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Energetic characterization 
and radiographic analysis 
of torrefied coated MDF residues
Paula Gabriella Surdi de Castro1*, Vinícius Resende de Castro1, 
Antonio José Vinha Zanuncio2, José Cola Zanuncio3, Angélica de Cássia Oliveira Carneiro1, 
Jorge Gominho4 & Solange de Oliveira Araújo4

The use of wood panel residues as biomass for energy production is feasible. Heat treatments can 
improve energy properties while minimizing the emission of toxic gases due to thermoset polymers 
used in Medium Density Fiberboard (MDF) panels. Torrefaction or pre-carbonization, a heat treatment 
between 200 and 300 °C with low oxygen availability accumulates carbon and lignin, decreases 
hygroscopicity, and increases energy efficiency. The objective of this work was to evaluate the energy 
parameters (immediate, structural, and elementary chemical composition, moisture content, and 
yield) and density in torrefied MDF panels. The torrefaction improved the energetic features of coated 
MDF, decreasing the moisture content, volatile matter, and consequently, concentrating the carbon 
with better results in the samples torrefied for 40 min. The densitometric profiles of the torrefied 
MDF, obtained by X-ray densitometry, showed a decrease in the apparent density as torrefaction time 
increased. The digital X-ray images in gray and rainbow scale enabled the most detailed study of the 
density variation of MDF residues.

World production of reconstituted wood panels, such as Medium Density Fiberboard (MDF), and of High 
Density Fiberboard (HDF), was 99.5 million  m3 in  20181, with Brazil being the eighth largest world producer 
with 8.2 million  m3 and a 2.5% increase in panel production of medium density fibers (MDF) compared to the 
previous  year2. The demand increase for MDF panels raises problems with the generation of residues associated 
with the production  process3, which can be used as a source of biomass for energy  production4–6.

Woodworking (main use of melamine-coated MDF) and furniture factories in series (main use of uncoated 
raw MDF) accumulate residues from wood panels until they are sent to steam and energy generation boilers 
or deposited in inappropriate  areas7. These operations are difficult to perform due to synthetic resins based on 
urea–formaldehyde or phenol–formaldehyde, which are thermoset polymers of the  panels7–9.

A layer of melamine (low pressure) covers one or both faces of MDF panels, used in woodworking, to simulate 
the appearance of a natural wood  product10. Edge tapes often hide the core of the melamine-coated panels in a 
process whose efficiency depends of the surface  finish11. This process generates residues that must be burned in a 
controlled environment, as they release formaldehyde and VOC’s (volatile organic components) into the atmos-
phere, such as toluene and limonene, which can cause respiratory syndromes and are considered  carcinogenic7,12.

Torrefaction, carried out with controlled temperatures and low oxygen availability, aims to concentrate car-
bon and lignin in the  material13–15. The MDF panel torrefaction can eliminate gaseous products derived from 
nitrogen compounds, such as HCN and NOx during combustion; and  NH3, HNCO, and HCN during pyrolysis. 
Varnishes and adhesives, such as urea, melanin, and formaldehyde, common in wood panel residues, can be the 
origin of these  compounds16,17.

The quality of the torrefied material depends on its energy potential, the presence of cracks, or disintegration 
during handling, transport and  storage18.

Micro tomography and X-ray densitometry allows a more detailed internal analysis of different agroforestry 
products, such as  wood19, pellets and  briquettes20, and OSB wood  panels21,22, and  MDF23, torrefied or not.

X-ray densitometry, used in odontology, orthopedy, zoology and zootechnology, is a non-destructive 
 method24. This method can characterize and evaluate the deterioration of eucalyptus wood by white rot fungi, 
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detect the heartwood-sapwood limits, the effect of forest management on wood properties, annual biomass 
production and the relation with its anatomical  structure19,22,25.

The objective of this study was to evaluate the energy properties and the apparent density by X-ray densitom-
etry of MDF panels (Medium Density Fiberboard) coated with melamine on both sides, untreated and torrefied.

Results and discussion
The holocellulose content of the coated MDF decreased with increasing torrefaction time, varying from 44.89% 
(untreated) to 37.50% (torrefaction for 40 min) (Table 1).

The reduction in the holocellulose content with the longer torrefaction period is possibly due to the exposure 
of wood compounds to high temperatures. This, initially, breaks the hemicellulose chains, components with 
lower thermal stability, and, then, depolymerizing the amorphous zone of the cellulose chains and reducing the 
contents of these constituents in the  material26–28.

The total lignin content increased with the torrefaction time, being higher in the intervals of 30 and 40 min, 
47.47 and 52.02%, respectively.

The increase in the lignin content with the increase in torrefaction time is due to the high thermal stability of 
this compound, requiring higher temperatures for its  degradation27 and justifying its proportional increase with 
the torrefaction time. The breakdown of the covalent chemical lignin bonds, a compound with a high carbon 
 content29, releases large amounts of energy increasing its calorific value, being, therefore, a desirable parameter 
for energy  purposes18.

The extractives content decreased with the increase in the torrefaction time, from 15.42 (untreated) to 10.48% 
in the 40-min treatment.

The decrease in the extractives content with longer torrefaction times is associated to the degradation of polar 
extractives and polyoses, thermally unstable compounds, which volatize between 130 to 250 °C30. The adhesive 
present in the MDF is also volatilized when exposed to high  temperatures31. The removal of these materials 
is, environmentally important, because toxic gases composed of nitrogen, such as HCN, NOx,  NH3, HNCO, 
 HCN17, which would be released into the atmosphere at the time of burning, are also removed. The varnishes 
and adhesives, such as urea, melanin and formaldehyde, common in wood panel residues can be the origin of 
these  compounds16.

