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Abstract 

Two different heat treatments for MDF, microwave assisted pyrolysis (MWP) and conventional pyrolysis (CPS), are 

investigated. The influence of different microwave absorbers (activated carbon (AC) and K2CO3) and different 

microwave powers in MWP and different temperatures in CPS on the characteristics of biochar is reviewed. This 

includes morphology and chemical properties of the obtained biochars are evaluated comparing biochar yield, 

ultimate analysis, proximate analysis, biochar stability test, FTIR spectroscopy and solid-state 13C CP/MAS NMR 

spectroscopy. The resulting biochars of both processes are compared to find the best production method. An 

increasing microwave power without the use of MWA, leads to a higher degree of aromaticity. The addition of 

increasing amounts of AC at low microwave power (300 W) leads to higher pyrolysis temperatures and more 

aromatic biochars. At 400 W a more aromatic biochar with a more open surface is achieved compared to 300 W. 

However, the addition of an increasing amount of AC as a MWA at 400 W induces a lower pyrolysis temperature 

with increasing biochar yields and decreasing aromaticity. K2CO3 is more effective as a MWA and produces more 

aromatic biochar at lower microwave power than when using AC. In general MWP yields a biochar with a higher 

degree of aromaticity at lower temperatures than CPS. Both CPS and MWP are viable options for transforming 

MDF into a value added biochar. 
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1. Introduction 

Medium density fiberboard (MDF) is a lignocellulosic material made out of fresh pinewood and has a limited service 

life estimated around 10 years [1]. The world production of MDF in 2017 was 93.18 Mm³, with Europe (46.5 %) as 

the major producer followed by Asia (39.0 %) [2]. Recycling of the panels is difficult as the size of the wood particles 

inside the board is very small and aminoplast resins are used, which cause the formation of toxic gases when 

combusted [3,4,5,6]. A sustainable solution is therefore required to avoid environmental problems and disposal 

costs. Conversion of these heterogeneous waste streams into a useable biochar or activated carbon (AC) can solve 

part of this problem, which is essential in the industrial society and critical to the development of a sustainable global 

circular economy [7,8,9]. 

Lignocellulosic materials comprise out of cellulose, hemicellulose, lignin, extractives and a small fraction of inorganic 

matter. The thermochemical conversion of each component results in unique reaction pathways and therefore 

produces different reaction products [10]. A high content of cellulose and hemicellulose contribute to bio-oil yield, 

while a higher lignin content increases the average solid char yield [11]. Interactions between these components 

during pyrolysis have, however, been confirmed in previous research. This makes predictions of the thermal 

behaviour of the material very difficult [11,12]. 

Thermochemical conversion processes include direct combustion, gasification, liquefaction and pyrolysis [13]. 

Pyrolysis is the thermal degradation process in an oxygen deficient atmosphere to produce char and variety of 

gaseous and condensable (bio-oil) products [14]. It is generally accepted that pyrolysis consists of three main 

stages: (i) initial evaporation of free water, (ii) primary decomposition and (iii) secondary reactions such as oil 

cracking and repolymerisation [11]. The required heat for these reactions is provided by direct or indirect heating in 

conventional pyrolysis (CPS). The heat is transferred directly to the particle surface through convection from the 

pyrolysis oven and it is then further transferred from the outside of the particle to the inside through conduction. The 

temperature gradient is therefore from the outside of the particle to the inside, while the released volatiles diffuse 

from the inside to the outside of the particle [15]. 

In recent years microwave assisted pyrolysis (MWP) was proven to be a promising alternative to CPS. Microwave 

systems show a distinct advantage in providing a fast, energy-efficient, and selective heating process compared to 

CPS, therefore facilitating increased production rates and decreased production costs[14, 16]. In contrary to CPS, 

in MWP there is no physical contact between the biomass and the heating source, instead microwaves penetrate 

the sample and the energy is transformed to thermal energy within the particle. This happens as a result of changing 

ions and dipoles in the material in the direction of the microwaves that hit the sample [17].This energy is transported 

outwards, which results in a temperature gradient from the inside to the outside of the particle, which is the same 

direction as for the released volatiles [15]. Using lignocellulosic materials for MWP proves to be difficult since these 

materials are usually low microwave absorbers (MWA’s). However, by adding a MWA, these materials can indirectly 

heat the surrounding particles, influencing the yield of the different end products like biochar and their quality [14]. 

Biochar is the solid, carbon rich product that is obtained by the thermochemical conversion of lignocellulosic 

materials through pyrolysis at moderate temperature. It has the potential to improve soil fertility and soil physical 

properties by, among other things, increasing the soil nutrient and water retention, elevating soil pH and improving 

microbial activity [16,17]. Biochar made from organic waste also works as an effective carbon sink for hundreds to 

thousands of years, since it stores carbon that was captured as CO2 by plants [18,19]. In order for the biochar to 

remain stable in the soil, aromaticity is a very important indicator. A higher degree of aromaticity indicates a more 

stable biochar and therefore a better carbon sink [22]. Biochars with a high level of aromatic structures are also 

known to be better adsorbents than biochar with a low degree of aromaticity [23]. As aromaticity increases, the 

carbon structure gets more condensed and less nutrients are available, suggesting a lower contribution to soil 

fertility [23]. When the biochar is used as a fertilizer it is not necessarily favourable to have a high level of aromaticity. 
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When the biochar is used as an adsorbent or as a precursor for activated carbon, the aromatic fraction should be 

as high as possible. 

Several parameters such as reactor type, sample size, pressure, temperature, power, residence time, flow of carrier 

gas and the use of a MWA should be considered for the optimization of the desired pyrolysis products [22,23]. While 

MWP is still a novel technique, a lot of research has already been done on this topic [15,24,25]. Subjects like the 

effects of different MWA on the pyrolysis process, the effect of different feedstock properties on the pyrolysis 

process and the technical and economic principles behind the microwave pyrolysis process itself are already 

researched. A problem occurs however when considering different feedstock types. Since every lignocellulosic 

material is unique it will always react differently in the pyrolysis process [17]. The microwave pyrolysis of MDF with 

the aim to produce biochar in the most effective way, both technically and economically, has not been done 

before. MDF is a problematic waste stream for which a viable solution is needed. In this article two different possible 

solutions for MDF (MWP and CPS) are investigated. The influence of different microwave absorbers and different 

microwave powers in MWP and different temperatures in CPS on the characteristics of biochar is reviewed. 

Furthermore, the characterization of this biochar, especially with 13C-NMR spectroscopy, is a novelty. At last, a 

comparison between both pyrolysis techniques for the same input material is very useful when considering new 

valorization methods. 

