√

1− ψ ln(1−X)

Modified Random Pore Model

(i) dX
dt

= KRPM (1−X)n
√

1− ψ ln(1−X)

(ii) dX
dt

= KRPM (1−X)
√

1− ψ ln(1−X)(1 + (CX)p)
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effect of their partial pressure on the gasification rate was conducted. It was found that

for the same sample mass, average gasification rate for steam gasification was almost

twice that of CO2. Also varying partial pressure of both steam and CO2 had no effect

on gasification rates. Random pore model (RPM) was used to fit the reaction rates

and obtain average rate constant. Woodruff et al. [55] developed a novel kinetics mea-

surement technique based on a modified fixed bed reactor. This technique allowed for

collection of data at high gasification temperatures while limiting heat and mass trans-

fer effects. L-H model was then used to estimate kinetic parameters. Sircar et al. [50]

performed CO2 gasification of pinewood char in a fixed bed using large particles with

relevance to practical gasifiers and investigated the char structure development. Data

was fitted using different kinetic models to obtain kinetic parameters. RPM provided

the best fit with the experimental data. BET study of the chars at different conversion

points agreed with the RPM prediction of increasing char surface area initially as the

reaction proceeds. After a maximum surface area is recorded, the surface area decreases

as the conversion increases. Similarly, Hernandez et al. [42] studied CO2 gasification

kinetics of spent tyre char in a fixed bed apparatus and calculated kinetic parameters

by fitting different kinetic models. Zhou et al. [56] investigated CO2 gasification of

brown coals and biomass chars and calculated reaction orders for different feeds. All

the reaction orders were less than 1, in the range of 0.3-0.7.

2.4.2 Fluidized bed reactor studies

Fluidized bed reactors (FBR) are also extensively used for gasification studies because of

their direct relevance to industry. Nilsson et al. [57] investigated gasification reactivity

of char from dried sewage sludge (DSS) performing in-situ gasification experiments

in a fluidized bed reactor at different temperatures and partial pressures of CO2 and

steam. Kinetic parameters were obtained using an empirical expression formulated

by the author. Upon comparison with reactivity of an ex-situ char generated by the

same pyrolysis method, it was found that in-situ gasification of chars showed higher
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reactivity than the ex-situ chars. The same group also studied gasification of char

from olive tree pruning in a FBR [58] using mixtures of H2O, CO2, H2, CO and N2

in various proportions to gauge the inhibiting effects of H2 and CO. L-H model was

used to model kinetics dependence on temperature and concentration of gasifying agent

and the ICM model was used to account the char morphology change with conversion.

Guo et al. [51] used a micro fluidized bed (MFB) to perform in-situ gasification tests

on different coal chars. SCM and RPM models were used to fit the experimental data

and obtain kinetic parameters. On comparison with ex-situ chars, in-situ chars showed

higher reactivity therefore suggesting that cooling and reheating may change chemical

structure of the char which causes deactivation. Wang et al. [59] also used a similar

MFB methodology to study coal char gasification and fitted the experimental data with

VM and SCM models. Tong et al. [60] also used a fluidized bed reactor to study lignite

char gasification in CO2, H2O and their mixtures. They found that CO2 and H2O

compete for the same active reaction sites on the char surface. SCM and VM were

used to calculate kinetic parameters with the SCM providing a better fit than the VM

model.

2.4.3 Drop tube furnace reactor studies

In Drop tube furnaces (DTF), particles fall through a tube and come in contact with

the reaction gas either co-currently or counter-currently. The contacting is similar to

fludized bed or entrained flow gasifiers, therefore it has developed increasing interest

among scientist to study gas-solid reactions. DTFs are characaterized by high heat-

ing rates, high operation temperatures and short residence times of the praticles [61].

Hence, pore diffusion may play an important role in the char reactivity and the kinet-

ics determined using DTFs are usually apparent reaction kinetics instead of intrinsic

reaction kinetics. Ahn et al. [62] confirmed this fact by studying gasification kinetics

of an Indonesian sub-bitumnous coal-char with CO2 in a pressurized drop tube fur-

nace reactor. The author investigated reactivity of char at different temperatures and
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partial pressures of the CO2 and determined kinetic parameters using the SCM model.

Two different activation energies were determined for the range of 900 − 1100 0C and

1100−1400 0C as the reaction was deemed to be kinetically controlled and pore diffusion

limited for the two temperature ranges. Kajitani et al. [63] also reported similar find-

ings for two different coal chars. Matsumoto et al. [64] used DTF to study gasification

of different biochars in steam and CO2 atmospheres. It was observed that the diameter

of the char particles nearly remained the same for X≤0.8 regardless of the gasifying

agent. RPM was used to fit the experimental data and obtain the kinetic parameters.

Upon investigating rice husk char gasification with steam in a DTF, Zhai et al. [65]

found that for temperatures less than 850 0C, kinetics could be defined using SCM

and VM but for temperatures above 850 0C, this was not the case and concluded that

pore diffusion controlled the overall reaction for temperatures above 850 0C. Gonzalez

et al. [66] used a novel pressurized drop tube test facility to investigate gasification

behaviour of lignite char under CO2 at different temperatures and partial pressures of

CO2. Samples of char at different reaction times were subjected to different analysis to

determine the evolution of the char surface area and pore development with conversion.

Kinetic expression for char gasification was obtained by fitting experimental data using

the RPM.

2.4.4 Thermogravimetric analyzer studies

The kinetic studies based on the above described reactors have one common theme

among them, that the reactivity is measured mostly using gas sampling and analysis.

Calculating conversion using gas analysis is difficult and requires extreme precision. As

discussed earlier, mixing of gas in the sampling lines may lead to a maximum gasification

rate by and leads to error in calculation of conversion as this phenomenon lowers the

amount of detected gas [39]. Thermogravimetric analyzers (TGA) avert this step of

gas sampling by directly measuring the change of mass of the sample with time. In a

TGA, the sample is placed in a sample holder, also known as the crucible which is then
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subjected to the reactive environment. The weight of the sample is then continuously

monitored as the reaction proceeds. This allows the direct measurement of conversion

of the char according to the following equation:

X =
M0 −Mt

M0 −Mash

(2.15)

here M0 is the initial mass of the sample, Mt is the mass of the sample at time t and Mash

is the mass of the ash content of the sample. Due to it being logistically easier to operate

and interpret the data, TGA is the most extensively used instrument for studying char

gasification kinetics. Senneca et al. [67] used TGA to study biomass pyrolysis, char

combustion and char gasification of three different biomass. The reactivity of olive husk

was highest amongst the three biomass fuels investigated. The high reactivity of the

olive husk was related to its high mineral content of the ash which acts as a catalyst. The

activation energy and reaction order were then determined using the power law relation.

Huang et al. [40] used L-H mechanism to define kinetics of char gasification in CO2-CO

and H2O-H2 mixtures using a TGA. Malekshahian et al. [49] used a high pressure TGA

unit to study petcoke char gasification in CO2 atmosphere and modeled the kinetics

using the RPM model. The reaction order with respect to CO2 partial pressure was

determined to be 0.49 while the total pressure of the gas had insignificant effect on the

reactivity. Lin et al. [47] used TGA to study reactivity of chars prepared using different

pyrolysis mechanisms for temperatures below 1000 0C and then proposed an improved

aerosol-based method for prediction of reactivity at higher temperatures. The author

showed good applicability of the aerosol-gel-method to extrapolate reactivity between

the temperature range of 1000 0C − 1300 0C. The RPM model was used to determine

kinetics of different chars produced. The activation energies for chars from similar

biomass were reported to be in a similar range. Gonzalez et al. [68] studied the effect

of ash composition on the reactivity of chars from three type of biomass. The catalytic

effect of the ash was significant when the conversion of char was greater then 0.8. None

of the three models i.e VM, SCM and RPM were able to predict similar reactivity to

the one determined experimentally for high conversions. Hence, a modification to the
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SCM model was suggested by the author which takes into account this catalytic effect

of the ash composition. A similar study on biochars from different garden waste leaves

performed by Gupta et al. [69] also showed that biochars with high alkali content showed

higher reactivity as compared with chars of low alkali index. The author also studied the

effects of addition of external catalyst (K2CO3) upon the gasification rate of biochars.

The catalyst significantly increased the gasification rate for all biochars upto 20 %

loading. Xu et al. [70] investigated CO2 gasification properties and kinetics of four types

of biomass chars using non-isothermal TGA experiments. The author also reported

that ash composition had significant catalytic effects on gasification reactivity. Among

different kinetic models implemented to obtain kinetic parameters, RPM gave the best

fit for all four chars. Wang et al. [41] however, did not find a concrete correlation

between the alkali index and gasification reactivity while studying six different biochars.

The author rather found relation between the gasification reactivity and the raman

spectra of the respective chars. Numerous other studies based on the above discussed

themes have been performed by different authors using the TGA.

Table 2.5 displays a brief review about the kinetic parameters obtained in literature

for gasification of diverse chars using different state of the art instruments discussed

above. For biomass based chars, activation energy for CO2 gasification varied in the

range from 93.9-251 kJ/mol.
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2.5 Diffusional limitations within the TGA

2.5.1 Problem Statement

High sensitivity regarding the weight measurement of the samples is an attractive fea-

ture of the TGA, which makes it the go to instrument for the researchers to study

char gasification kinetics. However, the TGA itself has certain drawbacks which are

not considered while determining kinetics of char gasification. A typical example of the

TGA crucible containing the char particles is shown in the fig. 2.2 where the reactive

gas flows across the crucible mouth. Some TGAs also have a vertical setup where the

gas directly flows into the crucible mouth. But irrespective of the setup, the reactive

gas is hard to flow through the sample surface, therefore a stagnant gas region exists

between the the mouth of the crucible and the upper surface of the sample [59]. Due

to this setup, the transport of CO2 from the mouth of the crucible to the char particle

surface is limited by the external diffusion of the gas and then by diffusion within the

void spaces [72]. Authors often disregard these diffusion limitations while calculating

kinetics or avoid them by increasing gas flow rate until no influence on the measured

rate is observed. However this method is not reliable, if the char bed is well below the

crucible mouth. Ollero et al. [73] investigated the effects of both the external diffusion

and diffusion within the void spaces using different sets of crucible and employed the

effectiveness factor technique to quantify their effects. The author showed that, even

for temperatures as low as 800 0C, the effectiveness factor was around 0.7 hence empha-

sizing the importance of taking these effects into consideration while studying kinetics

using TGA.
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Weighing Balance 

Figure 2.2: A typical description of a TGA crucible containing the char sample

When the reaction is kinetically controlled, bulk gas conditions exist at the reactive

surface as well as within the pores of the particle [74]. Schulze et al. [75] used CFD

simulations to simulate the gasification of char particles in a TGA and found that in

a vertical TGA, CO2 concentration at the bottom of the crucible fell to about .57

for the bulk concentration of 0.99, thus confirming the fact that diffusion within the

empty space above the char sample and within the void spaces of the sample effect the

gasification rate. While controlling the reaction temperature and reducing the particle

size may eliminate the effects of pore diffusion within the char particle, diffusion within

the void spaces of char sample may still considerably effect the reaction rate. Therefore

it is necessary to incorporate these effects into the studies regarding gasification kinetics.

2.5.2 Solution proposed

Schulze et al. [75] developed a 0-dimensional numerical model for gasification of char

in a TGA and successfully validated it using CFD simulations. This model formed the

basis of work presented in chapter 3 of this thesis. The model presented by the author

was only applicable for non-porous char particles and did not take into account the

effects of pore diffusion on kinetic parameters. Therefore, a detailed kinetic model of

char gasification in a TGA is developed and implemented in chapter 3 of this thesis

which takes into account the effects diffusion of gas within the empty space of the

crucible, diffusion of gas within the void spaces of the char sample and diffusion of gas

30



within the pores of a char particle. Key features of the model proposed in chapter 3

are as follows:

• The model is first formulated for non-porous reactive char particles similar to the

one proposed by Schulze et al. [75].