The ash content increased with the torrefaction time, being 65.93% higher in the torrefied material during 
40 min than with the untreated residues.

The increase in ash content with the torrefaction time is characteristic of biomasses submitted to thermal 
processes at mild temperatures, but the mineral components remain in the biomass even when subjected to high 
temperatures, while other components, as hemicelluloses and extractives are  degraded32. This increase is not 
desirable, since a higher ash content decreases densification, reduces the energy properties of the  biomasses33 
and increases the frequency of cleaning the  boiler34.

The hygroscopic equilibrium moisture content varied from 10.22 to 8.07%, with a reduction of these values as 
the torrefaction time increased. This parameter was 13.99, 17.03 and 21.04% lower in the treatments submitted 
to torrefaction for 20, 30 and 40 min, respectively, than in the control (untreated).

The reduction in the equilibrium moisture content with lower values in the longer torrefaction times is due 
to the degradation of cellulose and hemicelluloses, with losses of hydroxyl groups responsible for moisture 

Table 1.  Holocellulose (HOLO), total lignin (TL), extractives (EXT), ashes (AC), moisture (MC), gravimetric 
yield (GY), apparent density (AD), higher heating value (HHV), volatile materials (VM), fixed carbon (FC), 
carbon (C), hydrogen (H), nitrogen (N), sulfur (S) and oxygen (O) from the untreated and torrefied MDF 
residues. Means followed by the same letter, per line, do not differ (Tukey p > 0.05).

Parameter Untreated

Torrefaction time (min)

20 min 30 min 40 min

HOLO (%) 44.89 ± 1.25b 44.93 ± 1.40b 40.82 ± 1.14ab 37.50 ± 3.80a

TL (%) 39.69 ± 0.79a 41.96 ± 1.11ab 47.47 ± 1.00c 52.02 ± 3.62c

EXT (%) 15.42 ± 0.46d 13.11 ± 0.29c 11.70 ± 0.15b 10.48 ± 0.18a

AC (%) 0.91 ± 0.17a 1.06 ± 0.03b 1.08 ± 0.04ab 1.51 ± 0.03c

MC (%) 10.22 ± 0.59c 8.79 ± 0.13b 8.48 ± 0.22ab 8.07 ± 0.47a

GY (%) 100 c 99.45 ± 0.43c 95.67 ± 1.44b 87.59 ± 3.07a

AP(g  cm−3) 0.63 ± 0.01c 0.61 ± 0.01bc 0.57 ± 0.02ab 0.55 ± 0.04a

HHV(kcal  kg−1) 4636.0 ± 14.14a 4705.0 ± 29.70a 4733.0 ± 1.41a 4861.5 ± 3.54b

VM (%) 82.69 ± 1.03a 82.98 ± 0.75a 81.05 ± 0.58a 78.27 ± 0.16b

FC (%) 16.40 ± 1.18a 15.94 ± 0.78a 17.90 ± 0.57a 20.22 ± 0.19b

C (%) 49.00 ± 0.14a 48.50 ± 0.00a 49.90 ± 0.00b 50.70 ± 0.00c

H (%) 5.71 ± 0.01ab 5.68 ± 0.04ab 5.75 ± 0.00b 5.62 ± 0.04a

N (%) 3.14 ± 0.06a 3.39 ± 0.01a 3.42 ± 0.31a 3.26 ± 0.07a

S (%) 0.03 ± 0.00b 0.02 ± 0.00b 0.02 ± 0.00ab 0.02 ± 0.00a

O (%) 41.20 ± 0.21c 41.32 ± 0.04c 39.85 ± 0.31b 38.89 ± 0.11a
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 adsorption27,35. This reduction, in the treatments with longer torrefaction times, is desirable for energy purposes, 
as it reduces the amount of energy used to evaporate the water in the  biomass36.

The gravimetric yield of the coated MDF decreased by 12.41% in the samples torrefied for 40 min compared 
to those untreated.

The reduction in the gravimetric yield with the torrefaction time increase with lower value for the samples 
torrefied for 40 min is due to the chemical degradation of the fiber constituents subjected to the temperature of 
300 ºC, mainly of the holocelluloses, with greater mass losses as the torrefaction time  increased6,37. This reduc-
tion in 12.41% can be considered low and varies with the material, as it was 28.28% in the torrefaction of wood 
chips from Eucalyptus spp. at 260 ºC for 20 min in an endless screw  roaster18.

The apparent density was 12.7% lower in the torrefied material for 40 min than in the untreated samples.
The lower apparent density with the torrefaction time increase is similar to that of the gravimetric yield, and 

it is due to the MDF mass losses and to the thermochemical degradation of its constituents, volatilized in the 
treatments with longer torrefaction times, reducing the ratio of mass by volume of the samples and, consequently, 
the apparent  density38.

The higher heating value of the residues torrefied for 40 min was 4.86% higher than that of untreated.
The higher heating value of biomasses torrefied for 40 min is due to the volatilization of hemicelluloses 

and other lower energetic compounds and the proportional increase in the lignin  content33,39. In addition, the 
higher heating value is associated with the presence of aromatic lignin rings, and the double carbon bonds in 
these rings release 518 kJ  mol−1, higher than the single bonds between carbons, which release 348 kJ  mol−140. 
Breaking the double bonds releases 48.8% more energy, increasing the higher heating value of the biomass. 
The higher heating value is one of the main factors to select the biomass for energy purposes and high values 
result in a greater amount of energy released, facilitating the operations in the boiler and increasing the power 
generation  capacity32,39.

