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L.) and oak (Quercus sp.) are limitedly used (Benthien et 
al. 2017; Roffael et al. 2016). MDF panels are widely used 
in furniture applications, and their annual worldwide pro-
duction has significantly increased over the past 40 years 
to over 100 million m3 (FAO 2025). The estimated yearly 
global market size is expected to grow from 117  million 
m3 in 2024 to 142 million m3 in 2028 (Anonymous 2024). 
However, substantial MDF production has also led to a 
steadily increasing volume of waste MDF, in the form of 
post-consumer fibreboard and fibreboard processing waste 
(MDF lifespan 10.7–12.1 years) (Irle et al. 2019, 2023). 
The increasing volumes of waste MDF and growing envi-
ronmental regulations are creating the need to develop eco-
nomically viable recycling strategies. Currently, there is no 
commercially viable method for MDF recycling, and waste 
MDF is landfilled or incinerated for energy (Zimmer and 
Bachmann 2023). These disposal methods do not align with 
the cascading use of wood composite boards and reduce 
material efficiency (Kim and Song 2014; Lubke et al. 2020). 

1  Introduction

Medium density fibreboard (MDF) is a composite material 
made by combining refiner-produced wood fibres with an 
adhesive, forming the mixture into a mat that is then hot-
pressed to create rigid boards. MDF has been commercial-
ized in the United States since 1965 (Suchsland 1987). 
Softwood fibres are mainly used for MDF like Norway 
spruce (Picea abies (L.) H. Karst.) and Scots pine (Pinus 
sylvestris L.), while hardwoods like beech (Fagus sylvatica 

	
 Stergios Adamopoulos
stergios.adamopoulos@slu.se

1	 Department of Forest Biomaterials and Technology, Swedish 
University of Agricultural Sciences, Vallvägen 9C,  
756 51 Uppsala, Sweden

2	 Sonae Arauco Portugal, SA, Lugar do Espido - Via Norte, 
Apartado 1129, 4470-177 Maia (Porto), Portugal

Abstract
Recycling medium-density fibreboard (MDF) enhances material efficiency and contributes to waste management. This 
study investigates the impact of secondary fibres, generated from recycling of both processing and post-consumer waste, 
on the properties of new MDF panels. The fibres were recycled using a modified thermo-mechanical pulping (mTMP) and 
steam treatment (ST) processes. Virgin pine and secondary fibres were studied for their size distributions and morphologi-
cal features. MDF panels were fabricated by substituting virgin fibres with secondary fibres at 15% and 25% rates, with 
additional 100% recycled MDF produced using ST-obtained fibres. Secondary fibres from both waste sources were shorter 
and had more fines than virgin fibres. For recycled MDF incorporating ST fibres, a notable drop in internal bond strength 
was observed when using fibres from post-consumer fibreboard waste, while modulus of rupture, modulus of elasticity, 
thickness swelling, and water absorption remained consistent. Increasing substitution rates from 15 to 25% resulted in 
an insignificant change in the aforementioned physical and mechanical properties. However, MDF produced with 100% 
recycled fibres exhibited a dramatic decrease in physical and mechanical properties, despite a reduction in formaldehyde 
content. Compared to MDF with virgin fibres, the internal bond strength of recycled MDF statistically decreased at all 
substitution ratios. In contrast, other properties were comparable at 15% or 25% rates for fibres produced using the mTMP 
process. Finally, MDF containing mTMP fibres showed similar density profile values, slightly higher than MDF with ST 
fibres.

