Thermokinetics synergistic effects on co-pyrolysis of coal and rice husk blends for bioenergy production
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Abstract
In-depth thermodynamic and kinetic synergistic effects of the coal and rice husk blends on co-pyrolysis have been investigated for bioenergy production. The thermokinetic rate parameters were determined for chemical, one-dimensional diffusional, and phase interfacial reaction models especially when fitted to the Coats-Redfern method. The fitted models exhibited thermokinetic rate parameters. The thermogravimetric analysis in view of the thermodynamic parameters including enthalpy, Gibbs free energy, and entropy imparted the prominent degradation temperature ranges (Stage A: 200 °C-400 °C, Stage B: 410 °C-560 °C) for co-pyrolysis reactions of blends. The proportional increase of rise husk into coal for Stage A caused an increase in the apparent values of activation energy, enthalpy specifically for one-dimensional diffusional, and phase interfacial reaction models. In case of Stage B, the increasing share of rice husk into coal proved to be beneficial in decreasing values of activation energy and enthalpy. Positive synergies for 80:20 and 60:40 coal-rice husk blends were calculated. In addition to characterisation analysis of all samples; co-pyrolysis and co-gasification experiments were completed in a tubular fixed bed reactor at Stage B and onwards temperatures for synergised blends. The resultant co-pyrolysis biochar samples revealed honeycomb structure useful in adsorption applications. The gas chromatography-mass spectrometry analysis of the bio-oil yields 23% phenols, 11% acids, and methoxy phenols for the 60:40 coal-rice husk blend. The product gas composition of 2% H2, 14% CH4, and 4% CO2 for the 80:20 coal-rice husk blend increased to 3% H2, 12% CH4, and 5% CO2 for the 60:40 blend. The co-gasification process substantially increased the production of H2 up to 14%-17% when compared to co-pyrolysis results. The approach used in this study can be utilized to capitalize on synergy to enhance co-pyrolysis of appropriate blends and their products can be used in further future applications upon upgradation. 
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Highlights:
· Kinetic study to investigate mechanistic behaviour of rice husk and coal blends
· Chemical, one-dimensional diffusional, and phase interfacial reaction models exhibited thermokinetic rate parameters for 200 °C-400 °C and 410 °C-560 °C temperature ranges
· Synergistic effects were observed in 80:20 and 60:40 coal-rice husk blends with positive deviation
· 15-20% bio-oil yield with characterised bio-char 
· Thermodynamics of selected blends were investigated for further uptake in co-gasification
· Application of co-gasification method to produce 14-17% H2 for bioenergy production 


Nomenclature
	β
	Heating rate
	°C/min

	Ea
	Activation energy
	kJ/mol

	A
	Pre-exponential factor
	min-1

	R
	Universal gas constant
	J/mol/K     

	ΔH
	Enthalpy
	kJ/mol

	ΔG
	Gibbs Free energy
	kJ/mol

	ΔS
	Entropy
	kJ/mol.K

	Kb
	Boltzmann Constant
	kgs-2 K-1

	H
	Plank’s Constant
	m2 kgs-1

	Tp
	Peak temperature 
	°C

	Tb
	Burnout temperature 
	°C


 	 

List of abbreviations
	C
	Coal

	RH
	Rice Husk

	TGA
	Thermogravimetric analysis

	DTG
	Derived thermogravimetric analysis

	FTIR
	Fourier Transform Infrared spectroscopy

	SEM
	Scanning electron microscope

	EDX
	Energy dispersive X-ray spectroscopy

	GC-MS
	Gas chromatography–mass spectrometry

	WL
	Weight loss

	PB
	Pine butter


1 Introduction
Growing population, rapid increase in industrialization concurrently complying to restrict the global warming to 1.5oC raise potential challenges to sustainability and also increase the energy demand [1]. The detrimental impacts of fossil fuels as primary energy resources on the environment is scientifically well documented, however, the economic growth rates for developing as well developed nations necessitates their continuing consumption. The premise of ongoing research and development in the energy and environment sector is to curb the increase of CO2 whilst offsetting the consumption of fossil fuels without creating energy crises to meet energy and emission targets for the 21st century [2]. Coal still dominates the global primary energy consumption by resource; nevertheless, this conventional energy resource is producing greenhouse gases (GHGs) at an accelerated rate causing a serious threat to global energy and environmental sustainability. Consequently, there is a vital need of global integration of conventional and renewable energy via clean utilisation of coal and other fossil fuels [2]. 
The deployment of renewable resources especially biomass has established prominence in the field of energy production due to incentives such as supply reliance, emissions mitigation [3], cheap and carbon neutral resource [4], diversified potential for biofuel production [5]. The thermochemical conversions routes such as combustion, pyrolysis, gasification, and liquefaction [6] of a single type of conventional fuel have limited application when compared to the approach adopted for co-utilisation of the same with biomass. Co-use of fuels mitigate the limitations of sole fuel such as high moisture content, low calorific value, variation in the compositions, flexible operation, cleaner and better conversion yield. In addition a considerable interest also lies in advancement of effective techniques to recover materials and energy from wastes [7]. 
In case of energy generation, co-pyrolysis of biomass is considered as a favourable technology to obtain different bio-products, such as bio-oil, biochar and mixture of gaseous products [8]. It is a low energy intensive process with resulting fuels (solid, liquid and gas) ideal for various applications [9]. Co-pyrolysis include devolatilization of biomass to form char, tar, gases, resulting in solid-gases and gases-tar reactions. Coal-biomass co-pyrolysis apart from paving the way to greater efficiency with better utilization of biomass, volume reduction of waste can also improve the quality of pyrolytic oils produced form coal only [10]. In some studies co-pyrolysis of bituminous coal and woody biomass exhibited no synergy, whereas, in other bituminous and lignite coal blends with cellulose, lignin, and pine sawdust presented synergistic effect in batch pyrolysis reactor [11]. Generally, thermogravimetric analysis (TGA) is widely used for an in-depth investigation of co-pyrolysis process [12, 13]. The synergistic effect may activate due to availability of enough hydrogen (H2) donors, free radicals and volatiles as biomass has greater H/C ratio than coal [14]. It was observed that co-pyrolysis of coal slime and coffee residue showed synergistic effect at blending ratio of 70% coffee residue and 30% coal [15]. Corn straw and lignite co-pyrolysis suggested the presence of synergistic effect however when oxidative environment was enabled it inhibited the production of volatile matter indicating the absence of synergy [16]. Co-pyrolysis of coal gangue and coffee residue showed that increasing the proportion of coffee residue exponentially decreased the co-pyrolysis index. Blending ratio of 30% coffee residue and 70% coal gangue was considered the ideal blend for co-pyrolysis [17]. Coal tar asphaltene and biomass co-pyrolysis revealed the presence of synergistic effect [18]. Co-pyrolysis of coal and polyethylene revealed that synergistic effect reduces the activation energy of co-pyrolysis. It also reported the distributions of H and OH radicals contributing to the interaction mechanisms [19]. Thus, the thermokinetic behaviour of the coal-biomass blends reveals the mechanistic insights of the pyrolysis process and assists in the decision-making path for suitable coal-biomass ratio.
Various kinetic models have been used to study the mechanistic behaviour of blends and to assess the reactivity of these fuels with changing blending ratios, heating rates as well as type of coal and biomass [20]. Coats-Redfern one of a model-fitting method has been practised to predict behaviour of coal-biomass blends, possible reaction mechanisms and to calculate the apparent values of activation energy (Ea), pre-exponential factor (A), and linear regression co-efficient (R2) for each stage of co-pyrolysis [21, 22].  Coats-Redfern method assess the validity of various models and provides the most appropriate model for decomposition of coal-biomass blends [23]. Kinetic analysis of  coal and sawdust blends by Coats-Redfern method suggested that results were in agreement with behaviour of both feedstocks [24]. So, this method can be used to assess the mechanistic behaviour of blends. Various kinds of biomasses are available with different physical and chemical characteristics, amongst that rice husk (RH) as a feedstock has a great potential for co-pyrolysis due to its low cost and availability specially in agriculture based countries.  RH usually discarded as waste material has an effective burning efficiency. The thermochemical conversion of RH is known to produce solid residue to synthesize silica based materials for a number of applications [25]. RH is also used for biochar and ethanol production [26]. 
The in-depth thermokinetics synergistic effect on co-pyrolysis for biofuel production followed by co-gasification (targeted for H2 rich gas production) of appropriate ratio of coal-RH blends has been systematically reported for the first time. The aim of this study is to investigate the thermal, kinetic and thermodynamic behaviour of various coal-RH blends during co-pyrolysis at a constant heating rate of 20°C/min and determine the understanding of blend profiles, rate parameters for chemical (F1, F1.5), one-dimensional diffusional (D1), and phase interfacial (S1) reaction models especially when fitted to the Coats-Redfern method. The blends are also characterised using ultimate analysis (CHN-S), gross calorific value (GCV), Fourier transform infrared analysis (FTIR), thermogravimetric analysis (TGA) and derived thermogravimetric analysis (DTG). Moreover, this study also attempts to carry out detailed characterization and analysis of co-pyrolysis biochar, bio-oil and product gases to understand the interactions of coal-RH blends.
2 Materials and methods 
2.1 Sample collection and blend preparation
Punjab and Sindh provinces have vast cultivation areas dedicated for rice harvesting. Similarly, Punjab (eastern, central and western Salt Range, Makerwal coalfields) and Balochistan (Sor-range-degari and Chamalang coalfields) has bituminous quality of coal. Consequently, locally sourced Rice husk (RH) and bituminous coal (C) is used for this study. The schematic of coal-RH samples (Fig. 1) entailed drying in an oven at 110 °C for 24 h to remove the moisture content, followed by crushing-grinding in Hardgrove Grindability Index Tester (USA) to produce particle sizes of 0.2 mm through sieving (RX-29–10, WS Tyler). All the blends of coal-RH were prepared on weight percent basis by mixing coal with rice husk to make a 100% wt. of blend besides the pure samples. C80-RH20 represents that 80% wt. of coal was mixed with 20% wt. of rice husk, similarly, C60-RH40, C40-RH60 and C20-RH80 blends were prepared accordingly. Pure sample of coal and RH were referred as pure coal (C100) and pure rice husk (RH100) respectively. 
[image: ]
Fig 1.  Schematic for coal-RH blend preparation.