2. Material and Methods 
2.1 Medium density fibreboard 

MDF was used as lignocellulosic material. This material is composed out of pinewood fibres which are pressed and 

glued together with additives (< 10 %) like urea formaldehyde (UF) and melamine urea formaldehyde (MUF). When 

no MWA was added, MDF sawdust was used. In case of adding a MWA, MDF pellets were used to have a better 

mixing of the materials and to avoid the formation of hotspots. The MDF pellets have a diameter of 5 mm and 

lengths varying between 5 and 20 mm. The MDF pellets were grinded when used with K2CO3 because the granular 

nature of the K2CO3 caused the product to slump to the bottom of the reactor tube. This meant that there was no 

sufficient contact between the MWA and the MDF material, causing the material to not heat up sufficiently. Since 

the AC powder sticks to the MDF pellets, sufficient heat transfer was obtained and the pellets did not have to be 

grinded. 

2.2 Microwave absorbers 

Activated carbon (AC) (Chemviron Carbon, Pulsorb WP 260) and analytical grade potassium carbonate K2CO3 

(Merck, Art. 4928) were used as MWA’s. Due to the granular nature of K2CO3, it was first grinded prior to adding to 

the grinded MDF pellets (figure 1b). In de case of AC, MDF pellets were not grinded (figure 1a). The particle size 

of the major fraction of the activated carbon (AC) (65-85 wt.% ) is less than 325 mesh. AC and K2CO3 are both 

widely used as a MWA since they are non-toxic and easy to remove [27]. 

2.3 Microwave pyrolysis 

Without the use of any MWA, MWP was performed on 40 g of MDF, weighed into a microwave tube, using a 

Milestone ROTO SYNTH Rotative Solid Phase Microwave Reactor, with a tilted and rotating reactor with a volume 

of 300 mL (Milestone Srl., Sorisole, Italy). MWP was carried out under reduced pressure (40-80 mbar) and fixed 

microwave power (750, 1000 or 1250 W) under a N2 flow (90 mL/min) for 30 minutes and an operating frequency 

of 2.45 GHz. The reactor is connected to a vacuum pump with a maximum flow of 2.0 -2.3 m3/h to ensure the 

reduced pressure in the reactor vessel. The settings of this pump remained the same during all experiments. The 

nitrogen flow in MWP is only used to flush the reactor at the start of the experiment and to make sure that no residual 

air is left in the reactor vessel. Temperature inside the cavity was constantly measured via an infrared detector. 

In the MWP experiments with MWA, AC and K2CO3 were separately added in powder form at 3 %, 5 % and 10 % 

of the MDF pellets weight and agitated well to maximize the contact of the MWA with the MDF pellets (figure 1Figure 



1). For safety reasons, the sample weight was reduced to 20 g per batch, since abundant gas formation can cause 

damage to the top of the reactor. Microwave pyrolyses were carried out in the same reactor in reduced pressure 

(400-700 mbar) and at a microwave power of 300 and 400 W (only with AC), using a step-by-step heating program 

of one minute of heating and a 30 seconds rest period under a N2 flow of 90 mL/min for 37.5 minutes in total. It was 

found that experiments at a power of 400 W led to the phenomenon of electric arcing caused by the interaction of 

the formed metallic potassium with high energy microwaves [28]. Since the temperatures of these hot spots are 

much higher than the temperature in bulk material, it causes electric arcing and undesired reactions, damaging the 

reactor [28]. Therefore only 300 W experiments were done for MDF with K2CO3. All microwave pyrolysis 

experiments with MWA were carried out twice. 

 

Figure 1: MDF pellets mixed with AC (a) and MDF pellets mixed with K2CO3 (b). 

2.4 Conventional pyrolysis 

The pyrolysis reactor that was used to produce biochar at 350 and 450 °C is an own-build reactor (figure 2) and 

manufactured in stainless steel (AISI 304), with a volume of around 290 cm3, which relates to 40 grams of maximum 

input. The reactor consists of a rotating, hollow screw (1), which is powered by an electric motor (2) to ensure 

uniform heating of the char during the process. The temperature and heating rate of the biomass and char is 

measured by a thermocouple type K (3) and is regulated by a pre-programmed FGH 1000 controller (4) which drives 

a “Nabertherm” furnace (5) [9]. The reactor is constantly flushed with 70 mL/min of nitrogen gas (6). The heating 

rate of the oven was set at 15 °C/min. Once the working temperature is reached, an isothermal period of 30 minutes 

is applied before the reactor is cooled down to room temperature. The char yield of pyrolysis is calculated by dividing 

the mass of the char that is obtained after pyrolysis by the mass of the biomass that is injected into the reactor 

before pyrolysis. All CPS experiments were carried out in threefold.  

 

Figure 2: Schematic representation of the pyrolysis reactor [9] 

3. Characterization 
3.1 Pre-treatment  
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Prior to analysis MDF was grinded and homogenized by using a ball mill (Retsch S1 planetary ball mill). Biochar 

obtained from MWP without MWA was grinded and homogenized (ball mill). Biochar obtained from MWP with 

addition of AC, was first sieved (35 mesh) to remove the AC and then homogenized (same treatment). When K2CO3 

was added as MWA, the obtained biochar was washed with Milli-Q water to remove the excess K2CO3 and formed 

K2O and K. The residues were dried (105 °C) and grinded up into a fine powder. All analyses were done using the 

fraction below 63 µm. yields are calculated after the removal of MWA’s. 

3.2 Proximate analysis 

Thermogravimetric analysis (TGA) was performed (TA Q500, Zellik, Belgium) using the following temperature and 

temperature program: heating from room temperature to 600 °C at a heating rate of 20 °C/min under 90 mL/min N2-

flow and switching at 600 °C to 90 mL/min O2-flow until 900 °C was reached using the same heating rate. Sample 

size was ± 5 mg. Moisture, volatile matter, fixed carbon and ash content were determined. 

3.3 Ultimate analysis 

Total carbon, hydrogen, nitrogen and sulphur content of all samples were determined in quadruplicate using a 

Thermo Electron Flash EA1112 elemental analyser (Thermo Electron, Waltham, USA). Sample size was around 2 

mg. Calibration was carried out using BBOT (2,5-bis (5-tert-butyl-benzoxazol-2-yl) thiophene). Ash was determined 

by TGA and O was calculated by difference (O = 100 % - C% - H% - N% - Ash%). No sulphur was detected. 

3.4 Stability test 

The relative long-term stability of the biochars was determined by adding a calculated weight of biochar (equivalent 

of 0.1 g of carbon, approximately 0.15 g of sample) to 7 mL hydrogen peroxide (5 %). The mixtures were heated 

for 48 hours at 80 °C and occasionally stirred. Afterwards, the samples were dried at 105 °C. Element analysis was 

carried out before and after oxidation. The biochar stability was calculated using the following equation:  

𝐵𝑖𝑜𝑐ℎ𝑎𝑟 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝐵𝑎×%𝐶𝑎

𝐵𝑏×%𝐶𝑏
∙ 100       (2) 

Where Ba is the mass of biochar after oxidation, %Ca is the carbon in wt.% after oxidation (determined by element 

analysis), Bb is the initial mass of biochar and %Cb is the carbon in wt. % before oxidation (determined by element 

analysis) [29,30]. 

