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Abstract
It is desirable to exploit biomass energy along with coal and petcoke through gasification, and understanding the differences
between petroleum coke (petcoke), coal and biomass gasification behaviour becomes very essential. Consequently, present
investigation compares gasification components of petcoke, sawdust and high ash coal with their physico-chemical properties
under isothermal conditions in CO2 atmosphere in the temperature range of 1173–1623 K. Physico-chemical characterisation
includes proximate and ultimate analyses, porous structure analysis by Brunauer-Emmett-Teller (BET) surface area from nitro-
gen (N2) adsorption isotherm, ash composition analysis and ash fusion temperature. The effects of temperature and nature of
different solid fuels on gasification reactivity have been discussed. Gasification kinetics has been investigated using two nth-
order kinetic models, such as homogeneous model (HM) and shrinking core model (SCM). Influence of diffusion resistance on
gasification behaviour of different solid fuels is also reported. Thus, the present study will be helpful to realise the effects of high
ash in gasification behaviour as well as in designing and modelling of the suitable gasifier and to establish optimum gasification
conditions for petcoke, biomass and high ash coal.
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1 Introduction

Petroleum coke or petcock is a carbonaceous material
consisting of polycyclic aromatic hydrocarbon. It is a by-
product of crude oil processing by thermal cracking followed
by delayed or fluid coking. Petcoke production in refineries is
gradually climaxing due to the increasing trend of heavy crude
processing as well as the maximising economic benefit from
every single refinery stream. Presently, world production of
petcoke is around 150 million metric ton per annum
(MMTPA) and in India, it is about 15 MMTPA [1]. High
calorific value, low ash, abundant availability and relatively
cheaper price of petcoke make it an attractive energy resource
and worldwide utilisation of petcoke is dominated in the en-
ergy sector (75%) as fuel or process feedstock. Non-energy

usages of petcoke basically include the production of carbon
anodes for aluminium industry and graphite electrodes for
steel industry [2].

Traditionally, petcoke is burned in a boiler for power or
heat generation. Nevertheless, high sulphur and vanadium
content of petcoke imposes serious environmental and opera-
tional issues. Considering severe air pollution, the apex court
of India banned the use of petcoke in Delhi and the National
Capital Region (NCR) area since 1 November 2017 [3] and
further imposed ban on import of petcoke in India for its use as
fuel since 26 July 2018 [4]. China has also reduced the import
of petcoke significantly from 2014. In this context, gasifica-
tion of petcoke which is legally allowed by the apex court of
India [4] may be an effective option towards its judicious
utilisation to produce power, heat and various chemicals, such
as ammonia, urea, methanol and F-T liquids meeting stringent
environmental regulations.

On the other hand, India has a vast reserve of coal and
generates a significant amount of biomass residue. Presently,
India is the 2nd coal producer country in the world with its
estimated non-coking coal reserve of 170.68 BT up to the
depth of 300 m. Furthermore, out of this vast reserve, inferior
grade high ash non-coking coal (grade G7 to grade G17)
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mostly dominates with its share of 82.5% [5]. Being an agri-
cultural nation, biomass availability in India is more than 500
MMT/year, and this large biomass energy utilisation is very
crucial in India’s future energy planning [6]. Biomass energy
is always attractive and effective option to reduce carbon
emissions to the environment as it is renewable and carbon
neutral. Moreover, use of biomass as gasification or combus-
tion feedstock is always advantageous owing to its higher
reactivity resulting from high volatile content, inorganic con-
stituents and structural make-up. However, industrial
utilisation of biomass is considerably constrained due to its
lower energy content, lower bulk density, higher tar yield and
most unstable supply chain resulting from its spatiotemporal
nature [7]. Therefore, it might be desirable to exploit biomass
energy along with coal and petcoke through gasification, and
understanding the differences of petcoke, coal and biomass
gasification behaviour becomes very essential.