Table 1. Sample code and percentage weight composition of the blends
	
	 Weight (%) composition of pure samples
	Weight (%) composition of blends

	Sample code
	C100        RH100
	C80-RH20
	C60-RH40
	C40-RH60
	C20-RH80

	Coal
	100
	0
	80
	60
	40
	20

	Rice Husk
	0
	100
	20
	40
	 60
	80


2.2 Characterisation of Coal-biomass blends
The 5ECHN2200 model of CKIC series Carbon, Hydrogen Nitrogen analyser with oxygen, helium, and nitrogen-standardised gases determined the ultimate analysis of 80 mg of each of the pure samples and blends in duplicates. 80 mg of each sample was placed in aluminium foil cup and foil was then placed on sample cup holder. Foil cup was then weighed and twisted to seal. The sealed foil cup was placed in the analyser for analysis.  The sulphur analyser 5E-IRS II model of CKIC make determined composition of sulphur. 300 mg of each sample was taken and the same procedure adopted for CHN analysis was followed. The calorific values of all samples were determined in the PAR-6200 bomb calorimeter following standard method of ASTM D5865-13. 0.5 g of each sample was placed into a crucible, crucible was then placed inside a vessel, vessel was filled with oxygen and the sample was then ignited. The sample burned and calorific value was calculated upon comparing it with the calibrant. The functional groups and chemical bonds present in the samples was determined through attenuated total reflection (ATR) module of the Fourier transform infrared (FTIR) spectroscopy allowing the direct measurement of wavelengths of 650-4500 cm-1 (Cary 630 model by Agilent Technologies, USA). Sample was placed in FTIR spectrometer and infrared radiation was directed towards the sample. Some of the radiation was absorbed by the sample while some was reflected. The absorbed radiation was converted into vibrational energy of molecules and the resulting signal was presented as a spectrum. Every chemical structure was distinguished upon producing a specific fingerprint. The TGA and DTG testing of the 10 mg of samples (in duplicates) from ambient to a 900 °C temperature at the 20 °C min-1 heating rate was completed with the 5500-0304 TGA (thermogravimetric analyser). 8 mg of sample was placed in the pan and the pan was then placed on the sample tray. Nitrogen flow rate was set at 35 mL min-1 and the weight loss of blends and pure samples were recorded as a function of time and temperature under standard conditions.
2.3 Kinetic study
Coats-Redfern method has been frequently used for mechanistic analysis [27]. The coal-RH blends were analysed for chemical (F1, F1.5), one-dimensional diffusional (D1), and phase interfacial (S1) reaction models to determine apparent activation energy (Ea), and collision frequency factor (A, pre-exponential factor) both for pyrolysis and co-pyrolysis techniques. In general, 200 °C to 600 °C is the temperature range where weight loss is attributed to moisture removal and devolatilization for the most of the blends [28]. The reaction equations for non-isothermal kinetics according to reaction kinetic theory adopted from [29] are written as follows
The decomposition rate of solid to volatile state assuming Arrhenius model that the oxidation rate for mass loss is dependent only on the rate constant; mass of the sample remaining, and temperature is represented in Eq. 1. 
											 (1)
Where,  is the rate of conversion, k(T) is the rate constant and f(α) is the reaction model.  The α is defined in Eq. 2.
α =  											 (2)
where, wi is the initial mass of sample, wt is the mass at any time(t), wf is the final mass when degradation ends. Rate constant in Eq. 1 is expressed in Eq. 3 according to the Arrhenius equation. 
k(T) =  									 (3)
where, Ea is the activation energy (kJ/mol), T is the temperature (K), R is universal gas constant (0.008314kJ/mol K). By substituting Eq. 3 in Eq. 1, the new form is represented in Eq. 4.
 										(4)
For TGA experiments having constant heating rate β =  , so equation can be expressed by the chain rule as presented in Eq. 5.
 =   										(5)
On applying integration to Eq. 5, the new equation form is shown in Eq. 6.
g(α) = =    dT 								(6)

While is the integral form of the reaction model. An exact analytical solution of the right-hand side of Eq. 6 is not possible so different method could be used to simplify this part of the equation. In case of the Coats-Redfern method the determination of three parameters including the apparent activation energy (Ea), order of reaction and Coats-Redfern constant [30] is required. This method has significance as the exact mechanism of reaction is not required in this model [31]. In this study, it was assumed that the order of reaction is equal to unity, hence the final form is expressed in Eq. 7: 
ln [] = ln [(×(- 							 	(7)

where, β is the heating rate, T is the temperature, A is the pre-exponential factor, R is universal gas constant. The value of  Ea can be obtained from the slope of  ln [] and  which gives a straight line [23]. The value of A can be obtained from the intercept of this graph. The reaction models implemented on all the blends and pure samples are illustrated in Table 2 and were adopted from [32], [33].
Table 2.  Reaction mechanisms and model names
	Mechanism of reaction
	Model name
	


	Chemical reaction order
	Chemical reaction order 1 (F1)
	-ln(1-α)

	
	Chemical reaction order 1.5 (F1.5)                                                     
	2[(1-α)-0.5-1]

	One dimensional diffusion
	Parabolic law (D1)
	α2

	Phase interfacial reaction 
	Shrinkage geometrical column (S1)
	1-(1-α)1.5


	The synergistic effect was determined by comparing the calculated values of blends with experimental values. The calculated values using Eq. 8 were obtained by the additive model which assumed that no interactions occurred  between the coal and biomass during co-pyrolysis [14]. 
Ycalculated = X coal Ycoal +Xbiomass Ybiomass 						 		(8)
Where Ycoal and Ybiomass are the experimental values of coal and rice husk, while Xcoal and Xbiomass are the mass fractions of coal and rice husk in the blends, respectively. 
Deviation (Eq. 9) between experimental and calculated values of weight loss rates was determined to identify the presence of synergistic effect in blends [34, 35].
Deviation =  × 100									(9)
where Expvalue is the value which is obtained from TGA curve and Calvalue is the value obtained from sum of TGA curves of individual samples as indicated in Eq. 8. 