3.5 Fourier transform infrared analysis (FT-IR) 

FT-IR spectra of biochars and biomass were obtained using a spectrophotometer model VERTEX 70 FTIR 

Spectrometer equipped with a DTGS detector, FT-IR microscope (Hyperion 2000 equipped with MTC detector) and 

ATR accessory (Ge crystal) (Bruker, Karlsruhe, Germany). The transmittance of the different biochars was 

measured in the wavenumber interval of 4000 – 600 cm-1. The resolution of the spectra is 4 cm-1. 32 scans were 

acquired per sample. MDF biomass and the char produced with CPS were measured in ATR mode, while the 

biochars produced with MWA are measured in transmittance (KBr pellets). All spectra were baseline corrected and 

normalised at 3300 cm-1. 

3.6  Scanning electron microscopy (SEM) 

Morphology of the biochar was evaluated by using TM3000 Table top Scanning Electron Microscope (Hitachi, 

Krefeld, Germany). Samples were gold sputter coated using jfc-1300 auto fine coater (Jeol, Tokio, Japan) for 60 

seconds at 30 mA, 0.05 mbar and a working distance of 4 cm. SEM was performed at 15 kV on the following 

samples: biochar produced with MWP at 300 W with 10 % AC, biochar produced with MWP at 400 W with 3 % AC, 

biochar produced at 300 W with 10 % K2CO3, biochar produced with CPS at 450 °C and MDF biomass. 

3.7 High-resolution 13C solid-state NMR  

Carbon-13 solid-state CP/MAS (Cross-Polarization/Magic Angle Spinning) NMR spectra were acquired on a Bruker 

Avance 400 MHz spectrometer (9.4 T wide bore magnet) equipped with a 4 mm BL4 X/Y/H probe. Magic angle 

spinning was performed at 13 kHz using ceramic rotors of 4 mm in diameter. The aromatic signal of 



hexamethylbenzene was used to determine the Hartmann-Hahn condition (1H = H B1H = C B1C = 1C) for cross-

polarization and to calibrate the carbon chemical shift scale (132.1 ppm). Acquisition parameters used were the 

following: a spectral width of 50 kHz, a 90° pulse length of 3.6 µs, a spin-lock field for cross-polarization of 50 kHz, 

a contact time for cross-polarization of 1.5 ms, an acquisition time of 15 ms, a recycle delay time of 5 s and about 

12000 accumulations. High power proton dipolar decoupling during the acquisition time was set to 80 kHz. Solid-

state NMR was carried out on biochar produced by MWP at 750 W and 1250 W, by MWP with AC (3 and 10 % ) as 

MWA at 300 and 400 W, by MWP with K2CO3 (3 and 10 %) as MWA at 300 W and by CPS at 350 °C and 450 °C. 

Carbonyl C, aromatic C and aliphatic C were determined by dividing the peak area of the fixed chemical shift region 

by the total peak area [31], [32]. 

4. Results and discussion 

Biochar was produced using different pyrolysis techniques and different pyrolysis parameters to find the optimal 

conditions for the production of biochar. 

4.1 Biochar production 

The temperature profiles for both MWP and CPS are found in figure 3. Multiple studies have reported that pyrolysis 

reactions occur at lower temperatures in MWP then in CPS [33–35]. Therefore, it can be seen from figure 3 that all 

temperature profiles from MWP have a lower maximum temperature than the maximum temperature from CPS. 

Temperature profiles for the MWP’s using different process parameters can be found in figure 3. The MWP process 

without the use of MWA’s (figure 3A) can be dived into two stages. In the first stage there is a gradual temperature 

rise until thermal equilibrium is reached. Heating rate and final temperature (175 °C to 215 °C) increases as MWP 

increases from 750 W to 1250 W. 

MWP at 300 W with AC as MWA (figure 3B) shows the same temperature profile as the MWP without MWA. The 

final pyrolysis temperature is higher and varies from 225 °C, to 260 °C and 315 °C. This observation was also found 

by Antunes et al. [20]. Furthermore a higher heating rate was also observed with increasing AC amount. Higher 

temperature and heating rate are caused by indirect heating of the surrounding particles by the AC. 

When using AC as a MWA at a higher power of 400W, a higher maximum pyrolysis temperature was achieved 

(figure 3C). Temperatures around 385 °C were reached when 3 and 5 % of AC was added. Although the maximum 

temperature is similar, the material is exposed to a higher temperature for a longer time when 3 % of AC was added 

starting from a residence time of 25 min. A lower maximum temperature of 310 °C was observed early in the process 

when 10 % of AC was added. The seemingly contradicting results of a decreasing temperature when adding more 

MWA might be explained by the fact that the high percentage of AC causes a steeper heating rate, leading to the 

occurrence of non-equilibrium reactions early in the process [36]. Another reason is the high temperature difference 

between the ambient and the material temperature, causing heat loss [36]. Additionally, there was a high gas and 

oil production at the beginning of the process due to this high heating rate (figure 3C). This removes a lot of heat 

from the process, leading to a lower final temperature and therefore a higher biochar yield. Indeed optimal pyrolysis 

conditions are already reached when only 3 % of AC is added, which is beneficial from an economical perspective.  

Using K2CO3 as a MWA, the temperature profile changes completely. Four stages can be distinguished in the MWP 

with K2CO3 (figure 3D): the first stage where the temperature rises from room temperature to around 100 °C; the 

second stage where the temperature reached a plateau before attaining the pyrolysis temperature, also called the 

pre-pyrolysis stage; the third stage where the temperature rises very fast corresponding to the loss of mass, known 

as the pyrolysis stage; and the final stage: the thermal equilibrium [37]. It should be noted that when only 3 % of 

K2CO3 is added, the MWA is not able to absorb enough microwave energy to sufficiently increase the temperature 

of the overall mixture. A significant increase in maximum temperature from 190 °C to 335 °C and 340 °C was 

observed when the ratio of K2CO3 was increased from 3 % to 5 % and 10 % respectively. 

K2CO3 can undergo reduction in inert atmosphere to form K, K2O, CO and CO2 in the following reactions [38,39]: 
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K2CO3 + 2C  2K +3CO          (3) 

K2CO3  K2O + CO2          (4) 

K2CO3 + 2C  2K + 3CO          (5) 

High pyrolytic temperature promotes C-K2CO3, C-K2O and C-CO2 reactions, which enables the elimination and 

breaking of C-O-C and C-C bonds causing a decrease in biochar yield [33,35]. It is suggested that K2CO3 is 

performing bad as a MWA at low temperatures and that heat and mass transfer resistance is enhanced with the 

addition of K2CO3 at low temperatures. This is why pyrolysis reactions are postponed and reaction temperature is 

low at 3 % of K2CO3 [41,42].  