Received: 4 April 2025 / Accepted: 18 August 2025
© The Author(s) 2025

Use of secondary fibres from recycling processes of fibreboard 
manufacturing and post-consumer waste in medium density 
fibreboard

Changling Xu1 · Joran van Blokland1 · Inês F. Mota2 · Percy Alao1 · Geoffrey Daniel1 · Stergios Adamopoulos1

1 3

https://doi.org/10.1007/s00107-025-02323-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s00107-025-02323-y&domain=pdf&date_stamp=2025-8-31


European Journal of Wood and Wood Products          (2025) 83:170 

In addition, incomplete combustion or landfilling of MDF 
waste can pollute the environment by introducing undesired 
organic compounds, such as pyrroles, amines, and other 
nitrogen-containing compounds, and by releasing formalde-
hyde (Lee et al. 2014; Tatàno et al. 2009). Cascading and 
circular use of wood products reduce the demand for vir-
gin wood, increase carbon sequestration, and reduce green-
house gas emissions. An example from United Kingdom 
demonstrates that the recycling of MDF could provide 75% 
more cumulative climate-change mitigation by 2050 than 
business-as-usual (Forster et al. 2023). Post-consumer wood 
waste is a valuable feedstock for the wood panel industry, 
such as for making particleboard or partially utilized for 
fibreboard (Iždinský et al. 2020; Nguyen et al. 2023).

Fibreboard processing waste can be recovered through 
various processes, such as mechanically shred into chips 
for particleboard, further down to fibres for new fibre-
board using thermo-mechanical or hydrothermal treatment, 
and conversion into platform chemicals via a biorefinery 
approach (Moezzipour et al. 2017; Roffael et al. 2016; Tha-
kare et al. 2024). Fibres recycled from MDF processing 
waste using steam explosion treatment showed a 30% reduc-
tion in size (Wan et al. 2014). By increasing the steam pres-
sure and duration, steam explosion can achieve up to 80% 
urea-formaldehyde (UF) resin removal from newly made 
MDF (Troilo et al. 2023). Similar to steam explosion, steam 
refining and steam treatment (i.e., without decompressive 
explosion) can also hydrolyse up to 80% of UF resin pres-
ent in MDF processing waste under intense recycling con-
ditions (Hagel and Saake 2020; Roffael and Hüster 2012; 
Schütt et al. 2012). Recycling MDF fibres through mild 
hydrothermal treatments has also been explored (Lubis et 
al. 2018a; Moezzipour et al. 2017; Savov et al. 2023a). For 
instance, Zeng et al. reported that recycled fibres from MDF 
processing waste were 12% shorter than virgin fibres when 
treated under gentle cooking conditions (100 °C, 1.01 bar) 
(Zeng et al. 2018). Recycled MDF fibres, generated through 
thermo-mechanical pulping (TMP), have been partially sub-
stituted virgin TMP fibres to avoid significantly weakening 
the mechanical performance of MDF containing recycled 
fibres (Roffael et al. 2010, 2016). MDF is primarily made 
with the well-developed TMP fibres due to their high yield, 
cost-effectiveness (Krug et al. 2023; Mertens et al. 2017). 
Increasing pulping temperatures resulted in increased fines 
content and decreased fibre length and diameter (Roffael et 
al. 2009). Recycled TMP fibres often show physical damage 
and shortening (Nakos et al. 2005). To address these limita-
tions, a modified TMP (mTMP) process could be developed 
to reduce damage by increasing chip moisture (softening 
lignin) during defibration. Co-refining virgin wood chips 
and chips from MDF processing waste using TMP was 
investigated. A 25% virgin wood substitution resulted in a 

remarkable drop in internal bond strength, from 1.02 MPa to 
0.6 MPa (Mantanis et al. 2004).

