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Thermal kinetic analysis of mustard biomass with equiatomic iron–nickel 
catalyst and its predictive modeling 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• FeNi-mustard biomass synthesized with 
spike-like FeNi particles. 

• Activation energy increases while calo-
rific value decreases with FeNi. 

• Uniform conversion independent of 
heating rate is achieved with 10% FeNi. 

• FeNi catalyst enhances the decomposi-
tion of lignin in mustard biomass. 

• RSM and a suitable ANN model are used 
to validate the experimental results.  

A R T I C L E  I N F O   

Handling editor: Pau-Loke Show  

Keywords: 
Polyol 
Biofuel 
Pyrolysis 
ANN 
Catalysis 
Magnetic 

A B S T R A C T   

Mustard waste briquettes are commercially used as a fuel for power production in boilers, whereas the thermal 
kinetics of the biomass plays a vital role in deciding the process parameters. The pyrolysis process converts 
biomass to value-added products such as biochar, bio-oil, and hydrocarbon gases based on the heating rates and 
temperature. To enhance the pyrolytic activity of mustard biomass, magnetically separable and reusable FeNi 
alloy catalyst is investigated. The thermo-conversion properties are studied under variable heating rates with 2 
and 10% FeNi particles prepared through a facile chemical reduction technique. Thermal kinetics is computed 
using Flynn-Wall-Ozawa (FOW) and Kissinger-Akahira-Sunose (KAS) methods. The activation energies calculated 
using FOW and KAS methods increase with FeNi addition in mustard while the calorific value decreases. The 
FeNi alloy particles with the spike-like morphology provide better metal-biomass binding resulting in higher 
activation energy and facilitates the easy decomposition of lignin. The 10% FeNi -mustard shows uniform 
conversion independent of heating rates, suitable for magnetically recoverable catalytic pyrolysis. Response 
surface methodology analysis predicts optimum conversion for 10% FeNi added mustard and less significance for 
the heating rates in concurrence with the experiments. Artificial neural network utilized to predict and validate 
mass loss for mustard biomass exhibits best fit for the three neural hidden layer and one output layered topology.   
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Thermogravimetric analysis of hazardous waste: Pet-coke, by kinetic 
models and Artificial neural network modeling 
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A B S T R A C T   

Pet coke is a hazardous waste obtained from petroleum refinery on an enormous scale. Understanding pet coke’s 
material characteristics and its decomposition kinetics is a prerequisite for its highly stable combustion behavior. 
Proximate analysis revealed that high fixed carbon and low volatile matter makes pet coke a low reactive fuel. 
Advanced analytical techniques like FTIR, XRD, ICP-OES revealed that pet coke is predominantly inorganic, 
constituting graphitic carbon and hydrogenation materials like nickel & vanadium, respectively. Thermogravi-
metric studies were conducted, and average activation energy calculated by model-free methods was in the range 
of 152.70 to 206.18 kJ/mol, respectively. The study of solid state reaction mechanism by Coats-Redfern, Ken-
nedy-Clark and Master plot methods suggested contracting volume (g(α) = (1-(1-α))1/3) and two dimensional 
diffusion reaction mechanism (g(α) = (1-α) ln(1-α) + α) models which falls under decelerating type reaction 
mechanism. Combustion indices of pet coke like CCI, DI, DB were evaluated at different rates of heating. Pet 
coke’s thermal degradation behavior were modelled using an artificial neural network (NN7). The research 
carried out permits to identify the characteristics of one of the most dominant hazardous waste, along with the 
futuristic potential usage and the findings provide reliable kinetic parameters for scale up, utilization, optimi-
zation, limitation for the system.   