In this context, several researchers worked in the area of
CO2-char gasification kinetics of different carbonaceous ma-
terials. CO2-char reaction is important as it is the slowest
among gasification reactions and considered as the rate-
determining step as well as to make a balance between air or
oxygen and steam to generate optimum heat for driving endo-
thermic gasification reactions [8, 9]. Therefore, sound knowl-
edge of CO2-char gasification reactivity and kinetics is essen-
tial to establish process parameters and to design and develop
suitable gasifiers for different energy resources, such as coal,
biomass and petcoke. Heterogeneous char gasification reac-
tion is a complex phenomenon controlled by various factors,
such as physico-chemical properties and reaction conditions
[8–13]. Isothermal CO2 gasification kinetics of petcoke, coal
and biomass in the temperature range of 1123–1573 K using a
thermogravimetric analyser (TGA) was studied by Huo et al.
[9]. They explained the influence of the physical characteris-
tics of different feed materials on gasification activities. Ding
et al. [14] explored rapid pyrolysis and in situ gasification
characteristics of coal and petcoke using a microscope
coupled to a TGA. Furthermore, a comparison of steam gas-
ification characteristics of coal char with petcoke-char in the
temperature range of 1373–1673 K in a drop tube furnace was
studied byDing et al. [15]. They described the effects of steam
concentration, gasification temperature and types of carbona-
ceous material on gasification characteristics. Petcoke and lig-
nite gasification under CO2 atmosphere using the isothermal
thermogravimetric method at 1273 K was studied by Zhan
et al. [16]. They reported very poor reactivity of petcoke
which was improved by blending with lignite. Isothermal
CO2 gasification reactivity of different carbonaceous mate-
rials including petcoke and coal in the temperature ranging
from 1223 to 1673 K by the thermogravimetric method was
reported in the literature [17]. It was found that the petcoke
reactivity was several times poorer than coal chars. Apparent
activation energies of different feed materials were also

mentioned. Fermoso et al. [18] studied gasification reactivity
and kinetics of coal, biomass and petcoke using the isothermal
thermogravimetric method in the temperature range of 1123–
1323 K. They reported higher reactivity of biomass than coal
and petcoke due to the catalytic effects of biomass ash.

Furthermore, isothermal gasification kinetics of 13 carbo-
naceous materials including coal of different ranks and
petcoke in CO2/steam in the temperature range of 1273–
1873 K using a drop-in-fixed-bed reactor under atmospheric
pressure was explored by Ren et al. [19]. The experimental
results reflected that the increasing gasification temperature
levelled off the difference in gasification reactivity among
the samples. However, gasification reactivity of petcoke even
at 1873 K was too low to compete with coal and it was 2–9
times slower than that of coal. Physical properties and CO2

gasification reactivity of petcoke and coal char in the temper-
ature range of 1223–1673 K were also investigated by Wu
et al. [20]. They showed the effects of pyrolysis temperature
and pyrolysis pressure on gasification activity. Results re-
vealed that the effects of temperature and pressure of pyrolysis
were significantly different for coal and petcoke.

Therefore, a detailed literature survey reflects that though
many researchers have worked in the area of gasification be-
haviour of petcoke, coal and biomass, there is a scarcity of
literature to compare gasification behaviour of high ash coal
(> 40%), petcoke and biomass. Consequently, the aim of the
present investigation is to compare gasification components of
petcoke, biomass and high ash coal with their physico-
chemical properties under isothermal conditions in CO2 atmo-
sphere in the temperature range of 1173–1623 K. Physico-
chemical characterisation includes proximate and ultimate
analyses, porous structure analysis by Brunauer-Emmett-
Teller (BET) surface area from nitrogen (N2) adsorption iso-
therm, ash composition analysis and ash fusion temperature.
Variation of gasification reactivity with temperature and na-
ture of different chars has been discussed. Gasification kinet-
ics is investigated using two nth-order kinetic models, such as
homogeneous model (HM) and shrinking core model (SCM).
Influence of diffusion resistance on gasification behaviour of
different solid fuels is also reported. Thus, the present study
will be helpful to realise the effects of high ash in gasification
behaviour as well as in designing and modelling suitable gas-
ifier and to establish optimum gasification conditions for
petcoke, biomass and high ash coal.

2 Experimental

2.1 Selection of carbonaceous solid fuels

The carbonaceous solid fuels used in this investigation incor-
porated one high ash coal (HAC, ash content 41.3%), one
petcoke (PC) and one sawdust (SD) samples. HAC was
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collected from one Indian coal field, while PC and SD were
taken from Indian refinery and local timber industry, respec-
tively. For feed material characterisation and gasification ex-
periments, all the samples were crushed to the particle sizes
range of − 0.21 + 0.15 mm. Proximate and ultimate analyses
of all the feed materials have been depicted in Table 1.
Proximate and ultimate analyses of PC, SD and HAC were
conducted following ASTM standards and Indian standards
[7, 8, 21–24]. Table 1 clearly indicates that these carbona-
ceous substances differ significantly in ash, volatile matter
and fixed carbon as well as in their elemental constituents.

