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ABSTRACT  

Direct conversion of a low-rank coal into valuable chemicals or improving its char’s coking value became 

very demanding goals in coal utilization strategies. In this work, the co-pyrolysis of a low-rank lignite coal 

and pine wood sawdust biomass blended at a 3:1 coal-to-biomass ratio was investigated along with original 

coal and biomass samples by microwave assisted and conventional thermal methods at 550℃ under 

nitrogen and ambient pressure. The carbon structure and its reactivity in generated chars and the product 

distributions were greatly affected by the applied heating mechanism and the presence of biomass during 

coal pyrolysis. High gas and low tar yields were observed for all microwave chars in comparison to thermal 

chars, regardless of composition. The addition of biomass to coal increased the tar yield under both methods 

and to a higher extent under the microwave. This agrees with the high gas yield and high aromatic-to-

aliphatic fraction observed under the microwave and the presence of biomass. The high O/C ratio and low 

fixed carbon content in a biomass structure relative to coal affect the product distribution during microwave 

pyrolysis. This could selectively heat the biomass in the sample, remove its polar groups, and convert it 

into an efficient microwave absorber biochar that can decompose coal efficiently during co-pyrolysis. The 

aromatic carbon stacking and its ordering in the generated chars were investigated by powder X-ray 

diffraction, Raman spectroscopy, dielectric property measurements, and electron spin resonance 

techniques. A synergistic effect was observed upon biomass addition during microwave coal pyrolysis. 

Electron spin resonance spectroscopy revealed that the microwave coal/biomass char is the most stable char 

with the lowest free radical concentration. This agrees with the highest IG/Iall band area ratio calculated from 

Raman analysis revealing a more graphitic nature for carbon in this char. Similarly, the dielectric properties 

confirmed that the addition of biomass to coal under the microwave has the highest loss tangent, indicating 

a high graphitic nature compared to pure biochar or coal char. 
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1. Introduction 

Coal remains a large part of the global energy economy, making up 18% of all energy production in the 

United States based on 2017 estimates.1 Although anthracitic and bituminous coals are used directly for 

metallurgy or combustion in coal-fired plants, utilization of low-rank coals (including lignite and sub-

bituminous) is not economical due to their low calorific value, high moisture content, and high ash content. 

In the United States, over half (55%) of all produced coal is low rank (2017 estimate), providing an 

abundant, low cost feedstock for conversion to high-value chemicals.1 Several coal-to-chemicals pathways 

exist, including pyrolysis, gasification, and liquefaction; of these, pyrolysis is the only single-step 

conversion process that is carried out at atmospheric pressure. Pyrolysis is considered the initial treatment 

step for gasification and combustion, making it a fundamental process for further study. Co-utilization of 

the lignite coal with the biomass, another abundant, low-cost feedstock, has been reported to reduce CO2, 

SOx, and NOx emissions compared to pure coal, providing a suitable short term strategy for clean fossil 

energy utilization.2 Although many researchers have focused their work on biomass addition to lower coal 

emissions, little has been done to improve the coking nature of produced chars during co-pyrolysis, which 

suffer from low thermal stability and heating value, and still cannot be used in the metallurgical or ferroalloy 

industries. This is in part because of the complex nature of these fuels and lack of adequate mechanistic 

studies and comprehensive understanding of free radical formation during co-pyrolysis. Utilization of these 

hybrid chars in metallurgical or ferroalloy industries should lower the carbon foot print used for met coke. 

Many studies have investigated the pyrolysis behavior of low-rank coal3 or lignocellulosic biomass4 

individually as well as co-pyrolysis of coal and biomass mixed feedstocks.5 Devolatilization kinetics of 

biomass and coal differs due to differences in the bond energies of the molecules making up each material.6 

In general, biomass decomposition initiates at lower temperatures and coal decomposition initiates at higher 

temperatures, which is attributed to differences in the macromolecular structure of the parent material. 

Biomass macromolecules are linked by weak ether bonds (C-O-C), whereas coal is made up of condensed 

ring systems linked by strong aromatic bonds (C=C) requiring greater energy input to cleave.7 Most studies 

regarding the interaction of coal and biomass mixed feedstocks during co-pyrolysis have observed non-
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additive (synergistic) product distributions.5b,c,8 Synergy is typically reported at certain intermediate 

temperatures during co-pyrolysis at which devolatilization of both feedstocks occurs at the same time and 

is especially evident when the coal fraction is of low rank.5c,6b Although a tremendous work has been 

conducted on co-pyrolysis of coal and biomass feedstocks, there is no clear interaction mechanism to 

explain the observed synergistic effects during their co-pyrolysis. Some investigations attributed synergistic 

effects during coal and biomass co-pyrolysis to OH and H radicals from the biomass, which facilitate the 

decomposition of lignite as well as secondary volatile reactions with the catalytically active mineral phases 

within the coal and biomass char.8,9 Others, like Vuthaluru,10 reported that no synergy effects were observed 

in activation energy during co-pyrolysis. Most of the pyrolysis work has been conducted by using thermal 

heating sources such as electric and gas heater.11 Generally, carbon is a good microwave absorber due to 

its high conductive losses under microwave polarization and can be easily heated under the microwave 

radiation.12 Therefore, utilizing microwaves to heat biomass particles could be a more promising technique 

than thermal pyrolysis because the use of microwaves intensifies pyrolysis reactions and, thus, increases 

overall process efficiency.3a,13 Under thermal heating, fuels are heated by conduction and convection from 

the reactor walls producing a thermal gradient with greater temperatures near the reactor walls and lower 

temperatures in the center of the material volume. The previous studies showed that a higher corn stover to 

brown coal ratio resulted in a greater oil yield, whereas a greater heat treatment temperature increased the 

oil yield in brown coal and coal/corn mixtures co-pyrolysis.14 In addition, the results showed that the CO2 

yield is relatively high and the H2 yield is relatively low in thermal pyrolysis of coal, whereas the microwave 

pyrolysis of coal and biomass blends generated a significantly greater fraction of H2, CO, and CH4.15 The 

optimal microwave powers and heat treatment temperatures were mainly in the range of 300−1500 W and 

260−877 °C for the bio-oil production from co-pyrolysis of macroalgae and lignocellulosic feedstock.16 

The co-pyrolysis of macroalgae and lignocellulosic biomass gave the maximum pyrolysis oil at a heat 

treatment temperature of 450 °C and a heating rate of 20 K min−1 with 80% mass of rice husk in the 

mixture.17 However, little is known about structure−property relationships of the product governing the 

radical formation during co-pyrolysis of blends in both thermal and microwave-assisted pyrolysis 
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processes. Thus, it is important for the industrial use of coal and biomass blends to understand how the 

structural properties of chars from co-pyrolysis are related to the radical concentration and composition to 

maximize the bio-oil yields. Pyrolytic chars exhibit complex structural characteristics and with little or no 

additional processing may be utilized as feedstocks for value-added products, e.g., activated carbon,18 

catalyst supports,19 soil amendment,20 or metallurgy.21 As such, it is important to characterize the structure 

and composition of chars generated by pyrolysis to better guide their application. Pyrolysis of mixed 

feedstocks could produce chars with unique properties compared to chars generated from a single feedstock. 