2.4 Thermodynamic study
Thermogravimetric analysis is also useful in determination of various thermodynamic parameters such as enthalpy (H), Gibbs free energy (G) and entropy (S) [36]. Kinetic data is used for calculation of thermodynamic parameters by using Eq. (10-12). The equations used for calculation of thermodynamic parameters were adopted from [37-39]
ΔH = Ea -RT											(10)
ΔG = Ea -RTm ln[] 									(11)
ΔS = 											(12)
Where ΔH is the change in enthalpy, ΔG is Gibbs free energy and ΔS represents change in entropy. Kb is the Boltzmann constant equal to 1.381×10-23 m2 kgs-2 K-1. Tm corresponds to the maximum decomposition temperature. h is Plank’s constant having value of 6.626×10-34 m2 kgs-1 and R is the universal gas constant.
2.5 Experimental setup for co-pyrolysis and co-gasification
The schematic of co-pyrolysis set up is presented in Fig. 2. The reactor consisted of a stainless-steel tube having 14 mm outer and 12 mm inner diameter. The selected coal-RH blend was placed in the middle section of the reactor tube sandwiched by quartz wool. Heating was provided via an electric heater coupled with a temperature controller. Mass flow controller (MFC) (MF4603-n1-1-bv-a, Servoﬂo Corporation, USA) was used to regulate gas flow. Heating rate was kept constant at 20 °C/min. Post pyrolysis reactor gases were collected after the condenser, whereas, liquid product was collected in a separate vessel. Feed gas and product gas were analysed using Gas Chromatograph (GC-2010 Pro, SHIMADZU, Japan equipped with TCD column (RT-MS5A, 30 m × 0.32 mm ID, 30 μm) to detect hydrogen gas (H2), carbon dioxide (CO2) and methane (CH4). After 2 h the distilled water was introduced using HPLC pump to the pre-heater to generate steam. The temperature of the reactor was elevated to 750 °C and then fixed for 2 h to analyse the co-gasification products.  
[image: ]
Fig. 2 Schematic diagram representing the setup for co-pyrolysis/co-gasification
2.6 Characterization of pyrolysis products
2.6.1 Characterization of biochar
The characterisation of biochar received after the pyrolysis was completed in SEM-EDS, TGA and FTIR to check its suitability for various catalysis and environmental applications. The morphology of biochar investigated at 20kV exposure of 3nm resolution extended to 10-20,000X, exhibited the desired micrographs through scanning electron microscopy (SEM) using (TESCAN VEGA 3, Czech Republic). The SEM images taken at different field magnifications produced better morphological structure insights. Elemental composition of biochar was examined through EDX detector (Oxford Instruments, model: 51-AD0007) [40], concurrently, the TGA and FTIR analysis as per cited conditions was also completed. The overall yield of biochar and bio-oil was calculated using Eq. 13.
Product yield  (wt.%) =   × 100 								(13)
Where, Wp is the weight of product (g), Wf is the total weight of feedstock (g) 
2.6.2 Characterization of bio-oil and product gases
The chemical composition of produced bio-oil was analysed using GC-MS (Shimadzu P2020 NX, Japan). The sample dissolved in n-hexane solvent was loaded in the autosampler GC vial and then 1.0 µL, at a split ratio of 1:20 injected into GC-MS for analysis with helium used as a carrier gas. The initial temperature ramp for column oven was set at 5°C/min from 50 °C to 150 °C and then at rate of 10°C/min from 150°C to 290 °C. The temperature of injector and detector was set at 290 °C. Electron impact potential of 70 eV with scan range of 35-500 amu was set. The comparison of mass spectra of blends with National Institute of standards and technology (NIST) library data helped to determine the organic compounds. The product gases were analyzed in GC-TCD (Shimadzu Japan) with already reported [41] details of the used column. 
3 Results and discussion
3.1 Physicochemical properties of coal-biomass blends
Ultimate analysis of blends exhibit significant differences in the carbon, hydrogen, nitrogen, and sulphur contents of the samples (Fig. 3). C100 has 67.2% carbon, almost 80% more than the 37.4% carbon of RH100 (Fig. 3(a)). Coal contains additional amount of carbon and less volatile content when compared to the biomass that usually has high moisture, oxygen and hydrogen contents with less carbon [42]. In the case of blends, increase in the weight percentage of coal contributes to the rise in the carbon content of the blends up to a maximum amount of 63.4% carbon for C80-RH20. On the other hand, the reduction of weight percentage of coal in the blends decreased the overall percentage of carbon present in the prepared samples. The resultant percentages of carbon detected in C60-RH40, C40-RH60, and C20-RH80 blends are 53.4%, 48.2%, and 43.6%, respectively. A 4.7% hydrogen in R100 compared to 3.5% hydrogen of C100 was determined (Fig 3(b)) and correspondingly C20-RH80 exhibited the maximum hydrogen content (i.e. 4.5%) among the blends because of the increased ratio of biomass present. The lowest percentage of hydrogen (i.e. 3.7%) because of the higher weight ratio of coal was present in the C80-RH20 blend. While C60-RH40 and C40-RH60 blends contained 4.1% and 4.31% hydrogen, respectively. Nitrogen content of C100 (0.5 %) slightly higher than that of RH100 (0.2%) is usually present in the aromatic structures. The content of nitrogen in the blends (Fig 3(c)) being within the range of the pure fuels decreased with reducing share of coal. The percentage of sulphur (Fig 3(d)) of C100 (0.6%) and RH100 (0.3%), altered to 0.57%, 0.43%, 0.43%, and 0.41% for C80-RH20, C60-RH40, C40-RH60, and C20-RH80 blends, respectively.
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Fig. 3 Ultimate analysis of fuel blends; (a) Carbon (b) Hydrogen (c) Nitrogen (d) Sulphur 
	The selection criteria for a sustainable conversion process depend on the net heat release potential i.e. gross calorific value (GCV) of fuel[43]. Coal and RH having significantly different amounts of carbon, moisture and volatiles exhibited corresponding GCV of 29 MJ/kg and 17 MJ/kg (Fig. 4). C80-RH20 blend has the highest GCV of 28 MJ/kg almost comparable with C100, whilst, C60-RH40, C40-RH60, and C20-RH80 blends have 26MJ/kg, 23MJ/kg, and 21MJ/kg values, congruently. C80-RH20, C60-RH40 blends have the potential for energy production purposes. The sensible ratios of biomass (20% and 40%) in the blends impart improvement in the overall reactivity and ignition characteristics [44].
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Fig. 4  Gross Calorific value (GCV) analysis of Coal-RH blends
FTIR spectra (Fig. 5) represents the chemical structural (functional group) differences [45] of coal, RH and blends corresponding to specific wavelengths. The oxygen-containing hydroxyl and carboxyl functional groups are present in RH, compared to the aromatic rings with some aliphatic side chains/bonds for coal. A few aromatic and aliphatic groups though present but O-H, C-O, C-H groups are abundantly detected. The most prominent peaks are obtained between the range of 1000-1700cm-1. Coal shows a peak at a wavenumber of 2800-3000 indicating aliphatic C-H stretching. Significant peak is observed between 1580-1650 cm-1 which shows aromatic C=C stretching. From 1300-1500 cm-1 coal shows aliphatic C-H deformation along with aromatic C=C stretching. This shows that the macro molecular structure of coal is composed of large number of aliphatic chains and bridge bonds [46]. Peaks with weak strength seemed over the wavenumber of 1100-1300 cm-1 indicating C-O stretching attributed to the deficiency of oxygen containing functional groups in coal. 