The volatile material content of the torrefied residues for 40 min was 5.34% lower than that of the untreated 
residues.

The low volatile materials is important because they are rich in oxygen (mainly CO and  CO2), increasing 
fixed carbon, the most energetic component in the biomass and, consequently, the higher heating value of the 
raw  material32,39,41. The higher volatile materials content increases the speed of burning biomasses due to volatile 
compounds oxidizing and releasing energy faster than the oxidation of the biofuel fixed  carbon42.

The fixed carbon of the coated MDF was 23.29% higher in the torrefaction treatment for 40 min than with 
the untreated sample.

The increase in fixed carbon over torrefaction time is due to the oxygen and hydrogen losses during the deg-
radation of unstable wood compounds and carbon  concentration43. This is also due to the higher lignin content, 
a more stable compound with a complex structure and with a lower degradation during  carbonization44, whose 
contents are positively correlated with those of fixed carbon. The fixed carbon content can be a parameter to 
select the biomass destined for  combustion45. The fuel burning with high levels of fixed carbon and low volatile 
materials tends to be slower, releasing energy for a longer time for total  burning46, becoming one of the main 
advantages in energy supply for the blast furnace in the steel  industry47.

The carbon content increased with the torrefaction time, being 3.47% higher in the 40-min treatment than 
in the untreated samples.

The increase in the carbon content with the torrefaction time is due to the accumulation of lignin in the mate-
rial, which has a structure composed of phenyl propane groups joined by C–C and C–O–C bonds and a dense and 
compact molecular  structure45. The highest levels of carbon and hydrogen are important for choosing the best 
energy characteristics of biomass for combustion, pyrolysis or gasification, as they increase energy  generation32.

The hydrogen content, 5.62 to 5.75%, was similar with the treatment times.
The similar content of hydrogen, between treatments, is important because this chemical element is the one 

that most contributes to the energy generation due to its higher heating value and greater relation to  carbon32,45. 
The elementary composition of biomass is important to evaluate the energy generated by the thermal degrada-
tion associated with the enthalpy of carbon and  hydrogen48.

The nitrogen content was similar between treatments, from 3.14 to 3.42%.
The nitrogen content did not vary between treatments, its content is important because the burning of this 

chemical element leads to harmful emissions, values above 0.6% are undesirable during combustion because it 
contributes to the formation of toxic nitrogenous compounds such as NOx,  N2O, HCN, ammonia, isocyanic and 
hydrocyanic acid that are harmful to the  environment49. The average nitrogen content of untreated wood is 0.1%, 
while that of MDF and MDF panels untreated is 5.4%, decreasing to 2.1 to 2.9% when subjected to temperatures 
between 250 and 300 ºC16. The nitrogen values, higher than those recommended, in all treatments are due to the 
adhesive used in the production of the panels and the presence of melamine coating.

The sulfur content was lower in the torrefied material for 20, 30 and 40 min than in the untreated one.
The reduction in the sulfur content with the torrefaction time may be associated with the removal of residual 

sulfur with heat  treatment50. This reduction is positive because the sulfur released into the atmosphere during 
combustion is  harmful51.

The oxygen content decreased with the torrefaction time, being 6.82% lower in 40 min than in the untreated 
samples.

The decrease in the oxygen content, with a behavior contrary to that of carbon and hydrogen, reduces energy 
generation because it reduces the calorific value of  biomass52.

The panel density was higher at the edges, with lower values in the central region, as assessed by X-ray 
densitometry (Fig. 1). However, there was a difference between the values of average, minimum and maximum 
density of MDF panels between the treatments evaluated (Table 2). Finally, the average apparent density in the 
untreated samples was higher in the evaluation by X-ray densitometry and gravimetric method.
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The reduction in the apparent density with the increase in torrefaction time, evaluated with the radiographic 
method, is similar to that observed with the gravimetric one and it is associated with the reduction of MDF 
mass due to the thermochemical degradation of its volatilized constituents in treatments with longer torrefac-
tion  times38.

The density on the MDF panel faces, in all treatments, was high and decreased towards the central region, 
forming a characteristic profile with a "M" letter shape (Fig. 1). The maximum density, in the upper and lower 
faces, in all treatments was 1.66 to 1.85 g/cm3 (Table 2), due to the thin layer of melamine applied under low 
pressure on the MDF faces.

The density profiles along the thickness of the MDF panels, with high values on the faces and lower inside, 
are characteristic of panels made with eucalyptus and pine  wood23,53. The high values of minimum and average 
apparent density of the MDF panels are good indicators of high resistance to perpendicular traction and screw 
pullout, with changes in the density gradient along its thickness, which may affect mechanical  strength54.

Darkly regions (more central region—core) and more whitish, near to the faces, indicate lower and higher 
density, respectively, attenuation of the X-ray beams in the reading process, as identified in the analysis of digital 
X-ray images in the gray scale (Fig. 2). The rainbow scale (colored) with a palette of greater color variability 
ranging from blue (lower density) to red (higher density) makes easier interpretation and localization of regions 
with differences in density throughout the sample due to the differentiation of density by color allowing greater 
contrast compared to gray scale. The torrefaction degraded the intern part of the sample (darker region in the 
gray scale with a toned color from blue to cyan in the rainbow scale—with lower density), due to the barrier 
represented by the melamine coating (lighter region in the scale from gray region with toned from yellow to red 
in the rainbow scale with high density) on both sides of the panel.