• The model is then validated using 3-D particle simulations performed by Schulze

et al. [75] based on its steady state solutions.

• After validation, the model is then extended to the porous particles and takes

into the account pore diffusion limitations within the char sample. RPM model

is used to predict the evolution of char porous structure with conversion.

• In order to implement the model, isothermal CO2 gasification experiments of

biochar are performed using a TGA. A detailed experimental scheme is discussed

in chapter 2 of this thesis. The kinetic parameters are then obtained using the

RPM model as discussed in section 1.3.

• The parameters are then inputed into the model to take into account the different

diffusional resistances discussed in our problem statement.

• New and refined kinetic parameters are then obtained by comparing and tuning

model-predicted results with the experimental results.

2.6 Synergistic effects between co-fed biomass and

plastics during their thermo-chemical conver-

sion

2.6.1 Background

Biomass’s promising energy potential which can be tapped using thermo-chemical con-

version routes has been discussed in the previous sections. Pyrolysis and gasification

31



in particular have attracted much interest from researchers worldwide due to their

ability to use biomass to produce multi-purpose fuels. However one major concern as-

sociated with the fuels especially bio-oil obtained using pyrolysis of biomass is its low

calorific value and high oxygen content, which makes it unstable and requires consider-

able upgradation before it can be used as a proper fuel [76]. According to Xiong et al.

[77] depending upon the fuel type, oxygen content in the pyrolysis oil can range from

35-50 % resulting in its corrosion and instability. To upgrade the quality of bio-oil, two

main pathways exist [76]: high-pressure hydrogenation processing and catalytic crack-

ing and co-pyrolysis of biomass with hydrogen-rich feedstock such as plastics. The

second pathway i.e co-feeding of biomass and plastics has gained interest among re-

searchers due to its simplicity and safe operation under ambient pressure. It not only

helps to improve the quantity of bio-oil produced but also upgrades its quality using

synergistic effects which have later been discussed in detail.

Plastics have become a basic support material of our modern day lives and their exces-

sive usage is posing massive environmental challenges regarding its disposal. Therefore

their thermo-chemical conversion is viewed as a possible approach to manage waste

plastics with the added benefit of energy recovery. Direct gasification of plastics faces

challenges such as high tar content in syngas and agglomeration of particles in flu-

idized bed reactors [78]. Therefore co-feeding with biomass is considered as a more

flexible option for thermally utilizing plastics as energy generating fuels. Plastics are

synthetic polymers of hydrocarbons derived mostly from fossil fuels. Major elemental

constituents of plastics are carbon and hydrogen with hydrogen weight percent reaching

as high as 14% for plastics like polyethylene and polystyrene. Thus, co-feeding biomass

and plastics upgrade the quality of its products, by balancing the C, H and O mass

ratios in the feedstock.
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2.6.2 Review on observed synergistic effects by co-pyrolysing

biomass and plastics

To understand synergistic effects between biomass and plastics, knowledge of their indi-

vidual pyrolysis reaction mechanism is essential. Biomass degradation is characterized

by a series of complex exothermic and endothermic reactions involving ionic/non-ionic

reactions whereas pyrolysis of plastics occur through a radical mechanism involving

chain initiation, propagation and termination steps [79]. When co-pyrolysed, both

biomass and plastics have similar temeprature ranges for their respective degradation

which overlap each other. While the biomass degradation starts at around 200 0C

and may continue upto temperatures greater than 700 0C depending upon its composi-

tion, plastics degrade in a narrow range of temperature ranging between 350− 700 0C.

This overlap of temperature range for degradation causes interactions between the two

reaction mechanisms and their intermediates thus causing synergies which effect the

products obtained from pyrolysis, especially bio-oil [80].

A possible reaction mechanism for synergies between the two feedstocks has been pro-

vided in literature as follows ([79], [81], [82]): As the reaction temperature increases,

plastics melt and coat the biomass surface. Therefore, when initial intermediates and

volatiles from biomass are produced, they are unable to escape this coating. Therefore,

lots of radicals are formed from decomposition of cellulose. These radicals then initiate

the scissoring of plastic polymer chain to form radicals. Plastics have higher hydro-

gen content, therefore producing a large quantity of hydrogen radicals which are then

abstracted by the intermediates from biomass degradation in a process known as hydro-

gen transfer effect, thus stablizing the primary products from cellulose decomposition

and improving their hydrogen quantity. This inhibits the free radical polymerization of

biomass intermediates thus increasing the quantity of lighter hydrocarbons and volatiles

and reducing the char content. Hydrocarbon radicals from plastics also catalyze the

degradation of lignin thus further reducing the char content and increasing the quantity

of volatiles. Therefore, two major synergistic effects of co-pyrolyzing biomass and plas-
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tics are: (i) Increase in H/C ratio of the bio-oil (ii) Increase in the quantity of bio-oil

and volatiles followed by a decrease in the char formation. The only exception observed

against these findings is when Polyvinyl Chloride (PVC) is the plastic utilized. In this

case it is mostly observed that upon pyrolysis, solid residue actually increases. This is

usually reasoned with the fact that HCl evolved from PVC dehydrates the cellulose and

inhibits the de-polymerization reactions [80]. Most of the literature studies published

on the topic concur with these results. A review on a few of such studies is explored

next.

Xiong et al. [77] investigated co-pyrolysis of HDPE and potato blends using a TGA

and a tubular furnace. The H/C ratio of bio-oil increased from 1.29 to 2 as the HDPE

weight percent was increased to 50, thus confirming the above discussed synergistic

effects. Similar results were also reported by Lu. et al. [80] upon co-pyrolysis of

pinewood and polyethylene (PE). Upon increasing the content of PE within the feed-

stock, bio-oil quantity and the char quantity increased and decreased respectively. The

blends of PE also increased the total surface area of the char and decreased its H/C

ratio thus making it more stable. Chen et al. [81] found that when Paulownia Wood

(PAW) was co-pyrolyzed with different plastics (PP, PVC and PET), more volatiles

were released than the predicted value and the mean activation energy declined upon

blending the biomass with plastics. The author also studied morphology of the chars

produced using SEM analysis. Burra et al. [83] observed synergies during co-pyrolysis

of pinewood and different plastics using a TGA and quantified it by studying its kinet-

ics using distributed activation energy model (DAEM). Upon investing kinetics using

Coats-Redfern method, Salvilla et al. [84] reported that activation energy of plastics

during co-pyrolysis with biomass was lower than the activation energy observed during

their individual pyrolysis. However, there was no effect on the activation energy of the

biomass. This was also backed by Chen et al. [85] as the author reported that acti-

vation energies of different plastics were significantly reduced when co-pyrolyzed with

microalgae. Solid residue amounts also decrease upon co-pyrolysis with PVC acting as

a expection for reasons discussed above.
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2.6.3 Evaluation of synergistic effects on char reactivity

Literature published on synergistic effects between biomass and plastics clearly preview

the positive effects that co-pyrolysing both these feedstocks have on bio-oil in terms

of its increased yield and improved quality. It is also well known that the char yield

decreases upon co-pyrolysis. However, it is scarcely published how the char reactivity

is effected by co-pyrolysing biomass and plastics. Questions arise as to how the gasi-

fication characteristics of char change when they are produced in this manner. Most

authors have only conducted char morphology analysis using SEM analysis ([80], [81]).

The only significant and relatable work is published by Wang et al. [86] wherein the au-

thor observed synergistic effects of co-pyrolysis of biomass and polyurethane and then

studied the oxidation reactivity of the char formed. Upon co-pyrolysis with plastic,

the char formed showed higher heating values and char oxidation is thus promoted.

Co-gasification of biomass and plastics have shown to improve syngas yield, hydrogen

yield and energy yield of the syngas thus suggesting that the char reactivity may be

enhanced when co-pyrolysis is used ([87], [88]). However concrete evidence regarding

this is lacking and therefore chapter 4 in this thesis attempts to address the same.

Pyrolysis characteristics of softwood(SW) and High Density Polyethylene(HDPE) are

first studied using a TGA and an attempt is made to quantify the synergistic effects

observed. Then using different blend ratios, char is formed in a tubular furnace and its

gasification reactivity is studied in CO2 atmosphere using the TGA. A Similar approach

to the one discussed in chapter 3 is employed to determine the kinetic parameters re-

lated to char gasification and summarize the effects of co-pyrolysis on char reactivity.

A detailed experimentation of the scheme is laid out in chapter 2.
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Chapter 3

Experimental Techniques

3.1 Experimental study for the char gasification us-

ing the TGA

3.1.1 Char source

Biochar used for this model’s study, was obtained from the Thermo-catalytic reforming

(TCR) of softwood pellets. All the TCR experiments were conducted by M.K. Gill

during her research activity at University of Alberta. A detailed description of the

experimental setup and methodology used in performing TCR experiments is laid out

in her master’s thesis [89]. Softwood pellets of the size 6-8 mm in diameter and a

length of 20-30 mm were pyrolysed using a lab scale TCR in N2 atmosphere. Different

experiments were performed by Manjot at different reactor and reformer temperatures.

The char used for this study was produced at reactor temperature of 450 0C and a

reformer temperature of 600 0C. Figure 3.1 shows the char obtained from TCR of

softwood pellets. The char obtained was grinded to powdered form using a coffee

grinder and then segregated using meshes between particle size 190-205 µm. The char

was then dried for 24 hours in an oven and sealed in airtight plastic bags for further

analysis.
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Figure 3.1: Char production from TCR of softwood pellets

3.1.2 Char characterization

Proximate Analysis

Proximate analysis to determine the moisture, volatile, fixed carbon and ash content

of the biochar sample, was performed using LECO TGA 701 instrument (Fig. 2.1)

following ASTM D7582 methodology. Approximately 1g of the sample was placed in a

ceramic crucible for analysis. The TGA was then heated from the room temperature to

107 0C at 20 0C/min in nitogen atmosphere and isothermal conditions were maintained

untill there was no further mass loss recorded. The total mass loss uptill that point

accounted for the moisture content in the sample. Next, the volatiles in the sample

were calculated by heating the TGA to 900 0C at the rate of 40 0C/min and holding

the temperature constant for 15 min under the nitrogen atmosphere. The ash content

was then measured by lowering the temperature to 500 0C followed by heating uptill

575 ± 25 0C under oxygen environment. Lastly, the fixed carbon percentage in the

sample was calculated by subtracting sum of percentages of moisture content, volatile

content and ash content from 100.
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Figure 3.2: LECO TGA 701

Elemental Analysis

Elemental composition of the biochar was determined using a Thermo fisher flash 2000

organic elemental analyzer (Fig. 3.3) at the Analytical and Instrumentation Laboratory

of the Chemistry Department, University of Alberta. The tin cup enclosing the sample

was dropped in the vertical quartz tube which is maintained at a temperature of 1000 0C

with a constant flow of helium as a carrier gas. In the combustion chamber, a fixed

volume of oxygen gas is then mixed with the helium for combustion of sample and tin

cup. The peaks for Carbon, Hydrogen, Nitrogen and Sulphur are predicted by the Eager

Xperience software based on their thermal conductivity. The oxygen weight percent is

then determined by the composition balance.
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Figure 3.3: Thermo fisher FLASH 2000 instrument

BET surface area study

To obtain the specific surface area of the char, Brunauer-Emmett-Teller (BET) exper-

iments were performed using an Autosorb IQ instrument (Fig. 3.4) manufactured by

Quantachrome instruments. 9 mm cells were filled with the sample till 3/4th of the cell

(bulb) volume and were then degassed by heating the sample in vacuum at 250 0C at

a heating rate of 5 0C/min and a soak time of 4 hours. The adsorption and desorption

isotherms of nitrogen were measured at a relative pressure range of 0-0.99 at 77 K. The

multipoint BET surface areas were measured at a relative pressure range of 0.05-0.35

(unit).