In conventional pyrolysis the MDF was heated up at 15 °C per minute until the set pyrolysis temperature (350 °C or 

450 °C) was reached. Due to the slow reaction time and thermal inertia of the electrical furnace, there are a few 

inconsistencies with the theoretically expected temperature profile. At the start there is a period of about 6 minutes 

where the furnace heats up very slowly, after this there is a period where the furnace is heated up very fast until the 

heating rate of 15 °C/min is reached. When the set pyrolysis temperature is reached, there is an overshoot of around 

40 °C before the furnace cools down again to the set pyrolysis temperature. After this an isothermal period of 30 

minutes was introduced as can be seen in figure 3E. The mean temperature of this isothermal period is 350 °C and 

450 °C respectively. Because of the identical heating rate and isothermal period, the residence time of the MDF in 

the reactor is slightly higher when produced at 450 °C than at 350 °C. 

   

  

A B 

C 
D 



 

Figure 3: Temperature profiles of MWP of MDF with different percentages of MWA added; A: no MWA, B: 300 W 
and a varying amount of AC, C: 400 W and a varying amount of AC, D: 300 W and a varying amount of K2CO3, E: 
CPS at 350 °C and 450 °C. 

4.2 Biochar chemical characterization 

Biochars obtained from MWP and CPS are analysed and compared to each other. All analysed chemical 

characteristics of the biochars can be found in table 1. 

4.3 Microwave pyrolysis characterization 

4.3.1 MWP without MWA 

When microwave power was increased from 750 W to 1000 W and 1250 W without the addition of a MWA, a similar 

biochar yield was obtained (table 1). However, the conversion of MDF was not completed, probably because of the 

low maximum temperature reached (figure 3A), which was not high enough for complete thermo-chemical 

conversion of MDF. Fixed carbon and biochar stability increases, while volatile matter decreases as MW power 

increases. These results indicate a higher aromaticity when a higher microwave power is applied without the use 

of a MWA. Enhanced aromaticity is due to dehydration, decarboxylation and cyclization reactions [24,25]. 

4.3.2 MWP with AC at 300 W 

The ratio of MWA to MDF was assumed to play a crucial factor on biochar characteristics [43]. Therefore 

characteristics after adding AC were evaluated. First, a decrease in biochar yield was observed when the amount 

of AC was increased (table 1). A possible explanation for this observation is the increase of pyrolysis temperature 

and heating rate as more AC is added (figure 3 B). Carbon content reaches a maximum at 5 % AC addition, while 

hydrogen content decreases when 3 % and 5-10 % of AC is added respectively. Volatile matter reaches a minimum, 

while fixed carbon reaches a maximum value at 5 % MWA addition. H/C ratio decreases and biochar stability 

increases by increasing the amount of MWA. Therefore, it can be concluded that biochar becomes more aromatic 

when adding a higher percentage of AC at a microwave power of 300 W, due the increased reaction temperature 

[44].  

 

4.3.3 MWP with AC at 400 W 

Increasing the microwave power up to 400 W using AC as MWA, an increase in biochar yield was observed when 

the amount of AC was increased (Table 1). As more AC was added, the biochar yield, biochar stability and carbon 

content decreased while the nitrogen, oxygen and hydrogen content increased. At 10 % AC addition a much higher 

remaining volatile content is observed with the lowest fixed carbon content (Table 1). The increasing H/C ratio when 

AC content is increased is supported by a decreasing biochar stability, indicating a lower aromaticity. 

4.3.4 MWP with K2CO3 at 300 W 
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When an alkali metal-ion based MWA was added, biochar yield decreased dramatically when the ratio of K2CO3 

increased from 3 % to 5 % and 10 % (Table 1). Comparing the results of the biochar produced at 300 W with 5 % 

and 10 % of K2CO3 with the results of the biochar produced with AC at 300 W, a lower biochar yield, higher fixed 

carbon content, lower volatile matter, higher H/C ratio and higher stability were obtained when the same amount of 

MWA was added. K2CO3 is a strong polar material and has a dielectric constant of around 2.5 at 2.45 GHz at the 

observed temperatures [45]. K2CO3 can therefore strongly absorb microwaves, resulting in a high temperature 

inside biomass. Therefore more non-condensable gases are generated (figure 3D) as described in section 4.1. 

Furthermore, K2CO3 can also act as an in-situ catalyst as described in section 4.3.1. The presence of K2CO3 

therefore causes an increase in reaction temperature and a higher biochar yield as a result of K, which facilitates 

the decomposition of the MDF and the generation of the biochar. This increase in biochar yield in comparison with 

AC as a MWA can be seen in table 1.[41] 

Carbon content increases when a higher amount of K2CO3 is added. Hydrogen content decreases as carbon content 

increases when 3 % and 5 % of K2CO3 is added respectively, explaining the very high stability of the biochar with 

5 % of K2CO3. Hydrogen content increases again when 10 % of K2CO3 is added, which is also demonstrated in a 

slight decrease in biochar stability. Fixed carbon content increases and volatile matter decreases with an increasing 

amount of MWA. This is in accordance to the increasing carbon content and the decreasing oxygen content (table 

1). Optimal pyrolysis conditions are reached when 5 % of K2CO3 is added, meaning that more than 5 % of K2CO3 

does not lead to additional advantages (e.g. more aromaticity). 

4.4 Comparison with conventional pyrolysis 

As discussed for MWP, the lower char yield at higher pyrolysis temperatures is due to the higher amount of volatiles 

produced at higher pyrolysis temperatures. This is also the case for CPS (table 1). A more complete pyrolysis at a 

higher temperature is demonstrated by the lower amount of nitrogen, hydrogen, carbon and remaining volatile 

matter. A higher amount of fixed carbon is found for the biochar produced at 450 °C (table 1). A decrease in 

hydrogen content is found for the char produced at 450 °C, the therefore lower H/C ratio and higher stability is 

indicating a higher degree of aromatization than for the biochar produced at 350 °C.  

Compared to the MDF biomass, the carbon content increases significantly in the biochar from CPS, while hydrogen 

and oxygen content decreases significantly, indicating aromatization. Nitrogen content, however increases, 

indicating that it is incorporated in the carbon structure (table 1). Comparing the results of MWP without MWA to 

CPS, it is clear that a less complete carbonization is achieved which can be attributed to the lower pyrolysis 

temperatures. Nitrogen is retained to a lower degree than in CPS (table 1). Because of the lower temperatures 

when 300 W is applied in MWP compared to CPS, carbonization is again less complete in MWP. This leads to a 

biochar that is less aromatic and therefore less stable. 