However, RH100 shows peak indicating O-H stretching between 3200-3400 cm-1 [47]. These spectra signifies the presence of hydroxyl groups and a large number of hydrogen bonds due to inherently detected hydrogen as identified by CHN analysis discussed above. Pure RH shows a well-defined peak at 930-1200 cm-1 representing C-O bond stretching [48]. This reveals the molecular structure of rice husk that contains ether bonds, alcoholic and phenolic hydroxyl groups. Aliphatic C-H stretching and deformation is observed between 3000-2600 cm-1. Weaker peak between 1600-1400 indicates presence of aromatic C=C stretching. These major differences define their pyrolysis and combustion characteristics. RH100 comprises of cellulose, hemicellulose and lignin. Cellulose comprises of polyhydroxy aldehyde and the hydrogen atom on hydroxyl groups attract electrons on oxygen atom to form hydrogen bond. Hemicellulose on the other hand has uneven structure and excessive branched chains. Hence, functional groups of both cellulose and hemicellulose consisting of aldehyde, alcohol and hydroxyl groups contribute the detected absorption peaks. Lignin contains side chains with irregularity between recurring units and contains phenolic and alcoholic hydroxyl groups, benzene, methoxy groups etc. [46].
The impact of biomass in the blends especially with increasing the mass ratio of RH100 results in abundance of hydroxyl and oxygen containing functional groups in C20-RH80. Similarly, C80-RH20 shows abundant aromatic rings and side chains (aliphatic) whereas lesser oxygen and hydroxyl groups. These differences develop due to the differences in the base of structural units and the type of connection between these units.
[image: ]
Fig. 5 FTIR spectra of Coal-RH blends
The TGA profiles of the studied samples in nitrogen environment at heating rate of 20 °C min-1 represents the changes in sample composition (Fig. 6(a)) and redox reactions accompanied with weight loss. It has been observed that the volatiles emitted by biomass may interact with the coal char especially when the biomass and coal are within their respective major pyrolysis section regions [46]. The interaction occurs due to transfer and interactions within volatiles and char, hydrogen, alkali and alkaline earth metal and free radicals from biomass. The TGA curves indicate that weight loss of blends can be divided into three stages [49]. Three-zone specific weight losses i.e. stage-I, stage-II, stage-III can be identified in Fig. 6(b). Stage-I is attributed to the moisture loss from the fibrous structure and breakdown of low molecular weight components within 50°C to 200°C. In case of biomass, the thermal degradation (Stage-II) includes the decomposition of cellulose, hemicellulose, and lignin [49]. At temperature range of 250°C-450°C, organic matter undergoes oxidation due to the presence of oxygen containing species and –OH functional groups [49]. In stage-I, moisture removal is associated with minimal weight loss. This moisture removal in stage-I degrades the thermal bonds in structure and creates stronger bonds in their place [50]. TGA and DTG profiles show that degradation of RH started earlier than coal. The reason attributed to this behaviour is that cellulose, hemicellulose and lignin present in RH are linked together with weak ether bonds (R-O-R) having bond energy of 380-420 kJ/mol [51] that degrade at lower temperature. However structure of coal is composed of polycyclic aromatic hydrocarbons linked together by single or double bonds having high stability and high resistance towards thermal decomposition because of the bond energy of 1000 kJ/mol [52]. It is the possible reason that in (stage-II) RH started decomposing at 200 °C while degradation of coal started in stage -III at 366 °C. TGA curves reveal that bonding strength of stage-II is comparatively higher than stage-I. In the case of blends, faster degradation at higher biomass-blending ratio is exhibited compared to those with smaller blending ratios. With the increase in temperature the oxygen containing by-products reach to their burnout temperatures and this released heat, consequently breaks down the remaining organic components [53]. Aromatic hydrocarbons are much stable than ether bond, hence, biomass degrades much rapidly than coal [54]. 
Comparative analysis of the TGA results exhibit increase in weight loss with increasing content of biomass of the tested blends. The weight loss attributed to the Stage-II vary from 20% to a maximum of 53% in case of pure RH. The differences in the devolatilization temperatures of RH and coal are due to different structural properties attributed to the chemical and elemental composition of the parent fuels [42]. At temperature above 600 °C, complex and thermally stable components mostly inorganic start to degrade. Table 3 lists the pyrolysis characteristics of each blend representing diverse temperature zones with corresponding peak temperatures.
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Fig. 6 TGA (a) and DTG (b) curves of coal-rice husk blends in pyrolytic atmosphere
The DTG peaks basically indicate the points of inflection of TGA profiles and demonstrate extreme weight loss rates [55]. These curves show temperature ranges where maximum degradation takes place. Fig. 6(b) shows that reactivity of coal and RH blends is directly proportional to the DTG peaks and decreases with the increases in temperature. The peaks from raw coal combustion are broader as compared to the blends profile. Coal profile reveals its low reactivity and its corresponding DTG curve does not show a significant marked peak. It is observed that reactivity increases linearly with the increase in biomass proportion. At the end of the peak after 600 °C, the slow breakdown of the components over a wide temperature range produces residue that reaches to a constant ratio, usually referred as a long tailing section [53]. The DTG profile evaluation shows that in case of blends, the peaks shifted to lower temperatures with increase of RH blending [56]. It is evident from Fig. 6(b) that for pure RH the degradation was largest with increasing rate and was maximum at temperature of 358 °C. However, from 410 °C the degradation decreased to a very low value till 900 °C. Coal depicted a very less devolatilization rate achieving maximum degradation at 460 °C. 
The detailed pyrolysis characteristics of each sample are illustrated in Table 3. The ignition temperatures (Ti) of blends for stage II decreased as the RH blending ratio increases.  The earlier ignition temperatures are pivotal to the operations of thermochemical conversion units. Temperature in stage-II where maximum degradation took place is 358 °C for RH, 363 °C for C80-RH20, 361°C for C60-RH40, 360 °C for C40-RH60, 359 °C for C20-RH80. There is an opulent difference of 166 °C noted between pure samples (C100 = 366 °C; RH100 = 200 °C). A change of about 122 °C, 149 °C, 154 °C, and 160 °C in the ignition temperature was reported for 20 wt. %, 40 wt. %, 60 wt. %, and 80 wt. % of added biomass when compared to pure coal. This indicated that RH degrades faster and more rapidly than coal, similarly, the peak temperature (Tp) for blends decreases as the RH blending ratio increases. However, weight loss increases when ratio of RH in the blends increases i.e. C80-RH20 exhibits a total weight loss (stage II and III) of 36%, C60-RH40 reveals 45%, C40-RH60 shows 52% and C20-RH80 demonstrates a mass loss of 56%. C100 and RH100 show weight loss of 35.2% and 86% respectively. Higher residue of coal is due to its high ash content and higher carbon content [57]. So, it is rational that with increase of RH in the blend more volatiles will release, and more weight loss will be observed. The percentage of residue left and burnout temperatures at the end of pyrolysis decreases with increasing biomass-blending ratio (Table 3).