The use of X-ray images in 2D and 3D scales with colors gradient makes possible the visualization of non-
torrefied regions with a lighter/green color, and, consequently, greater density in the treatment with 20 min of 
torrefaction. The density increase is due to the insufficient time for the chemical degradation in the center of the 
panel (core). Increase of the torrefaction period also increased the number of cracks/fissures (Fig. 2). The longer 
torrefaction time increased the number of cracks/fissures due to greater moisture losses as observed in the MDF 
and OSB samples pressed at different  temperatures55.

The 3D surface plot illustrates narrow lines, parallel to each other and perpendicular to the length of the 
samples, being directly related to the panel density variations (Fig. 2). A low difference between peaks and valleys 
within the same line implies greater homogeneity in the wood density in that region of the sample. Consequently, 
the greater their variation throughout the sample, results in greater the fluctuation in the wood density. In addi-
tion to the variation of the lines, it was possible to observe the color variations with the blue lines indicating lower 
density and the red ones greater density. The 3D surface plot provides a better visualization and interpretation of 
the apparent density variation throughout the sample based on digital X-ray images. The number of peaks and 
valleys in the same line are directly related to variations in the density of the MDF in the sample region. The dis-
tribution of peaks and valleys throughout the MDF, in the samples of control MDF untreated, was homogeneity 
in the 3D images (Fig. 2A). The samples submitted to thermal treatments had higher variation in this distribution 
(Fig. 2B,C, D), especially those with longer times, due to thermal degradation of chemical components subjected 
to high temperature (300 ºC) and residence times. Plotting the 3D density surface by colors and lines of the 
rainbow scale allowed for greater color contrast and study of the density variation in the 3D scale, compared to 
the gray scale. The three-dimensional structure of the internal region of the materials studied (MDF) and the 
increased speed of data analysis confirm satisfactory results, with the use of the 3D scale to study the density of 
wood and its growth rings and the seed  integrity22,25. The use of X-ray images, in gray scale or with color gradi-
ent in 2D and 3D, are non-destructive and important methods as an additional methodology to the traditional 
laboratory technological  characterization19,22,25. The proposed method provides a quick, easy to interpret and 
reliable solution to assess the apparent density, by X-rays, of torrefied coated MDF residues from digital images.

In conclusion, torrefaction improved the energetic properties of MDF residues, decreasing the equilibrium 
moisture and volatile materials, and, consequently, the carbon concentration with better results in the torrefied 
samples for 40 min. The results in the torrefied samples for 30 min showed better values of energetic charac-
terization than 20 min and MDF untreated. The densitometric profiles of the torrefied MDF, obtained by X-ray 
densitometry, showed a decrease in the apparent density as the torrefaction time increased. The apparent density 
variation in the digital images of X-ray in gray scale, and rainbow, made possible a more detailed and precise 
study of the density variation of the MDF residues.

Methods
MDF torrefaction. MDF samples with coating (melamine) on both sides, from woodwork disposal, were 
cut to 18 × 18 × 18 mm pieces, dried in an oven at 103 ± 2 °C to 0% humidity and torrefied for 20, 30 and 40 min 
at 300 °C.

Torrefaction was performed in an endless screw reactor, developed in the Panels and Wood Energy Laboratory 
of the Federal University of Viçosa,  Brazil14. The prototype of this equipment was a semi continuous screw reac-
tor, which reuses the volatile gases in the heating system (Fig. 3). The primary structure of this reactor has three 
essential systems, like most reactors that facilitate dry torrefaction: (I) transport; (II) heating; and (III) cooling. 
The first system moves the biomass to the heating process, classified as continuous, intermittent or mixed; the 
second produces and transfers heat to the biomass under controlled conditions for direct or indirect heating; 
and the third releases the torrefied biomass within a safe temperature limit.

The gravimetric yield of the torrefaction process was calculated by the ratio between the mass of the torrefied 
material produced and the dry mass of the MDF sample used as input.
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MDF untreated and torrefied properties. The samples were conditioned in a climatic chamber 20 °C 
and 65% relative humidity, the wet mass was recorded and they were dried in an oven to obtain the dry mass. The 
equilibrium moisture content was calculated according to the equation, EMC (%) = [(WM—DM)/DM) * 100], 
where EMC (%) is the equilibrium moisture content, WM = wet mass, and DM = Dry mass.

The apparent density (g/cm3) was determined by direct measurement of all samples placed in a climate cham-
ber (20 °C and 60% relative humidity) dividing their mass (g) by the corresponding volume  (cm3).

The higher heating value was obtained according to EN 14,91856, using a bomb calorimeter.
The structural, immediate and elemental chemical composition, according to TAPPI standards, were obtained 

from untreated and torrefied MDF samples, after being crushed and sieved in 40 to 60 mesh sieves.
The extractives content was determined in duplicates, according to the standard TAPPI 204 om-8857, chang-

ing ethanol/benzene for ethanol/toluene. The insoluble lignin content was determined in duplicate by Klason 
 method58. Soluble lignin was determined by  spectrometry59. The sum of the soluble and insoluble lignin values 
allowed obtaining the total lignin content. The holocellulose content (cellulose and hemicellulose) was deter-
mined by the sum of the extractive content, total lignin and ash content, decreased by 100.

The immediate chemical composition of the biomasses (volatile materials, ash content and fixed carbon) was 
evaluated according to NBR 8112  standard60.