2.2 Char preparation

Gasification of any carbonaceous material occurs in two steps.
The first step is the pyrolysis which produces char and vola-
tiles. The second step is the char gasification step to convert
solid char to gaseous products. This is the slowest step and,
hence, rate-determining step. In the gasifier, coal particles are
first dried by the hot gases (product gas comprising of mainly
CO and H2) and pyrolysis starts as the temperature of the coal
particle exceeds 673 K and continues up to higher temperature
~ 1273 K. Liquids, such as tars, oils and phenols, and
hydrogen-rich volatile hydrocarbon gases are formed. The
residue as char contains the remaining carbon and mineral
matter. After attaining a temperature of 973 K or more, char
gasification reactions begin [25]. Therefore, to study pure char
gasification reaction separating from devolatilisation, char
samples from petcoke, sawdust and coal were prepared keep-
ing in mind the facts of complete removal of volatiles as well
as avoiding rearrangement of the material surface [26].

For the present investigation, char samples were prepared
at 1173 K in nitrogen (N2) atmosphere (purity 99.999%) by
STA 449 F3 Jupiter TGA (Netzsch, Germany). A flat alumina
sample container was used to hold about 500 mg of sample.
Then, the temperature was increased up to 1173 K at the ramp
rate of 10K/min in N2 flow of 100ml/min and the sample kept
for 30 min more at that temperature to eliminate volatiles
completely. Similar experiments were conducted to have an

adequate amount of char for performing different char charac-
terisation and gasification experiments.

2.3 N2 adsorption study

N2 adsorption analysis was conducted to determine BET sur-
face area by means of Brunauer-Emmett-Teller (BET) equa-
tion assuming multi-molecular layer adsorption of adsorbate
gas on a solid adsorbent. Tristar 3000 of Micromeritics, USA,
was used to measure BET surface area at liquid N2 boiling
temperature, i.e. 77 K using 99.999% pure N2 as adsorbate gas
in the relative pressure range of 0.05 to 0.3. For all the exper-
iments, straight lines with correlation coefficients of greater
than 0.99 were obtained and surface area was computed by the
instrument software utilising the values of slope and intercept
of the straight line [8, 26, 27]. BET surface area of raw and
char samples of different carbonaceous substances are shown
in Table 2. It may be noted that the surface of each sample was
cleaned before conducting experiments by purging N2 gas for
3 h at 423 K in a separate unit (FlowPrep of Micromeritics,
USA).

2.4 Ash composition analysis

Petcoke ash, sawdust ash and coal ash were prepared follow-
ing ASTM and Indian standard methods [8, 22, 28, 29]. Ash
composition analysis was performed by using a wavelength-
dispersive x-ray fluorescence (WDXRF) spectrometer (PW
2424 MagiX, Philips, The Netherlands) [8, 13, 22, 26].
Sample preparation is substantial during quantitative measure-
ment by XRF specifically for solid powdered samples, where
particle size, surface roughness and packing density affect
analyte line intensity. Ash particle size of less than 200 mesh
(BIS size) was achieved by an automatic grinder (Mini Mill,
Fritsch). Stearic acid was used as a binder in pellet preparation
with sample and binder ratio of 10:1. Subsequently, the sam-
ple was pressed for 5 min under 150 kN forces using a Herzog
TP 20 P hydraulic press and a stable pellet of 40 mm diameter
was produced. Precise and accurate ash composition analysis
of petcoke, biomass and coal has been depicted in Table 3.

Table 1 Proximate and ultimate
analysis b Solid fuel a Proximate analysis (wt.%, air-dried basis) Ultimate analysis (wt.%, dry ash free basis)

M A VM FC C H N S O

PC 0.9 0.7 11.4 87.0 87.85 3.56 1.54 5.26 1.79

SD 10.8 3.7 65.7 19.8 49.72 6.20 0.36 - 43.72

HAC 6.5 41.3 24.5 27.7 71.17 5.42 1.65 1.05 20.71

a PC, SD and HAC stand for petcoke, sawdust and high ash coal, respectively
b Proximate analysis (wt.%, air-dried basis), ultimate analysis (wt.%, dry ash free basis). M moisture, A ash, VM
volatile matter, FC fixed carbon, C carbon, H hydrogen, N nitrogen, S sulphur, O oxygen
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2.5 Determination of ash fusion temperature

Four important ash fusion temperatures (AFT), namely initial
deformation temperature (IDT), softening temperature (ST),
hemispherical temperature (HT) and flow temperature (FT),
were measured using a heating microscope (5E-AF-4000,
CKIC, China) in reducing conditions (IS–12891–1990). Ash
sample (particle size − 0.21 mm) was placed on a small plat-
inum plate and was introduced into the furnace. As the tem-
perature increased, the microscope projected image of the
specimen and above-mentioned four temperatures of the ash
samples were measured. During the experiment, the tempera-
ture was raised up to 1273 K at the rate of 10 K/min and then
the heating rate was maintained 5 K/min up to 1773 K in order
to obtain very accurate and precise measurements of ash fu-
sion temperatures. Four important ash fusion temperatures of
the samples have been depicted in Table 4.