1

Table 3  Pyrolysis parameters of blends
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	C100
	RH100
	C80-RH20
	C60-RH40
	C40-RH60
	C20-RH80

	Stage II (°C)
	-
	200-421
	224-387
	217-393
	212-402
	206-400

	Tp (°C)
	-
	358
	363
	361
	360
	359

	Weight loss (%)
	-
	53.3
	16.59
	19.48
	20.30
	39.69

	Residue left
	-
	43.28
	80.39
	77.57
	77.08
	57.36

	DTG (%/°C)
	-
	-0.06
	-0.05
	-0.076
	-0.084
	-0.076

	Stage III (°C)
	368-895
	421-741
	387-863
	393-853
	402-821
	400-819

	Tp (°C)
	460
	430
	454
	449
	446
	445

	Tb (°C)
	895
	744
	863
	853
	821
	819

	Weight loss
	35.28
	10.23
	28.12
	26
	32.02
	16.58

	Residue left
	58.13
	33.05
	52.27
	51.57
	45.06
	40.75

	DTG (%/°C)
	-0.05
	0.01
	-0.008
	-0.01
	-0.008
	-0.014




3.2 Kinetic analysis
Ea is the energy required to initiate the reaction and very important parameter in coal-RH blending analysis [58]. The temperature where maximum weight loss occurred varied according to the composition of the blends indicative of volatilization and depolymerization reactions at dissimilar temperatures for each blend. The selection of suitable temperature ranges for each blend can have a significant impact in analysing the kinetic parameters [59]. The best fitted model can be selected based on linear fitting of the solid-state reaction kinetic models as well as the regression coefficient of every model. Model having regression coefficient nearly equal to 0.99 can be considered as the most appropriate model for co-pyrolysis. A is the pre-exponential factor that describes the material structure [60]. Higher values of pre-exponential factors represent a complex reaction whereas the lower values represent surface reaction [34]. In the case of co-pyrolysis, the blends are divided into two stages (Stage A and Stage B) of temperature for calculation of Ea depending upon their reactivity and the region where maximum decomposition occurred as illustrated in Table 4. The initial moisture loss stage has not been included in the kinetics calculation. Fig. 7 represents the graph between 1/T and [] expected to form a straight line with -E/R slope to determine the Ea for each sample as depicted in Table 4. This straight line also gives intercept to determine pre-exponential factor A (min-1). Fig. 7(a-d) represent the plot for model F1, F1.5, D1, and S1 respectively. It depicts the linear regression (R2) for the extraction of various kinetic parameters for the blends at different reaction models. For stage A, model F1 depicted higher correlation coefficient for the blends and pure samples ranging from 0.984-0.991 shown in Fig.7 (a). While F1.5 provided values ranging from 0.981-0.988 as depicted in Fig. 7(b). For D1 the values of correlation coefficient ranged from 0.980-0.990 in Fig. 7(c) and for S1 the values ranged from 0.982-0.987 in Fig. 7(d) for stage A. However, for stage B, the correlation coefficient values ranged from 0.986-0.996 for F1 in Fig. 7(a), Stage B. Whereas F1.5 depicted values from 0.988-0.999 in Fig. 7(b), Stage B. D1 for stage B showed values from 0.956-0.975 as can be observed from in Fig. 7(c) which can be considered a good fit, however for C40-RH60 and C20-RH80 the values were 0.889 and 0.546 respectively. S1 showed values ranging from 0.974-0.977 except for C40-RH60 and C20-RH80 showing 0.797 and 0.896 respectively in Fig. 7(d), Stage B. For all the models, the higher apparent Ea value of RH100 is due to the presence of pore structures and usually such samples require higher temperatures [23].
All models showed linear regression in the range of 0.95-0.99 except for one-dimensional diffusional reaction model (D1) that exhibited smaller interdependence between variables (i.e. R2 = 0.5) for C20-RH80 blend in the stage B temperature range. In chemical reaction models, lower Ea values were determined in case of F1 than F1.5. In the case of C100, model F1 related apparent value of 25.28 kJ/mol for Ea with linear regression of 0.986, and 30.64 kJ/mol for model F1.5 with linear regression of 0.988 were attained. On the other hand, RH100 fuel based F1 model yields Ea of 59.15 kJ/mol with best-fitted regression of 0.991 while F1.5 furnishes a higher Ea of 67 kJ/mol with comparatively lower regression of 0.988. 
In stage A, F1 model exhibits overall better linear regression with lower Ea as compared to F1.5 that yields lesser regression coefficients with higher Ea. On the other hand, in stage B, model F1.5 results in better regression coefficients with higher Ea as compared to F1. In case of D1, stage A exhibits higher Ea as compared to stage B however, the linear regression of stage A is lower as compared to both F1 and F1.5. Model F1 shows higher values of pre-exponential factors than F1.5 and D1. For C100, F1 gives the value of A which is 2.9896 min-1 while F1.5 gives 10.123 min-1 and D1 gives 34.46 min-1. On the other hand, in the case of RH100, F1.5 shows higher value of 1.8×105min-1 as compared to other models. Model D1 exhibits much higher Ea in stage A, while phase interfacial reaction mechanism (S1) shows the least Ea for stage A. Fig. 8 illustrates that in stage B model D1 shows higher Ea for C80-RH20 and C60-RH40 which decreases with decreasing the coal ratio in the blends. A similar trend can be observed for F1.5 which shows higher Ea for C80-RH20 and C60-RH40 and comparatively lower Ea for C40-RH60 and C20-RH80 in stage B. This shows that these two models give higher activation values with blends having increased coal content in stage B. However, for all the models in stage A, blends having higher proportion of coal in the mix show lower Ea. 
In other words, the proportional increase of RH into C for Stage A caused an increase in the apparent values of activation energy (Ea). Hence, more energy will be required in the co-pyrolysis process of blends based when operated from 200 oC to 400 oC. Nevertheless, the increasing share of RH into C for Stage B proved to be beneficial due to the decreasing values of Ea. It is also indicative that pyrolysis reactions easily initiate in case of higher blending ratios of RH especially for Stage B temperature range (410 oC-560 oC). Furthermore, in each model (Table 4) with temperature ranges changing from stage A to stage B, apparent values of Ea decreased indicative of faster reaction rates in the pyrolysis process. This might be due to the additional volatile matter content of RH than Coal. Comparative analysis of the reaction models revealed similar order; D1 > F1 > F1.5 > S1 despite dissimilar values of Ea for C, RH, and their blends. In addition to the studied best-fitted models, other models describing the complex scheme of reactions for co-pyrolysis process of coal and RH blends can equally be used.
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Fig. 7.  Coats Redfern plots representing models (a) F1, (b) F1.5, (c) D1, (d) S1
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Fig. 8 Activation energy of blends representing various models and their stages (a) stage A and (b) stage B

	
Table 4 Activation energy values of blends using different models
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	STAGE A (main decomposition region)
	STAGE B (main decomposition region)

	
	Temperature range (°C)
	E (kJ/mol)
	R2
	A (min-1) 
	Temperature range (°C)
	E (kJ/mol)
	R2
	A (min-1)  

	  F1
	

	
	C100
	-
	-
	-
	-
	323-667
	25.28
	0.986
	2.9896
	

	
	RH100
	244-407
	59.15
	0.991
	2.3×104
	-
	-
	-
	-

	
	C80RH20
	282-412
	33.39
	0.984
	42.47
	413-561
	15.08
	0.996
	10.89

	
	C60RH40
	255-400
	39.6
	0.984
	170.18
	401-541
	16.05
	0.992
	0.9316

	
	C40RH60
	251-412
	50.03
	0.989
	2.5×103
	413-541
	9.93
	0.993
	0.03413

	
	C20RH80
	250-414
	54.3
	0.986
	6.4×103
	415-525
	3.97
	0.991
	0.0524

	  F1.5
	

	
	C100
	-
	-
	-
	-
	323-667
	30.64
	0.988
	10.123

	
	RH100
	244-407
	67.8
	0.988
	1.8×105
	-
	-
	-
	     -

	
	C80-RH20
	282-412
	36.90
	0.984
	1×102
	413-561
	22.34
	0.998
	4.128

	
	C60-RH40
	255-400
	42.78
	0.981
	3.7×102
	401-541
	23.63
	0.996
	6.110

	
	C40-RH60
	251-412
	56.17
	0.988
	1×104
	413-541
	20.21
	0.998
	5.63

	
	C20-RH80
	250-414
	76.77
	0.986
	3.2×104
	415-525
	11.26
	0.999
	0.7391
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	C100
	-
	-
	-
	-
	323-667
	45.12
	0.975
	34.46