In a recent study, Wu et al. carried out co-pyrolysis of wheat straw with two ranks of coal : anthracite and 

bituminous.22 In both cases, wheat straw promoted an increase in a specific surface area of the generated 

chars; however, an increase in the wheat straw mass ratio reduced the carbon ordering and uniformity of 

micropores in the char.22 In a study on co-pyrolysis of corn stover and Pennsylvania coal blends at different 

temperatures, the authors describe a synergistic relationship for the porosity development of the chars.6a At 

low temperatures, the char surface area and microporosity are not affected by the blend ratio; however, with 

the increasing pyrolysis temperature, the addition of biomass increases the microporosity of the reacted 

chars.6a As char properties from pyrolysis of mixed feedstocks are difficult to predict owing to the non-

additive nature of co-pyrolysis, it is important to characterize pyrolytic chars to gain an understanding of 

their structural and compositional properties to help guide their application. In addition, co-pyrolysis of 

coal and biomass can lower the non-benign emissions and formation of free radicals and particulates into 

the environment. It also helps in gaining a better understanding of the interaction between coal and biomass 

toward the formation of chars and chemical products with tunable properties.23 Despite the existence of 

enormous results on individual pyrolysis of coal, biomass and lignocellulosic components, the co-pyrolysis 

of biomass and coal with respect to product properties and the radical formation has received little attention. 

Many investigations have used electron spin resonance (ESR) spectroscopy to study the chemical structure 

of free radicals and its concentrations in pyrolysis products.24 A number of ESR studies have been reported 

in which there was a dramatic increase in the free radical concentration when coals were heated above 

400°C.25 Although direct characterization of biomass and coal co-pyrolysis using electron spin resonance 
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spectroscopy has not been reported, the free radical formation was investigated in several studies.26 The 

results of previous studies at high-temperature pyrolysis indicated that the biomass major constituents 

(cellulose, hemicellulose, lignin) had a minor effect on remaining radical concentrations compared to 

potassium and silica contents.26b The concentration of hydroxyl groups in the macromolecular structure of 

biomass is higher than that in the coal. Thus, during biomass pyrolysis, the high concentration of small free 

radicals of OH and H, found in its volatiles, can strongly combine with other free radicals as well as 

penetrate into the char matrix while in contact with the products from coal pyrolysis.27 The thermal 

decomposition reactions for coal usually generate large free radicals, which could combine with small 

biomass free radicals and lead into its stabilization. This could reduce the occurrence of secondary cracking 

reactions during pyrolysis and lead to the formation of stable fragments that escape the reaction zone in the 

form of volatiles. Thus, the addition of biomass to coal during pyrolysis could improve the devolatization 

rate and increase the tar yield.28 The knowledge about remaining free radicals in the char from co-pyrolysis 

of coal and biomass can help to understand the role of free radicals trapped in the solid matrix on the 

biomass-coal cross-linking/depolymerization and, thus, on the chemical structure of pyrolysis products. 

Despite the ubiquity of free radicals, the structure and yields of radicals in co-pyrolysis of biomass and coal 

have not been well understood and well characterized. Throughout the course of this work, we have 

attempted to gain an understanding of the chemical structure and yields of radicals from microwave-assisted 

and thermal co-pyrolysis of coal and biomass blends. The objective of the present work was to characterize 

experimentally the char structure and remaining free radicals in the chars from co-pyrolysis of biomass and 

coal blends. The knowledge about remaining free radicals will help to relate the char structural changes to 

the role of free radicals trapped in the solid matrix on the crosslinking/depolymerization of the biomass and 

coal blends. A primary emphasis of the present study was placed on the influence of the pyrolysis process 

and the synergistic effect of biomass and coal blends on the radical formation. A secondary emphasis was 

placed on the microwave-specific effect on the product yield distribution and char structure evolution 

during pyrolysis to optimize co-pyrolysis reaction conditions to target desired products. 
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2   Experimental 

2.1 Raw materials 

Fuel feedstocks of pulverized Mississippi coal, a low rank lignite coal, and Yellow pine sawdust, a 

biomass wood pellets, were supplied by National Carbon Capture Center (NCCC) through Southern 

Company. The coal powder was further homogenized by ball milling, then pressed and sieved between 300 

and 600 m particle sizes. Wood pellets were ground using a high-speed rotary mill before being sieved 

into similar particle size fractions. Table1 below shows the proximate, ultimate and ash analysis for coal 

and biomass samples used in this study. 

 

Table 1. Ultimate, proximate and ash composition of lignite coal and wood pellets 

Sample  Lignite Coal Pine Biomass 

Proximate analysis/ 

(wt%, dry basis) 

Volatile 43.76 85.19 

Fixed carbon 30.53 13.40 

Ash 25.71 1.42 

Ultimate analysis/ 

(wt%, dry basis) 

C 51.75 53.20 

H 3.57 6.24 

N 1.27 0.12 

S 0.73 0.02 

Oa 16.97 39.00 
a by difference; O (wt%) = 100-C-H-N-S-Ash 

 

Sample Al Si Ca Ba Fe Mg Mn P K Na Sr S Ti 

Lignite Coal 18.80 45.30 19.00 0.17 3.74 3.57 0.34 0.07 1.05 0.47 0.41 5.61 1.15 

Pine Biomass 13.80 37.80 21.20 0.21 4.15 6.12 2.57 1.74 4.06 1.07 0.30 5.50 0.77 

 

 

 

2.2 Pyrolysis 

The pyrolysis studies were carried out under two different methods: microwave-assisted and 

conventional thermal heating methods. For microwave pyrolysis, a pulsed fixed frequency (2.45 GHz) 

microwave reactor from Sairem (model: GMP20K) with a 2-kW magnetron was used. A fixed-bed quartz 

tube reactor with a one inch (ID) diameter was placed inside a 500 W single mode microwave cavity. The 
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sample temperature was monitored during the reaction from a small port in the microwave cavity using an 

IR pyrometer from Micro-Epsilon, model CTLM3. The pyrometer temperature sensitivity was between 200 

°C and 1500 ℃. By adjusting the microwave duty cycle, the reaction temperature can be controlled. By 

controlling the duration of cooling and heating times of microwave pulses, the coal/biomass bed can be 

maintained within an acceptable temperature window. All pyrolysis experiments were conducted at 550 ℃. 

An electric furnace fixed-bed reactor was used to conduct conventional thermal pyrolysis. First, the 

temperature of the quartz reactor was ramped and maintained at 550 ℃ under N2 gas flow. Once the reactor 

equilibrates, the sample was quickly dropped using a feeder into the reactor hot zone.  

Typically, 10g of raw lignite coal, ground pine or a mixture of ground pine and coal (25 wt.% pine) 

was loaded into the reactor and pyrolyzed under pure N2 (UHP, 99.999 %) for two hours. The total gas flow 

was fixed at 300 sccm, and the experiments were operated under atmospheric pressure. The generated chars 

were given these abbreviations: C, B and CB, to stand for coal, biomass, and their mixed samples, 

respectively. The pyrolysis method was given as: MW or Conv, to indicate whether the char was prepared 

under microwave or conventional thermal method. For example, CB-MW sample is for coal and biomass 

blended char generated under microwave pyrolysis. The experimental setup used for microwave-assisted 

pyrolysis of coal/biomass samples is given in Figure 1 below. 