Figure 1.  Apparent density profiles (AD) along the thickness of the coated MDF residues. Untreated (A); 
torrefaction for 20 min (B); torrefaction for 30 min (C); torrefaction for 40 min (D).

Table 2.  Apparent density of untreated and torrefied MDF residues for different times. Means followed by the 
same capital letter, per column, or lower case, per line, do not differ by the Tukey test (p > 0.05).

Torrefaction

Apparent density (g/cm3)

X-Ray

Gravimetric methodAverage Maximum Minimum

Untreated 0.64 ± 0.02Bc 1.85 ± 0.05cC 0.37 ± 0.12aD 0.63 ± 0.01bD

20 min 0.60 ± 0.01Bb 1.67 ± 0.10cA 0.30 ± 0.11aC 0.61 ± 0.01bC

30 min 0.57 ± 0.01bA 1.67 ± 0.10cA 0.23 ± 0.12aA 0.57 ± 0.02bB

40 min 0.57 ± 0.01bA 1.66 ± 0.04cA 0.27 ± 0.14aB 0.55 ± 0.04bA
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Figure 2.  Digital X-ray images of MDF coated residues in gray and rainbow scales and 3D density variation 
plot. Untreated (A); torrefaction for 20 (B), 30 (C) and 40 (D) minutes. Areas with red and blue color indicate 
higher and lower density, respectively. White arrows indicate the cracks/fissures.
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The elemental composition (carbon, nitrogen, hydrogen and sulfur) was determined according to the standard 
EN 15,10461. The oxygen content was obtained by adding the contents of carbon, nitrogen, hydrogen, sulfur and 
ashes decreased by 100, according to the standard EN 15,29662.

Apparent density and densitometric profiles by X-ray method. MDF samples (18 × 18 × 2  mm, 
length x width x thickness), in all treatments, were cut with a circular saw mill and placed in a climate chamber 
(20 °C, 60% relative humidity and 12% wood moisture) for twenty-four  hours22.

The untreated and torrefied MDF samples with 2 mm thickness were inserted with the cellulose acetate cali-
bration scale in the armored compartment of the digital X-ray equipment Faxitron LX-60 calibrated for automatic 
reading (30 kV, 19 s). The digital images, with ultra-contrast and resolution, were saved in the DICOM format 
(64). The apparent density profiles were obtained with digital gray scale images and the calibration was analyzed 
using the ImageJ software. This allowed determining the apparent density values (every 50 μm) obtained by the 
software and transferred to the spreadsheet. From the digital images in gray scale, they were transformed into 
a rainbow scale, with the Photoshop software, and the plotting of the 3D surface of density variation, with the 
ImageJ software.

Statistical analysis. The results of the energetic characterization, in relation to the torrefaction time of the 
MDF samples, were analyzed in a completely randomized design with four treatments (untreated and three tor-
refaction times) and six replications per parameter. Five samples from each treatment were used for the analysis 
of apparent density (average, minimum and maximum) by digital X-ray images. The means were grouped using 
the Tukey test (p ≤ 0.05) with the STATISTICA 8.0 software.

Received: 18 September 2020; Accepted: 8 February 2021

References
 1. Food and Agriculture Organization – FAO. Forestry production and trade. (2019). http://www.fao.org/faost at/en/#data/FO.
 2. Indústria Brasileira de Árvores – Ibá. Relatório 2019: ano base 2018. Brasília (2019).
 3. Weber, C. & Iwakiri, S. Utilização de resíduos de compensados, MDF e MDP para produção de painéis aglomerados. Ciência 

Florestal 25, 405–413. https ://doi.org/10.5902/19805 09818 460 (2015).
 4. Ferreira, S. D., Altafini, C. R., Perondi, D. & Godinho, M. Pyrolysis of medium density fiberboard (MDF) wastes in a screw reactor. 

Energy Convers. Manage. 92, 223–233. https ://doi.org/10.1016/j.encon man.2014.12.032 (2015).
 5. Han, T. U. et al. Analytical pyrolysis properties of waste medium-density fiberboard and particleboard. J. Ind. Eng. Chem. 32, 

345–352. https ://doi.org/10.1016/j.jiec.2015.09.008 (2015).

Figure 3.  Lateral layout of a prototype screw reactor developed by a Brazilian university for thermal treatment 
of lignocellulosic biomass, where: I—transport system; II—heating system; III—cooling system; 1—motor; 2—
input biomass; 3—worm-screw; 4—insulating layer; 5—refractory layer; 6—flow of heating gas; 7—heating gas 
output; 8—first "chimney"; 9—second "chimney"; 10—connection "chimney" with the burner; 11—connecting 
burner; 12—water supply; 13—water outlet; 14—exit of torrefied  biomass18.

http://www.fao.org/faostat/en/#data/FO
https://doi.org/10.5902/1980509818460
https://doi.org/10.1016/j.enconman.2014.12.032
https://doi.org/10.1016/j.jiec.2015.09.008


8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4899  | https://doi.org/10.1038/s41598-021-84296-5

www.nature.com/scientificreports/

 6. Andrade, C. R., Brito, J. O., DiasJunior, A. F. & Lana, A. Q. Changes caused by torrefaction on urban wooden waste. Sci. For. 45, 
275–284. https ://doi.org/10.18671 /scifo r.v45n1 14.04 (2017).

 7. Stefanowski, B. K., Curling, S. F. & Ormondroyd, G. A. Evaluating mould colonisation and growth on MDF panels modified to 
sequester volatile organic compounds. Int. Wood Prod. J. 7, 188–194. https ://doi.org/10.1080/20426 445.2016.12160 52 (2016).