39



 

Figure 3.4: BET set-up

3.1.3 TGA gasification experiments

To obtain the kinetic parameters of the boudouard reaction, gasification experiments

with CO2 were carried out using the thermogravimetric analyser SDT Q600 (Fig. 3.5)

manufactured by TA instruments (New Castle, DE, USA). It uses a horizontal dual

beam design with a balance sensitivity of 0.1 µg to analyze the weight of the sample.

The horizontal furnace enclosed in perforated stainless steel allows the TGA to operate

at temperatures upto 1500 0C. An alumina crucible of diameter 5.5 mm and 3.3 mm in

height is used as a sample holder. Isothermal gasification experiments were conducted

at three different temperatures: 800 0C, 850 0C and 900 0C. About 25 mg of the biochar

sample was placed in the alumina crucible. The TGA was then heated from the ambient

temperature to the desired temperature at a heating rate of 20 0C/min under the inert

atmosphere of N2. The gas was then subsequently switched to pure CO2 at a flowrate

of 100 ml/min once the desired temperature was achieved. Isothermal conditions were
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maintained until there was no further mass loss recorded. For each gasification tem-

perature, three experimental runs were carried out to have desired accuracy. The data

retrieved from the instrument was analyzed using TA instruments Universal Analysis

2000 software.

 

Figure 3.5: SDT Q600 TGA set-up

3.2 Experimental study for the blends of SW and

HDPE

3.2.1 Feedstock preparation and its characterization

In order to study the synergistic effects between biomass and plastics, Softwood(SW)

and High Density Polyethylene (HDPE) were chosen as the feedstock. The SW pellets

were supplied by Vanderwell Contractors in Slave Lake, Alberta and had a diameter of

6-8 mm and a length of 20-30 mm. These pellets were crushed using a coffee grinder

and then segregated for particle sizes less than 200 µm using meshes. The particles

were dried in an oven for 24 hrs and then sealed in airtight bags. The HDPE used was
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in powdered form with a particle size less than 200 µm

Proximate analysis and elemental analysis of the prepared feedstocks were conducted

according to methodology discussed in section 2.1.2. An additional analysis of SW

particles was performed using scanning electron microscopy (SEM), which has been

discussed in detail in section 2.2.3.

3.2.2 TGA Pyrolysis characterization experiments

To evaluate synergistic effects quantitatively, co-pyrolysis of different blends of the feed-

stock were performed using thermogravimetric analyser SDT Q600 (Fig. 3.5). Samples

of SW and HDPE with HDPE weight ratio 0, 0.25, 0.5, 0.75, 1 were prepared using a

mixer to achieve homogeneity. Blends with ratio 0 and 1 correspond to pure biomass and

pure plastic samples respectively. To obtain pyrolysis characteristics of these blends,

approximately 10 mg of each sample was introduced into the TGA crucible. The sam-

ple was then heated from room temperature to 700 0C at a heating rate of 20 0C/min

in a nitrogen flow rate of 100 ml. Each set of experiment was repeated 3 time to

achieve desired accuracy. The data retrieved from the instrument was analyzed using

TA instruments Universal Analysis 2000 software.

3.2.3 Char formation using a tubular furnace and its charac-

terization

Char formation

The char remaining at the end of TGA experiments is quite less for it to be used

for further characterization and expeiments. Therefore in order to make char from

the mixture blends, a Thermolyne 79300 tubular furnace (Fig. 3.6) was used. The

furnace chamber comprises of a mullite tube with dimensions of 5.9 cm diameter and

80 cm length. Metallic coils embeded in a rigid refractory material are used to heat the

chamber. The furnace temperature is monitored by a K-type thermocouple and the
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temperature can be controlled using the control unit located below the furnace. Heat

losses from the tube were minimized by insulating the ends of the tube using a K-wool

and fibrefax materials. Cole-Parmer rotameter was used to regulate the flow rate. For

char formation, 2 gm of samples containing blends with plastic weight ratio 0, 0.25,

0.5 and 0.75 were taken in crucibles and placed inside the tube. The tube was then

purged with Nitrogen gas at 30 ml/sec for 15 mins to remove any air present within

the tube. Increasing the Nitrogen flow rate to 50 ml/sec, temeprature was increased

from room temeprature to 700 0C at a heating rate of 20 0C/min. The temperature was

maintained at 700 0C for 20 mins and then cooled down to room temperature under

the maintained Nitrogen flow rate. Total 4 experiments were conducted to reproduce

accuracy and have significant char for further experiments. The char was collected and

sealed in airtight bags.

 

Figure 3.6: Thermolyne 79300 tube furnace
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Additional Char characterization:SEM analysis

Apart from the char characterization techniques described in section 2.1.2, char from

different blends of SW and HDPE mixtures was also subjected to Scanning Electron

Microscopy (SEM) analysis to understand its structural morphology. The analsysis

was performed on Zeiss Sigma 300 VP-FESEM (Fig. 3.7) at the Department of Earth

and Atmospheric Sciences, University of Alberta. Conductive carbon tape was used

to ground the sample to the holder. For analysis, SEM scans were conducted at an

accelerating voltage of 10 kV.

 

Figure 3.7: Zeiss Sigma 300 VP-FESEM

3.2.4 TGA gasification experiments

To asses the reactivity of chars formed from different blends of SW and HDPE mixtures,

similar experiments as discussed in section 2.1.3 were performed in the TGA (Fig. 3.5).

Isothermal gasification experiments were conducted at three different temperatures:

800 0C, 850 0C and 900 0C. About 10 mg of the biochar sample was placed in the

alumina crucible. The TGA was then heated from the ambient temperature to the
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desired temperature at a heating rate of 20 0C/min under the inert atmosphere of N2.

The gas was then subsequently switched to pure CO2 at a flowrate of 100 ml/min

once the desired temperature was achieved. Isothermal conditions were maintained

until there was no further mass loss recorded. For each gasification temperature, three

experimental runs were carried out to have desired accuracy. The data retrieved from

the instrument was analyzed using TA instruments Universal Analysis 2000 software.
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Chapter 4

Numerical modeling of TGA:Model

formulation,Validation and Solution

methodology

4.1 Model formulation

In the previous study conducted by the Schulze et al. [75], macroscopic 3-D simulation

of the TGA was performed to get insight into the phenomenon occurring within the

crucible. Using Peclet numbers, it was analysed that the convection induced by the

inlet gas flow plays a minor role in the heat and mass transfer phenomenons compared

to diffusion. Simulation also illustrated that major mass transfer resistance occurred

within the crucible and hence the presented model captures the phenomenon within

the TGA crucible. The model follows the 0-dimensional approach with the assump-

tion of the Lumped Capacitance Method which assumes that temperature and species

mass fraction is spatially uniform within the sample during the transient process. The

variables defined in the model are presented in the fig 4.1 . Here h is the char sample

height, H is the height of crucible and D is the diameter of the crucible. The subscript

∞ denotes the bulk or inlet gas conditions, s denotes the sample surface, pm denotes
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the porous media i.e the sample and w refers to the crucible wall.

h

D

T 8 YCO2, 8

Ts
H

z

YCO2, s

porous media

Tw
Tpm Y

CO2,pm

Figure 4.1: Schematic distribution of temperature and species mass fraction within the

crucible

The heat transport phenomenons occurring within the crucible are heat conduc-

tion and radiation from the bulk gas towards the surface of the char layer, conduction

between the crucible wall and the porous media and consumption of heat from the

endothermic boudouard reaction. For the species transport, diffusion, heterogeneous

reaction and the stefan flow generated due this reaction are the mass transfer phe-

nomenons accounted for. For validation of the model, the particles are assumed to be

non-porous and the reaction is taking place on the particle surface only. During the

chemical reaction, radius of the char particle rp and height of the sample h will decrease

as the reaction proceeds but for validation of the model against the previous published

work[75], steady state equations of the proposed model are solved and therefore for

validation, h and rp are assumed to be constant. After validation, an extension of the

model to porous particles is presented wherein these changes in particle radius and

sample height are accounted for. Based on the current assumptions, the detailed model

is formulated as shown below.
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4.2 0-D model for reacting non-porous particles

Reacting surface for non-porous particles

Number of particles in the TGA sample is given by Np and can be calculated as:

Np =
V (1− ε)

Vp
=

3

4

R2
TGAh

r3
p

(4.1)

here RTGA = D
2

is the radius of the TGA crucible, V = π R2
TGA h is the sample volume,

ε is the bed porosity and Vp = 4
3
π r3

p is the volume of a single particle.

The total surface area of particles participating in the reaction is∑
Sp = NpSp =

V (1− ε)Sp
Vp

= 3π
R2
TGAh

rp
(4.2)

where Sp is the surface area of a single particle.

Energy conservation

The temperature of porous media Tpm is calculated by solving transport equations of

heat fluxes from conduction, radiation and heat of reaction as follows:

V (ρg ε cp,g + ρs (1− ε) cs)
dTpm
dt

= Q̇Wall + Q̇Gas + Q̇Reaction (4.3)

here ρg and cp,g are respectively the density and heat capacity of the gas within the

voids of the sample. Similarly, ρs and cs are the density and heat capacity of solid char

particles. Q̇Wall is the conductive heat flux between the crucible wall and the sample,

Q̇Gas is the heat flux conducted from the bulk gas to the surface of the sample and

then from the surface to within the sample. Q̇Reaction is the heat flux accounting for

the endothermic reaction.

Heat flux from wall can be written as:

Q̇Wall = λeff
A

h/2
(Tw − Tpm) (4.4)
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λeff is the effective conductivity within the porous media and A = π R2
TGA.

Heat flux due to the reaction can be written as:

Q̇Reaction =
(∑

ṁC

)
∆RH (4.5)

where (
∑
ṁC) is overall carbon mass flow for all particles inside the porous media zone

and is defined later in species transport section. ∆RH is the heat of reaction.

For the heat flow from the bulk gas, a series of heat resistances are considered, namely

conduction and radiation through the gas to the surface and then this is conducted

from the surface to the porous media.

Balance Interface-Char Layer

Q̇Gas = λeff
A

h/2
(TS − Tpm) (4.6)

Balance Ambient gas-Interface

Q̇Gas = λg
A

H − h
(T∞ − TS) + Aεemissivity σSB

(
T 4
∞ − T 4

S

)
(4.7)

λg is heat conductivity of gas within the top of the crucible and the sample surface.

εemissivity is the particle emissivity and σSB is the Stefan-Boltzmann constant.

CO2 species balance for the gas phase inside porous media

The species transport balance within the crucible to calculate CO2 mass fraction within

the porous media is written as follows:

ε V ρg
dYCO2,pm

dt
= (Aε)

Deff

h
ρg (YCO2,S − YCO2,pm)︸ ︷︷ ︸

Diffusion fromsurface

− k
∑

Sp ρg YCO2,pm︸ ︷︷ ︸
Reaction
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−
(∑

Sp

)
ṁ′′C YCO2,pm︸ ︷︷ ︸

Convection:StefanF low

(4.8)

The mass transfer phenomena occurring within the crucible as represented by the under-

braces are diffusion from the surface, consumption due to reaction and Stefan flow. ṁ′′C

is the carbon mass flux for a single particle and
∑
Spṁ

′′
C is the total carbon mass flow

earlier also represented by (
∑
ṁC). εV is the volume of gas phase inside the porous

media, Deff is the effective diffusion coefficient within porous media, Dg is the diffusion

coefficient of gas between crucible top and sample surface and k is the reaction kinetic

constant.

Carbon mass flux for a single reacting particle is defined by Turns [90].