When the results of the biochar produced at 400 W with 3 % and 5 % AC are compared to those of CPS, it can be 

seen that the H/C ratio of the char from MWP is a lot higher for comparable pyrolysis temperatures. The biochar 

stability in the chars produced with MWP is also elevated. These results indicate that the degree of aromatization 

is higher in the biochar from MWP. It is also clear that for the same amount of fixed carbon, the biochar yield is 

higher in CPS. An explanation for this could be a more open surface structure which is achieved when 400 W is 

applied with AC as a MWA compared to CPS, as can be seen with SEM (see further). 

Although the yield of the biochars (at 5 % and 10 % K2CO3 with MWP) is comparable to those of the CPS, the total 

and fixed carbon content is considerably lower as can be seen in table 1. This can be explained by the following 

gasification reaction, which is enhanced by the presence of K [41]. This reactive CO2 atmosphere in the reaction 

vessel can also have an effect on the carbonous structure of the biochar.  

𝐶 (𝑠) + 𝐶𝑂2 (𝑔) 2 𝐶𝑂 (𝑔)                     𝛥𝐻298𝐾 = 173 𝑘𝐽𝑚𝑜𝑙−1    (6) 



It is notable that the nitrogen content in the biochar produced with K2CO3 is lower than when using AC in MWP or 

when using CPS. The elevated ash contents for sample 13 and 14 are probably caused by the incomplete removal 

of K2CO3. 
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N° Sample  Biochar 

yield (%) 

N (%) C (%) H (%) O (%) Molar H/C Molar O/C Ash 

(%)* 

MC 

(%)* 

VM (%)* FC 

(%)* 

BS (%) 

 Microwave pyrolysis             

1 MDF at 750 W 44.3 2.49 ± 0.10 61.2 ± 1.86 5.28 ± 0.16 28.1 ± 2.4 1.03 ± 0.03 0.34 ± 0.01 2.9 1.0 51.9 44.6 46.8 ± 3.1 

2 MDF at 1000 W 44.5 2.54 ± 0.09 61.0 ± 1.23 5.27 ± 0.09 28.1 ± 1.7 1.03 ± 0.02 0.35 ± 0.01 3.0 0.8 48.3 47.8 52.9 ± 2.7 

3 MDF at 1250 W 43.8 2.33 ± 0.09 58.9 ± 2.01 5.21 ± 0.13 30.6 ± 2.5 1.06 ± 0.03 0.39 ± 0.01 2.9  0.8 43.5 53.3 58.7 ± 5.4 

4 MDF + 3 % AC - 300 W 50.0 ± 0.9 4.17 ± 0.01 59.5 ± 0.43 4.54 ± 0.06 27.5 ± 0.9 0.91 ± 0.01 0.35 ± 0.01 4.2 1.6 38.5 54.9 42.4 ± 2.6 

5 MDF + 5 % AC - 300 W 37.5 ± 0.8 4.49 ± 0.06 64.8 ± 0.27 3.73 ± 0.05 22.3 ± 0.9 0.69 ± 0.01 0.26 ± 0.01 4.6  1.5 24.8 68.4 49.9 ± 4.2 

6 MDF + 10 % AC - 300 W 34.9 ± 3.2 4.32 ± 0.06 62.8 ± 0.88 3.74 ± 0.06 24.2 ± 1.5 0.71 ± 0.02 0.29 ± 0.01 4.9 1.8 25.8 66.8 54.8 ± 2.2 

7 MDF + 3 % AC - 400 W 19.8 ± 0.7 3.72 ± 0.03 75.9 ± 1.41 1.25 ± 0.01 10.7 ± 2.3 0.20 ± 0.01 0.11 ± 0.01 8.4 1.5 2.7 85.8 97.4 ± 0.9 

8 MDF + 5 % AC - 400 W 21.8 ± 1.3 4.43 ± 0.04 74.2 ± 0.99 1.50 ± 0.02 12.0 ± 1.9 0.24 ± 0.01 0.12 ± 0.01 7.9 2.8 4.0 83.9 97.4 ± 1.0 

9 MDF + 10 % AC - 400 W 26.9 ± 0.1 4.88 ± 0.02 67.6 ± 0.42 2.59 ± 0.11 19.1 ± 1.2 0.46 ± 0.04 0.21 ± 0.01 5.8 3.0 13.9 76.1 60.0 ± 1.1 

10 MDF + 3 % K2CO3 - 300 W 59.6 ± 0.9 3.62 ± 0.11 54.4 ± 0.68 5.09 ± 0.04 30.7 ± 1.4 1.12 ± 0.01 0.42 ± 0.01 6.2 2.7 48.1 41.8 49.5 ± 1.0 

11 MDF + 5 % K2CO3 - 300 W 25.3 ± 1.0 3.52 ± 0.09 69.7 ± 1.52 2.06 ± 0.05 14.2 ± 2.8 0.35 ± 0.02 0.15 ± 0.01 10.5 2.5 11.2 71.2 95.3 ± 1.1 

12 MDF + 10 % K2CO3 - 300 W 27.5 ± 1.0 3.38 ± 0.05 71.5 ± 0.57 3.14 ± 0.09 11.8 ± 1.7 0.53 ± 0.03 0.12 ± 0.01 10.1 2.6 9.5 74.6 91.7 ± 1.6 

 Conventional pyrolysis             

13 MDF at 350 °C 28.4 ± 0.8 4.92 ± 0.11 80.88 ± 1.68 3.40 ± 0.09 5.60 ± 2.4 0.50 ± 0.03 0.05 ± 0.03 5.2 1.8 7.6 85.1 83.9 ± 1.2 

14 MDF at 450 °C 27.0 ± 0.6 4.54 ± 0.10  80.34 ± 0.70 2.91 ± 0.06 7.20 ± 1.4 0.43 ± 0.02 0.07 ± 0.01 5.0  1.5 4.1 88.6 92.1 ± 0.8 

 Biomass             

15 MDF - 4.52 ± 0.06 46.79 ± 0.31 6.33 ± 0.05  41.0 ± 0.5 1.62 ± 0.01 0.66 ± 0.01 1.8 2.1 77.3 18.8 - 

Table 1: Biochar yield, proximate analysis, ultimate analysis and stability. MC stands for moisture content, VM is volatile matter, FC is fixed carbon and BS is biochar stability. 
*error on proximate analysis is 10 %.  

 



5. FTIR analysis 

In this study, FT-IR is not only used to unravel which functional groups are present in the biochar but also as a 

screening tool to select the most interesting samples to be analyzed by 13C solid-state NMR spectroscopy. Both 

techniques are complementary and yield the information needed to select suitable applications for the biochar. 