2.6 Isothermal CO2 gasification experiments by
thermogravimetric method

The thermogravimetric analyser (TGA) is extensively accept-
ed for gasification reactivity and kinetic analysis owing to its
precise and accurate measurements as well as simple opera-
tion [29]. Isothermal gasification experiments in the present
investigation were performed by using an STA 449 F3 Jupiter
TGA (Netzsch, Germany) in the temperature range of 1173–
1623 K in CO2 atmosphere (purity 99.999%). The said TGA
was capable to measure weight changes with a high resolution
of 1 μg and low drift in microgram range over several hours
along with accurate temperature determination having devia-
tion up to 1.5 °C or 0.25%, whichever is greater. About 20 mg
of char sample (particle size, − 0.21 + 0.15 mm) was placed
uniformly on a flat alumina container of the TGA for each
experiment. First, it was heated up to the desired temperature
in N2 atmosphere (purity 99.999%) at the ramp rate of 10 K/

min. Post realisation of the target temperature, N2 flow
(100 ml/min) was replaced by CO2 (purity 99.999%) of the
same flow rate to conduct a gasification experiment at that
desired temperature for 120 min. The TGA was calibrated
and a blank run was conducted to negate the buoyancy effect
associated with each experiment. The repeatability and accu-
rateness of the TGA were confirmed by carrying out experi-
ments with a reference sample (calcium oxalate).

3 Results and discussion

3.1 BET surface area of different carbonaceous
substances and char

BET surface areas of PC, SD, HAC and their char samples
prepared at 1173 K have been shown in Table 2. It clearly
demonstrates that char samples have a higher surface area than
the corresponding raw substances. It may be attributed to the
creation of new pores due to the release of volatiles from
carbon framework, opening up of previously closed pores as
well as enlargement of already open pores with the heat treat-
ment [8, 30]. An increase in surface area is highest in the case
of SD char due to its higher volatile content. It may be men-
tioned that biomass, petcoke and coal are basically composed
of polycyclic aromatic hydrocarbon building blocks connect-
ed by cross-links with heteroatom functional groups at their
periphery. Pore structure is largely dependent on these cross-
links and functional groups. The higher amount of cross-links
and oxygen functional groups in biomass and coal leads to the
larger volatiles which on removal during heating produce
more porous chars. On the other hand, the structural make-
up of petcoke with less volatiles and less oxygen functional
groups makes it less porous. This observation is in accordance
with the other researchers also [9, 31–33].

3.2 Ash characteristics

The chemical composition of ash is very important towards
the selection of feed material for a particular gasifier. Ash
fusion temperature (AFT) and slag flow depend on the chem-
ical composition of ash. For an entrained flow gasifier, the
operating temperature must be above AFT tomaintain the slag
in the Newtonian flow region. Continuous slag tapping is very

Table 3 Ash composition analysis and alkali index

Sample Fe2O3

(%)
CaO
(%)

MgO
(%)

Na2O
(%)

K2O
(%)

SiO2

(%)
Al2O3

(%)
TiO2

(%)
P2O5

(%)
SO3

(%)
V2O5

(%)
NiO
(%)

Alkali Index
(AI)

Petcoke 6.39 15.12 1.35 1.37 0.82 21.27 9.76 0.75 0.67 1.23 31.23 10.04 0.57

SD 3.52 42.97 6.23 2.96 12.03 21.95 6.31 0.33 3.65 ---- ---- ---- 8.87

HAC 5.59 1.85 0.94 0.17 0.69 57.74 30.74 1.35 0.2 0.71 ----- ---- 4.31

Table 2 BET surface area of carbonaceous substances

Sample BET surface area (m2/g) Sample BET surface area (m2/g)

PC 0.89 PC char 17.07

SD 0.46 SD char 593.26

HAC 16.92 HAC char 24.67
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critical for the stable operation of an entrained flow gasifier
[34]. On the other hand, it is necessary to operate fluidised bed
and dry bottom fixed bed gasifiers below the AFT of the feed
material to avoid ash agglomeration [35–38]. Ash composi-
tion and ash fusion temperature (AFT) of PC, SD and HAC
have been shown in Tables 3 and 4, respectively. It is reflected
that AFT of SD ash is lower than those of HAC and PC
because of the higher concentrations of alkali and alkaline
earth metal (AAEM) oxides (Na2O, K2O, CaO, MgO).
These AAEM oxides are susceptible to form low-
temperature eutectics resulting in the lowering of AFT. On
the other hand, acidic oxides such as silica (SiO2) and alumina
(Al2O3) tend to increase AFT forming some high melting
stable compounds of refractory nature during gasification
[35]. Typical characteristics of Indian coal ash with higher
concentrations of SiO2 and Al2O3 lead to the higher AFT of
HAC.