Fibre quality like fibre length distribution, acidity, and 
morphology significantly affects the MDF performance 
(Cao and Wu 2007; Park et al. 2001). Despite considerable 
research aiming to retain the original fibre geometry (i.e. 
length) and morphology during MDF recycling, the result-
ing fibres are often shorter with more fibre dust and contain 
contaminants like wax and UF resin residuals (Savov et al. 
2023b; Zeng et al. 2018). The mechanical performance of 
MDF is significantly reduced when substituting 100% vir-
gin fibres with recycled fibres from fibreboard waste (Bütün 
et al. 2019; Savov et al. 2023a). For example, recycled 
fibres produced by TMP or hydrothermal methods exhibited 
shorter lengths and inferior adhesion capacity compared 
to virgin fibres. Consequently, the panels’ mechanical per-
formance, including modulus of rupture and internal bond 
strength, was significantly decreased (Moezzipour et al. 
2017; Roffael et al. 2016; Savov et al. 2023a). However, 
MDF containing recycled fibres showed reduced form-
aldehyde content and emission. This reduction has been 
attributed to the significant amount of ammonia introduced 
during hydrolytic recycling, which reacts with formalde-
hyde, resulting in lower formaldehyde levels than in MDF 
made with virgin fibres (Roffael et al. 2016). With the addi-
tion of extra additives (e.g., crosslinkers) to enhance glu-
ing efficiency, MDF containing 25% recycled TMP fibres 
can achieve thickness swelling and static bending proper-
ties comparable to virgin-fibre MDF (Mantanis et al. 2004). 
Replacing 33% virgin fibres with recycled fibres from MDF 
processing residues significantly reduced the physical and 
mechanical properties of MDF when a hybrid resin technol-
ogy (e.g., adding polymeric diphenylmethane diisocyanate 
to UF) was not used (Roffael et al. 2016). MDF incorpo-
rating 10% recycled fibres obtained via refining or hammer 
milling of MDF showed increased internal bond strength 
and reduced values of both thickness swelling and water 
absorption. This improvement was observed for recycled 
wood from two pine species (e.g., red or radiata), compared 
to MDF with virgin fibres (Lubis et al. 2018b). The recy-
cling processes used, along with the waste composition, 
determine the characteristics of recycled fibres, which in 
turn affect how much of recycled fibres can be incorporated 
into MDF without significantly compromising its quality 
(Benthien et al. 2017; Hong et al. 2020; Lubis et al. 2018b).

While recycling MDF manufacturing (processing) waste 
is well-studied, reports on recycling post-consumer MDF 
are rare, largely due to its high contaminant load and com-
plex recycling processes (Altgen et al. 2025; Zimmer and 
Bachmann 2023). This work aims to study recycled (here-
after referred as secondary) fibres produced from post-con-
sumer MDF and MDF processing waste using an mTMP 

1 3

  170   Page 2 of 13



European Journal of Wood and Wood Products          (2025) 83:170 

process and steam treatment (ST). To address the typically 
low moisture content (MC) (~ 10%), a main disadvantage 
of waste wood, the mTMP process utilizes a patented, opti-
mized digester configuration to enhance steam penetration 
into the chips (Mäbert 2024). A further objective is to inves-
tigate the influence of replacing virgin TMP fibres with sec-
ondary fibres from the two recycling processes, mTMP and 
ST, on the physico-mechanical properties and formaldehyde 
release of MDF bonded with UF resins. The characteristics 
of the recycled fibres and the physical and mechanical prop-
erties of the laboratory-produced MDF panels were mea-
sured and compared against virgin fibres and standard MDF 
with virgin fibres.

2  Materials and methods

2.1  Materials

TMP virgin fibres from Scots pine (Pinus sylvestris L.) and 
mTMP fibres were obtained from IHD (Institut fuer Hol-
ztechnologie Dresden gGmbH, Germany), ST fibres were 
received from Dieffenbacher Gmbh Maschinen- und Anla-
genbau (Eppingen, Germany). Sonae Arauco S.A. (Lugar 
do Espido, Portugal) provided the UF resin, emulsion wax, 
and the catalyst (NH3NO3). The UF resin had a 63% sol-
ids content, a formaldehyde/urea molar ratio of 0.97, a pH 
value of 8.5, a viscosity of 1,225 ± 75 mPa·s, and a reactivity 
of 80 ± 20 s. The emulsion wax and catalyst contained 50% 
and 18% solids content, respectively.