 

 

N2 gas

Quartz reactor

Coal/Biomass
bed

IR-Pyrometer
Port (T = 550 ℃)

Microwave cavity

Microwaves
(2.45 GHz, 1000 W)

To cold trap, then GC and MS

Coal/Biomass 
feeder

Electric heater

Thermocouple
(550 oC)(a) (b)
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Figure 1. Experimental setup used for (a) microwave-assisted and (b) thermal pyrolysis of coal/biomass 

samples at 550 ℃ under N2 at ambient pressure.  

 

2.3 Analysis of products 

Oil and waxy tars were separated from gases exiting reactor using two cold traps maintained below 

freezing point temperature (-10 ℃) and at room temperature (25 ℃), respectively. Remaining gases 

(hydrogen, nitrogen, carbon monoxide, carbon dioxide and methane) and some light hydrocarbons 

(acetylene, ethylene, ethane, propylene, 1,3-butadiene, benzene and toluene) were analyzed online using a 

mass spectrometer (Prima BT from Thermo Fisher Scientific) and a 4-channel micro gas chromatograph 

(GC -3000A from Agilent).  

Pyrolysis product yields were calculated using the following equations: 

𝑌𝑡𝑎𝑟 = 100 × 
𝑤𝑡.𝑜𝑓 𝑜𝑖𝑙 𝑎𝑛𝑑 𝑤𝑎𝑥𝑦 𝑡𝑎𝑟𝑠

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑡.𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
    (1) 

𝑌𝑐ℎ𝑎𝑟 = 100 ×  
𝑤𝑡.𝑜𝑓 𝑐ℎ𝑎𝑟

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑡.𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
    (2) 

     𝑌𝑔𝑎𝑠 = 100 − ( 𝑌𝑡𝑎𝑟 +  𝑌𝑐ℎ𝑎𝑟)                (3) 

 

2.4 Char characterizations 

2.4.1 Surface area 

Surface area analysis were measured using Micromeritics ASAP-2020 unit at 77 K and by using N2 

as the adsorption gas.  Char samples were first degassed under vacuum and at 300 ℃ for 10 hours to clean 

the char surfaces of any pre-adsorbed gases and moisture before measuring its surface properties. Brunauer-

Emmett-Teller (BET) model 29 was used to calculate the surface area using adsorption isotherms data. The 

pore size distributions (PSD) of chars were calculated from the desorption isotherm using Barrett-Joyner-

Halenda (BJH) model. The t-plot analysis were used to calculate the micropore volumes and areas of chars 

30.  
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2.4.2 Scanning electron microscopy   

The morphologies of chars prepared under microwave and thermal pyrolysis methods were tested using 

scanning electron microscope (JEOL FE-7600). A very thin layer of char powder was first placed on a 

carbon double-sided tape supported on a copper stud before it was placed inside the microscope.  The SEM 

images were collected under an acceleration voltage of 15 KV and a working distance of 39 mm. 

 

2.4.3 Powder X-ray diffraction 

The X-ray diffraction of collected chars were measured using a PANalytical X’pert Pro (PW3040) 

unit equipped with a Cu tube (K radiation λ=0.1541 nm) maintained at 45 kV, 40 mA). A Si sample holder 

with zero-diffraction was used during all measurements. The char samples were scanned between 2θ = 10 

° to 70 ° with a scan speed of 0.026°/s.  Highscore Plus software was used in peak identification using X-

ray diffraction database (ICDD).  

 

2.4.4 Raman analysis 

Raman spectroscopy was utilized to examine carbon structures in collected chars. The char spectra were 

collected at room temperature and ambient pressure using a Jobin Yvon Labram HR Evolution 

spectrometer. A few milligrams of char sample were first placed under a microscope equipped with a 100 

X objective lens. A 25mW laser beam (532 nm, Nd:YAG) was focused on the sample to excite it. The back-

scattered Raman signal was collected using a CCD detector and a 1800 gratings/mm. The first order bands 

region was recorded between 800 cm-1 and 2000 cm-1. Each char sample was measured at least three 

different times on different spots to insure reproducibility. OriginLab 2018b software was used to 

deconvolute the collected Raman spectra and determine the corresponding spectral parameters. The 
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modified Knight formula 31 was used to calculate the carbon microcrystalline planner size (La) and is given 

below in equation 4:  

𝐿𝑎 =  
𝐶𝑜+ 𝐶1𝜆𝐿

𝐼𝐷/𝐼𝐺
    (4) 

Where Co and C1 are constants that depend on the excitation laser wavelength (L). So between 400 nm and 

700 nm excitation wavelength, Co is equal to 12.6 nm and C1 is equal to 0.033 nm. The ratio ID/IG is the 

band area ratio between D1 and G bands. 

 

2.4.5 Dielectric properties 

The dielectric properties of raw and char samples were measured at 2.45 GHz using a vector network 

analyzer from Keysight (model N5231A PNA-L) at room temperature. The sample powder was first 

crushed, loaded and then pressed in a 7-mm diameter coaxial airline from HP (model: 85051-60010). The 

complex permittivity of a dielectric material 𝜀 can be given in equation 5 as:  

𝜀 (𝜔) =  𝜀′(𝜔) − 𝑖𝜀"(𝜔)  (5) 

tan 𝛿  =
𝜀′′

𝜀′     (6) 

The real component 𝜀′ represents the storage ability of a material to store electrical energy of microwave 

while the imaginary component ” represents the ability to lose this energy. The loss tangent (tan 𝛿) which 

is given in equation 6 represent the efficiency of converting this electric energy into heat energy. 

 

2.4.6 Electron spin resonance 

ESR spectra were collected at room temperature on a Magnettech MS-5000 spectrometer (Freiberg 

Instruments, Germany). Samples were placed inside a quartz capillary tube with a 0.75 mm wall thickness 

and a 5 mm outer diameter. The experiments were conducted with a microwave power (10 mW), a 

modulation width (0.2 mT), a magnetic field modulation (100 kHz) and a sweep width and time of 6200 G 
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and 1 min, respectively. A solid standard sample of known weight of 𝐶𝑢𝑆𝑂4 ∙ 5𝐻2𝑂 was used for 

calculating the number of spins in the sample signals. The spin concentration (Ns.spin) of a sample (directly 

proportional to the absorption area under the ESR curve) was calculated by comparing the double integrated 

areas of the sample (Asample) signals, and standard (𝐴𝐶𝑢𝑆𝑂4∙5𝐻2𝑂 ) signals, related to the corresponding Q-

factors of the sample and standard as shown in equation 7:  