1. Introduction 

Petroleum coke is a derivative product of crude oil refining & 
different cracking process in which the principal constituent is carbon 
[1]. Pet coke consists mostly of carbon and has high sulfur content 
compared to coal. Pet coke, has drawn the attention of process industries 
that employ combustion eventhough, it appears to be coal, has more 
detrimental effects on the atmosphere compared to any other fuel. And, 
also widely used in cement, steel, aluminum and titanium di oxide 
production industries. In the case of steel and titanium dioxide 
manufacturing industries, they consume calcined pet coke, which is 
desulfurized and carbon enriched, but in the cement industry, pet coke 
merely blended with 5% of limestone and combusted as an alternative 
fuel. The broad classification and respective applications of Pet coke are 
Fuel grade (Combustion in kilns) and graphite grade (electrodes), which 
are primarily based on carbon and sulfur ratio [2]. Fuel grade Pet coke 
has low ash & high calorific value, and it is an inexpensive fuel to 
combust, despite its high pollution property. Global energy demand is 
forcing the industries to incorporate pet coke in their combustion 

processes. Even though the recent developments are inclined towards 
sustainable and green energy sources [3–6] with reduced greenhouse 
gases, the consumption of Pet coke continues to outweigh the world’s 
environmental needs, and it is in an uptrend in terms of consumption. 
Demand in the cement, steel, and aluminum industries is rising world-
wide because of rapid industrialization and globalization, where Pet 
coke is at the center of this prerequisite energy supply. Globally pro-
duction rate of Pet coke has surpassed 150 million metric tons per year, 
and with an increase in oil demand, the generation rate can even rise 
further [7]. The worldwide surge in crude oil prices also demands the 
industry to promote the utilization of the derivative byproducts of oil 
refineries to expand their marginal profit. Fuel grade Pet coke is widely 
used in cement, steel, and aluminum industries because of the high 
heating value of 34.7 MJ/kg and its inexpensive fuel nature [2]. 

Globally ongoing research areas are focused on creating clean com-
bustion and Co-gasification processes of pet coke. Pet coke is used in 
chemical looping combustion to improve the gasification process. [8]. 
The synergetic effect on pet coke and biomass was reported, and biomass 
ash in the blends had a catalytic effect on the reactivity of petroleum 
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a b s t r a c t

In the textile industry-water treatment process, lime sludge is generated and usu-
ally piled up in nearby barren lands to avoid transportation costs. However, the
textile sludge could have disposal value as an alternative raw material in cement
kilns. Advanced analytical techniques were employed to investigate the raw material
property of textile sludge for cement production. Fourier Transform Infrared(FTIR)
Spectroscopy Analysis and Thermo-gravimetric hyphenated FTIR analysis revealed that
textile sludge was predominantly inorganic and gas emissions mainly were CO2. Sludge
was fused at calcination temperatures, and the phase transition was compared to the
Hot Meal (HM) formed from the raw meal. Inductively coupled plasma optical emission
spectrometry(ICP-OES) revealed that textile sludge is rich in metal oxides such as 45%
CaO, 11% SiO2, 0.44% Al2O3, 8.57% Fe2O3, 7.85% MgO, respectively, which are essential
raw materials for the cement manufacturing process. The thermal degradation kinetics
were computed under non-isothermal conditions (30–900 ◦C) at 10, 15, 20◦C/min.
Response surface regression techniques identified the effect of heating rate and tem-
perature on mass loss. Regression Coefficient of the predictive models were above 0.90.
The prediction accuracy increased by Artificial neural network using MSE as performance
function and TRANSIG as transfer function.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The textile industry is one of the leading industries in India, and the wastewater generated in the industrial process
is treated, and residue left often in the treatment plant is of major concern and poses a risk to the Environment. The
textile industry is an excellent example of the circular economy concept, promoting a zero liquid discharge process.
However, wastewater treatment generates sludge and poses a risk to the Environment if not disposed of sustainably.
Sludge generation is due to different treatment processes like chemical coagulation, flocculation, and lime-soda treatment
(Balasubramanian et al., 2006). It contains toxic metals, residual dyes that are carcinogenic, and hazardous organic
chemicals used during textile manufacturing processes (Herek et al., 2012). The conventional disposal techniques adopted
in India are landfilling, dumping in the ocean, and composting (Anwar et al., 2018). With the growing concern of reducing
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a b s t r a c t