 8. Rong, H., Ryu, Z., Zheng, J. & Zhang, Y. Effect of air oxidation of rayon-based activated carbon fibers on the adsorption behavior 
for formaldehyde. Carbon 40, 2291–2300. https ://doi.org/10.1016/S0008 -6223(02)00109 -4 (2002).

 9. Kim, D. I. et al. Comparison of removal ability of indoor formaldehyde over different materials functionalized with various amine 
groups. J. Ind. Eng. Chem. 17, 1–5. https ://doi.org/10.1016/j.jiec.2010.12.010 (2011).

 10. Gaitonde, V. N., Karnik, S. R. & Davim, J. P. Prediction and optimization of surface roughness in milling of medium density fiber-
board (MDF) based on Taguchi orthogonal array experiments. Holzforschung 62, 209–214. https ://doi.org/10.1515/HF.2008.030 
(2008).

 11. Souza, A. J., Jeremias, T. D., Gonzalez, A. R. & Amorin, H. J. Assessment of melamine-coated MDF surface finish after peripheral 
milling under different cutting conditions. Eur. J. Wood Prod. 77, 559–568. https ://doi.org/10.1007/s0010 7-019-01413 -y (2019).

 12. Pirayesh, H., Khanjanzadeh, H. & Salari, A. Effect of using walnut/almond shells on the physical, mechanical properties and 
formaldehyde emission of particleboard. Compos. Part B: Eng. 45, 858–863. https ://doi.org/10.1016/j.compo sites b.2012.05.008 
(2013).

 13. Wang, L. et al. Effect of torrefaction on physiochemical characteristics and grindability of stem wood, stump and bark. Appl. Energy 
227, 137–148. https ://doi.org/10.1016/j.apene rgy.2017.07.024 (2018).

 14. Silva, C. M. S. et al. Biomass torrefaction for energy purposes—definitions and an overview of challenges and opportunities in 
Brazil. Renew. Sustain. Energy Rev. 82, 2426–2432. https ://doi.org/10.1016/j.rser.2017.08.095 (2018).

 15. He, C. et al. Wet torrefaction of biomass for high quality solid fuel production: A review. Renew. Sustain. Energy Rev. 91, 259–271. 
https ://doi.org/10.1016/j.rser.2018.03.097 (2018).

 16. Girods, P., Dufour, A., Rogaume, Y., Rogaume, C. & Zoulalian, A. Thermal removal of nitrogen species from wood waste con-
taining urea formaldehyde and melamine formaldehyde resins. J. Hazard. Mater. 159, 210–221. https ://doi.org/10.1016/j.jhazm 
at.2008.02.003 (2008).

 17. Debal, M. et al. TG-FTIR kinetic study of the thermal cleaning of wood laminated flooring waste. J. Thermal Anal. Calorim. 118, 
141–151. https ://doi.org/10.1007/s1097 3-014-3942-9 (2014).

 18. Castro, V. R. et al. Resistance of in natura and torrefied wood chips to xylophage fungi. Sci. Rep. 9, 11068. https ://doi.org/10.1038/
s4159 8-019-47398 -9 (2019).

 19. Castro, V. R. et al. The effect of soil nutrients and moisture during ontogeny on apparent wood density of Eucalyptus grandis. Sci. 
Rep. 10, 2530. https ://doi.org/10.1038/s4159 8-020-59559 -2 (2020).

 20. Kotwaliwale, N. et al. X-ray imaging methods for internal quality evaluation of agricultural produce. J. Food Sci. Technol. 51, 1–15. 
https ://doi.org/10.1016/j.ijadh adh.2011.06.007 (2014).

 21. Wang, X., Salenikovich, A. & Mohammad, M. Localized density effects on fastener holding capacities in wood based panels. For. 
Prod. J. 57(1–2), 103–109 (2017).

 22. Surdi, P. G. et al. Wood density profile of pine trees using radiographic methods. Sci. For. 42(102), 229–236 (2014).
 23. Belini, U. L., Tomazello Filho, M. & Chagas, M. P. X-ray densitometry in the evaluation of density in particleboard panel. Sci. For. 

37(84), 343–350 (2009).
 24. Woo, M. K. & Nordal, R. A. Commissioning and evaluation of a new commercial small rodent X-ray irradiator. Biomed. Imaging 

Interven. J. 2, 1–5. https ://doi.org/10.2349/biij.2.1.e10 (2006).
 25. Gaitan-Alvarez, J., Moya, R. & Berrocal, A. The use of X-ray densitometry to evaluate the wood density profile of Tectona grandis 

trees growing in fast-growth plantations. Dendrochronologia 55, 71–79. https ://doi.org/10.1016/j.dendr o.2019.04.004 (2019).
 26. Huber, G. W., Iborra, S. & Corma, A. Synthesis of transportation fuels from biomass: chemistry, catalysts, and engineering. Chem. 

Rev. 106(9), 4044–4098. https ://doi.org/10.1021/cr068 360d (2006).
 27. Waters, C. L., Janupala, R. R., Mallinson, R. G. & Lobban, L. L. Staged thermal fractionation for segregation of lignin and cellulose 

pyrolysis products: an experimental study of residence time and temperature effects. J. Anal. Appl. Pyrol. 126, 380–389. https ://
doi.org/10.1016/j.jaap.2017.05.008 (2017).