The IR spectrum of MDF biomass (figure 4A) shows typical bands referring to cellulose, hemicellulose and lignin. 

A detailed wavenumber assignment for MDF can be found in ref [46]. ATR FT-IR spectra of biochars obtained by 

CPS at 350°C and 450°C show a similar pattern (figure 4B). A broad peak between 3600 and 3000 cm-1 in its ATR-

FTIR spectra can be assigned to a multitude of OH- and NH-stretching frequencies in phenolic and H-bonded 

hydroxyl groups [40,41,42]. This broad band is more intense at 350 °C, suggesting more degradation at 450 °C. 

The presence of the bands between 2850 and 2960 cm-1 can be assigned to C-H symmetric and asymmetric 

stretching of residual CHx groups [40,42,43]. The shoulder around 1690 cm-1 can be assigned to C=O stretching as 

found in aromatic aldehydes, ketones and carboxylic acids. The broad band around 1588 cm-1 can be attributed to 

the C=C stretching of aromatic moieties and is considered as a measure for aromatisation during the carbonisation 

process. The band at 1434 cm-1 is assigned to C=C stretching in aromatic ring structures and C-H deformations 

and is less resolved in the IR spectrum of the biochar obtained at 450°C demonstrating the decrease of C-H bonds 

in favour of aromatisation. The broad bands between 1100-1300 cm-1 can be assigned to C-N and C-O 

functionalities. Peaks at 874, 813 and 756 cm-1 are characteristic for aromatic C-H out-of-plane bending and are 

more dominant present in the IR spectrum of the biochar produced at 450°C illustrating a higher degree of 

aromatisation. 

FT-IR spectra from biochars produced at 300 W with different quantities of AC illustrate the increase of carbonisation 

as a result of increased MW absorber (Figure 4C). A decreased intensity of O-H stretching vibrations (3600-3000 

cm-1) coinciding with a decrease in the C-H stretch (2960 - 2850 cm-1), carbonyl stretch (1715-1690 cm-1) and and 

intense C-O stretch in C-O-C functionalities (1200-1000 cm-1) is observed with an increased amount of MW 

absorber. In contrast the contribution of C=C stretch (aromatic ring structures, 1580-1500 cm-1 and 1480-1400 cm-

1) to the overall IR spectrum is more pronounce for a 10% addition of AC. This observation is in line with lower 

volatile matter content and an increased fixed carbon content (table 1). Weak signals of aromatic ring structures 

were observed between the wavenumbers 900-660 cm-1. When 3 and 5 % of AC was added, absorption bands of 

C=O (carbonyl) around 1715-1690 cm-1 were observed, present as a shoulder, but almost not detected in case of 

10 % addition of AC. When adding more AC, the reduction of aliphatic C-H stretch is in accordance with a decreased 

H content (table 1). 

FT-IR spectra from biochars produced at 400 W with different quantities of AC (Figure 4D) can be differentiated 

from the spectra obtained for the biochars produced at 300 W. In this case a further decrease in O-H and C-H 

functionalities is found. The presence of carbonyl groups is only observed for a 10 % AC addition, indicating less 

aromatic structures. The broad peak from 3600 to 3100 cm-1 is assigned to multiple OH- and NH-stretching in the 

phenolic and aliphatic structures of the remaining cellulose, hemicellulose and lignin. The peaks at 1575 and 1425 

cm-1 are assigned to C-H and C-N functionalities and their intensities increase when 10 % of AC added, indicating 

a lower degree of decomposition and aromatization, confirmed by biochar yield, ultimate and proximate analysis 

and biochar stability. The peak at 875 cm-1 represents the out-of-plane deformation of aromatic C-H bonds and can 

be assigned to aromatic C=C or C=N bonds and C-H bonds [51]. 

The FT-IR spectrum for biochar obtained from MWP with 3 % K2CO3 (Figure 4E) showed minor differences with 

the FTIR features for the original lignocellulosic material indicating that lignin, cellulose and hemicellulose were not 

completely carbonized as confirmed by biochar yield, ultimate analysis and biochar stability. Comparing IR spectra 

of biochars with addition of 5 and 10 % AC, almost no differences were observed in the overall IR pattern of both 

biochars. A significant decrease in the aliphatic C-H stretch at 3000-2860 cm-1 coincide with the appearance of a 
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prominent broad signal around 1650-1550 cm-1 of merged aromatic ring systems and the appearance of the signal 

of the aromatic C-H bonds at 875 cm-1 were observed when comparing to the IR spectra of biochar with 3 % of 

K2CO3. When comparing these spectra with the spectra from biochar produced at 300 W with AC as MWA, it 

becomes clear that more aromatization already occurred for the same amount of K2CO3 compared to AC as MWA. 

Infrared spectra of the samples produced without MWA at 750 W, 1000 W and 1250 W (Figure 4F) are very similar 

and resemble the spectra of biochar produced at 300 W with 3 % and 5 % of AC (figure 4C), revealing that limited 

pyrolysis occurred as reflected by ultimate and proximate analysis and biochar stability (table 1). 

 

 

 
Figure 4: FTIR spectra of different biochars; A: spectrum of the MDF biomass; B: spectra for biochar produced by 
CPS at 350 °C and 450 °C; C: spectra for biochars produced at 300 W with 3 %, 5 % and 10 % of AC; D: spectra 
for biochar produced at 400 W with 3%, 5% and 10 % of AC; E: spectra for biochar produced at 300 W with 3 %, 
5% and 10 % of K2CO3; F: spectra for biochars produced at 750 W, 1000 W and 1250 W without MWA. 

6. SEM analysis 

Comparison of surface morphology confirms that substantial changes occurred due to decomposition of the MDF. 

When comparing the SEM images of biochar that has been the result of pyrolysis with a higher conversion degree 

(figure 5A: 300 W with 5 % K2CO3 and figure 5B: 400 W with 3 % AC respectively) with biochar that has been the 

result of pyrolysis with a lower conversion degree (figure 6C, biochar produced at 300 W with 10 % AC), an 

indication for a more open surface structure was observed. The surface of the biochar with a higher yield of 34.9 % 

(figure 5C) shows only minor differences with the surface of the initial material (figure 5E). If biochar produced with 

MWP is compared to biochar produced with CPS at comparable temperatures (figure 5D), it is clear that MWP 

yields a biochar that has a more open surface structure. The formation of this type of morphology is highlighted with 

A 

C D 

E F 

B 



 

red circles in figure 5 and is attributed to the release of gasses from the inside of the particles to the outside through 

the surface. This ensures the formation of a more open surface structure [29,33]. 