ṁ′′C = k
MWC

MWCO2

ρg YCO2,pm (4.9)

Balance Ambient gas-Interface

Similar to the heat transport, diffusion from bulk to char surface is transmitted from

surface to porous media and species balance at char surface can be written as:

(Aε)
Deff

h
ρg (YCO2,S − YCO2,pm) = (Aε)

Dg

H − h
ρg (YCO2,∞ − YCO2,S)−Np ṁC YCO2,S (4.10)

CO species balance for the gas phase inside porous media

Similarly CO species balance inside porous media and CO balance at char surface is

written as:

ε V ρg
dYCO,pm

dt
= (Aε)

Deff

h
ρg (YCO,S − YCO,pm)︸ ︷︷ ︸

Diffusion fromsurface

+ 2
MCO

MCO2

k
∑

Sp ρg YCO2,pm︸ ︷︷ ︸
Reaction

−
(∑

Sp

)
ṁ′′C YCO,pm︸ ︷︷ ︸

Convection:StefanF low

(4.11)

(Aε)
Deff

h
ρg (YCO,S − YCO,pm) = (Aε)

Dg

H − h
ρg (YCO,∞ − YCO,S)−Np ṁC YCO,S (4.12)
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Effective properties

Heat conductivity

The effective heat conductivity for the porous materials can be written as a heat transfer

through parallel layers of fluid and solid [91].

λeff = (1− ε)λs + ε λg (4.13)

Diffusion coefficient

In order to calculate the diffusion coefficient of gases, Lewis number is assumed to be

unity as it was demonstrated that Lewis number is unity in large range of temperatures

[44]. The diffusion of gases through porous media is reviewed by szekely et al. [35].

However, due to high porosity of the sample, it can be assumed that the voids between

the char particles are much larger than the mean free path of the molecules, so that the

influence of knudsen diffusivity on the effective diffusion coeffecient can be neglected

and effective diffusion scales linear with the void space or bed porosity (ε)

Deff =
ε

τ
Dg = ε2Dg (4.14)

where Dg is the diffusion coefficient in the bulk gas phase, τ is tortuosity of the porous

media. Tortuosity is a property of a curve being tortuous and in this work it has been

lumped into 1
ε

[44].

To validate the model using CFD simulation performed by Schulze et al. [75] tortousity

within the voids of the sample was assumed to be 1 and the following relation was used.

Deff = εDg (4.15)

Reaction kinetics

For modeling the heterogeneous reaction kinetics, Arrhenius expression is chosen

k = A0 exp
−EA
RT

(4.16)
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4.3 Validation of 0-D model against 3-D CFD sim-

ulations

Validation methodology

Validation of the presented model was carried out by solving steady state versions of

the above equations using MATLAB 2019 software and the corresponding results were

compared against particle-resolved CFD simulations of a representative section of the

gasifying char particles in the crucible. The detailed work on the simulations has been

articulated in the research article published in FUEL 2017 journal [75] . Setup of the

computational domain and snippets of simulation results as published in the research

article are shown in figures 4.2 and 4.3 respectively after permission from Elsevier .

The packed bed comprised of approximately 40 spherical particles. Kinetic parameters

for the boudouard reaction were taken from Caram and Amundson [92]. The results

illustrated transition from kinetically controlled regime to diffusion controlled regime

as the inlet gas temperature increased from 900 K to 1100 K. As seen in fig 4.3, CO2

mass fraction at the bottom wall decreases to 0.58 for inlet gas concentration of 0.99

as the inlet gas temperature increases to 1100 K, thus suggesting a shift of regimes.
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Figure 4.2: Computational domain of particle-resolved simulations adapted with per-

mission from [75]

 

 

Figure 4.3: Temperature and CO2 mass fraction contours from CFD simulations

adapted with permission from [75]
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Steady state versions of the equations presented in the 0-d model were solved to

validate the model against CFD simulations. Table 4.1 displays numerical values of

different properties of char layer, crucible dimensions and kinetic parameters inputted

to solve the equations in MATLAB 2019 software.

Implicit scheme was used to solve set of equations iteratively. Different properties such

as density, conductivity and heat capacity of gaseous mixture in porous media and

surface, were calculated based on CO2, CO and N2 mass fractions and updated with

each iteration. This ensured that dependence of these properties on temperature was

accounted accurately. Iterations were performed until relative error between results

of previous iteration and current iteration was less than 10−7. Typically, around 50

iterations were required to reach the solution with desired accuracy.

Table 4.1: Numerical values inputted of different constants in MATLAB software

constant Symbol Unit Value

Crucible height H m 10−3

Crucible diameter D m 7−3

Sample height h m 1.5−3

Particle radius rp m 1.5−4

Void fraction ε - 0.5

Char density ρs kg m−3 1000

Heat capacity of char cs J K−1 1000

Char conductivity λs W m−1 K−1 0.23

Emissivity εemissivity - 1.0

Frequency Factor A0 m s−1 4.016*108

Activation Energy EA J mol−1 2.477*105
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Validation results

To validate the model, steady state results of mass fraction of CO2 in porous media

(YCO2,pm), sample temperature (Tpm) and carbon mass flux (ṁ′′C) were compared against

corresponding results from CFD simulations. Inlet gas CO2 mass fraction (YCO2,∞) was

set at 0.5 and 0.99, while inlet gas temperature (T∞) was varied from 900 K to 1200 K for

both the cases. Figures 4.4 - 4.7 illustrate these comparisons and it can be verified that,

the model-based results and CFD simulation based data are in good agreement with

each other. Figures 4.4 and 4.5 compare the results for different bulk temperatures and

inlet CO2 concentration of 0.5 whereas figures 4.6 and 4.7 compare the results at inlet

CO2 concentration of 0.99. For both the cases of inlet CO2 mass fraction 0.5 and 0.99, as

the bulk gas temperature increases, CO2 mass fraction within the sample decreases thus

implying that diffusion within the voids plays an important role. This also indicates

a shift from kinetically-controlled regime to diffusion-controlled regime as the bulk

temperature increase. Temperature within the porous media is less than the bulk

temperature due to the endothermic boudouard reaction and this difference increases

as the bulk temperature increases. Carbon mass flux also increases as the temperature

increase, because reactivity of char particles increases with increasing temperature.

Maximum relative error between the two data sets is about 7.7 % for YCO2,∞=0.5 and

T∞=1200 K (Fig 4.4), which can also be seen for the carbon mass flux curve(Fig 4.5).

Apart from this, general correspondence between 0-D model and CFD data set is quite

convincing and the model can be verified as correctly devised.
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Figure 4.4: Sample Temperature and CO2 mass fraction in porous media for different

inlet gas temperatures and YCO2,∞=0.5
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Figure 4.5: Carbon mass flux for different inlet gas temperatures and YCO2,∞=0.5
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Figure 4.6: Sample Temperature and CO2 mass fraction in porous media for different

inlet gas temperatures and YCO2,∞=0.99
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Figure 4.7: Carbon mass flux for different inlet gas temperatures and YCO2,∞=0.99
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4.4 Extension of model to porous particles

After validation of the 0-d model for the non porous particles, the model can now be

extended to the porous particles and take into account particle radius and sample height

change as the reaction proceeds. A single porous particle inside the sample is as shown

in fig. 4.8. For porous particles, reaction will now take place at the particle surface

as well as within the pores. As a result, char particle radius and height of sample

will decrease thus decreasing the mass of the sample as the reaction proceeds. Particle

porosity will increase with time because reaction inside the pores will cause pores to

overlap each other [93].

With the reaction taking place inside the pores, mass fraction of CO2, CO and N2 inside

the pores is represented with subscript pp. Mass transfer on the surface of particles is

omitted and it is assumed that YCO2,pm=YCO2,sp. Temperature of the whole sample is

constant at any particular time and is represented again as Tpm.

Carbon

particle 

Ypp

Tpp

C+CO  = 2CO
2

Tsp

Ysp

CO

CO
2

pmT

pmY

Figure 4.8: Porous particle inside the TGA sample

The rate of change of mass of the particle, ṁP can be mathematically formulated

as:

ṁp =
dmp

dt
= VP

dρP
dt︸ ︷︷ ︸

ṁC,V

+ ρP
dVP
dt︸ ︷︷ ︸

ṁC,S

(4.17)
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Here, ρP is the density of the char particle. The first term on the right side of the Eq.

(4.17) characterizes the change in the particle density due to carbon conversion inside

the porous particle. The second term defines the decrease in the particle size due to

heterogeneous reactions on the particle surface. The density and volume of the char

particle can be defined as follows:

ρP = ρg,P εP + (1− εP ) ρC = εP (ρg,P − ρC) + ρC , VP =
4

3
π r3

P (4.18)

where εp is the porosity inside the particle, ρg,P is the density of gas inside the pores and

ρc is the density of pure carbon. Using Eqns. (4.17) and (4.18) we obtain volumetric-

based and surface-based carbon mass flows.

ṁC,V = VP
dρP
dt

= VP (ρg,P − ρC)
dεP
dt
≈ −VP ρC

dεP
dt

(4.19)

ṁC,S = ρP
dVP
dt

= ρP
4

3
π
d

dt

(
r3
P

)
(4.20)

Using eqs. (4.19) and (4.20) we can calculate the dynamics of the particle porosity and

particle radius.

Change of particle radius and particle porosity with time can be calculated as follows:

rP, t+∆t = 3

√
r3
P, t −

3ṁC,S

4πρP
∆t; εP,t+∆t = εP,t +

ṁC,V ∆t

VPρC
(4.21)

The volumetric-based and surface-based carbon mass flow can be calculated as follows

[90]:

ṁC,V = VP

 MC

MCO2

ρg,P k S
′′′︸︷︷︸

kc,V

YCO2,pp

 , (4.22)

ṁC,S = AP

(
MC

MCO2

ρg k YCO2,pm

)
(4.23)

kc,V = k S
′′′

is the volumetric kinetic rate constant with dimensions 1/s. Here S
′′′

=∑
Spores

V olp
is the internal specific surface area of the particle with dimensions 1/m. Total

carbon consumption rate for one particle can be written as:
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ṁP = ṁC,V + ṁC,S = AP
MC

MCO2

ρg k YCO2,pm

(
1 +

VP
Ap
S

′′′ YCO2,pp

YCO2,pm

)
(4.24)

After tracking the mass of the particle, heat and mass transfer equations for porous

sample can be formulated as done earlier for non-porous particles with slight adjust-

ments.

Energy conservation

Similar to the non-porous particle model, thermal energy balance inside the porous

media takes the form:

V (ρg ε cp,g + ρs (1− ε) cs)
dTpm
dt

= Q̇Wall + Q̇Gas + Q̇Reaction (4.25)

Q̇Wall = λeff
A

h/2
(Tw − Tpm) (4.26)

Q̇Reaction =
(∑

(ṁC,V + ṁC,S)
)

∆RH = NP (ṁP ) ∆RH (4.27)

Balance Interface-Char Layer

Q̇Gas = λeff
A

h/2
(TS − Tpm) (4.28)

Balance Ambient gas-Interface

Q̇Gas = λg
A

H − h
(T∞ − TS) + Aεemissivity σSB

(
T 4
∞ − T 4

S

)
(4.29)

CO2 species balance for the gas phase inside the porous media

Species balance inside the porous media is now also effected by diffusion into the pores

of the particles. Therefore, the species balance for CO2 mass fraction takes the form:

ε V ρg
dYCO2,pm

dt
= (Aε)

Deff

h
ρg (YCO2,S − YCO2,pm)︸ ︷︷ ︸

Diffusion fromsurface

−NP βin ρg (YCO2,pm − YCO2,pp)︸ ︷︷ ︸
Diffusion inside particles
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− k (
∑

Sp) ρg YCO2,pm︸ ︷︷ ︸
SurfaceReaction

− NP (ṁP )YCO2,pm︸ ︷︷ ︸
Convection:StefanF low

(4.30)

The internal mass transfer coefficient for diffusion inside the pores is calculated as

follows:

βin = 4 πDeff,P

(
1

a1 rP
− 1

rP

)−1

(4.31)

where a1 = 0.85 represents the division of the particle in an outer shell and an inner

particle with equal volume [93].

For pores within the particle, mean free path of gases is now comparable with that

of pore radius and hence, we now also have to consider the Knudsen diffusivity for

diffusion within the particles. The effective coefficient inside the porous particle is

calculated from the two diffusion mechanisms: bulk diffusion and Knudsen diffusion.