2.2  Preparation of secondary fibres

Veolia S.A. (Paris, France) collected and crushed the post-
consumer wood waste, which is screened and cleaned by 
Dieffenbacher to remove foils, light materials, and impuri-
ties (e.g., stones, metals, hard plastics). Then fibreboard frac-
tions were sorted out by TOMRA GAINnext optical sorters 
with AI. MDF processing waste (non-sanded, 3.3 mm thick, 
850  kg/m3) was sourced from Homanit GmbH (Losheim, 
Germany) and consists of approximately 80% Scots pine 
(Pinus sylvestris L.) and 20% Norway spruce (Picea abies 
L.).

IHD mechanically shredded the virgin wood from 
debarked round wood and MDF processing waste, using 
a drum chipper. The resulting chips were then sieved to 
achieve chip sizes between 3 × 3  mm² and 25 × 25  mm². 
The TMP virgin fibres were obtained through defibration 
at a steam pressure of 10.4 bar, a chip pre-heating time of 
3–4 min in the digester, and a grinding gap of 40 μm. To 
obtain the mTMP fibres, the waste MDF chips were blended 
with virgin wood chips based on dry mass at ratios of 15:85 
and 25:75, respectively. After, the mixed chips were defi-
brated at the same setting as for virgin fibres. Following 
defibration, the fibres were dried in a flash tube dryer to a 
moisture content (MC) of approximately 6%.

After sorting the post-consumer fibreboard fraction, 
Dieffenbacher sieved the material to a chip size ranging 
from approximately 5 × 5 mm2 to 60 × 60 mm2, similar to 
the MDF processing waste chips provided by Homanit. For 
the ST process, these chips were fed directly into a pressure 
vessel without any pre-treatment with water or steam. Steam 
was then introduced into the vessel, gradually increasing 
the pressure to between 3 and 20 bar over a defined period, 
while continuous agitation ensured uniform steam expo-
sure. The chips were subsequently defibrated into individual 
fibres during controlled pressure release (note: this was not 
a steam explosion process). Once the pressure returned to 
ambient (0 bar overpressure), the bottom valve was opened, 
and the 100% ST fibres were discharged with the help of the 
agitator. The resulting fibres were then dried in a pipe dryer 
to a MC of approximately 6% and subsequently mixed with 
TMP virgin fibres at substitution rates of 15%, 25%, and 
100% based on dry fibre mass at the facilities of the Swedish 
University of Agricultural Sciences (Uppsala, Sweden). The 
fibres are listed and shown in Table 1; Fig. 1.

2.3  Fibre size characterization

Fibre length distribution was measured by dynamic image 
analysis (QICPIC, Sympatec GmbH, Clausthal-Zellerfeld, 
Germany), and a laboratory ultrasonic sifter (VU200, Imal 
S.r.l., Italy) was used to determine the fibre size frequency 

Table 1  Overview of prepared fibres for manufacturing of laboratory 
MDF (FW denotes fibreboard processing waste, PW denotes post-
consumer MDF waste, “1” indicates ST produced secondary fibres)
Abbreviations Fibre source and secondary fibre rate 

(based on mass)
Virgin (V) TMP fibre, 100% virgin pine
V+15%FW mTMP fibre, 15% derived from MDF 

processing waste
V+25%FW mTMP fibre, 25% derived from MDF 

processing waste
V+15%FW1 ST fibre, 15% derived from MDF pro-

cessing waste
V+25%FW1 ST fibre, 25% derived from MDF pro-

cessing waste
100%FW1 ST fibre, 100% MDF processing waste
V+15%PW1 ST fibre, 15% derived from post-con-

sumer fibreboard
V+25%PW1 ST fibre, 25% derived from post-con-

sumer fibreboard
100%PW1 ST fibre, 100% post-consumer fibreboard
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for pre-pressing, forming an MDF mat approximately 
70 mm thick. This mat was then hot-pressed with a pressing 
machine (LAP 200, Gottfried Joos Maschinenfabrik GmbH 
& Co. KG, Pfalzgrafenweiler, Germany) at 200 °C for 10 s/
mm using displacement control to 10  mm thickness. The 
target density for the MDF panels was 700 kg/m³. The pro-
duced MDF measured 465 × 465 × 10  mm³, with two pan-
els per sample. After cooling and resin post-curing for 2–3 
days, the MDF panels were sanded to a final thickness of 
8 mm by removing approximately 1 mm from both surfaces. 
Subsequently, the panels were cut and conditioned in a cli-
mate chamber at 20 °C and 65% relative humidity.