On the other hand, PC ash has a higher amount of vanadi-
um oxide (V2O5) and nickel oxide (NiO), which makes it
different from HAC and SD ash. In PC ash (wt%), generally,
V2O5, NiO, SiO2, Al2O3, Fe2O3 and CaO together constitute
around 95% and remaining 5% consists of MgO, TiO2, SO3,

K2O, Na2O and P2O5 [28, 34, 39]. In general, petcoke ash has
high AFT with IDT around 1450 °C and FT, even greater than
1500 °C due to the higher V2O5.Wang et al. [40] also reported
that the AFT of petcoke increases with increasing V2O5

concentration.
It is also established that the AAEM and iron act as cata-

lysts in combustion and gasification reactions of carbonaceous
substances. To examine the overall influence of catalytically
active components, alkali index (AI) as proposed by Sakawa
et al. [41] has been used for the present investigation and
presented in Table 3. The influence of AI on char gasification
behaviour has been discussed in sub-section “Effect of nature
of char on gasification reactivity”.

3.3 CO2 gasification reactivity and kinetics

3.3.1 Gasification reactivity of petcoke, sawdust and high ash
coal char

In the present investigation, isothermal thermogravimetric gas-
ification reactions of petcoke, sawdust and high ash coal char
samples prepared at 1173 K were conducted at 1373, 1423,

1473, 1523 and 1573K in CO2 atmosphere. Carbon conversion
(x) during gasification has been expressed as below:

x ¼ W0−Wð Þ= W0−Washð Þ ð1Þ
where W0, W and Wash present the initial char weight, char
weight at any time and ash weight in the char, respectively.

Plots of carbon conversion (x) versus reaction time (t) have
been presented in Fig. 1. Gasification reactivity of different
substances is generally compared by reactivity index, R, and it
is defined as R = 0.5/τ0.5 (min−1), where τ0.5 is the required
time to achieve 50% carbon conversion [8, 9, 42]. This defi-
nition has been applied here to determine the gasification re-
activity of PC char, HAC char and SD char. R values calcu-
lated from x versus t plots for different char samples have been
shown in Fig. 2. The greater the reactivity index, R value of a
particular char under definite condition, the higher is its
reactivity.

Effect of temperature on gasification reactivity: Figures 1 and
2 clearly demonstrate that char gasification reaction becomes
faster with the increasing temperature and gasification reactiv-
ity is noticeably influenced by gasification temperature irre-
spective of the nature of the char samples. As for example,
reactivity index increases from 0.0081–0.0406 min−1,
0.0746–0.1389 min−1 and 0.125–0.25 min−1 for PC char,
HAC char and SD char, respectively in the temperature range
of 1373–1573 K. This increase in reactivity index is owing to
the endothermic nature of CO2-char gasification reaction. This
trend is consistent with the findings of other researchers also
[8, 9, 42] Furthermore, it is worthy to mention here that gas-
ification temperature not only influences the rate but also
plays a crucial role to decide the rate-controlling step during
reaction. For the present investigation, rate-controlling kinet-
ics has been discussed in sub-section “Activation energy,
Arrhenius plot and diffusion resistance”.

Effect of nature of char on gasification reactivity: Moreover,
the order of gasification reactivity for different chars in the pres-
ent investigation is SD char >HAC char > PC char throughout
the studied conditions (Fig. 2). Much poorer gasification reactiv-
ity of PC charwith respect to SD andHACchar can be explained
from their physico-chemical properties. Pores are important in
determining the reaction rate. Macro- andmesopores act as feed-
er pores for reaching the reactive gas to the active sites in the

Table 4 Ash fusion
characteristics of different
carbonaceous substances in
reducing conditions

Sample Initial deformation
temperature, K (IDT)

Softening
temperature, K (ST)

Hemispherical
temperature, K (HT)

Flow
temperature, K
(FT)

PC 1718 > 1773 > 1773 > 1773

SD 1450 1474 1483 1499

HAC 1661 > 1773 > 1773 > 1773
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micropores, where the gasification reaction can occur. Therefore,
proneness of gas-solid reaction is being enhanced with the

increasing char porous structure. In the present investigation,
BET surface area (Table 2) sequence of different char samples

a.

b.