Deff,P =
1

1
Db

+ 1
Dkn

(4.32)

The bulk diffusion coefficient can be estimated from the molecular diffusion and porosity

of the particle.

Db = εP
2 (ε2Dg) (4.33)

The Knudsen diffusion coefficient is calculated according to

Dkn =
2

3

√
8RT

πMi

rpore (4.34)

where rpore is the average pore radius.

Balance Ambient gas-Interface

Species balance at char surface is same as described previously for the non-porous

particles.

(Aε)
Deff

h
ρg (YCO2,S − YCO2,pm) = (Aε)

Dg

H − h
ρg (YCO2,∞ − YCO2,S)−Np (ṁP )YCO2,S (4.35)
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Mass transfer inside a single particle: CO2 species balance

Internal species transport is affected by diffusion, heterogeneous reaction and stefan

flow occuring inside the pores.

VP εP ρg,P
dYCO2,pp

dt
= βin ρg,P (YCO2,pm − YCO2,pp)︸ ︷︷ ︸

Diffusion

− VP S
′′′ k ρg,P YCO2,pp︸ ︷︷ ︸

Heterog. chem.

− ṁC,V YCO2,pp︸ ︷︷ ︸
Stefan flow

(4.36)

Analogously, species balance equations for CO can be written as follows:

CO species balance for the gas phase inside the porous media

ε V ρg
dYCO,pm

dt
= (Aε)

Deff

h
ρg (YCO,S − YCO,pm)︸ ︷︷ ︸

Diffusion fromsurface

−NP βin ρg (YCO,pm − YCO,pp)︸ ︷︷ ︸
Diffusion inside particles

+ 2
MCO

MCO2

k (
∑

Sp) ρg YCO2,pm︸ ︷︷ ︸
SurfaceReaction

− NP (ṁP )YCO,pm︸ ︷︷ ︸
Convection:StefanF low

(4.37)

Balance Ambient gas-Interface

(Aε)
Deff

Lch
ρg (YCO,S − YCO,pm) = (Aε)

Dg

H − h
ρg (YCO,∞ − YCO,S)−Np (ṁP )YCO,S (4.38)

Mass transfer inside a single particle: CO species balance

VP εP ρg,P
dYCO,pp
dt

= βin ρg,P (YCO,pm − YCO,pp)︸ ︷︷ ︸
Diffusion

+ 2
MCO

MCO2

VP S
′′′ k ρg,P YCO2,pp︸ ︷︷ ︸

Heterog. chem.

− ṁC,V YCO,pp︸ ︷︷ ︸
Stefan flow

(4.39)
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Internal surface development

The consumption of carbon, alters the internal reactive surface area of the char particle.

Different kinetic models accounting this change were discussed in section 1.3. In this

work, the Random Pore Model developed by Bhatia and Perlmutter [46] is chosen

to describe the evolution of the internal char structure as conversion proceeds. The

expression for the same is as follows:

S ′′′ = S ′′′0 (1−XC)
√

1− ψ (1−XC) (4.40)

Here ψ is a structural parameter of char and XC is the char conversion with time. In

this work, its value was chosen to be 4.0 [45].

4.4.1 Simplified model using Thiele Modulus

Another approach which is computationally easy to solve, can be applied to the porous

particle model. The impact of pore diffusion can be evaluated using the well-known

effectiveness factor η [74].

η =
1

φ

(
1

tanh(3φ)
− 1

3φ

)
(4.41)

where φ is the Thiele modulus and is defined as:

φ2 =
k S

′′′
r2
p

Deff

(4.42)

In this case, the CO2 species concentration inside the particle can be estimated as

YCO2,pp = η · YCO2,pm (4.43)

Therefore, the total carbon consumption rate now becomes:

ṁP = AP
MC

MCO2

ρg,S k YCO2,pm ·
(

1 +
VP
Ap
S

′′′
η

)
(4.44)

In this case instead of two ODE for YCO2,pp and YCO2,pm we have only one ODE:

ε V ρg
dYCO2,pm

dt
= (Aε)

Deff

Lch
ρg (YCO2,S − YCO2,pm)︸ ︷︷ ︸

Diffusion fromsurface

− (1− ε)V S′′′ k ρg,P η · YCO2,pm︸ ︷︷ ︸
Heterog. chem.
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− k (
∑

Sp) ρg YCO2,pm︸ ︷︷ ︸
SurfaceReaction

−NP (ṁC,S + ṁC,V ) YCO2,pm︸ ︷︷ ︸
Convection:StefanF low

(4.45)

This approach is computationally more efficient than the 2-ODE approach. Steady

state solutions of both the approaches were computed to confirm that they give similar

results. Tables 4.2 and 4.3 display steady state results using both approaches for S ′′′ =

106 and YCO2,∞ = 0.99 at different inlet gas temperatures. As can be confirmed, both

these models give almost similar results for a range of temperature.

Table 4.2: Steady state results from MatLab for S ′′′ = 106 and YCO2∞=0.99 using 2

ODE approach

T∞ TP YCO2,PM YCO2,PP YCO,PM YCO,PP ṁC,V ṁC,S

800 799.833 0.9756 0.9756 0.0045 0.0045 6.557e-14 3.278e-16

900 895.677 0.6595 0.6595 0.1042 0.1042 1.8086e-12 9.044e-15

1000 985.952 0.147729 0.14753 0.2664 0.2665 6.207e-12 3.1078e-14

1100 1082.7 0.015014 0.014785 0.3087 0.3089 8.028e-12 4.0768e-14

1200 1182.7 0.001895 0.001663 0.3129 0.3130 8.42e-12 4.7987e-14

Table 4.3: Steady state results from MatLab for S ′′′ = 106 and YCO2∞=0.99 using 1

ODE approach

T∞ TP YCO2,PM YCO2,PP YCO,PM YCO,PP ṁC,V ṁC,S

800 799.383 0.9779 0.9779 0.0045 0.0045 6.5812e-14 3.39e-16

900 895.49 0.68418 0.68418 0.1145 0.1145 1.886e-12 9.4307e-15

1000 985.656 0.153081 0.153081 0.3142 0.3142 6.38e-12 3.19e-14

1100 1082.7 0.014879 0.014879 0.3665 0.3665 8.0653e-12 4.032e-14

1200 1182.7 0.0017 0.0017 0.3714 0.3714 8.4362e-12 4.2181e-14
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4.5 Solution methodology for the porous particle

model

In this section, detailed methodology to solve unsteady equations using the simplified I

ODE approach is presented. The system of equations representing the model was solved

iteratively for each time step using MATLAB 2019 software. Flowchart of the algorithm

used in MatLab is shown in Fig. 4.9 and the detailed methodology is described below

it. Implicit iterative scheme was used to solve the equations which provided more flex-

ibility and better stability for each time step.

After inputting the constants and updating the initial conditions, time loop is started

and time after each iteration is calculated as:

t(i+ 1) = i ∗ dt

Values from previous time step are used as initial guesses for implicit scheme.

Then internal iterations for that time step begin.

for j=1:100000

First properties like density of gas, heat capacity of gas, conductivity of gas in bulk gas

and porous media are calculated. Diffusion coefficients for bulk gas and porous media

are calculated using the fact that Lewis number is assumed to be unity. Kinetic rate

constant is then calculated as:

k = A0 exp
−EA

R Tpm(i+ 1)(j)

Here (i+1) refers to the time step iteration and j refers to internal iteration.

Then, density of single particle is calculated according to Eq.4.18.

ρP = ρg,P εP (i+ 1)(j) +

(
1− εP (i+ 1)(j)

)
ρC
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Then the change of particle radius and porosity with time is calculated in accordance

with Eq. 4.21.

RP (i+ 1)(j) = RP (i)− ṁC,S(i+ 1)(j)

4 π R2
P (i+ 1)(j) ρP

dt

εP (i+ 1)(j) = εP (i) +
ṁC,V (i+ 1)(j)

4
3
π R3

P (i+ 1)(j) ρC
dt

Change in particle radius causes the change in sample height. This can be calcu-

lated using the fact that number of particles in the sample (NP ) remain constant. Thus

according to Eq 4.1 :

h(i+ 1)(j) = h(i) ∗
(
RP (i+ 1)(j)

RP (i)

)3

Accordingly, area of the particle (AP ), volume of the particle (VP ) and volume of the

sample (V) are updated.

AP (i+ 1)(j) = 4 π R2
p(i+ 1)(j)

Vp(i+ 1)(j) =
4

3
π R3

p(i+ 1)(j)

V (i+ 1)(j) = A · h(i+ 1)(j)

Change in internal surface area (S ′′′) is calculated according to the RPM model as:

S ′′′ = S0

(
1−X(i+ 1)(j)

)√
1− ψ ln

(
1−X(i+ 1)(j)

)
where X is the conversion.

Next, effective porous media properties:porous sample conductivity (λeff ), effective gas

diffusivity within the sample (Deff ) and internal particle diffusion coefficient (Deff,P )
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are calculated using their respective formulas.

After updating particle radius, particle porosity and effective properties with time,

equations depicting conservation of heat and mass transfer can now be solved.

First, the surface temperature (TS) is calculated using Eqs. 4.28 and 4.29 employing

Newton-Ralphson method.

TS(i+ 1)(j) = TS(i)−

 1
λeff
h/2 +

λg
H−h + 3 εemissivity σSB T 3

S(i+ 1)(j)

(λeff
h/2

(
TS(i+ 1)(j)− Tpm(i+ 1)(j)

)

− λg
H − h

(
T∞ − TS(i+ 1)(j)

)
− εemissivity σSB

(
T 4
∞ − T 4

S(i+ 1)(j)
))

Then, the particle temperature (TP ) is calculated using Eqs. 4.25-4.28.

Tpm(i+ 1)(j) = Tpm(i) +

(
dt

V
(
ρg ε cp,g + ρs (1− ε) cs

))(λeff A

h/2

(
Tw − Tpm(i+ 1)(j)

)
+

λeff
A

h/2

(
TS(i+ 1)(j)− Tpm(i+ 1)(j)

)
+Np ṁP (i+ 1)(j) ∆RH

)

Next, the thiele modulus and the effectiveness factor are calculated.

φ2 =
k S

′′′
R2
P (i+ 1)(j)

Deff

Then effectiveness factor based on φ is calculated as

if φ < 3 , η = 1

else η = 3/φ

Surface CO2 mass fraction is calculated next according to Eq. 4.35.

YCO2,S(i+ 1)(j) =
(Aε) Dg

H−h ρg YCO2,∞ + (Aε) Deff
h

ρg YCO2,pm(i+ 1)(j)

(Aε) Dg

H−h ρg + (Aε) Deff
h

ρg +NP ṁP (i+ 1)(j)
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Next porous media CO2 species mass fraction is calculated.

YCO2,pm(i+ 1)(j) = YCO2,pm(i) +

(
dt

εV ρg

)(
(Aε)

Deff

h
ρg

(
YCO2,S(i+ 1)(j)− YCO2,pm(i+ 1)(j)

)
−(1− ε)V S ′′′ k ρg η YCO2,pm(i+ 1)(j)− k (

∑
SP ) ρg YCO2,pm(i+ 1)(j)

−NP ṁP (i+ 1)(j) YCO2,pm(i+ 1)(j)

)

Particle CO2 mass fraction is then calculated using effectiveness factor.

YCO2,pp(i+ 1)(j) = η · YCO2,pm(i+ 1)(j)

Next, ṁc,V and ṁc,S values are updated.

ṁC,V (i+ 1)(j) = VP

(
MC

MCO2

ρg k S
′′′ YCO2,pp(i+ 1)(j)

)
ṁC,S(i+ 1)(j) = AP

(
MC

MCO2

ρg k YCO2,pm(i+ 1)(j)

)
ṁP (i+ 1)(j) = ṁC,V (i+ 1)(j) + ṁC,S(i+ 1)(j)

Similarly, CO species mass fractions are calculated .