𝑁𝑠.𝑠𝑝𝑖𝑛 =
𝑁𝐴∙n𝐶𝑢𝑆𝑂4∙5𝐻2𝑂 ∙𝐴𝑠𝑎𝑚𝑝𝑙𝑒∙𝑄𝐶𝑢𝑆𝑂4∙5𝐻2𝑂 

𝐴𝐶𝑢𝑆𝑂4∙5𝐻2𝑂 ∙𝑄𝑠𝑎𝑚𝑝𝑙𝑒
 (7) 

The spin sample concentration Cs.spin 
32 (equation 8) is given as the ratio between the number of spins and 

the weight of sample (Ws): 

𝑐𝑠.𝑠𝑝𝑖𝑛 =
𝑁𝑠.𝑠𝑝𝑖𝑛

𝑊𝑠
  (8) 

The ESR g-factor is calculated from equation 9 33 as: 

𝑔 =
𝐻1∙𝜈∙𝑔1

𝐻∙𝜈1
  (9) 

where g1 is a constant factor (2.0028) of the strong pitch standard, H and 𝞶 are positions and microwave 

frequencies of char samples, and H1 and 𝞶1 are positions and microwave frequencies of the strong pitch 

standard. MatLab toolbox EasySpin 2.5 software was used in ESR-spectra fitting. 

 

 

3 Results and discussion 

3.1- Coal Pyrolysis 

3.1.1- Product yields 

Figure 2a shows the distribution of gas, tar and char yields obtained from coal, biomass, and coal/biomass 

pyrolysis at 550 ℃. In general, greater gas yields were observed under microwave pyrolysis for all tested 
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samples, which could indicate increased secondary reactions under microwave heating compared to thermal 

heating.  Microwaves produce localized hot spots within the material, which exhibit extreme temperatures 

and likely promote secondary cracking reactions yielding greater non-condensable gases. With addition of 

biomass to coal, gas yield decreased under both microwave and thermal pyrolysis methods, by 7.6 % and 

11.3 %, respectively relative to pure coal samples. Greater gas yields were observed from biomass pyrolyis 

under both methods compared to that obtained from coal or coal/biomass, possibly due to the high volatile 

and oxygen content of biomass. Tar yield increased upon addition of biomass to coal regardless of the 

applied heating method. The tar yield increased from 6.0 wt.% (C-MW) to 19.5 wt.% (CB-MW), which is 

a factor of 3.26 under microwave pyrolysis, while it only increased from 15.0 wt.% (C-Conv) to 26.3 wt.% 

(CB-Conv), which is a factor of 1.75 under thermal pyrolysis. This result is possibly due to different free 

radical condensation and repolymerization reaction pathways under microwave and conventional thermal 

methods 34. Pure biomass shows the greatest tar yield of all feedstocks. These results agree with the greater 

volatile matter of the parent biomass compared to coal. Overall, tar yields are lower under microwave 

pyrolysis for all samples, which is consistant with the greater gas yield obtained under microwave pyrolysis. 

Microwave tar yields for coal and coal/biomass samples are lower compared to thermal tars of these 

samples, possibly due to microwave selective excitation of polar groups facilitating decomposition to 

produce a higher gas yields compared to thermal pyrolysis 3a. During biomass pyrolysis, similar gas, tar and 

char yields were observed regardless of the pyrolysis method used, possibly due to its low volatilization 

temperature compared to coal. Slightly lower char yields were observed under microwave coal and 

coal/biomass samples compared to thermal ones. This suggests an efficient interaction between microwave 

energy and coal especially in the presence of biomass, where the char yield decreased 6.8 % in the absence 

of biomass and 12.9 % in the presence of biomass when compared to thermal chars. In general, lower char 

yields were observed for pure biomass, followed by coal-biomass mixture, and then coal which had the 

highest char yield. These results agreed with the increasing fixed carbon and ash content of the studied 

samples shown in Table 1. As we go from biomass to coal samples, char yields are approximately equal to 

the sum of fixed carbon and ash of the parent feedstock.   
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During the thermal decomposition of coal or biomass, free radicals are formed 34. These free radicals can 

either recombine via condensation or polymerization reactions into a stable polyaromatic coke or can 

abstract a proton and leave the reaction zone in the gas phase. These radical recombination mechanisms 

could be influenced by the applied heating mechanism whether it is through dielectric loss heating or 

conventional thermal heating. The high gas-to-tar yield ratio observed under microwave compared to 

thermal pyrolysis could suggest that. Under thermal pyrolysis high amounts of carbon were trapped into 

heavy tars and coke while under microwave the recombination rate of these radicals decreased leading to 

more gas formation. Selective decomposition of polar or microwave active tars, which have high dielectric 

properties, into gases could be enhanced under microwave pyrolysis 35. 

 

Figure 2. (a) yields of char, tar, and gas, and (b) total gas composition obtained during coal (C), 

coal/biomass (CB) and biomass (B) pyrolysis at 550 ℃ using microwave and thermal methods. 
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3.1.2- Gas composition 

Figure 2b reveals the light gas composition (H2, CO, CO2, and CH4) and light hydrocarbon species, from 

C2 to C7 produced during the pyrolysis reaction. For all samples, regardless of its composition, the 

selectivity towards syngas production was higher under microwave pyrolysis; the majority of gas 

composition was H2 and CO. The CO/CO2 ratios are much higher under microwave pyrolysis, ranging 

between 4.4 and 2.6, while they are between 0.3 and 1.0 under thermal pyrolysis. The high selectivity of 

CO could possibly be due to microwave-induced self-gasification reactions between the structural fixed 

carbon present in coal or biomass structure and the generated CO2 producing more CO via the reverse 

Boudouard reaction (CO2 + C = 2CO) 3a, 36. Another possibility could be due to microwave-enhanced dry 

reforming between methane and CO2 produced during pyrolysis in the presence of microwave-induced 

hotspots 37; especially since the observed CH4 concentrations are relatively low under microwave. As the 

biomass percentage in the microwave-heated samples increased, the CO, CO2, CH4 and C2-C7 % increased, 

and the CO/CO2 ratio decreased from 4.4 for coal, 4.0 for coal/biomass, and down to 2.6 for biomass This 

is possibly due to the high density of oxygen-containing functional groups present in the biomass structure, 

the low fixed carbon content, and the high carbon-reactivity compared to coal. Functional groups present 

in coal, biomass, and their mixture could be heated and decomposed selectively under microwave 

irradiation leading to a different gas selectivities. On the other hand, addition of biomass under thermal 

pyrolysis results in increasing the CO selectivity compared to pure coal. The role of heating mechanism, 

whether via microwave or conventional thermal routes, affects the product selectivities of these gas species 

during pyrolysis. For example, the microwave selectivity towards H2 and CO (syngas) is higher than it is 

under conventional thermal method, which is more selective towards CO2 , CH4 and C2 to C7 light 

hydrocarbons. These results suggest that the microwave could efficiently convert tars into syngas and 

possibly polyaromatic carbon. 

Similarly, the gas composition analysis in Figure 2b (table inserts) demonstrated that under microwave 

pyrolysis the hydrogen is always more selectively produced than methane with much higher H2/CH4 ratios, 
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ranging from 13.6 to 3.2, compared to thermal chars, ranging from 2.0 to 0.5, for all studied samples 

regardless of their composition. Selective decomposition of methane under microwave irradiation into 

carbon and H2 or methane dry reforming could result in a higher H2 selectivity under microwave pyrolysis. 