	
	RH100
	244-407
	99.72
	0.982
	3×107
	-
	-
	-
	-

	
	C80-RH20
	282-412
	64.22
	0.986
	7.1×103
	413-561
	20.30
	0.981
	0.813

	
	C60-RH40
	255-400
	77.37
	0.990
	1.1×105
	401-541
	21.15
	0.978
	1.095

	
	C40-RH60
	251-412
	88.74
	0.984
	2.1×106
	413-541
	5.605
	0.889
	0.0376

	
	C20-RH80
	250-414
	95.33
	0.980
	8.5×106
	415-525
	1.079
	0.546
	3.5×10-3

	    S1
	

	
	C100
	-
	-
	-
	-
	323-667
	21.58
	0.977
	0.572

	
	RH100
	244-407
	51.54
	0.987
	1.8×103
	-
	-
	-
	-

	
	C80-RH20
	282-412
	30.09
	0.982
	9.245
	413-561
	8.936
	0.979
	0.059

	
	C60-RH40
	255-400
	36.58
	0.986
	39.97
	401-541
	9.664
	0.974
	0.077

	
	C40-RH60
	251-412
	44.44
	0.986
	3.2×102
	413-541
	2.11
	0.797
	7.048

	
	C20-RH80
	250-414
	48.2
	0.983
	7.3×102
	415-525
	1.61
	0.896
	2.9×10-3




3.3 Synergistic effect
The synergistic effect in the blends during pyrolysis is reflected by any positive deviation in calculated and experimental values obtained from TGA of individual fuels [61]. So, to identify the synergistic effect the theoretical data was calculated based on the assumption that all interactions between parent fuels in the blends are an additive function. Synergistic effect is explained in terms of TGA weight loss values (WL) of the blends. The comparison between experimental and calculated values of weight loss (WL) is represented in Table 5. Calculated values were obtained using Eq. 8. The deviation between experimental and calculated values is obtained using Eq. 9. The results exhibit noticeable differences between actual and calculated data and these deviations give rise to synergistic effect [62]. C80-RH20 and C60-RH40 show positive deviation representing positive synergistic effect, while C40-RH60 and C20-RH80 show slightly negative deviation representing negative synergistic effect though the difference between experimental and calculated data is very less as shown in Table 5. For C80-RH20 and C60-RH40, the experimental weight loss value is greater than calculated weight loss value which is a major indication of presence of synergistic effect [63, 64]. As experimental WL of C8-RH20 is 48% while calculated WL is 46.7%. Similarly, experimental WL for C60-RH40 is 49.5% while calculated weight loss is around 47%. So, the synergistic effect can be explained in terms of comparison of weight loss values of the blends which corresponds to release of more volatiles. In other studies [63, 65-68] synergistic effect arises due to the transfer of hydrogen radicals or due to existence of alkali and alkaline earth metals (AAEM) depending on type of biomass and its composition. This can be associated with the catalytic or non-catalytic interactions within the fuel blends. The catalytic effect arises due to the presence of various alkali and alkaline earth metals and other inorganic species while the non-catalytic effect arises due to the presence of free radicals and transfer of hydrogen from biomass [69]. The interaction between volatiles and char components as well as the interference of alkali and alkaline earth metals present in RH give rise to a synergistic effect. Moreover, the heat transfer reactions and hydrogen transfer reactions with catalytic effects of metal transfer also impacts the synergistic properties [70]. Additionally, the porous structure of char formed after devolatilization in co-pyrolysis may also lead to synergistic effect by increasing the volatile emissions and consequently increasing the weight loss [71]. In this study, the negative synergistic effect is observed for blending at higher biomass blending ratios of C40-RH60 and C20-RH80 though the deviation is very small. This may arise due to the reason that at higher biomass blending the particles of RH and C do not completely fill into each other’s interspaces [14, 72]. Various other studies have also reported negative synergistic effect at higher biomass blending ratios [72-74]. 
Table 5 Deviation in experimental and calculated weight loss (WL) of blends 
	Sample 
	Experimental
	Calculated
	Deviation

	
	WL (%)
	WL (%)
	WL (%)

	C80-RH20
	48
	46.7
	 0.027

	C60-RH40
	49.51
	47.4
	 0.041

	C40-RH60
	56
	57.0
	-0.017

	C20-RH80
	60
	61.1
	-0.018



3.4 Thermodynamic analysis
The calculated thermodynamic parameters ΔH, ΔG and ΔS are illustrated in Table 6. The enthalpy change represents the heat absorbed or released while keeping the pressure constant [75]. Gibbs free energy exhibits the increase in energy in the development of activated complex [76]. It can be observed from Table 6 that all of the models depicted positive ΔH values except in some cases for the stage B. The positive values of ΔH show that an external energy source is required to provide energy for molecules at a higher energy level to their state of transition [77]. Increased value of ΔH shows that a longer time is also required for the conversion, so high values of ΔH may change the primary reaction mechanism in co-pyrolysis [78]. In stage A and stage B of all the models, ΔH increased as the activation energy increased. Among all models, ΔG values in stage B are slightly higher than in stage A, this can be interpreted to establish the disorder and changes in heat flow [36]. In all the models, ΔS exhibited negative values in both stages as shown in Table 6. This trend clearly shows that the disorder which occurred in the products due to bond breakage was lower as compared to the primary reactants [60]. These negative values depict the presence of a very organised structure of breakdown in the active state and the reactions taking place in the active state followed a very mild pattern [79]. 

Table 6 Thermodynamic parameters of Coal-RH blends at various reaction models
	
	STAGE A (main decomposition region)
	STAGE B (main decomposition region)

	
	Temperature range (°C)
	ΔH
(kJ/mol)
	ΔG
(kJ/mol)
	ΔS
(kJ/mol.K)
	 Temperature range (°C)
	ΔH
 (kJ/mol)
	ΔG
(kJ/mol)
	ΔS
(kJ/mol.K)