YCO,S(i+ 1)(j) =
(Aε) Dg

H−h ρg YCO,∞ + (Aε) Deff
h

ρg YCO,PM(i+ 1)(j)

(Aε) Dg

H−h ρg + (Aε) Deff
h

ρg +NP ṁP (i+ 1)(j)

YCO,pm(i+ 1)(j) = YCO,pm(i) +

(
dt

εV ρg

)(
(Aε)

Deff

h
ρg

(
YCO,S(i+ 1)(j)− YCO,pm(i+ 1)(j)

)
+2

MCO

MCO2

(1− ε)V S ′′′K ρg η YCO2,pm(i+ 1)(j) + 2
MCO

MCO2

K (
∑

SP ) ρg YCO2,pm(i+ 1)(j)

−NP ṁP (i+ 1)(j)YCO,pm(i+ 1)(j)

)
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YCO,PP (i+ 1)(j) = η · YCO,PP (i+ 1)(j)

Next, N2 species mass fractions are calculated by mass balance.

YN2,S(i+ 1)(j) = 1− YCO2,S(i+ 1)(j)− YCO,S(i+ 1)(j)

YN2,pm(i+ 1)(j) = 1− YCO2,pm(i+ 1)(j)− YCO,pm(i+ 1)(j)

YN2,pp(i+ 1)(j) = 1− YCO2,pp(i+ 1)(j)− YCO,pp(i+ 1)(j)

Estimated relative errors are then calculated based on the current iteration and previous

iteration results.

ERR1 = abs

(
RP (i+ 1)(j)− tmp0

RP (i+ 1)(j)

)
where tmp0 is the RP (i+ 1)(j − 1) value from the previous j iteration.

ERR2 = abs

(
εP (i+ 1)(j)− tmp1

εP (i+ 1)(j)

)
tmp1 is the εP (i+ 1)(j − 1) value from the previous j iteration.

If ERR1 and ERR2 < 10−4, mass of the sample and conversion for that time step

are calculated using the following equations.

M(i+ 1)(j) = M(i)(j)−NP ∗ ṁC ∗ dt

X(i+ 1)(j) = 1− M(i+ 1)(j)

M0

Internal iterations are then stopped and, when conversion (X) > 0.99, time iterations

are stopped. Results produced by the software are written into a data-sheet and then

interpreted.
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4.6 Evaluation of kinetic parameters: Experimental

results and model implementation

4.6.1 Char characterization results

After segregation of the char particles between 190 and 205 µm, characterization tests

of char were performed as discussed in chapter 2. The results from elemental analy-

sis, proximate analysis, BET surface area tests, crucible dimensions and several other

properties of char are summarized in Table 4.4 and Table 4.5 respectively. Weber et

al. [94] has reviewed properties of different biochars including biochars from woody

biomass and all the properties mentioned in these tables, fall in the ranges classified by

the author.

Table 4.4: Ultimate and proximate analysis results of biochar

Ultimate Analysis (dry basis) wt %

Carbon 89.59

Hydrogen 1.66

Nitrogen 0.36

Sulphur 0

Oxygen 8.39

Proximate Analysis wt%

Moisture 0.73

Ash (dry) 5.84

Volatiles (dry) 11.29

Fixed Carbon (dry) 82.14
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Table 4.5: BET surface area and other char properties

Property Unit Value

BET surface area m2 g−1 129.17

Char particle density kg m−3 1600

Particle diameter µm 200

Void fraction - 0.42

Initial Particle porosity - 0.5

Crucible height mm 3.3

Crucible diameter mm 5.5

Initial Char height mm 1.28

4.6.2 TGA gasification results

In order to gain kinetic data from experiments, retrieved experimental data of mass

loss vs time was converted to conversion vs time for a specific gasification temperature.

Conversion is calculated by:

X =
MC,0 −MC

MC,0

(4.46)

where Mc,0 is the original sample carbon mass at the start of the experiment and Mc

is the mass at a specific time. Fig. 4.10 and Fig. 4.11 display the conversion vs time

and gasification rate vs conversion graphs respectively for different gasification temper-

atures. As expected, gasification rate increases as the process temperature increases.

As the gasification temperature is increased 100 K from 1073 K to 1173 K, gasification

rate increases more than fourfold and the time taken to reach 98% conversion reduces

from 8900 s at 1073 K to 1600 s at 1173 K. The gasification rate reaches a maximum

shortly after the gasification reaction starts for T=800 0C and T=850 0C. The prelim-

inary reason for this has been proven to be associated with the fact that when gas is

switched from inert to reactive, non uniform concentration of the reactive gas is re-

sponsible for this maximum gasification rate [36]. For 900 0C, the maximum rate is
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observed at conversion around 0.5 which may be influenced by both gas dispersion and

pore structure change. Following the maximum rate, for all three temperatures, there

is a gradual decrease in the rate until 90% conversion is achieved. This is followed by

a sharp decrease which is mainly due to the coalscence of micropores to form larger

pores, leading to the loss of reactivity.

Now, the instantaneous char conversion rate as a function of conversion can be described

using Random Pore Model (RPM) as follows:

−1

Mc,0

dM

dt
=
dX

dt
= KRPM (1−X)

√
1− ψ(1−X) (4.47)

Here, KRPM is the intrinsic kinetic constant with dimensions s−1 and varies with tem-

perature. ψ as discussed earlier is a structural parameter of char and in this work

its value is taken as 4.0 [45]. Integrating Eq: 4.47 we can determine KRPM from the

experiments. Upon integration we get

KRPM =
2

ψ

√
1− ψ ln(1−X2)−

√
1− ψ ln(1−X1)

t2 − t1
(4.48)

Using Eq. 4.48, KRPM can be determined for a particular gasification temperature.

In this work, range of conversion from 0.1 to 0.9 was used to determine KRPM as this

ensured that build-up of quasi-stationary gas concentration at the start of experiments

is excluded.

The kinetic parameters, A0 and EA can now be determined using Least Square Regres-

sion (LSR) of data between KRPM and temperature according to Eq. 4.49

KRPM =
S ′′′

ρchar
MC A0 exp

−EA
RT

Cn
CO2

(4.49)

Here Cn
CO2

is the concentration of CO2 and n denotes the variation of KRPM with

respect to this concenctration. Since the TGA didn’t facilitate the variation of concen-

tration of the reactive gas, the value of n was assumed to be 1. The gained kinetic data

from the experiments is represented in Table 4.6.
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Figure 4.10: Experimental carbon conversion depending on time for different tempera-

tures
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Figure 4.11: Gasification rate of the char at different gasification temperatures
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Table 4.6: Kinetic parameters derived from the experimental data and model-based

conditions

Kinetic parameter Unit Experimental Model-based

A0 ms−1 1.20 · 102 4.138 · 102

EA kJ mol−1 190.528 206.731

4.6.3 Model implementation to gain re-evaluated parameters

To implement the proposed model and take into account the effects of diffusional resis-

tance within the crucible and within the pores, the experimentally determined kinetic

parameters are used as initial input for the proposed model. Bisection method was then

used to re-evaluate new parameters such that the the relative error of the weighted av-

erage YCO2,pm within the crucible was less than < 10−4 and the curves predicted by the

model were in conjunction with the experimental curves. The conversion curves for the

biochar gasification as determined experimentally and as predicted by the model using

model-based kinetic parameters are shown in Fig. 4.12 and the model-based kinetic pa-

rameters are represented in Table 4.6. As seen in Fig. 4.12, conversion vs time curves

predicted by the model for the new set of determined kinetic parameters are in good

agreement with the experimental curves. Difference between the experimental and the

model-based values of these parameters show, how important it is to take into account

the diffusion within the voids and within the crucible while determining the intrinsic

reaction rate.
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Figure 4.12: Conversion vs time curves for the char gasification as determined experi-

mentally and as predicted by the proposed model

Fig. 4.13 compares the model-based and experimentally determined gasification rate

vs conversion curves at different gasification temperatures. The curves are compared

between conversion points 0.1 and 0.9 to take out the influence of dispersion of reactive

gas during the start of the reaction. For all three temperatures the model predicts

a gradually decreasing reactivity as the conversion increases. This is in line with the

experimental results for temperature 850 0C and 800 0C as seen in the figure. For the

temperature 900 0C there is some discrepancy between the experimental curve and the

data predicted by the model, because the maximum rate at that temperature is observed

around X = 0.5 and there after it starts gradually decreasing.
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Figure 4.13: Gasification rate vs conversion curves for the char gasification as deter-

mined experimentally and as predicted by the proposed model

4.7 Sensitivity analysis

Re-evaluated kinetic parameters using the 0-D model were calculated in the previous

section. It makes an interesting study to tweak some char properties and see how the

reactivity responds to these changes. Thus, in this section a sensitivity analysis of the

model is performed to see how the results at T = 900 0C vary with these changes. For

all the parameter tweaks, A0 and EA determined in the previous section were used.

Model sensitivity was analysed for the following three changes corresponding to the

char properties:

1) Changing the tortuosity (τ ) of voids within the sample and within the pores of

the particle to 1.
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2) Changing the specific surface area (S ′′′) value of the sample to 107.

3) Changing the char structural parameter (ψ) value to 1 and 15.

The results and findings from these changes are discussed one by one.

4.7.1 Changing the tortuosity (τ) of voids within the sample

and within the pores of the particle to 1

To evaluate the kinetic parameters using the 0-D model, tortousity of the curves within

the void spaces between the particles and inside the pores of the particles had been

lumped into 1
ε
. To assess the sensitvity analysis of the model with respect to tortousity,

another case considering τ = 1 was solved in MATLAB. For this case Eq. 4.14 and

Eq. 4.33 change to Deff = εDg and Db = εP (εDg) respectively. To gauge the effect

of this change, the model was run using the kinetic parameters determined in Table

4.6 in the previous section. The conversion vs time and gasification rate graphs for

T∞ = 900 0C, comparing the experimental data and the model-based results for two

corresponding cases of τ are shown in fig. 4.14 and fig. 4.15. As can be seen from the

figure, upon decreasing the tortuosity value to 1 prediction from the model deviates

from the experimental results significantly. The gasification rate increases and the

conversion occurs more rapidly.

This increase in the gasification rate predicted by the model is in line with the expected

variation, because the value of tortuosity equal to 1 signifies that the void passages

between the particles are essentially straight lines making it easier for the bulk gas to

diffuse between them, hence increasing the gasification rate.
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Figure 4.14: Conversion of char sample with time for Tbulk = 900 0C as determined

experimentally and as predicted by model for τ=1
ε

and τ = 1
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Figure 4.15: Gasification rate of the char sample with conversion for Tbulk = 900 0C as

determined experimentally and as predicted by model for τ=1
ε

and τ = 1
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4.7.2 Changing the specific surface area (S ′′′) of the sample to

107

Specific surface area (SSA) of the char was measured using the BET experiments.