Addition of biomass to coal results in a drastic decrease in H2/CH4 ratio under microwave, whereas a 

relatively slight change in the H2/CH4 ratio was observed under thermal pyrolysis, mainly due to the 

decrease in H2 concentration while the CH4 concentration is relatively constant. The presence of biomass 

in a pyrolysis sample decreased the produced hydrogen regardless of the pyrolysis method used possibly 

due to the higher tar yields observed for biomass-based samples. Thermal decomposition of methoxy or 

bridged ether groups is very likely to take place during thermal pyrolysis of biomass. During pyrolysis, 

free-radicals are formed 34, and depending on their stability, smaller radicals could recombine to form low 

molecular weight hydrocarbon molecules in the gas phase. Different heating mechanisms, reaction rates, 

free radical recombination rates, and even different formation rates of these free radicals could play a role 

in the resulting product distribution during pyrolysis. These results confirm that choosing the right heating 

mechanism could help in tuning the product selectivity during coal and biomass pyrolysis. 
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Figure 3. The molar ratio between aromatic (C6-C7) products and aliphatic (C2-C4) products obtained 

during coal (C), coal/biomass (CB) and biomass (B) pyrolysis at 550 ℃ using microwave and thermal 

methods. 

The molar ratio between aromatic products, which is the total moles of benzene and toluene, to aliphatic 

hydrocarbons containing C2s (ethane, ethylene and acetylene), C3 (propylene), and C4 (1,3-butadiene) 

formed during pyrolysis are displayed in Figure 3. A higher aromatic-to-aliphatic fraction was observed 

under microwave and in the presence of biomass. The selective microwave heating could play a better role 

in coal depolymerization via targeting weak ether or alkyl linkages between aromatic compounds in coal 

or biomass samples compared to conventional thermal heating.     

 

3.2- Char Properties 

3.2.1- Surface area analysis 

The BET surface area, microporous surface and volume properties, and total pore volume are listed in Table 

2. During pyrolysis pores develop as moisture and volatile organic compounds are released, leaving voids 

in the coal or biomass carbon matrix. The microwave-prepared chars had a higher surface area and pore 

volume than the conventional thermal chars, in dependent on the fuel source used whether it is pure coal or 

biomass or their blend. These results suggest that the applied heating mechanism could potentially alter the 

pore structure of these chars. Microwave energy could selectively gasify trapped carbon in presence of coal 

or biomass moisture which could lead to new pores in prepared chars during pyrolysis. Zhou et al38 showed 

that during microwave drying of coal, moisture could rapidly change into superheated steam which affect 

the pore structure network of chars.  Further, coal or biomass particles experience greater volumetric heating 

rates under microwave treatment resulting in high pressures within the particle as volatiles are released. 

This rapid volatilization from the particle core also contributes to greater pore development under 

microwave heating compared to conventional thermal ones.  
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Biomass chars showed the highest surface properties among the studied samples with BET surface area of 

138 m2/g and 71 m2/g generated under microwave and thermal pyrolysis, respectively. While coal chars 

had a lower surface area property with a BET of 96 m2/g and 61 m2/g generated under microwave and 

thermal pyrolysis, respectively. The high ash content in coal and differences in chemical structure between 

biomass and coal contribute to the lower surface area properties of coal chars regardless of the pyrolysis 

heating method.  A recent study on the microwave pyrolysis on a biomass feedstock of coffee hulls shows 

similar results where a higher char porosity was achieved under microwave compared to conventional 

thermal method 39. Lignocellulosic biomass, such as the pine wood used in this study, is composed of a 

matrix of cell walls.  During pyrolysis volatile organic compounds leave the matrix, but the lignin-rich cell 

walls are not easily devolatilized and remain intact after thermal processing, leaving a porous matrix in the 

pyrolysis char. Coal, on the other hand, decomposed for millions of years and the plant cell wall structure 

is no longer intact.  The regeneration of activated carbon was studied by Ania et al where the microwave 

regeneration relatively preserved its microporous and mesoporous structure, whereas conventional thermal 

regeneration, especially at elevated temperatures, results in a partial structure collapse 40. Moisture removal 

could create new stable pores or even some pore enlargement via  structure crosslinking38 during microwave 

pyrolysis  . In general, addition of biomass to coal enhanced the surface properties of generated char and 

could make it more reactive. 

Table 2.  Surface properties of collected chars. 

Heating Mode Feedstock SBET  

(m2/g)^ 

Smicro  

(m2/g)^^ 

Vmicro  

(cm3/g)^^ 

Vtotal  

(cm3/g)^^^ 

Microwave C 96 71 0.033 0.078 

CB 122 85 0.039 0.100 

B 138 110 0.051 0.081 

Thermal C 61 45 0.021 0.062 

CB 64 48 0.022 0.057 

B 71 13 0.005 0.079 
^ BET method was used up to P/Po = 0.2. 
^^ t-plot method was used. 
^^^ Vtotal @ P/Po = 0.985. 
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3.2.2- Electron microscopy 

Figure 4 shows the SEM images for fresh and generated chars of pure coal and biomass samples. Microwave 

coal and biomass chars shows a relatively similar morphologies with microsphere structures on the char 

surfaces and with high surface porosity. These microspheres are more uniformly distributed with a narrow 

average size distribution in case of microwave biomass char B-MW sample compared to C-MW sample. 

The corresponding conventional thermal chars showed big particle aggregates for coal and fiber-like 

aggregates for biomass chars. Both are with less surface porosity compared to corresponding microwave 

chars agreeing with the observed surface area results in section 3.1. The heating mechanism applied plays 

an important role in shaping the surface morphologies of the prepared chars.  

 

 

Figure 4. SEM images of raw and pyrolyzed chars under thermal and microwave methods for coal (a, b, 

and c) and biomass (d, e, and f), respectively. 

 

Surface functionality of coal and biomass with organic polar groups as carboxyl, carbonyl, aldehyde, or 

hydroxyl groups could represent the active microwave sites that could get heated via dipole loss 

(a) C-raw (b) C-Conv (c) C-MW

(d) B-raw (e) B-conv (f) B-MW
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mechanism41 under microwave irradiation. This could lead to the formation of hot spots leading to 

microsphere formation and some internal morphological changes under microwave heating42.   

The specific morphologies obtained from coal and biomass by either thermal or microwave pyrolysis could 

provide insight on the surface chemistry which could help guide utilization of chars for conversion to value 

added products.  For example, the char morphology and high surface area generated by microwave heating 

would make them suitable as precursors for activated carbon or catalyst application.  By comparison, those 

generated under thermal heating would be less desirable for these applications. 