	F1
	

	
	C100
	-
	-
	-
	-
	323-667
	19.20147

	527.9
	-0.695
	

	
	RH100
	244-407
	53.89
	445.7
	-0.620
	-
	-
	-
	-

	
	C80-RH20
	282-412
	28.10
	455.47
	-0.672
	413-561
	9.06
	521.41
	-0.708

	
	C60-RH40
	255-400
	34.32
	453.5
	-0.661
	401-541
	10.04
	519.2
	-0.705

	
	C40-RH60
	251-412
	44.76
	499.19
	-0.638
	413-541
	3.93
	523
	-0.732

	
	C20-RH80
	250-414
	49.02
	460.4
	-0.648
	415-525
	-1.963
	518.3
	-0.820

	F1.5
	

	
	C100
	-
	-
	-
	-
	323-667
	24.56
	525.9
	-0.685

	
	RH100
	244-407
	62.54
	443.5
	-0.603
	-
	-
	-
	-

	
	C80-RH20
	282-412
	31.61
	454.3
	-0.665
	413-561
	16.32
	517.78
	-0.693

	
	C60-RH40
	255-400
	37.5
	452.6
	-0.654
	401-541
	17.62
	515.58
	-0.689

	
	C40-RH60
	251-412
	50.90
	448
	-0.627
	413-541
	14.21
	512.18
	-0.690

	
	C20-RH80
	250-414
	71.49
	462.9
	-0.617
	415-525
	5.32
	510.09
	-0.796

	    D1
	

	
	C100
	-
	-
	-
	-
	323-667
	39.04
	532.94
	-0.675

	
	RH100
	244-407
	94.46
	448.6
	-0.560
	-
	-
	-
	-

	
	C80-RH20
	282-412
	58.93
	459.19
	-0.629
	413-561
	14.28
	525.5
	-0.706

	
	C60-RH40
	255-400
	72.09
	457.2
	-0.607
	401-541
	15.14
	523.4
	-0.704

	
	C40-RH60
	251-412
	83.47
	452.4
	-0.582
	413-541
	-0.390
	527.6
	-0.732

	
	C20-RH80
	250-414
	90.059
	452.1
	-0.571
	415-525
	-4.854
	531.6
	-0.846

	    S1
	

	
	C100
	-
	-
	-
	-
	323-667
	15.5
	512.7
	-0.709

	
	RH100
	244-407
	46.28
	451.5
	-0.641
	-
	-
	-
	-

	
	C80-RH20
	282-412
	24.81
	460.2
	-0.685
	413-561
	2.92
	529.9
	-0.728

	
	C60-RH40
	255-400
	31.30
	458.21
	-0.673
	401-541
	3.66
	527.8
	-0.726

	
	C40-RH60
	251-412
	39.17
	454.4
	-0.655
	413-541
	-3.88
	492.7
	-0.688

	
	C20-RH80
	250-414
	42.92
	454.3
	-0.648
	415-525
	-4.32
	499.2
	-0.794



3.5 Product analysis of co-pyrolysis 
C80-RH20 and C60-RH40 were selected for co-pyrolysis in a fixed bed reactor due to the presence of a positive synergistic effect. Moreover, these two blends showed comparatively lower activation energies and higher calorific values as discussed above. The pyrolytic reactions controlled at a temperature of 500 °C produced biochar yields of 60% and 55% for C80-RH20 and C60-RH40 blends. The increase in the share of biomass decreased the char yield of the blends. These SEM micrographs (Fig. 9(a-d)) exhibited honeycomb-like porous structure for C80-RH20 blend, whereas, flake structure were detected in the biochar of C60-RH40 blend. SEM analyses indicate that the evaporation of volatile compounds increases the porosity and appearance of voids in the structure as expected with increasing surface area, pore volume and micropore ratio. Coal structure consists of aromatic hydrocarbons which are relatively dense having bond energies of 1000 kJ/mol. In C80-RH20 the synergy may occur due to various depolymerization and decomposition reactions especially transfer of H2 from RH to coal as discussed above. Heat transfer and chemical reactions also play a vital role in synergistic effects [80] especially when diverse magnitudes of holes have been observed. The pore structure facilitates the reaction and diffusion of various products and also serves as the major adsorption surface for various chemical reactions [81]. Characteristics and growth of pore structure is affected by blending ratio, pyrolysis temperature and feedstock used. Many studies have shown that a synergistic effect was observed in co-pyrolysis char due to the presence of alkali and alkaline earth metal (AAEM) species, mainly K and Ca [82]. Moreover, SEM analysis of C80-RH20 biochar confirms honey-comb shaped morphology with number of pores which shows the rapid release of volatiles from RH. SEM of C60-RH40 also shows the presence of pores which correspond to volatile release. A clear porous structure is observed which is in accordance to releasing volatiles and thus synergistic effect is confirmed [63]. 
EDS analysis of C80-RH20 in Fig.10(a) shows that biochar comprises of carbon (C), oxygen (O), silicon (Si), and potassium (K). It is observed that on increasing the biomass blending ratio, alkali and alkaline earth metals increase. Potassium is transferred from biomass to coal char so this indicates that mixing of coal and RH is beneficial and co-pyrolysis facilitates the activation of K [83]. C60-RH40 blend based biochar (Fig.10(b)) comprising of elements of carbon (C), oxygen(O), silicon (Si), potassium (K), calcium (Ca), magnesium (Mg) depicts an increase in the catalytically active AAEM species in co-pyrolysis char [84]. The blending of coal with RH is advantageous for the release of catalytic species including K, Mg, Ca, and Si. These specific biochar exhibit additional favourable results in terms of catalytic species and suitability in future applications as well. The SEM-EDS analysis shows that the produced co-pyrolysis biochar has potential for several applications where it can be applied as an adsorbent, storage medium for carbon and hydrogen, catalyst for biodiesel production, to improve soil quality, as a habitat for microorganisms and can also work as a semiconductor [85]. 
TGA analysis of co-pyrolysis chars, was also performed as shown in Fig 10(c). Biochar after co-pyrolysis shows less weight loss than their actual blends and hence show stability. The comparative analysis of the chemical structure of biochars exhibited a decrease in the amorphous carbon structure with an increase of coal mass fraction in C80-RH20 blend [83]. The most dominant peak at a wavenumber of 3542 cm-1 signifies the O-H bond stretching. Peak observed at a wavenumber of 1614 cm-1 indicates C=C stretching, whereas, 1170-1130 cm-1 wavelength range represent ester based C-O stretching. FTIR spectra of biochar from C60-RH40 shows that increased content of biomass increased amorphous structure [86]. The observed two peaks represent O-H bond stretching for 3500-3300 cm-1 and C-O bond stretching for 1200-1000 cm-1. Co-pyrolysis char from C60RH40 includes less significant aromatic ring structures as compared to C80RH20 [87]. 
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Fig .9.  SEM images of biochar from C80-RH20 (a-b) and C60-RH40 (c-d)
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Fig. 10 Characteristics of biochar produced from C80-RH20 and C60-RH40 (i) (a-b) EDS analysis (c) TGA (d) FTIR 

The chemical composition of the liquid product obtained at 500 °C for both C80-RH20 and C60-RH40 was analysed by GC-MS. The peaks presented by chromatogram were interpreted using NIST search software. The analysis conducted determines that bio-oil is composed of acids, phenols, alcohols, furans, amines and esters. The composition of both samples of bio-oil was different because of the blending ratios as shown in Fig. 11. In the case of C80-RH20 blend, 15% bio-oil whereas, 20% from C80-RH20 blend was obtained. Major compounds identified in bio-oil obtained from C80-RH20 were phenols (22%) and acids (11%), similarly, phenols (23%) and acids (11%) were also present in the bio-oil from C60-RH40 blend. Other compounds identified in C80-RH20 were esters (3.1%), furans (0.14%) and amines (1%). While, in C60-RH40 the bio-oil also consisted of esters (3%), furans (0.3%), amines (0.5%) and alcohols (0.33%). The analysis shows that different types and amounts of fatty acids and esters were formed by the interaction of coal and RH. RH contains oxygenated compounds that mainly comprise phenols, furans and acids having more than two oxygen-containing functional groups [88]. It has been reported that liquid products majorly from pyrolysis of RH consisted of phenols, organic acids and ketones [89]. Another report revealed that compounds detected by GC-MS from pyrolysis of rice husk were classified into ketones, aldehydes, phenols, alcohols, esters, furans and acids [88]. C60-RH40 exhibited higher amounts of phenols, alcohols and furans than C80-RH20 because C60-RH40 has higher share of RH in it as compared to C80-RH20, and biomass pyrolysis oils have higher concentration of phenols, acids, alcohols as compared to coal pyrolysis oil evident from other studies [90, 91]. RH100 also has higher hydrogen (4.7%) than coal (3.5%) as discussed above in CHN analysis and FTIR analysis where hydroxyl (-OH) groups in RH are abundant as compared to coal. This is also a reason of higher concentration of phenols in biomass pyrolysis as compared to coal pyrolysis and consequently the blend having higher biomass share will depict higher concentrations of phenols and acids. 
Fig. 12 shows the retention time with respect to intensity of various chemical compounds identified through GC-MS. Fig. 12(a-b) represent spectra of C80-RH20 and C60-RH40 respectively. The major absorption peaks are represented in the spectra with their chemical structures. Table 7 lists the compounds present in bio-oils according to the relative peak number.
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Fig. 11 Composition analysis of bio-oils from C80-RH20 and C60-RH40 
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Fig. 12  GC-MS chromatograms of (a) C80-RH20 bio-oil (b) C60-RH40 bio-oil


	Table 7 Chemical compounds identified at various peaks in C80-RH20 bio-oil and C60-RH40 bio-oil
	Peak Number
	Compounds identified in C80-RH20 bio-oil
	Compounds identified in C60RH40 bio-oil

	1
	Acetamide, N-(aminoiminomethyl)

	Butanoic acid

	2
	Furfural

	3-Cyclopentene-1-acetaldehyde, 2-oxo

	3
	2-Propanone, 1-(acetyloxy)