Its volumetric value for the biochar was measured as 2.06 · 108 m−1. Another case

of sensitivity analysis of the model was performed by changing the specific surface

area (S ′′′) and studying its impact on the reactivity of char. To study the effects of

this change, the value of S ′′′ was changed to 107 m−1 keeping the kinetics same and

its results were compared with original results. Figures 4.16 and 4.17 display this

comparison at T = 900 0C. Decrease in S ′′′ considerably decreases the gasification rate

and it takes almost triple the time to reach full conversion. Again the model correctly

predicts the effects of SSA change on reactivity, as higher the SSA available, higher

the concentration of the active sites for the reaction to take place, hence higher the

reactivity.
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Figure 4.16: Conversion of char sample with time for Tbulk = 900 0C as determined

experimentally and as predicted by model for S ′′′ = 1.29 · 108 andS ′′′ = 107
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Figure 4.17: Gasification rate of the sample with time for Tbulk = 900 0C as determined

experimentally and as predicted by model for S ′′′ = 1.29 · 108 andS ′′′ = 107

4.7.3 Changing the char structural parameter (ψ) value to 1

and 15

Structural parameter of char (ψ) in the RPM function predicts the evolution of pore

structure during the gasification. A high ψ value means that initially, the particle has

a very little porosity and as the reaction proceeds, porosity increases with more and

more reactions occuring within the pores, thus increasing reactivity [45]. Similarly, a

low value of ψ relates to high initial porosity within the particle. This means that the

particle is mostly consisted of macro and meso-pores and fewer micro-pores which are

mostly responsible for the reaction rate within the pores. As a result, the gasification

rate is slower because there’s not much further development in the porous structure of

the char [95]. This observation is comfirmed by the model in figures 4.18 and 4.19. As

the ψ value is increased from 1 go 15, the gasification rate increases and the conversion

of char happens faster.
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Figure 4.18: Conversion of char sample with time for Tbulk = 900 0C as determined

experimentally and as predicted by model for ψ = 1, ψ = 4 and ψ = 15
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Figure 4.19: Gasification Rate of the sample with time for Tbulk = 900 0C as determined

experimentally and as predicted by model for ψ = 1, ψ = 4 and ψ = 15
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4.8 Conclusion

This chapter presented a novel model to calculate intrinsic kinetics of char gasificationo

using a TGA. The model followed a 0-dimensional approach and heat and mass transfer

phenomenons within the crucible were expressed in terms of numerical transport equa-

tions. First, the equations were written for non porous char particles and validated

against 3-D CFD simulations of the gasifying char particles published in [75]. Figures

4.4-4.7 compare the results from steady state solution of the model and data from CFD

simulations. The correspondence between both the data sets was convincing with slight

deviations at higher temperatures and the model was validated.

Next, the model was extended to porous particles, to take into account change in par-

ticle radius and particle porosity as the reaction proceeds. This was done by tracking

the mass of each particle with time. Mass and heat transfer equations were updated

to take into context pore diffusion and reaction inside pores. Another approach to deal

with pore diffusion was applied using the thiele modulus and effectiveness factor. This

approach ensured that only one ODE for species transport was required to be solved

thus making the computations easy for software to process. In the next section, a de-

tailed solution methodology that was used to solve the unsteady state equations was

explained.

Experimental TGA results were then discussed and kinetic parameters were obtained

from these results using the RPM model. Then the model was implemented to gain

re-evaluated parameters. Obtained parameters using RPM were first inputted into the

model and then these were tuned using the bisection model. Figures 4.12 and 4.13 con-

firm that the model reproduced similar results as compared to the experiments using

the newly obtained parameters. In the last section, a sensitivity analysis of the model

was performed by changing char properties and observing the behaviour of gasification

rate with these changes. In this section also, the model showed good applicability as the

behaviour of reactivity predicted by the model was similar to what has been observed

in numerous experimental studies before hand.
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Chapter 5

Evaluation of synergistic effects

between biomass and plastics:

Results and Discussion

5.1 Feed characterization

Elemental and Proximate analysis of the SW and HDPE were performed using the

procedures discussed in 2.1.2. The results are displayed in Table 5.1. As can be seen,

biomass contains carbon and oxygen in almost equal amounts, therefore highlighting

the problem of high oxygen content in its bio-oil. On the other hand, HDPE evidently

has no oxygen content, making it a ideal co-feedstock for pyrolysis. As can been seen

from the results, HDPE contains all its organic matter in volatile form and does not

contribute in forming char.
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Table 5.1: Ultimate and Proximate analysis results of SW and HDPE feedstock

Ultimate Analysis (dry basis wt%) SW HDPE

Carbon 48.16 85.42

Hydrogen 5.90 14.39

Nitrogen < 0.2 0

Sulphur 0 0

Oxygen 45.74 0

Proximate Analysis (wt%)

Moisture 3.46 0

Ash(dry) 2.15 0

Volatiles (dry) 77.20 100

Fixed carbon 16.19 0

5.2 Pyrolysis characteristics of the samples

Pyrolysis of pure samples and their different blends was performed in the TGA. Weight

loss curves and the respective DTG curves obtained from pyrolysis of samples are pre-

sented in Fig. 5.1 and Fig. 5.2 respectively. Softwood decomposition started at around

210 0C and was characterized by mainly two stages. In the first stage which lasted until

420 0C, the biomass lost about 65% of its weight in a single stage. This corresponds

to the degradation of cellulose and hemicellulose which comprise about 60-70% of the

biomass’s weight. In the second stage, slow decomposition of biomass’s lignin content

took place above the temperature 420 0C in a broad range. These results were consistent

with the data in published literature regarding individual pyrolysis of biomass contents

[12]. HDPE which consisited of 100% volatiles, decomposed in a short single stage as

expected. The temeprature range for its decomposition ranged from 380− 510 0C. The

maximum DTG peaks for pure samples corresponding to their weight loss curves were

observed at T=375 0C (17.86 %/min) for softwood and at T=490 0C (51.85 %/min) for
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HDPE respectively.
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Figure 5.1: Weight percent vs temperature curves of pyrolysis of pure samples and their

different blends in a TGA

The TG and DTG curves for the blends of SW and HDPE are also presented in

Fig. 5.1 and Fig. 5.2. The TG and DTG curves of all the blends lie in between the

SW and HDPE curves and the final residue was corresponding to their blending ratio.

The decomposition took place in two stages for all the mixture samples. The first stage

was due to the degradation of biomass and the second stage corresponded to the HDPE

decomposition. As can be seen, with the increase of HDPE in the mixture, the maxi-

mum DTG peak regarding cellulose decomposition decreased thus signifying the effect

of plastic coating reported in literature [77]. Also the starting decomposition tempera-

ture of the blends was delayed by 20 0C for the composition of 75%SW-25%HDPE and

this delay increased to about 40 0C for the blending ratio of 25:75 and the temperature
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for first peak regarding the cellulose degradation also increased with the blending ratio

of HDPE. Also the termination temperature relating to pyrolysis state from HDPE was

reduced for blends as compared with the pure sample, indicating that the releasing of

volatiles was facilitated [81].
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Figure 5.2: DTG curves of pyrolysis of pure samples and their different blends in a

TGA

5.3 Synergistic effects between the SW and HDPE

In order to evaluate the the synergistic effects and get a better understanding of these

effects, theoretical weight loss curves of the blends were calculated using the ratio of

the pure samples and their individual curves. This approach has been readily applied

in the literature by different authors while studying the synergistic effects [79]. The

idea behind this approach is that if no synergistic interactions take place between the

biomass and plastics, then the weight loss predicted by the theoretical curves should
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be similar to the one determined experimentally. The theoretical weight loss curve is

calculated using the following equation [79]:

Wtheoretical = xSW WSW + xHDPEWHDPE (5.1)

where xSW and xHDPE are the blending ratios of the softwood and HDPE respec-

tively and WSW and WHDPE represent the values of weight loss during the pyrolysis of

softwood and HDPE at same conditions as that of blends. Therefore, this should be

the weight loss if it is assumed that the pyrolysis of SW and HDPE in a mixture are

independent of each other. Based on this fact, the synergistic effects can be quanti-

fied by studying the discrepancy between the Wexperimental and Wtheoretical curves. The

difference between the two quantities is described as follows:

∆W = Wexperimental − Wtheoretical (5.2)

Fig. 5.3 shows the ∆W curves for blends of the SW and HDPE. Significant deviations

can be seen for the temperature range where SW and HDPE degrade, thus confirming

the synergistic interactions between the two compounds. Upto temperatures around

300 0C, the deviation of ∆W was within the ±1%, suggesting that no interactions had

taken place because HDPE hadn’t started decomposing. For the blending ratios of

50:50 and 25:75, there was a decrease in ∆W uptil 440 0C followed by a sharp rise at

around 500 0C after which it remained constant for the rest of the temperature range.
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Figure 5.3: ∆W curves for blends of SW and HDPE

Other researchers have also reported similar behaviour between the biomass and

plastic ∆W curves ([77], [82]). This behaviour can be attributed to the mechanism

discussed in 1.6.2. HDPE first softens at around 300 0C reaching a plastic state and

coats the biomass particles. This coating then inhibits the release of volatiles from SW

decomposition and thus ∆W decreases. The second peak in the curves was achieved

when plastic began to decompose and there was a large release of volatiles. This peak

coincides with the DTG peak corresponding to the HDPE decomposition. Therefore

∆W increased. The positive value of ∆W confirmed the fact that biomass radicals

abstracted hydrogen from the plastic and facilitated its decomposition in turn releasing

more volatiles along with stabilizing the primary products from biomass decomposition

and reducing char yield [81]. For the blending ratio of 75:25 however, only one negative

peak was observed at around 460 0C and the final value was close to 0. A possible reason

for this unusual characteristic can be the fact that the duration of HDPE softening
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process extended and this resulted in negative value of ∆W between temperatures

400− 520 0C. A similar phenomenon was reported by Xiong et al. [77].

5.4 Char yield using tube furnace

In order to gasify the chars formed using blends, tube furnace was used to produce

chars. Experimental details were provided in section 2.2.3. It has been discussed that

synergistic effects between biomass and plastics tend to produce less char and favour the

release of volatiles. This can also be verified from Fig 5.3, where the final ∆W values

are below 0, thus confirming that less char is produced experimentally then predicted

by theoretical formulation. This trend was also observed in tube furnace experiments.
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Figure 5.4: Char yield of blends obtained experimentally using tube furnace compared

with calculated yield in case of no interactions

Fig. 5.4 displays comparison between experimentally obtained char yield of different

blends using a tube furnace in comparison with theoretically calculated yields, that
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would have been possible if no interaction took place. It can been seen char yield

decreases as much as 6.6% for the case blending ratio of 25:75, thus confirming the fact

that HDPE radicals stabilize primary products from cellulose decomposition of SW by

donating hydrogen and later the radicals from HDPE catalyze lignin decomposition,

releasing more volatiles and reducing the char formation.

5.5 Char characterization

Elemental analysis, BET surface area and SEM analysis of the char were performed

to study its properties and characterize them on the basis of these observations. The

results are discussed below.

5.5.1 Elemental analysis

The elemental analysis results of the chars formed are displayed in Table 5.2. It can be

seen that as the blending ratio of HDPE increases, carbon content in the char increases

significantly and as a result, the oxygen content within the chars formed also decreased.

The hydrogen content of the char derived from blends also decrease when compared with

the char derived directly from pure SW. The increase in fixed carbon content and the

likewise decrease in hydrogen and oxygen contents of the chars point towards the fact

that more hydrogen and oxygen containing groups were released during the pyrolysis of

SW with blends of HDPE and thus confirming the fact that synergistic effects between

biomass and plastics garvitate towards the release of more volatiles [94].
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Table 5.2: Elemental analysis of chars fderived from pyrolysis of blends using SW and

HDPE

Ultimate Anal-

ysis (dry basis

wt%)

100% SW

char

75%SW-

25%HDPE

char

50%SW-

50%HDPE

char

25%SW-

75%HDPE

char

Carbon 81.92 85.93 86.72 87.14

Hydrogen 3.17 2.84 2.8 2.9

Nitrogen < 0.2 < 0.2 < 0.2 < 0.2

Sulphur 0 0 0 0

Oxygen 14.9 11.23 10.48 9.96

The H/C and O/C atomic ratios of the chars are presented in Fig. 5.5. It can

be discerned from the figure that the H/C ratio of the char decreases 14.65 % (from

0.464 to 0.396) as the SW is blended with 25% HDPE. The O/C ratio also decreases

27.94% when SW is blended with 25% HDPE. On further increasing the HDPE weight

percent, such a drastic impact on the atomic ratios ratios was not observed but still

some effect are present. The O/C ratio continues to decrease as the blending ratio

increases and H/C decreases for 50-50 wt% ratio but increases slightly for 25-75 wt%

ratio probably due to inconsistency of the char particles used for analysis. A low H/C

ratio is a indication that char predominately consists of fixed carbon aromatic rings,

thus making it chemically more stable and improves its reactivity by increasing the

active carbon sites [38].
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Figure 5.5: H/C and O/C atomic ratios of the chars derived pyrolysis of blends using

SW and HDPE

5.5.2 SEM and BET analysis of the chars

The SEM images of the raw SW and the chars derived from pyrolysis of blends of SW

and HDPE are presented in Fig. 5.6. As can be seen from images, raw SW particles

(image a) had an amorphous, lumpy dense mixture having a compact structure with

minute pores and mostly closed channels. This is also evident from the BET results of

the samples presented in Table 5.3 where the surface area of raw SW was a negligible

0.164 m2/g thus reproducing the fact that the raw biomass has an undeveloped pore

structure. Upon thermal cracking of the SW, structure morphology of the char (image

b) changed completely as compared with the raw SW particles. The char formed

contained a fibrous and more fragmented structure with open pores formed due to the

release of volatiles. This led to a large increase in the surface area of the char when

compared to raw SW. The BET surface area value of 100% SW char was 85 m2/g.