Lignite (AL), with a calorific value of 5.9 MJ/kg is the most abundant low-rank coal used widely in power
generation. AL's combustion and pyrolysis characteristics were investigated to provide scientific findings
using thermogravimetric analysis under non-isothermal conditions. Methods utilized in the kinetic
investigation included Vyazovkin, Flynn-Ozawa-Wall (FOW), Kissinger-Akahira-Sunose (KAS), Freidman,
Doyle, Arrhenius, Freeman-Caroll, and Sharp-Wentworth. Multiple heating rate methods delivered the
activation energy (Ea) as 194e211 kJ/mol (combustion) and 450e470 kJ/mol (pyrolysis). Combustion
process followed two dimensional diffusional reaction (2D), volume contracting (R3) solid-state reaction
mechanism models and pyrolysis followed volume contracting (R3) as determined by CR (Coats-Red-
fern), KC (Kennedy-Clark) methods. Master Plot method validated the mechanisms and concluded that it
is of deaccelerating type. Improper combustion at a higher heating rate (50

�
C/min) was indicated with

an increase in burnout Tb, ignition Ti, peak Tp temperatures. Combustion indices (CHCI, IG, IB) reported
highest values of 4.99 E�10 mg2 min�2 OC�3, 4.19E-05 mg2 min�3, 2.65 mg2 min�4 at lowest heating
rates. AL's analytical thermal degradation behavior results were validated using artificial neural networks
with best-fit models NNA 7,8. The research study offers a useful guide for spontaneous AL combustion
and pyrolysis prediction on site.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Combustion is the driving force for power generation in thermal
and hybrid industries. Combustion of fuel plays a pivotal role in
transportation, industrial, and domestic requirements [1]. Unless
and until the renewable sources of energy on earth are not fully
exploited in terms of their potential for power generation, the de-
pendency of human beings on fossil fuels is seldom ending [2].
Because of fossil fuel combustion, global warming has turned into a
serious problem. The most significant contributor to global
warming is CO2 from power generating systems or processes [3].
The power plants which run on coal as fuel adds a share of 33e40%
worldwide of carbon emissions, which are anthropogenic [4]. Py-
rolysis is a predominant step in the processes like coking, gasifi-
cation, liquefaction etc. The reactivity of char and cokes, the

structure of the pore, and the specific surface area during coking are
largely affected by this process [5]. The temperature and heating
rate of pyrolysis affect the gasification products, and in hydro-
liquefaction, it affects the cleavage of macromolecular bonding
into fragments [6]. Pyrolysis is the backbone for clean coal con-
version technologies. It helps to relate the soot generation rate in
coal combustion to tar generation rate and thus predict environ-
mental benefits [7]. Simultaneous series and parallel reactions, and
complex coal structures make it difficult to understand the pyrol-
ysis process [8]. When developed economies are concerned, the
technological advancement and good quality of fuel help achieve
their target of carbon capture and storage. However, for developing
economies of the world, the scenario is different [9]. The present
rate of discovery of crude oil is approximately half of that of pro-
duction of fuel, and a downward trend of oil production is supposed
to be observed from 2020 to 2030. This will pave the downward
trend in oil production that will change the economy and invoke
alternative fossil fuels to be used as the primary fuel in the power
generation process via the combustion route [10]. Due to the cur-
rent rate of greenhouse gas emissions, the temperature of the globe

* Corresponding author. Department of Energy and Environment, National
Institute of Technology, Tiruchirappalli, Tamilnadu, 620015, India.

E-mail addresses: sathiyanitt1491@gmail.com1 (S.S. Prabhakaran), gs@nitt.edu
(G. Swaminathan), virajjoshi91@gmail.com (V.V. Joshi).

Contents lists available at ScienceDirect

Energy

journal homepage: www.elsevier .com/locate/energy

https://doi.org/10.1016/j.energy.2021.122949
0360-5442/© 2021 Elsevier Ltd. All rights reserved.

Energy 242 (2022) 122949

mailto:sathiyanitt1491@gmail.com1
mailto:gs@nitt.edu
mailto:virajjoshi91@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.energy.2021.122949&domain=pdf
www.sciencedirect.com/science/journal/03605442
http://www.elsevier.com/locate/energy
https://doi.org/10.1016/j.energy.2021.122949
https://doi.org/10.1016/j.energy.2021.122949


Journal of Cleaner Production 329 (2021) 129579

Available online 12 November 2021
0959-6526/© 2021 Elsevier Ltd. All rights reserved.