	2-Cyclopenten-1-one,2 methyl


	4
	Vinyl butyrate

	Phenol


	5
	Propanoic acid, ethenyl ester

	Phenol, 2-methyl-


	6
	Phenol

	Phenol, 2-methoxy-


	7
	Phenol, 2-methoxy-

	Creosol


	8
	Creosol

	Ethanone,1-(4-pyridinyl)-, oxime


	9
	2-Furanmethanol, tetrahydro-
	Heptasiloxane,1,1,3,3,5,5,7,7,9,9,11,11,13,13-tetradecamethyl


	10
	-
	Bis(2-ethylhexyl) phthalate



The gaseous product analysis of C80-RH20 and C60-RH40 was carried out using a GC-TCD analyser. The temperature of the fixed bed reactor was kept at 500 °C (Stage B range) in an inert atmosphere for pyrolysis for Cycle 1 (2 h) with product analysis presented in Fig. 13(a). After 2 h, co-gasification was enabled, referred to as Cycle 2. It can be observed that produced gases were composed of H2, CO2, CH4. Major constituents of gaseous fraction were H2, CO2 and CH4. These experimental results depict that production of gases is greatly influenced by the mixing ratio of blend. The release of CO2 during initial pyrolysis mainly occurred due to decarboxylation reactions of hemicellulose and other components like fats, lignin, phenols and other inorganics present in biomass [92]. 
In the case of C80-RH20, Cycle 1 exhibited CH4 as the major gas with 13% production and H2 as the minor gas with 1% production. In addition to cited measurements 5% production of CO2 and 6-7% production of CO was also achieved during co-pyrolysis. However, when co-gasification is enabled in Cycle 2, methane production drastically decreased (from 13% to 4%) and hydrogen production significantly increased to 15%. Production of CO2 decreased from 4% to 1% whereas CO production increased to 11%. The products yield also get influenced by the content of ash, depending upon the mineral composition of each blend [93]. However, when co-gasification is enabled in Cycle 2, CH4 production drastically decreased (from 12% to 5%) and H2 production increased to 15%. Production of CO2 also reduced from 5% to 1%, whereas, CO yield increased indicative of the progression of reverse water gas shift reaction. 
According to studies presented in literature it was observed that during co-pyrolysis of peat (PT) and pine branch (PB) the blends having less biomass share (3PT:1PB) reported 9% CO and that having higher biomass ratio (1PT:3PB) depicted considerably less amount of CO (7%). CO2 was reported to be 40% in 3PT:1PB and 36% in 1PT:3PB. Similarly for 3PT:1PB, 19% CH4 was observed and for 1PT:3PB 22% CH4 was observed [94]. This shows that increasing biomass share in blend decreased the amount of CO and CO2 while increased CH4. The results presented in this study are also in accordance with the fact that in blend having higher biomass ratio (C60-RH40), the production of CO and CO2 decreased as compared to blend having lesser biomass ratio (C80-RH20). The gaseous production of H2 also increased in C60-RH40 as compared to C80-RH20 due to greater concentration of hydrogen in RH evident from CHN and FTIR analysis.
In case of C60-RH40, Fig. 13(b), Cycle 1 represented CH4 yield of 11% with H2 yield noted at 2%. CO2 and CO yields were around 4% and 6% respectively. The Cycle 2 exhibited higher amount of H2 (17%) while CH4 yield significantly decreased. It is also observed that production of CO2 (2%) decreased in co-gasification as compared to co-pyrolysis while CO increased to 9%. On comparing C80-RH20 and C60-RH40, C60-RH40 blend resulted in higher amount of H2 (17%) produced due to larger share of biomass in the blend, as RH has greater hydrogen content. These results indicated that H2 yield increases as CH4 production decreases and blending also helps in the reduction of CO2 emissions. The H2/CO >1 for both blends is encouraging as higher H2 is beneficial for downstream conversion to various chemicals. It is imperative that further future research is carried out to fully exploit these by-products for other commercial-level applications. Table 8 shows a brief discussion some of the previous research conducted on co-pyrolysis of coal and biomass blends 
[image: ]
Fig. 13  Product analysis from (a) C80-RH20 and (b) C60-RH40. (Cycle I: co-pyrolysis, Cycle II: co-gasification)


Table 8 Summary of some literature on co-pyrolysis of coal and biomass blends
	Coal/biomass type
	Blending ratios (Coal: biomass)
	Heating rate
	Remarks
	Ref

	Lignite/rice husk
	95:5
90:10
85:15
80:20
70:30
	5°C/min
	Gas and water yields were higher because of combination of hydrogen free radicals. RH produced more hydrogen and thus more methane was produced from RH as compared to coal. AAEM species in RH promoted transfer of hydrogen and also increased secondary tar cracking.
	[95]

	Lignite/rice husk
	1:1
	10°C/min
	Fixed bed reactor was employed to pyrolyze rice husk, coal and their blend. Results depicted significant synergy during co-pyrolysis. Addition of RH increased gas yield and facilitated gasification of char.
	[96]

	Indonesian(sub-bituminous) coal/rice straw (RS)
	1:0
3:1
1:1
1:3
0:1
	33°C/s for steam gasification
	Synergy was observed in the blending ratio of 1:1. It was due to transfer of H and OH radicals and presence of AAEM (specially potassium) from rice straw (RS). Steam gasification produced highly reactive char. 
	[74]

	Shenfu bituminous coal/ rice straw (RS)
	1:4 
1:1
4:1
*(by mass ratios)
	N/A
	Synergy was observed at blending ratio of (RS/SB= 1:4) indicating higher volatile yield. It was also observed that increase in ration of RS in the blend decreased the synergy as well as reduced gasification rates.
	[72]

	Shenfu bituminous coal/ rice straw (RS)
	100:0
25:75
50:50
75:25
0:100
	N/A
	Rice straw was torrefied which increased its C/H and C/O ratio. Very slight synergistic effect was observed in the blends. The secondary pyrolysis of coal after 700°C was prevented on addition of biomass 
	[97]

	 Peat (PT) /pine branch (PB)
	1:3
3:1
1:1
	5, 10, 20, 40, 80 °C/min
	A slightly weal interaction was observed between both feedstocks in terms of volatile release. Activation energies were considerably higher with higher linear correlation
	[94]

	Sub-bituminous coal (SB) /pine saw dust (SD)
	50:50
	25°C/min
	TGA weight loss behaviours of coal and biomass show three stages of devolatilization in TGA. Coats-Redfern method was used for determination of kinetic and thermodynamic parameters of blends
	[22]


4 Conclusions
The mixing of biomass (RH) into coal exhibited an interactive impact on co-pyrolysis as well as co-gasification processes, especially for the most appropriate blending ratio. The optimum temperature range of about 410 °C-560 °C was identified for co-pyrolysis reactions on the basis of four different reaction mechanisms, applied to calculate apparent energy of activation from the non-isothermal TGA data. The thermokinetic analysis exhibited convergence of all four reaction mechanisms with the TGA data except the diffusional reaction mechanism in the case of the C20-RH80 fuel blend. The average apparent values of Ea increased with an increasing ratio of RH for 250 °C-400 °C but later the energy barrier decreased with further increase in temperature, hence 500 °C and above was selected for fixed bed reactor tests. Comparative analysis of the reaction models revealed similar order; D1 > F1 > F1.5 > S1 despite dissimilar values of Ea for C, RH, and their blends. The experimental weight loss value is greater than calculated weight loss value for C80-RH20 and C60-RH40, which is a major indication of presence of synergistic effect. 
Co-pyrolysis proved to be effective in the transfer of catalytically active species from RH to coal and thus the produced biochar has a honeycomb structure useful in adsorption and various applications. Bio-oil consisted of phenols, acids, methoxy phenols, creosols, ethenone, cyclopentene, and acetaldehydes. The product gas fraction consisted of CH4, H2, and CO2. The early evolution of CH4 and H2 is evidence of the interaction between coal and RH through the transfer of hydrogen radicals. Co-gasification configuration produced a significant increase in H2 production, however, further future research is required to utilize these by-products with little up-gradation for other commercial-level applications.
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