 

 

 

Figure 5: SEM images of different biochars: A: produced at 300 W with 10 % K2CO3, B: produced at 400 W with 3 
% AC, C: produced at 300 W with 10 % AC, D: produced through CPS at 450 °C and E: an image of the MDF 
material.  
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7. 13C solid-state CP/MAS NMR spectroscopy 

In contrast to FTIR spectra where differences between complete and partially pyrolyzed samples are often difficult 

to interpret because of overlapping signals, 13C solid-state NMR spectra is more convenient as the NMR scale 

offers more differentiation between aliphatic C-O and C-N functionalities, carbonyl functional groups and aromatic 

carbon signals. In turn, more chemically detailed and quantitative information can be deduced [48,49], which allows 

the monitoring of the pyrolytic conversion of the lignocellulosic material into the biochar. Moreover, this kind of 

information is useful in view of interpreting the influence of the process parameters and other characteristics of the 

biochar which are important for long term applications, e.g. long-term stability. On the basis of the outcome of the 

other analyses techniques used, only the extreme samples were selected and analysed in this study since all 

necessary conclusions can already be drawn from these samples. Although the signal intensity in 13C-CP/MAS 

solid-state NMR spectra is semi-quantitative, similar species having similar chemical functionalities can be 

compared relatively to each other and good estimates of the amount of these functional groups can be made on 

the basis of the peak areas (integration values). The major signal assignments can be found in table 2 and in 

literature [54].  

 Carbon signal (ppm) 

Carbonyl  

C=O 225 – 185 

O=C-O 185 – 165 

Aromatic  

C-OH and C-OR 165 – 145 

C (non-protonated) and CH 145 – 110  

Aliphatic   

H-C-O 

H-C-N 

110 – 50 

50 - 25 

CH, CH2 50 – 15 

CH3 25 – 6 

Table 2: Major assignments of signals in 13C solid state NMR spectra 

Sample Carbonyl C (%) Aromatic C (%) Aliphatic C (%) Stability (%) 

Microwave pyrolysis     

MDF + 3 % AC at 300 W (MWP) 7.1 51.7 41.2 42.4 

MDF + 10 % AC at 300 W (MWP) 6.0 62.4 31.6 54.8 

MDF + 3 % AC at 400 W (MWP) N.D. 100 N.D. 97.4 

MDF + 10 % AC at 400 W (MWP) 8.1 73.1 18.8 60.0 

MDF + 3 % K2CO3 at 300 W (MWP) 4.4 35.6 60.0 49.5 

MDF + 10 % K2CO3 at 300 W (MWP) 7.3 86.5 6.2 91.7 

MDF at 750 W (MWP) 6.4 45.0 48.5 46.8 

MDF at 1250 W (MWP) 6.6 48.2 45.2 58.8 

Conventional pyrolysis     

MDF at 350 °C (CPS) 5.0 75.6 19.4 83.9 

MDF at 450 °C (CPS) 2.3 86.8 11.0 92.1 

Table 3: Aromatic C and stability of the samples measured by 13C solid state NMR. N.D stands for not detected. 

 



 

Biochar produced from MDF at 300 W with 3 and 10 % AC (Figure 6A) contains several distinct peaks in the 50 – 

90 ppm range, which can be mainly attributed to C-O moieties and nitro groups. The signal from 90 to 110 ppm can 

be attributed to O – C – O functionalities. Csp2 in aromatic rings and unsaturated C=C bonds can be found in the 

spectral range 115-165 ppm. Carboxylic acids (COOH), esters (COOR) and amides (CONR2) can be found in the 

165-185 ppm range, while aldehydes and ketones are situated more downfield above 185 ppm. Biochar produced 

with 10 % AC at 300 W contains less resonance signals of hydrocarbons (CH3,CH2 and CH) in the 6-50 ppm range. 

Sharp signals at 106, 88, 85 and 65 ppm in the NMR spectrum for the biochar at 300W can be assigned to residual 

cellulose indicating an incomplete thermal conversion [55]. The large signal around 75 ppm is indicative for 

COH/COR moieties. The signal between 145-165 ppm could be related to aromatic COH/COR functionalities. The 

normalized integration values show that increasing the AC content to 10 % results in a decrease of the fractions of 

aliphatic hydrocarbons (6-50 ppm) and oxygenated aliphatics (50-90 ppm) carbons in favour of an increase of the 

aromatic carbon signals (100-165 ppm). These observations are in agreement with the outcome of FT-IR spectra 

of corresponding biochars (Figure 6A) and was explained as the result of enhanced aromaticity and because of 

enhanced temperature when more AC was added. As can be seen in table 3, the total aromatic C increases, while 

carbonyl C and aliphatic C decreases upon going from 3% to 10% AC. 

When a microwave power of 400 W was applied and AC was added as MWA at 3 and 10 % (Figure 6B), the NMR 

spectra are dominated by the aromatic peak centred at around 130 ppm. These results clearly demonstrate a link 

between structural characteristics of aromaticity and the applied microwave power. When higher microwave power 

is applied combined with addition of AC as MW absorber, an increased reaction temperature and enhanced 

aromaticity of the biochar is achieved. Higher aromaticity at higher pyrolysis temperatures was already suggested 

by McBeath et al. [56]. Main difference between both spectra is the decrease of the signal of aromatic COH/COR 

moieties within the 110-165 ppm range when using 10 % AC and increased carbonyl and aliphatic functionalities 

(table 3). Biochar stability and molar H/C ratio (table 1) of the char produced with 10 % AC are respectively 

significantly lower and higher than for the char produced with 3 % AC. The same conclusion can be drawn from the 

NMR results, as aromatic C increases and carbonyl C and aliphatic C deceases when only 3 % of AC is added. 

When applying 300 W with 3 % K2CO3 (Figure 6C), a similar 13C solid-state NMR spectrum is found as for the 

biochar produced at 300 W with 3% AC, but with a significant lower aromatic fraction (table 3) and an important 

fraction of aliphatic C-O, C-N functionalities and aliphatic carbons. This is also confirmed by ultimate analysis, 

proximate analysis and biochar stability (table 1). When 10 % of K2CO3 was added to the MDF, the spectrum was 

dominated by the aromatic signal around 130 ppm. Almost no other functionalities were detected, apart from a weak 

signal around 160 ppm possibly corresponding with aromatic COH/COR functionalities. 

Biochar produced without the use of MWA at 750 W and 1250 W (Figure 6D) displays the same spectrum pattern 

for biochar produced at 300 W with 3 % of AC, but with slightly different relative fractions (table 3). Since all these 

biochar’s have a similar H/C ratio and the infrared spectra are resembling, this is an expected result. The aromatic 

signal around 130 ppm is somewhat more intense in the spectrum of the biochar produced at 1250 W, explaining 

the relative higher biochar stability and higher aromatic C content in comparison to 750 W. A higher microwave 

power without addition of a MWA therefore leads to a higher degree of aromaticity. 