Life cycle assessment of the co-combustion system of single-use plastic 
waste and lignite coal to promote circular economy 

Viraj V. Joshi a, Ganapathiraman Swaminathan b, SP Sathiya Prabhakaran a,* 

a Department of Energy and Environment, National Institute of Technology, Tiruchirappalli, 620015, Tamil Nadu, India 
b Department of Civil Engineering, National Institute of Technology, Tiruchirappalli, 620015, Tamil Nadu, India   

A R T I C L E  I N F O   

Handling Editor: Kathleen Aviso  

Keywords: 
Synergistic effect 
Thermal kinetics 
Life cycle assessment 
Response surface methodology 
Principal component analysis 
Artificial neural networks 

A B S T R A C T   

Single-use plastics waste is a thermosetting-thermoplastic polymer generated specifically from packaging in-
dustries. Incineration, landfilling, combustion, open discharge in liquids fail its effective disposal. Co-combustion 
via co-processing is a novel technique for disposal. In this study, investigative thermogravimetric analysis of the 
co-combustion of lignite coal (AL) and single-use plastic waste (PW) in the blend ratios of 50:50, 60:40, 70:30 
was carried out under non-isothermal conditions to promote co-combustion via co-processing technique for 
environment-friendly disposal. Thermal degradation behavioral study was carried out at higher blending ratios 
of 30–50%. The effect of the mass ratio of PW to AL on co-combustion characteristics was analyzed. The 
Freeman-Carroll, Sharp-Wentworth methods derived energy of activation for the process of co-combustion in the 
limits of 65–155 kJ/mol, 44–75 kJ/mol. Volume Contracting and Diffusional Reaction 2D solid-state reaction 
mechanisms were followed by the co-combustion system as derived by Coats-Redfern and Kennedy-Clark 
methods. Master plot method validated the same results. The co-combustion performance was evaluated using 
co-combustion (CSI), ignition (IG), burnout (IB) indices. The highest CSI value was reported for the 60:40 blend. 
Burnout temperature (Tb) decreased with an increase in blending ratio and suggested an effective co-combustion 
process. Blend (70:30) reported the highest interaction in blends and confirmed the synergistic effect. The 
principal component analysis described the co-combustion process as three stages (100–200, 265–425, 425–700) 
oC with specific materials. The co-combustion process was optimized using the methodology of surface response 
and validated using neural network models (NNM 4,5) for the effect of temperature and blend ratio on mass loss. 
The characterization study confirmed the presence of minerals alumino-silicates, dimorphs pyrite, marcasite, 
gypsum, barite, hydrated sulfates, calcite, siderite, and functional groups –OH, -CH2, -Si-O responsible for 
autocatalytic reactions. Life cycle assessment confirmed the sustainability of the co-combustion process of lignite 
and plastic waste. The present study benefits for scale-up, optimization, waste to energy conversion, pollution 
reduction, and environmentally friendly disposal via the co-combustion process.   

1. Introduction 

Single-use plastic waste (PW) disposal is a global problem. COVID-19 
Pandemic has exponentially increased the waste generation rate via the 
production of hand sanitizers, gloves, masks, personnel protective 
equipment kits, face shields, each contributing to single-use type dras-
tically (Benson et al., 2021). Other sources of PW generation include a 
variety of polymers (polypropylene, polyethylene, polystyrene, polyvi-
nyl chloride, acrylonitrile-butadiene-styrene) applicable in different 
industrial and commercial uses (agriculture, healthcare, automotive, 
construction, cement, packaging, electronics, and electrical) (Huang 

et al., 2019). An alarming rate of generation has caused human beings to 
find effective complete disposal, rethink and strategize an optimization 
policy for its management (Patrício Silva et al., 2020). Disposal of PW in 
water sources increases its toxicity (bisphenol-A, phthalates) tremen-
dously and leads to the death of marine animals via consumption and 
entanglement (Gregory, 2009). Landfilling such waste causes leachates 
containing mercury, heavy metals, cadmium, and other toxic elements 
to degrade land and water table chemical compositions (Kumar et al., 
2009). Open incineration of PW releases tremendous amounts of 
potentially hazardous greenhouse gases, directly attacking the earth’s 
ozone layer (Council, 2000). Recycling of PW also has a limitation in 
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