 28. Ramos-Carmona, S., Pérez, J. F., Pelaez-Samaniego, M. R., Barrera, R. & Garcia-Perez, M. Effect of torrefaction temperature on 
properties of patula pine. Maderas Ciencia y Tecnologia 19, 39–50. https ://doi.org/10.4067/S0718 -221X2 01700 50000 04 (2017).

 29. Brebu, M. & Vasile, C. Thermal degradation of lignin—a review. Cellul. Chem. Technol. 44(9), 353–363 (2010).
 30. Brito, J. O., Silva, F. G., Leão, M. M. & Almeida, G. Chemical composition changes in eucalyptus and pinus woods submitted to 

heat treatment. Biores. Technol. 99, 8545–8548. https ://doi.org/10.1016/j.biort ech.2008.03.069 (2008).
 31. Kaboorani, A. & Riedl, B. Improving performance of polyvinyl acetate (PVA) as a binder for wood by combination with melamine 

based adhesives. Int. J. Adhes. Adhes. 31, 605–611 (2011).
 32. Pereira, B. L. C. et al. Influence of chemical composition of eucalyptus wood on gravimetric yield and charcoal properties. BioRe-

sources 8, 4574–4592. https ://doi.org/10.15376 /biore s.8.3.4574-4592 (2013).
 33. McKendry, P. Energy production from biomass (part 1): overview of biomass. Bioresources Technol. 83, 37–46 (2002).
 34. Thek, G. & Obernberger, I. The Pellet Handbook: The Production and Thermal Utilization of Biomass Pellets (Routledge, London, 

2010).
 35. Li, T., Cheng, D. L., Avramidis, S., Wålinder, M. E. & Zhou, D. G. Response of hygroscopicity to heat treatment and its relation 

to durability of thermally modified wood. Constr. Build. Mater. 144, 671–676. https ://doi.org/10.1016/j.conbu ildma t.2017.03.218 
(2017).

 36. Whittaker, C. & Shield, I. Factors affecting wood, energy grass and straw pellet durability—a review. Renew. Sustain. Energy Rev. 
71, 1–11. https ://doi.org/10.1016/j.rser.2016.12.119 (2017).

 37. Freitas, F. P. et al. Influence of time and heat treatment temperature on permeability of Eucalyptus grandis wood. Revista Árvore 
43(3), e430301. https ://doi.org/10.1590/1806-90882 01900 03000 01 (2019).

 38. Van Der Stelt, M. J. C., Gerhauser, H., Kiel, J. H. A. & Ptasinski, K. J. Biomass upgrading by torrefaction for the production of 
biofuels: a review. Biomass Bioenerg. 35(9), 3748–3762. https ://doi.org/10.1016/j.biomb ioe.2011.06.023 (2011).

 39. Peng, J. H., Bi, X. T., Sokhansanj, S. & Lim, C. J. Torrefaction and densification of different species of softwood residues. Fuel 111, 
411–421 (2013).

 40. Özyuğuran, A. & Yaman, S. Prediction of calorific value of biomass from proximate analysis. Energy Procedia 107, 130–136 (2017).
 41. Park, J., Meng, J., Lim, K. H., Rojas, O. J. & Park, S. Transformation of lignocellulosic biomass during torrefaction. J. Anal. Appl. 

Pyrolysis 100, 199–206. https ://doi.org/10.1016/j.jaap.2012.12.024 (2013).
 42. Santos, R. C. et al. Energy potential of species from forest management plan for the Rio Grande do Norte state. Ciência Florestal 

23, 493–504 (2013).
 43. Phanphanich, M. & Mani, S. Impact of torrefaction on the grindability and fuel characteristics of forest biomass. Biores. Technol. 

102(2), 1246–1253 (2011).
 44. Cai, J. et al. Review of physicochemical properties and analytical characterization of lignocellulosic biomass. Renew. Sustain. Energy 

Rev. 76, 309–322. https ://doi.org/10.1016/j.rser.2017.03.072 (2017).
 45. Reis, A. A. et al. Effect of local and spacing on the quality of Eucalyptus urophylla S. T. Blake clone charcoal. Floresta e Ambiente 

19(4), 497–505 (2012).

https://doi.org/10.18671/scifor.v45n114.04
https://doi.org/10.1080/20426445.2016.1216052
https://doi.org/10.1016/S0008-6223(02)00109-4
https://doi.org/10.1016/j.jiec.2010.12.010
https://doi.org/10.1515/HF.2008.030
https://doi.org/10.1007/s00107-019-01413-y
https://doi.org/10.1016/j.compositesb.2012.05.008
https://doi.org/10.1016/j.apenergy.2017.07.024
https://doi.org/10.1016/j.rser.2017.08.095
https://doi.org/10.1016/j.rser.2018.03.097
https://doi.org/10.1016/j.jhazmat.2008.02.003
https://doi.org/10.1016/j.jhazmat.2008.02.003
https://doi.org/10.1007/s10973-014-3942-9
https://doi.org/10.1038/s41598-019-47398-9
https://doi.org/10.1038/s41598-019-47398-9
https://doi.org/10.1038/s41598-020-59559-2
https://doi.org/10.1016/j.ijadhadh.2011.06.007
https://doi.org/10.2349/biij.2.1.e10
https://doi.org/10.1016/j.dendro.2019.04.004
https://doi.org/10.1021/cr068360d
https://doi.org/10.1016/j.jaap.2017.05.008
https://doi.org/10.1016/j.jaap.2017.05.008
https://doi.org/10.4067/S0718-221X2017005000004
https://doi.org/10.1016/j.biortech.2008.03.069
https://doi.org/10.15376/biores.8.3.4574-4592
https://doi.org/10.1016/j.conbuildmat.2017.03.218
https://doi.org/10.1016/j.rser.2016.12.119
https://doi.org/10.1590/1806-90882019000300001
https://doi.org/10.1016/j.biombioe.2011.06.023
https://doi.org/10.1016/j.jaap.2012.12.024
https://doi.org/10.1016/j.rser.2017.03.072


9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4899  | https://doi.org/10.1038/s41598-021-84296-5

www.nature.com/scientificreports/

 46. Brand, M. A., Muñiz, G. I., Quirino, W. F. & Brito, J. O. Influence of storage time of the quality of biomass for energy production 
in humid subtropical regions. Cerne 16, 531–537 (2010).