The char morphology images of the blends of SW and HDPE are presented in images

c, d and e respectively. The images show that the with the blending of HDPE, more
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ruptures within the fragmented structure were caused upon pyrolysis, thus suggesting

that more volatiles were released upon blending of HDPE leading to a more porous and

less denser char. This was also evident from the BET surface area results. The surface

area of blends increased from 85 m2/g for 0 wt% of HDPE to 109 m2/g for 75 wt% of

HDPE within the sample.

Table 5.3: BET surface areas of Raw SW and chars derived from blends of SW and

HDPE

Sample name BET surface area (m2/g)

Raw SW 0.164

100% SW char 88.45

75% SW-25% HDPE char 93.37

50% SW-50% HDPE char 101.14

25% SW-75% HDPE char 109.20
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(a) (b) 
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(e) 

Figure 5.6: SEM images of (a) raw SW, (b) 100% SW char, (c) 75% SW-25% HDPE

char, (d) 50% SW-50% HDPE char, (e) 25% SW-75% HDPE char
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5.6 Gasification reactivity of chars

Char characterization techniques implied in the previous section provided valuable in-

formation regarding how the chars formed using different blending ratio of plastics are

different from char from biomass alone. High carbon content, low O/C ratio, increased

BET surface area suggest that the char formed using blends of plastics and biomass has

improved properties due to release of more volatiles and thus might be more suitable

for gasification processes. Co-gasification of biomass and plastics have reported to have

synergistic effects in terms of increase in yield of total syngas produced and individual

components such as H2 and CO [88]. Therefore, the reactivity of chars during CO2

gasification is discussed in this section.

The methodology of the experiments performed is discussed in chapter 2. Since the

char formed from tube furnace experiments using blending ratio of 25-75 was low in

quantity, it was not used for experiments. Rest all three chars were gasified in CO2

atmosphere at three different temperatures i.e 800 0C, 850 0C, 900 0C. Different chars

had different volatile content present within them, which was released during the inert

conditions maintained initially within the TGA, to increase the temperature from room

temperature to the desired gasification temperature. As a result, by the time gasifica-

tion reactions started, different samples had different weights. Therefore to normalize

the weight and compare reactivities of the samples, data for the first 3.5 mg of weight

loss of each sample from the time the gas was switched from inert N2 to CO2 was used

to compare and characterize the gasification rates. The conversion vs time graphs of

the three chars gasified at different temperatures are presented in Fig. 5.7. It can be

seen that the time required to achieve 3.5 mg weight loss for the chars formed using

blends (blue and green scatter) is significantly less than the char formed from 100%

biomass (red scatter), for all three temperatures. This can attributed to the fact that

during characterization, chars formed using blends had a higher carbon content and

a larger BET surface area as compared with char formed from 100% biomass. Thus

more active sites were present in the chars formed using blends which promoted re-
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activity and hence the time required to achieve the desired conversion was reduced.

Upon increasing the blending ratio to 50-50 wt%, further improvement in reactivity

was observed for tmeperatures 850 0C and 900 0C, however this was not congruent with

the graphs obsevred at T=800 0C. The change observed was significant upon increas-

ing the blending ratio as the carbon content in both the chars was similar as can be

seen in Table 5.2. Thus, it can be concluded that synergistic effects between SW and

HDPE observed during their co-pyrolysis not only improved its properties in terms of

its elemenal content, increased BET surface area, but also improved the gasification

reactivity of char.

            

 

0 500 1000 1500 2000 2500 3000 3500
0.0

0.2

0.4

0.6

0.8

1.0

C
on

ve
rs

io
n

Time (sec)

 100% SW char, Temp= 800 oC
 75%SW-25%HDPE char, Temp= 800 oC
 50%SW-50%HDPE char, Temp= 800 oC

0 200 400 600 800 1000 1200 1400
0.0

0.2

0.4

0.6

0.8

1.0

C
on

ve
rs

io
n

Time (sec)

 100% SW char, Temp= 850 oC
 75%SW-25%HDPE char, Temp= 850 oC
 50%SW-50%HDPE char, Temp= 850 oC

0 200 400 600 800
0.0

0.2

0.4

0.6

0.8

1.0

C
on

ve
rs

io
n

Time (sec)

 100% SW char, Temp= 900 oC
 75%SW-25%HDPE char, Temp= 900 oC
 50%SW-50%HDPE char, Temp= 900 oC

a  b 

  c 

Figure 5.7: Conversion vs time graphs for CO2 gasification of chars formed using SW

and HDPE blends at different temperatures:(a)= 800 0C, (b)= 850 0C, (c)= 900 0C
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5.6.1 Evaluation of kinetic parameters

Kinetic parameters for the gasification of chars, were obtained using experimental data

and then re-evaluated using the model proposed in chapter 3 taking into account the

diffusional resistances within the crucible. The scheme of the methodology used is

similar to the one proposed in section 3.6. First the conversion vs time data gained

experimentally was used to obtain kinetic parameters using the RPM model. For all

the three biochars, the value of structural parameter(ψ) was chosen to be 4. These

parameters where then inputted into the MATLAB code and bisection method was

used to determine the improved parameters. The only difference between the char

properties mentioned in Table 4.5 and the once used for these samples was in the BET

surface area and the char sample height which in this case changed to .224 mm as the

sample used was only 3.5 mg. The values of kinetic parameters are listed in Table 5.4.

It can be seen that increasing the blending ratio decreases the activation energy of the

gasification reactions.

Table 5.4: Kinetic parameters calculated from experimental data and then re-evaluated

using the TGA model

Sample name Experimentally calcu-

lated kinetic parameters

Model-based kinetic pa-

rameters

100%SW char A0 = 1.26 · 101 ms−1,

EA = 151.237 kJ mol−1

A0 = 1.48 · 101 ms−1,

EA = 172.231 kJ mol−1

75% SW-25% HDPE char A0 = 1.07 · 101 ms−1,

EA = 147.538 kJ mol−1

A0 = 1.30 · 101 ms−1,

EA = 168.214 kJ mol−1

50% SW-50% HDPE char A0 = 7.11ms−1,

EA = 143.597 kJ mol−1

A0 = 1.22 · 101 ms−1,

EA = 165.488 kJ mol−1
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5.7 Conclusion

In this chapter synergies between SW and HDPE and its impact on biochar reactivity

were evaluated. First, different blends of SW and HDPE were pyrolysed in a TGA

and the weight loss and DTG curves of the samples were studied. All the blends, wore

the characteristics of their parental curves. To evaluate the synergistic effects between

them, a new term ∆W was defined. The plots of ∆W for the three different blends,

suggest that the synergistic mechanism taking place between SW and HDPE was as fol-

lows: Initially the HDPE softens and coats the SW particles, which traps the volatiles

released from its decomposition. This leads to a negative ∆W . The primary radicals

formed from cellulose decomposition abstract hydrogen from HDPE radicals thus sta-

bilizing the primary products and promoting the chain scission of HDPE polymer. This

in turn leads to a large release of volatiles and increases the ∆W to positive and at

last the radicals formed from HDPE decomposition catalyze the lignin decomposition

which in turns reduces the final char yield and leads to negative ∆W finally.

The tube furnace was then used to form a larger quantity of chars for further charac-

terization and experiments. The results from solid’s yield at the end of tube furnace

experiments also concur with the fact that char yield is lower when SW is co-pyrolysed

along with HDPE. Upon characterization of this char it waa found that, chars pro-

duced from blends have higher carbon content and a lower oxygen content within them.

Co-pyrolysis also increased the BET surface area of the chars as more volatiles were

released which lead to the rupturing of fibrous fragments and opened more pores within

the char particles. Finally, gasification experiments of these chars displayed that the

chars formed using blends had higher reactivity based on its high carbon content and

high BET surface area.
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Chapter 6

Summary and Future Work

6.1 Summary

The present work was divided into two major parts. Gasification of chars using CO2 was

studied using a Thermogravimetric Analyser (TGA) in the first part of this project.

TGA is used extensively for predicting reaction kinetic paramaters of gasification of

chars ,as it provides the added benefits of directly measuring the char weight loss with

time in a safe and simple manner. However, build up of gas within the empty space

above the char sample has significant diffusional effects which are often neglected while

studying kinetics. Therefore a numerical model of the TGA capturing the phenomenon

within the crucible was proposed to determine effective kinetic parameters of the char-

CO2 boudouard reaction. The model was first written for the steady state reaction of

non-porous char particles and solved in MATLAB software. The results were matched

against 3-D CFD simulations of a particle resolved bed. After validation of the model,

the model was extended to porous particles wherein evolution of particle diameter and

particle porosity with time and diffusion of gases within the pores of the particles were

taken into account. Isothermal TGA experiments of the biochar were perfomed at

three different temperatures. The gained data was then converted to conversion vs

time which was then used to obtain the kinetic parameters using the RPM model.
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The activation energy of the char-CO2 reaction from the experiments was obtained as

190.528 kJ mol−1. These parameters were then inputted into the model and Bisection

method was then used to re-evaluate new parameters such that the the relative error of

the weighted average YCO2,pm within the crucible was less than < 10−4 and the curves

predicted by the model were in conjunction with the experimental curves. The activa-

tion energy of the Boudouard reaction using the model was re-evaluated to be 206.731

kJ mol−1 which was 8.5% higher than the one obtained experimentally.

In the second part of this work mixtures of Softwood and HDPE were formed by blend-

ing different weight ratios of HDPE. The mixtures along with the pure samples were

then pyrolysed using the TGA and the synergistic effects were studied using a term

called as ∆W which is the difference between experimentally obtained and the theo-

retically determined weight loss of the mixture. The results showed that significant

synergistic effects occurred between the two samples when they were co-pyrolysed to-

gether. This was reasoned based on the coating effect of the plastic on biomass particles,

which leads to the biomass radicals abstracting hydrogen from the plastic radicals. As

a result a lower yield of char is obtained. The tube furnace experiments confirmed this.

In the last sections of this part, char produced using blends was characterized using

Elemental analysis, BET surface area tests and SEM imaging and after characterization

was gasified in CO2 atmosphere to compare their reactivity and obtain kinetic parame-

ters similar to the first part. Results showed that co-pyrolysis significantly improved the

properties of the char obtained by increasing the carbon content and the BET surface

area which in turn improved their gasification rates. A 3.9% decrease in the activation

energy was also observed upon increasing the blending ratio of the HDPE from 0 to

50%.
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6.2 Future Work

The future work based on this study, which can be performed in order to help commer-

cialize the gasification technology in the near future is:

1. An enhanced kinetic model effectively capturing the structural change of char and

also taking into consideration the catalytic effects of the mineral content of char

needs to be formed.

2. Method of pyrolysis of biomass has an evident effect on the char reactivity. There-

fore optimization of parameters of biomass pyrolysis is needed so as to form char

with higher reactivity.

3. Based on the synergistic effects, different feedstocks can be tested so as to improve

the quality of products such as bio-oil and biochar. Catalysts can also play an

important role in selectivity of the products from the co-pyrolysis of biomass and

plastics and therefore more study in this area is required.
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