 

3.2.3- X-ray crystallinity  

Figure 5 shows the diffraction patterns of all prepared chars. The diffractograms for biomass-derived char 

exhibit two broad peaks that could be emerged from some ordered carbon domains or carbonized structures 

within the biochar matrices. These broad diffraction bands between 20° and 30 o and between 40° and 50 o 

could be assigned to graphitic diffraction planes (002) and (100), respectively 41a. These broad peaks were 

observed for biomass chars prepared by both microwave and thermal pyrolysis and are typical of amorphous 

and turbostratic carbonaceous phases.  Coal chars also exhibit broad (002) and (100) carbon diffraction 

peaks indicating the presence of an amorphous carbon phase, albeit less intense than those of biomass chars.  

The carbon peaks are likely masked by the abundance of inorganic phases due to the high ash content of 

the parent coal.  Upon heating coal, biomass, or their mixture, volatiles are released and aromatic molecules 

crosslink with the char resulting in carbon structural rearrangement. Depending on the pyrolysis conditions, 

the carbon stacking and ordered structure differ 43.  

Carbon was found to be more ordered in biomass chars compared to coal chars due to the high ash content 

and the nature of chemical composition of coal compared to biomass. The oxygen-containing functional 

groups found in biomass could lead to selective heating under microwave. It is also obvious that the nature 

of carbon in microwave biochar is more developed than in conventional thermal biochar, where the carbon 
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(002) peak is more pronounced. Similar diffraction patterns were observed for microwave and thermal coal 

chars, where almost no carbon peaks could be observed. The addition of biomass to coal has increased the 

graphitic nature of the generated char under microwave while it remained the same under thermal pyrolysis; 

it can be observed from the evolution of broad peaks in the carbon diffraction regions. In general, the more 

the staking of the carbon rings in the prepared chars, the higher its graphitic nature and the more lossy it 

became under microwave irradiation 43b.   

Coal- and coal/biomass-derived chars prepared by both microwave and conventional thermal heating 

exhibit intense peaks at 26.6 ° corresponding to SiO2. Coal chars have a high ash content, which is 

composed of 45.3% Si according to coal ash analysis (Table 1).  This peak is also observed for biomass 

chars, although it is less intense due to the much lower ash content of the parent biomass. In addition to the 

observed sharp crystalline peaks of SiO2, CaS crystalline peaks were only observed under microwave 

pyrolysis of coal and coal-biomass chars and not observed under thermal pyrolysis. The localized hot spots 

formed under the dielectric heating of microwave could enhance the carbothermic reduction of CaSO4 in 

presence of coal carbon to produce CaS and CO2 44.  

 

Figure 5. Diffraction patterns for coal, coal-biomass, and biomass chars prepared under (a) microwave 

and (b) thermal pyrolysis methods. (a: SiO2, b: CaS, c: carbon). 
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3.2.4- Raman analysis  

The graphitic nature of carbon in the prepared chars were examined using Raman spectroscopy in the first 

order band between 1000 cm-1 and 1800 cm-1region 45. Figure 6 shows the Raman spectra of these chars, 

where they were best fitted into four bands each. Three were Lorentzian fitted: G, D1, and D4 at about 1580 

cm-1, 1350 cm-1, and 1200 cm-1, respectively and one was Gaussian fitted; D3 at about 1500 cm-1. 

Polycrystalline carbon of highly ordered graphite sheets has a G-band at around 1580 cm-1 and a defect D1-

band at 1350 cm-1 . The G-band is characterized with a sharp high intensity signal that is due to the E2g 

lattice vibrations and the D1-band is due to lattice defects with A1g symmetry 46 and is characterized with a 

weak broad signal.  Additional D bands could be observed in the Raman spectrum depending on the degree 

of carbon ordering in the char. Raman peak deconvolution can account for degree of carbon crosslinking in 

char, how big is the domains of aromatic rings in char, and extent of substitution 47. The D3 band is usually 

between G and D1 bands at about 1500 cm-1. D3 band is assigned to amorphous mixed carbon 48 thus it 

could be used to measure the degree of thermal stability under oxygen 45. 

The intensity of G-band at 1580 cm-1 increased with respect to D1-band intensity at 1350 cm-1 as we went 

from coal to biomass char generated under microwave pyrolysis. The band area ratios between IG/IAll and 

ID1/IG were calculated and listed in Table 3 where IAll accounts for the total area integrated under the Raman 

spectrum peaks. For pure coal char, the IG/IAll did not change significantly between microwave nor 

conventional thermal pyrolysis which agrees with the observed similarity in their corresponding XRD 

patterns shown in Figure 5. Addition of biomass to coal has increased the intensity of G-band, only in the 

CB-MW char sample while it remained the same for thermal char (CB-Conv) compared to pure coal char, 

indicating that the carbon ordering in microwave char has increased in the presence of biomass.  For pure 

biomass char, the IG/IAll ratio increased under microwave compared to under thermal. In general, the most 

carbon-ordered chars were observed for microwave chars: CB-MW and B-MW, which indicate that the 

presence of biomass during microwave coal pyrolysis assisted in an efficient microwave absorption. The 
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addition of biomass increased the graphitic nature of microwave generated chars compared to its addition 

during thermal pyrolysis.  

 

Figure 6. Raman spectra for chars prepared under (a) microwave and (b) thermal methods.  

 

Table 3. Band area ratios and microcrystalline carbon sizes calculated for microwave and thermal chars. 

Fuel composition Char Sample Band area ratio  La
# (nm) 

IG/IAll ID1/IG  

Coal C-MW 0.29 2.00  2.20 

C-Conv 0.30 2.00  2.20 

Coal-Biomass CB-MW 0.36 0.96  4.60 

CB-Conv 0.29 1.75  2.51 

Biomass B-MW 0.35 1.34  3.29 

B-Conv 0.31 1.60  2.74 
# La was calculated from equation 4. 

 

Also, in microwave chars the Raman peaks are narrower compared to conventional char peaks. D-band 

broadening is a result of heteroatoms and the wide range in the size of ring systems.  Pyrolysis 

intensification by microwaves destroyed side chains and oxygen-containing functional groups leading to a 

more condensed aromatic ring system in the char, especially in the case of coal.  The D-band for biomass 
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char prepared by microwave is broader than that of coal char, indicating the presence of oxygen functional 

groups and side chains in the char structure.  Biomass char may also have a wider range of ring system sizes 

compared to coal char. 

The planer size (La) of microcrystalline carbon in chars were calculated 31 and are shown in Table 3. La is a 

measure of the long-range order in the carbon lattice structure. Calculated La ranged from about 2.2 nm to 

4.6 nm for the studied chars. Similar La were observed for coal chars at 2.2 nm regardless of the applied 

pyrolysis method. With addition of biomass to coal, La increases to 4.6 nm, and 2.5 nm under microwave 

and thermal pyrolysis, respectively. Similarly, biochar generated under microwave shows a higher La 

compared to that under thermal pyrolysis, likely due to the selective heating nature under microwave 

compared to under a conventional thermal method. Xu el al. 49 have correlated the carbon structure and its 

graphitic nature of carbon in chars using Raman and dielectric properties of chars. 