 47. Protásio, T. P., Lima Junior, P. H. & Silva, M. M. O. Avaliação tecnológica do carvão vegetal da madeira de clones jovens de Euca-
lyptus grandis e Eucalyptus urophylla. Sci. For. 43, 801–816 (2015).

 48. Demirbas, A. Effect of initial moisture content on the yields of oily products from pyrolysis of biomass. J. Anal. Appl. Pyrol. 71, 
803–815. https ://doi.org/10.1016/j.jaap.2003.10.008 (2004).

 49. Tumuluru, J. S., Wright, C., Hess, J. & Kenney, K. A review of biomass densification systems to develop uniform feedstock com-
modities for bioenergy application. Biofuels Bioprod. Biorefin. 5(6), 683–707. https ://doi.org/10.1002/bbb.324 (2011).

 50. Johansson, C. Purification of Lignina Fuel from Kraft Black Liquor by Diafiltration 126–131 (Department of Chemical Engineering, 
Lund University, Lund, 2013).

 51. Magdziarz, A., Wilk, M. & Straka, R. Combustion process of torrefied wood biomass. J. Therm. Anal. Calorim. 127(2), 1339–1349 
(2017).

 52. Protásio, T. P., Lina, D., Couto, A. M., Trugilho, P. F. & Guimarães Júnior, M. Relação entre o poder calorífico superior e os com-
ponentes elementares e minerais da biomassa vegetal. Pesq. Florest. Bras. 31, 113–122 (2011).

 53. Ayrilmis, N. Effect of panel density on dimensional stability of medium and high density fiberboards. J. Mater. Sci. 42, 8551–8557 
(2007).

 54. Wong, E. D., Zhang, M., Wang, Q. & Kawai, S. Formation of the density profile and its effects on the properties of particleboard. 
Wood Sci. Technol. 33, 327–340. https ://doi.org/10.1007/s0022 60050 119 (1999).

 55. Chung, W.-Y., Wi, S. G., Bae, H. J. & Park, B. D. Microscopic observation of wood-based composites exposed to fungal deteriora-
tion. J. Wood Sci. 45, 64–68. https ://doi.org/10.1007/BF005 79525  (1999).

 56. DEUTSCHES INSTITUT FUR NORMUNG – DIN. EN 14918: Determination of calorific value. Berlim, 63 p. 2010a.
 57. TAPPI - Technical Association of the Pulp and Paper Industry. T 204 om-88: solvent extractives of wood and pulp. Atlanta, USA. 

(1996).
 58. Gomide, J. L. & Demuner, B. J. Determinação do teor de lignina em material lenhoso: método Klason modificado. O Papel 47(8), 

36–38 (1986).
 59. Goldschimid, O. Ultraviolet Spectra. In Lignins: Occurrence, Formation, Structure and Reactions (eds Sarkanen, K. V. & Ludwig, 

C. H.) 241–266 (Wiley, New York, 1971).
 60. Associação Brasileira de Normas Técnicas - ABNT. NBR 8112 Carvão vegetal - Análise imediata. Rio de Janeiro. 5p. (1983).
 61. Deutsches Institut fur Normung -DIN. EN 15104 Determination of total content of carbon, hydrogen and nitrogen – Instrumental 

methods. Berlim. 15 p. (2011).
 62. Deutsches Institut für Normung – DIN. EN 15296 Conversion of analytical results from one basis to another. Berlin. 15 p. (2011).

Acknowledgements
The authors would like to thank the Brazilian agencies “Conselho Nacional de Desenvolvimento Cientifico e 
Tecnológico (CNPq), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), and Fundação 
de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG)”, and Portuguese National Funding Agency for 
Science, Research and Technology (FCT) through funding of the Forest Research Centre (UIDB/00239/2020). 
Solange de Oliveira Araújo acknowledges funding from FCT for her research contract, respectively DL 57/2016/
CP1382/ CT0018.

Author contributions
P.G.S.C. and V.R.C. conducted the experiment and statistical analyses; A.J.V.Z. and P.G.S.C. analyzed the results; 
A.J.V.Z, J.C.Z., A.C.O.C., P.G.S.C., V.R.C., S.O.A. and J.G. wrote the manuscript and reviewed the final manu-
script. All authors approved the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.G.S.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1016/j.jaap.2003.10.008
https://doi.org/10.1002/bbb.324
https://doi.org/10.1007/s002260050119
https://doi.org/10.1007/BF00579525
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Energetic characterization and radiographic analysis of torrefied coated MDF residues
	Results and discussion
	Methods
	MDF torrefaction. 
	MDF untreated and torrefied properties. 
	Apparent density and densitometric profiles by X-ray method. 
	Statistical analysis. 

	References
	Acknowledgements