Apart from the aromatic signal around 130 ppm, biochar produced at 350 °C through CPS (figure 6E) shows small 

resonance signals within 10-40 ppm and 70-80 ppm, indicating that this biochar still has some hydrocarbons and 

C-N and C-O moieties. Biochar produced at 450 °C (figure 6E) only shows the aromatic signal as major component 

with minor amounts of aliphatics. Total aromatic C is therefore higher for biochar produced at 450 °C (table 3). 

Biochar produced at higher temperatures therefore has a higher degree of aromaticity [31,56]. 

It can be seen that MWP with the addition of MWA can generate biochar with a higher degree of aromaticity at lower 

temperatures than CPS. Biochar produced from MDF with a MWP of 400 W and 3 % of AC as well as biochar 
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produced with a MWP at 300 W and 10 % of K2CO3 both show a higher H/C ratio, a comparable or higher biochar 

stability and higher aromaticity as compared to biochars produced by CPS at 350 °C or 450 °C.  

   
 

  

  

 

Figure 6: Solid-state 13C CP NMR spectra of different biochars; A: the spectrum for biochar produced at 300 W 
with 3 % and 10 % of AC; B: spectrum for biochar produced at 400 W with 3% and 10 % of AC; C: spectrum for 
biochar produced at 300 W with 3 % and 10 % of K2CO3; D: spectrum of biochar produced at 750 W and 1250 W 
without MWA; E: spectrum for biochar produced through CPS at 350 °C and 450 °C. The signals at -5 ppm and 265 
ppm are spinning side bands of the main aromatic signal around 130 ppm. 

8. Correlation between the results and impact of the research 

When the results of table 1 are presented graphically, correlations between the results are found (figures 7 A-F). 

The graphs for fixed C vs. volatile matter (figure 7A) shows a linear correlation for all biochar samples. It is notable 

that the samples produced with K2CO3 as a MWA show lower amounts of fixed C for the same amount of volatile 

matter that is left in the materials. This is due to reaction (6). Biochar produced through CPS and MWP at 400 W 

with AC have the highest amount of fixed C and the lowest amount of volatile matter. Next to fixed C, biochar 

stability is also linearly correlated with volatile matter as can be seen in figure 7B. All biochars that were not 

completely carbonized and produced with the use of a MWA (sample 4,5,6 and 9) show a considerably lower 

stability, which is probably due to the high amount of oxygen groups that are still left in the biochar and are easily 

broken down by H2O2 in the stability test. 

When biochar stability is plotted vs. O/C ratio and H/C ratio (figure 7C and 7D), two relatively similar graphics with 

strong correlations are found as also described by Crombie et al. [57]. This indicates that the less O and H are still 

left in the biochar, the more stable the biochar becomes. A low H/C ratio indicates a high degree of aromaticity and 

a high resistance against chemical and bacteriological decomposition, while a decreasing O/C ratio indicates the 

evolution of the carbonization process. H/C and O/C ratios decrease with increasing pyrolysis temperature [58]. 

The only clear difference between the two graphs is that even though the biochars produced through CPS have the 

lowest O/C ratio, indicating the pyrolysis process is developed the furthest, they do not have the lowest H/C ratio. 

A B 

C D 
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This indicates a lower degree of aromaticity in the biochars produced at comparable temperatures through CPS 

than those produced by MWP. A lower O/C ratio does however indicate that biochar produced through CPS could 

serve as a better carbon sink [22]. 

It can be seen in the Van Krevelen diagram (figure 7E) that the O/C vs. H/C ratio for all the biochars produced by 

MWP show a linear correlation (except for sample 12, which is due to a lower degree of carbonization and less 

aromatization. This indicates again that optimal pyrolysis conditions are reached when 5 % of K2CO3 is added ). 

The biochars produced through CPS show a higher H/C ratio for the same O/C ratio than the biochars produced 

through MWP, again indicating a lower degree of aromatisation.  

From figure 7F it becomes clear that the biochar stability test can serve as an alternative for 13C solid-state CP/MAS 

NMR spectroscopy, as the results of both techniques are very similar to each other. Biochar stability test can 

therefore be applied as a cheap and fast technique to form an accurate conclusion about the application possibilities 

of a certain biochar. For detailed information about the composition of the material, 13C solid-state NMR is, however, 

necessary. 

This study demonstrates that both CPS and MWP are viable options for transforming MDF into value added biochar. 

Low power MWP with activated carbon as a MWA or CPS at moderate temperatures (350 to 450 °C) will result in 

a biochar that is less aromatic and therefore less stable. Such biochars will be effective as a soil amendment. When 

considering a biochar that has to have an open surface structure, combined with a high degree of aromaticity and 

stability, MWP at higher microwave powers or a more effective MWA like K2CO3 should be used. All of these 

characteristics are achieved at lower temperature with MWP than with CPS and are favourable if the biochar is 

used for adsorption purposes or as a precursor for activated carbon. 
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Figure 7: Graphic representation of the results of the 14 different samples described in table 1:, A: fixed C vs. volatile 
matter, B: biochar stability vs. volatile mater, C: biochar stability vs. O/C molar, D: biochar stability vs. H/C molar, 
E: Van Krevelen diagram and F: biochar stability vs. aromatic C. Sample numbers refer to table 1. 
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9. Conclusion 

The chemical properties of the different biochars obtained through two different pyrolysis techniques, CPS and 

MWP, are evaluated comparing biochar yield, ultimate analysis, proximate analysis, biochar stability test, FTIR 

spectroscopy and solid-state 13C CP/MAS NMR spectroscopy. 

When no MWA is added to the MDF sample in MWP, a higher power causes a more stable material. The addition 

of AC as a MWA at a low microwave power of 300 W is beneficial for the pyrolysis process. Increasing amounts of 

AC leads to a higher degree of carbonization due to the localized indirect heating caused by the AC. At a higher 

microwave power of 400 W, increasing amounts of AC caused a decreasing biochar yield, biochar stability, fixed 

carbon content, aromatic carbon content and H/C ratio. Optimal pyrolysis conditions are already reached when only 

3 % of AC is added, which is beneficial for economic reasons. When adding K2CO3 instead of AC as a MWA in 

MWP at the same microwave power, It can be concluded that this yields biochar that has been more carbonized 

and aromatized when at least 5 % of K2CO3 is added. This is caused by the strong catalytic effect of K2CO3 at high 

pyrolysis temperatures. Optimal pyrolysis conditions are reached when 5 % of K2CO3 is added. 

Both CPS and MWP are viable options for transforming MDF into a value-added biochar at the end of its lifetime 

although biochar from MWP is generally more aromatic at lower pyrolysis temperatures. When considering the 

possible applications of a certain biochar, the stability test provides valuable information while still being cheap and 

fast. 
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