R² = 0.9927

R² = 0.9936R² = 0.9851 R² = 0.949
R² = 0.926

0

0.4

0.8

1.2

1.6

2

0 20 40 60 80 100 120 140

-L
N

(1
-x

)

Time (minute)

1373 K

1423 K

1473 K

1523 K

1573 K

R² = 0.9992

R² = 0.9995R² = 0.9989
R² = 0.9812R² = 0.9675

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120 140

1-
(1

-x
)1/

3

Time (minute)

1373 K

1423 K

1473 K

1523 K

1573 K

Fig. 3 Validation of a)
homogeneous model (HM) and b)
shrinking core model (SCM) for
PC char at 1373–1573 K

Table 5 Rate constant and activation energy of char samples at 1373–1573 K for homogeneous model (HM) and shrinking core model (SCM)

Sample Gasification
temperature (°C)

Rate constant (k)
(homogeneous
model, HM)

Activation energy
(KJ/mol) (homogeneous
model, HM)

Rate constant (k)
(shrinking core
model, SCM)

Activation energy
(KJ/mol) (shrinking
core model, SCM)

PC char 1100 0.0119 142.83 0.0033 142.59
1150 0.0176 0.0049

1200 0.0242 0.0067

1250 0.0301 0.0084

1300 0.0674 0.0186

SD char 1100 0.2066 56.24 0.0566 60.44
1150 0.2726 0.0723

1200 0.3066 0.0856

1250 0.3592 0.1022

1300 0.3918 0.1099

HAC char 1100 0.1227 59.93 0.0336 58.50
1150 0.1652 0.0453

1200 0.2047 0.0547

1250 0.2230 0.0598

1300 0.2411 0.0655
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is ranked as PC char <HAC char < SD char and char reactivity is
found proportional to the BET surface area. This is in accordance
with the findings obtained by other investigators [9, 43].

The catalytic activity of inorganic constituents of carbona-
ceous char is one of the factors found in literature to affect char
gasification. Miura et al. [44] found that coal minerals control
the gasification reaction of lower rank coal char (C < 80%).
Nature of char surface as well as the extent of oxygen functional
groups is crucial for showing catalytic activity by inorganic
constituents. Active metal (AAEM) cations must be present
in exchangeable forms with carboxylic and phenolic groups
to form active sites for performing catalytic activity. In the
present study, sawdust, coal and petcoke differ significantly
in their inorganic constituents, and sequence of AI which de-
scribes the overall influence of catalytically active species with-
in the ash can be ranked as SD >HAC> PC (Table 3) and AI
has been found to be a good performer to explain the gasifica-
tion reactivity. Additionally, carbon aromaticity, crystalinity
and structural orderness differ significantly in PC, HAC and
SD chars. PC char with the highest aromatic carbon, crystalline
and compact structure shows very poor reactivity compared
with HAC and SD char. Therefore, it may be summarised that
AAEM concentrations (measured as AI) along with different

amounts of oxygen functional groups and porous structure
(BET surface area) make the sequence of gasification reactivity
as SD char > HAC char > PC char.

3.3.2 Gasification kinetics of petcoke, sawdust and high ash
coal char

Kinetic models: An extensive research has been conducted to
develop kinetic models to explain various components of char
gasification reaction. Though until now, there is no universal
kinetic model for gasification reactions, various researchers
have utilised different models. Among them, homogeneous
model (HM), shrinking core model (SCM) and random pore
model (RPM) are most widely applied. Considering the sim-
plicity and efficiency to describe experimental data, homoge-
neous model (HM) and shrinking core model (SCM) have
been utilised for CO2-char gasification kinetics in the present
investigation [17, 42, 45, 46].

Homogeneous model (HM) simplifies the heterogeneous
gas-solid reaction to a homogeneous reaction by assuming
solid as a homogeneous assembly of small lumps of reactants.
As per this model, a reaction occurs at all possible places, both
the surface and the bulk. With the progress of the reaction, the
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particle size remains the same, but density decreases. The rate
equation for this model is expressed as

dx=dt ¼ kHM 1−xð Þ ð2Þ

Its linearised solution is

−ln 1−xð Þ ¼ kHMt ð3Þ
where x is the conversion and kHM is the rate constant. − ln (1
− x) has been plotted against time, t, for all the char gasifica-
tion reactions at 1373–1573 K under CO2 atmosphere. The
rate constant, kHM, is obtained from the slope of the straight
line and depicted in Table 5.

On the other hand, the shrinking core model (SCM) as-
sumes that the reaction occurs at the surface of the solid or
at the interface of the unreacted solid and the porous product
layer. As per this model, the reaction takes place at the outer
surface of a spherical particle. As the reaction proceeds, the
reaction surface moves inward with the formation of an
unreacted core which shrinks with time and leaves behind
inert ashes. At the same time, it also assumes that the external
radius of the particle remains the same assuming no deforma-
tion of the ash layer. It may be pointed out that, like HM, SCM

also does not consider structural changes of the solid during
gasification reaction. The rate expression is

dx=dt ¼ kS 1−xð Þ2=3 ð4Þ

Its linearised solution is

1− 1−xð Þ1=3 ¼ kSt ð5Þ
where x is the conversion and kS is the rate constant. 1 − (1 −
x)1/3 has been plotted against time, t, for all the experiments
under studied conditions. The rate constant, kS, has been ob-
tained from the slope of the plot of 1 − (1 − x)1/3 versus t and
depicted in Table 5.