 

3.2.5- Dielectric properties 

Dielectric property measurements of the produced chars further indicate the carbon ordering of 

chars after pyrolysis, especially those prepared under microwave heating (Table 4).  Chars from thermal 

pyrolysis of coal and biomass have dielectric properties with values close to those of raw coal and raw 

biomass.  Chars prepared under microwave heating have a greater dielectric constant and dielectric loss 

factor than those prepared under conventional thermal heating.  The greater permittivity values could be a 

result of increased mobility of pi-electrons between char interlayers, indicating enhanced ordering of char 

structure due to microwave heating.  During thermal processing, volatiles are released as the feedstock is 

converted to carbonaceous char.  Under conventional thermal heating, high molecular weight oxygenates 

remain in the char, but under microwave heating the polar functional groups are selectively heated and the 

high molecular weight compounds volatilize.  While the bulk material temperature is fixed at 550 °C under 

both modes of heating, microwave heating creates extreme local hot spots within the material which 

promotes greater bond cleavage than conventional thermal heating. 
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The loss tangent (tan δ = ε”/ε’) is a useful parameter for evaluating the dielectric heating 

susceptibility of a material under an electric field.  Loss tangent is found to be greater for chars prepared 

under microwave heating; thus, these chars are expected to have greater ability to generate heat under a 

microwave field compared to those prepared under conventional thermal heating.  As described above, this 

is attributed to the greater mobility of pi-electrons within the ordered aromatic char structure.  This is 

especially the case for coal chars as they are more aromatic in nature than biomass chars.  Further, biomass 

char contains more oxygenated compounds than coal, some of which have oxygen molecules embedded in 

a ring structure, such as those species derived from cellulose, hemicellulose or lignin 50.  These oxygenates 

remain in the biomass char structure, resulting in less aromaticity compared to coal chars.  This result is 

consistent with the Raman spectroscopic data, in which biomass chars possess a broader defect band due 

to oxygen impurities.  Differences in biomass and coal char dielectric properties could also be attributed to 

the high ash content in coal-derived char. Inorganic phases in the coal char may be polarizable by ionic 

conduction, resulting in greater permittivity values compared to biomass char. Additionally, an 

enhancement is observed when coal and biomass are pyrolyzed together under microwave irradiation.  

Microwave pyrolysis generates a high yield of H and –OH radicals from biomass decomposition, which act 

as H donors in the presence of coal free radicals.  This promotes condensation reactions within the char 

structure, forming polycyclic aromatic systems in the char with delocalized pi electrons and resulting in an 

increased loss tangent.  This result is consistent with the high La value of microwave-generated chars from 

the coal and biomass mixture as calculated from Raman spectroscopic data. 

 

Table 4: Char dielectric properties at 2.45 GHz produced by pyrolysis of coal, coal/biomass, and biomass 

under microwave and conventional thermal heating at 550 ℃ for 2 hours. 

 

 ε'  ε''/ε' 

 Raw MW Conv  Raw MW Conv 

Coal 2.27 6.38 2.31  0.21 0.51 0.19 

Coal-Biomass  12.38 2.26   0.84 0.18 

Biomass 1.63 3.94 1.43  0.16 0.53 0.11 
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3.1.6- Electron spin resonance spectroscopy 

 

ESR study on char samples could help in understanding the char reactivity where higher radical 

concentration indicates that the char has a higher reactivity whereas low radical concentration is always 

associated with stable radicals. In addition, ESR data can shed some light on the carbon structure and the 

polyaromatic density in generated chars. The spin concentrations and g values of original fuels and their 

chars are shown in Figure 7. The radical concentrations ranged from between 34 x 1016 spins g-1 to 105 x 

1017 spins g-1. The microwave-pyrolyzed coal showed a significantly higher concentration of radicals 

compared to the biomass char under similar operating conditions, probably due to the formation of small 

polyaromatic hydrocarbon (PAH) radicals in the coal microwave pyrolysis. The addition of biomass to coal 

microwave pyrolysis decreased the radical concentration drastically possibly due to synergistic effects 

between coal and biomass. The presence of biochar heats coal sample efficiently during microwave 

pyrolysis. Interestingly, the radical concentrations in the coal char matrix and mixed coal/biomass char 

from thermal pyrolysis were similar, possibly due to the similar polyaromatic origin of chars.  

 

Figure 7. (a) radical concentration (spins x 1016 g-1) and (b) g-value of original fuels and the 

corresponding chars. 
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The present results emphasize the importance of heating rate on the synergistic effect on the coal 

conversion. Hydrogen and OH radicals formed during biomass pyrolysis can promote cracking of the 

aromatic rings of coal under fast heating rates8b, 51. Catalytic effects of alkali metals in biomass can promote 

synergistic effects between biomass and coal52. Hemicellulose might also provide a strong synergistic effect 

on the coal conversion during co-pyrolysis53. The holocelluloses are mainly responsible for the volatile 

release during pyrolysis, and further production of hydrogen by secondary reactions. Previous results 

showed that the synergistic effect of legume straw with higher holocellulose and ash content was more 

significant than that in the presence of pinewood sawdust with the similar holocellulose and lower alkali 

contents during co-pyrolysis with coal in a free-fall reactor5d. In the present study, the wood sample was 

low alkali-containing. Thus, only high content of holocellulose in the wood sample provided a strong 

synergistic effect on the radical formation. Lignin affects the polymerization reactions, resulting in the 

formation of stable phenoxy and other reactive radicals 24b, 54. The short-lived radicals are effective and 

active intermediates to depolymerize coal by cleaving methylene bridges5b. The coal structure is disturbed 

during microwave pyrolysis, leading to a strong fragmentation of coal into hydrogen deficient active sites. 

Biomass has a higher H/C ratio than coal, and the availability of hydrogen around the coal particles 

increases during microwave co-pyrolysis. The free radicals from biomass react with the polymerizing 

structure of coal char and enhance its decomposition during pyrolysis. The volatiles released from biomass 

are rich in hydrogen that reacts with coal radicals, and thus, prevent the recombination and cross-linking 

reactions, resulting in the low char yield at fast heating rates of microwave pyrolysis. Hydrogen released in 

biomass pyrolysis and also hydrogen abstracted from the aliphatic species prevent cross-linking reactions 

and produced the high yields of tars before the cross-linking occurred 55. The current results showed that 

the co-pyrolysis of low-ranking coal and biomass increased the formation of tars and subsequently 

decreased the char yields in microwave pyrolysis. The tar yields in microwave pyrolysis of both coal and 

biomass/coal blends were lower than the tar yields formed during thermal pyrolysis. The tar yield reaches 

a maximum value at intermediate temperatures (300-500 ℃) and decreases at higher temperatures (800-

1000 ℃) due to thermal cracking of heavy compounds in microwave pyrolysis56.  
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The radical concentration remained unaffected by the biomass addition in thermal coal pyrolysis. The 

extended residence time of intraparticle volatiles in thermal pyrolysis allows for increased extra particle 

secondary reactions, leading to the formation of stable large PAH radicals57. Thus, the synergistic effect 

with the addition of biomass to coal pyrolysis is less dominating at slow heating rate. The yields of H2 and 

CO in microwave pyrolysis increase significantly due to the reforming of CH4 and CO2 compared to the 

thermal pyrolysis8a. 