Plots of − ln(1 − x) versus t, and 1 − (1 − x) 1/3 versus t for
HM and SCM, respectively, have been presented in Figs. 3, 4
and 5 for PC char, SD char and HAC char in the temperature
range of 1373–1573K. These figures clearly illustrate that good
linearities have been obtained for both the models. Values of
correlation coefficients (R2) of the straight lines have been
shown in Figs. 3, 4 and 5. All the CO2 char gasification exper-
iments under the studied conditions have been well described
by both HM and SCM. However, considering the correlation
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coefficients (R2) of both themodels for all the PC, SD andHAC
chars, it can be said that the overall fitting extent of SCM is
better than that of HM. As for example, correlation coefficients
(R2) obtained from HM (Fig. 3a) for PC char vary from 0.926–
0.9936, whereas R2 values are found 0.9675–0.9995 for the
same set of experiments in case of SCM (Fig. 3b). Similarly,
R2 obtained from HM and SCM for SD char are found to vary
from 0.9399 to 0.9693 (Fig. 4a) and 0.9805–0.9934 (Fig. 4b),
respectively. SCM is also found better to fit HAC char exper-
iments with R2 values of 0.9729–0.9968 (Fig. 5b) in compari-
son with the R2 values of 0.9338–0.9788 (Fig. 5a) of HM.
Therefore, SCM is found more suitable to describe CO2-char
gasification reactions at 1373–1573 K for all the PC, SD and
HAC chars in the present study. This finding matches with the
observations reported in the literature [45, 46].

Moreover, values of rate constants, kHM and kS, are deter-
mined by HM and SCM, respectively, shown in Table 5, clear-
ly demonstrate that (i) these rate constants increase with the
increasing temperature under the studied conditions of 1373–
1573 K and (ii) the sequence of rate constant values for differ-
ent chars can also be ranked as SD char > HAC char > PC char.

Activation energy, Arrhenius plot and diffusion resistance:
Activation energy,E (kJ/mol), for different char samples has been

determined from the slope of Arrhenius plot, Lnk versus 1/T,
where k represents the corresponding rate constant of HM and
SCM, and T is the absolute temperature. E values have been
depicted in Table 5. Arrhenius plots for PC char, SD char and
HAC char fromHMand SCM in the temperature range of 1373–
1573 K with correlation coefficients (R2) are shown in Figs. 6a,
7a and 8a, respectively. As PC char is the least reactive among the
three carbonaceous substances, E values for PC char are highest
determined by both HM (142.83 kJ/mol) and SCM (142.59 kJ/
mol) under the studied conditions. However, being the most ac-
tive substance, E values of SD char are not always the lowest
(Table 5). It may be due to the presence of diffusion resistance
during gasification reactions under the studied conditions.

Saha [26] reported absence of diffusion resistance for CO2

gasification kinetics of coal with particle sizes − 0.21 + 0.15 mm
in the temperature range of 1173–1323 K. As the present inves-
tigation is done with the same particle sizes but at higher tem-
perature, there is a possibility of the presence of diffusion resis-
tance. Therefore, to check the presence/absence of diffusion re-
sistance, CO2 gasification experiments with PC char of the same
particle sizes were further conducted at 1273, 1323 and 1623 K,
and kinetic analysis is done. Figure 6b shows the Arrhenius plots
for PC char in the temperature range of 1273–1523 K and 1523–
1623 K. Comparison of Fig. 6a with that of Fig. 6b clearly
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exhibits that there is a clear deviation in linearity in Arrhenius
plots for PC char fromHMand SCM at 1523K.R2 of Arrhenius
plots fromHM and SCM at 1373–1573 K are 0.9347 and 0.937,
respectively (Fig. 6a), whereas Arrhenius plots for PC char at
1273–1523 K and 1523–1623 K show high linearity with R2 of
0.9959 and 0.9931 for HM, and 0.9978 and 0.994 for SCM,
respectively (Fig. 6b). It is therefore justified to infer that diffu-
sion resistance starts for PC char gasification reactions in CO2

atmosphere with particle sizes − 0.21 + 0.15 mm above 1523 K
and CO2-char gasification of PC char in the temperature range of
1273–1523 K is pure chemically controlled.