The low radical concentration can indicate that the char contains conductive carbon species or maybe some 

paramagnetic metals such as Mg or Fe 58. A correlation between the radical appearance and the tar formation 

mechanism is still debatable in literature 54. Coal-biomass will repolymerize faster and form larger 

polyaromatic clusters than coal which form smaller PAH, and the repolymerization and cross-linking 

reaction time is significantly longer. 

Table 5: g-values of free radicals present in raw coal, biomass and their chars26b. 

g-factor Description Ref. 

 Carbon-based radicals  

2.0025 – 2.0026 Aliphatic pi type radicals on hydrocarbons 24b 

2.0026 – 2.0028 1-5 rings aromatic hydrocarbons 24b 

2.0028 Graphitic carbon, unsubstituted aliphatic radical 55a, 59 

2.0029 Complex aromatic hydrocarbons (corocene, benzoperylene) 24b 

2.003 – 2.004 Carbon center with an oxygen atom 55b 

2.0030 – 2.0035 Azoaromatics 32 

2.0035 – 2.0042 Azo compounds 32 

 Oxygen-based radicals  

2.0038 – 2.0047 Pi type radicals (quinones, 1-3 rings) 24b 

2.0035 – 2.0040 Ethers (mono-, di-, and trimethoxybenzenes) 24b 

2.0040 – 2.0060 ketyl anions, semiquinone, semidioone  32 

 Nitrogen-based radicals  

2.0031 Nitrogen containing radicals 24b 

2.0045 – 2.0055 Nitro compounds 32 

2.0055 – 2.0065 Nitroxyls 32 

 

The radical concentration in coal char from the thermal pyrolysis is low compared to biomass. This is due 

to the greater concentration of alkali metals (potassium) in coal compared to biomass that is known to 

reduce the formation of radicals during slow pyrolysis 60. The presence of potassium can weaken the C-C 

bonds in aromatic rings and therefore, could facilitate its breakage during pyrolysis which leads to the 
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formation of aliphatic radicals. These radicals could polymerize into stable polyaromatic hydrocarbons 

(PAH) at an early stage of the coal pyrolysis61. Moreover, the high content of silicon in coal could lead to 

the formation of silicates, which might trap the radicals in the glassy coal char matrix, and thus, the radical 

concentration in coal is lower than in thermal biomass pyrolysis 62. Interestingly, the radical concentrations 

in the coal char and mixed coal and biomass char from the thermal pyrolysis were similar. This indicates 

that the biomass composition has no influence on the radical formation in the co-pyrolysis of coal and 

biomass. This is probably due to the more dominating catalytic effect of alkali and presence of a greater 

amount of silicon in the coal than in biomass.  Greater radical concentrations in the woodchip chars and 

mixed coal/biomass chars from the decay stage of thermal pyrolysis compared to the woodchip chars and 

mixed coal/biomass chars from microwave pyrolysis may be related to the more efficient catalytic effects 

of potassium on the bond-breaking and radical re-attachments, as the previous results have shown62a, 63. The 

greater radical concentration was observed in the coal char from microwave pyrolysis compared to that 

from thermal pyrolysis. The presence of pyrite in coal enhances the formation of free radicals during 

pyrolysis. At temperatures 500-550 ℃ close to 60 % sulfur in the coal has been released during thermal 

pyrolysis, and the remaining sulfur was bonded as organic sulfur to the coal char matrix, leading to the less 

influence on the radical formation 64. However, the microwave-assisted pyrolysis of coals is based on the 

fact that coal releases pyrite more rapidly than during thermal pyrolysis due to the enhanced magnetic 

susceptibility of pyrite. The formation of radicals might be also enhanced by the presence of calcite in 

addition to pyrite that participates in the cracking reactions of oxygen functional groups and aromatics 

during microwave-assisted pyrolysis of coal 65.  

Since the ESR results for coal char microwaved at elevated temperature (900 ℃) has no ESR signal and a 

very low radical concentration (data not shown here), addition of biomass to coal at 550 ℃ under 

microwave could result in increasing localized temperature zones during microwave irradiation and assist 

in heating up and converting coal into char with low ESR signal (lowest observed at 550 ℃ pyrolysis). In 

other words, the presence of biomass, which can convert easier into conductive biochar under microwave 
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irradiation, absorb and couple more efficiently with microwave energy (CB-MW char sample showed the 

highest dielectric properties) and assist during coal pyrolysis into almost complete coal char is beneficial. 

This trend was confirmed with coal char collected at 900 ℃ using microwave (no ESR signal detected) 

indicating a complete conversion into char.  

Figure 7b shows the calculated g-values using equation 9. The g-values of all samples are between 2.0027 

and 2.0032 indicating the absence of sulfur-containing radicals which has a higher g-values between 2.0080 

and 2.0081. The overlapping between nitrogen-containing and oxygen-containing radicals with a g-value 

of 2.0031 66 could indicate the presence of nitrogen radicals in raw coal since it shows a g-value greater 

than 2.0030. Figure 7b also showed that the PAH-based defect structures which usually has a g-value less 

than 2.0040 were not present in all measured samples 67. This indicates that the biomass, coal, and mixed 

chars mainly contained radicals which are stable hydroxylated PAH-based structures. The chars prepared 

under microwave and thermal pyrolysis conditions contained spectra with g-values between 2.0027 and 

2.0029, suggesting the presence of carbon-centered radicals which is between g values of 2.0025 and 2.0030 

24b, 59. Free radicals with higher g-values, as listed in Table 5, or even oxygen-centered radicals with g values 

between 2.0038 and 2.0047 24b were not observed possibly due to thermal decomposition of oxygen-

containing groups during pyrolysis via decarboxylation, dehydration, or ether breaking reactions. Radicals 

in the biomass and coal chars from both thermal and microwave pyrolysis could have polyaromatic 

hydrocarbons (PAH) with 1 to 5 rings (g values between 2.0026 and 2.0028) with low concentration of 

carbon-centered radicals that contains oxygen 68. The g-value of raw coal decreased after pyrolysis and 

upon addition of biomass to coal where the g-value of coal char is higher than coal-biomass char. 

4.  Conclusion 

This work has demonstrated a novel method for the reduction of toxic free radicals using microwave co-

pyrolysis of coal and biomass. Importantly, it has been shown for the first time that microwave co-pyrolysis 

of biomass and coal leads to significantly higher syngas yields with the minimal production of liquid and 

solid products compared to thermal pyrolysis. Microwaves could heat the biomass in the blend sample and 
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strip out its polar groups selectively and convert it into an active microwave absorber that can decompose 

coal efficiently and promote faster devolatilization rates during the co-pyrolysis process. A synergistic 

effect was observed upon biomass addition during microwave coal pyrolysis. Electron spin resonance 

spectroscopy revealed that the microwave coal/ biomass char is the most stable char with the lowest free 

radical concentration. The microwave pyrolysis of both coal and co-pyrolyzed coal and biomass 

significantly improved the char properties by making the carbonaceous matrix more graphitic and thus, less 

reactive. Therefore, the work described here shows a great promise for using microwave co-pyrolysis of 

coal and biomass as a renewable reductant in metallurgical industries. 
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