Figure 7a shows Arrhenius plots for SD char from HM and
SCM at 1373–1573 Kwith R2 of 0.9716 and 0.9815, respective-
ly. As the linearity is quite good, there may be a possibility of
beginning diffusion resistance below 1373 K. Therefore, to test
the presence of diffusion factor for SD char, CO2 gasification
reactions with the same particle sizes were further performed at
1173–1273 K. Arrhenius plots for SD char from SCM at 1173–
1273 K (R2 is 0.9988) and 1273–1573 K (R2 is 0.991) in Fig. 7b
unequivocally demonstrate that diffusion resistance starts for SD
char gasification reaction with particle sizes − 0.21 + 0.15 mm in
CO2 above 1273 K and SD char gasification kinetics up to 1273
is definitely pure chemically controlled.

Similarly, to check the presence/absence of diffusion resis-
tance in CO2 gasification for HAC char in the temperature
range of 1373–1573 K, gasification experiments with the
same particle sizes were carried out at 1273 and 1323 K.
Figure 8b shows the Arrhenius plots for HAC char from
SCM at 1273–1423 K and 1473–1573 K with R2 of 0.9933
and 0.9994, respectively. This figure evidently demonstrates
that diffusion resistance is present above 1423 K for HAC
char and CO2 gasification kinetics up to 1423 K with particle
sizes − 0.21 + 0.15 mm is chemically controlled.

Therefore, it may be said that diffusion resistance is present
in CO2 gasification for PC char and HAC char with particle
sizes − 0.21 + 0.15 mm in the temperature range of 1373–
1573 K, whereas the said resistance is visible for SD char with
the same particle sizes at 1273–1573 K. Diffusion resistance
in CO2 gasification kinetics starts for PC char, SD char and
HAC char above 1523 K, above 1273 K and above 1423 K,
respectively. This difference in gasification behaviour for dif-
ferent chars is attributed to their differences in AFT. Char
structure becomes less permeable to the reactive gas with the
softening of mass at high-temperature gasification. Lower
AFT causes softening of themass at a lower temperature range
to happen. It is therefore justified to mention that diffusion
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resistance comes in force at lower gasification temperature
with the lowering of AFT range of the ash. Consequently,
SD char kinetics is being affected first by diffusion resistance
with its lowest AFT followed by HAC char with its medium
AFT and finally PC char kinetics shows diffusion resistance at
the highest temperature with its highest AFT under this study.
Gu et al. [17] reported similar observation for CO2 gasification
kinetics of petcoke and low ash coal. However, reporting of
diffusion resistance in CO2 gasification kinetics for high ash
coal, biomass and petcoke is very rare in literature.

4 Conclusion

The present paper compares CO2-char gasification reactivity
and kinetics of petcoke, sawdust and high ash coal with their
physico-chemical properties under isothermal conditions in the
temperature range of 1173–1623 K. Based on the results obtain-
ed and subsequent discussion, it is reasonable to infer as below:

i) The higher amount of cross-links and oxygen function-
al groups in sawdust and coal lead to the larger volatiles
which on removal during heating produce more porous
chars. On the other hand, the structural makeup of

petcoke with less volatile matter and less oxygen func-
tional groups makes it less porous.

ii) AFT of sawdust ash is lower than those of coal and
petcoke because of the higher concentrations of
AAEM oxides. The refractory nature of Indian coal
ash with higher concentrations of SiO2 and Al2O3 leads
to its higher AFT. On the other hand, a large amount of
V2O5 and NiO makes petcoke ash different from coal
and biomass ash. AFT of petcoke ash is found highest
in this study.

iii) AAEM concentrations (measured as AI) along with
different amounts of oxygen functional groups and po-
rous structure (BET surface area) make the sequence of
gasification reactivity in the present investigation as SD
char > HAC char > PC char.

iv) Homogeneous model (HM) and shrinking core model
(SCM) have been utilised for CO2-char gasification ki-
netics in the present investigation. Considering the cor-
relation coefficients (R2) of both the models for all the
PC, SD and HAC chars, it can be said that SCM is
found more suitable to describe CO2-char gasification
reactions in the temperature range of 1373–1573 K.

v) Activation energy of PC char is found higher than that
of HAC and SD char. However, activation energy of
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SD char, though it is the most active substance, is not
always the lowest.

vi) Diffusion resistance is found to exist in CO2 gasifica-
tion kinetics for PC char andHAC char with the particle
sizes − 0.21 + 0.15 mm in the temperature range of
1373–1573 K, whereas the said resistance is present
for SD char with the same particle sizes at 1273–
1573K. Diffusion resistance starts for PC char, SD char
and HAC char above 1523 K, above 1273 K and above
1423 K, respectively.
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