2.5  Evaluation of MDF properties

The physical and mechanical characteristics of MDF and 
the formaldehyde content were assessed following the stan-
dards listed in Table 2. The 3-point static bending and inter-
nal bond (IB) strength were determined by an MTS Criterion 
universal test machine (Criterion series, MTS Systems Cor-
poration, Minnesota, USA). A Density Profiler (DAX 6000, 
Fagus-GreCon Greten GmbH & Co. KG, Alfeld, Germany) 
at a measurement speed of 0.1 mm/s was used to measure 
the vertical density profile of the panels. Variations in the 
morphology and the MDF surfaces and areas of fractures 
following 3-point bending tests were observed using stereo-
microscopy (Zeiss Discovery V12, Carl Zeiss Microscopy 

based on mass ratio. For fibre characterization, fibres were 
automatically introduced using the QICPIC analyser’s 
FIBROS fibre feeder (designed for fibre separation), which 
was equipped with a 2 mm sieve. A high-speed camera then 
measured the sieved fibres (measuring range M9: 17  μm 
– 33,792 μm; 75 frames/second). The WINDOX software 
(Sympatec, GmbH, Clausthal-Zellerfeld, Germany) was 
used to determine fibre length (Feret max) and diameter 
(DIFI) from projected 2D contour images and to calculate 
size distributions (Teuber et al. 2016; Witt et al. 2007). The 
fibre size was characterized concerning the median (X50) 
and mean based on the volume model (Q3). Five replicates 
of 1 g fibres were measured for the prepared fibres (Table 1). 
As a complementary measurement to the optical method, 
the fibres’ geometric parameters were also characterized by 
sieving based on mass per fraction. Fibres underwent a stack 
of sieves comprised of sieve sizes 0.098  mm, 0.131  mm, 
0.217 mm, 0.514 mm, 1.24 mm, and 1.98 mm. The sieving 
time was 3 min per batch.

2.4  MDF fabrication

The gluing recipe comprises approximately 10% UF resin 
and 1% emulsion wax (both based on the dry mass of the 
fibres), along with 1% catalyst (NH3NO3), based on dry 
mass of UF resin. The fibres were first loosened using an air 
extraction unit (ASA 1051, Holzkraft, Hallstadt, Germany) to 
reduce compaction, and then oven-dried to a MC of approx-
imately 2–3%. Fibres were first sprayed with wax, then with 
the UF resin and catalyst gluing mix, using a laboratory 
drum-type horizontal mixer (FM 130 D, Gebrüder Lödige 
Maschinenbau GmbH, Paderborn, Germany) equipped with 
a 1 mm nozzle. The spraying process utilized an air pres-
sure of 0.05 bar and a total blending time of 5 min. The MC 
of resinated fibres was about 10%. The blend was manu-
ally placed into a wooden mould (450 × 450 × 300  mm³) 

Table 2  Specification of physical and mechanical testing, standards 
and number of specimens (No.) tested per MDF
Abbreviations MDF 

property
No Standards Equip-

ment/
Method

Dimension 
(mm × mm 
× mm)

DP Density 
Profile

8 DAX 
6000

50 × 50 × 8

Density Density 
(kg/m³)

16 (CEN 323 
1993)

Scale 
(0.01 g)

50 × 50 × 8

TS Thickness 
swelling ()

8 (CEN 317 
1993)

Imal 
UV 200

50 × 50 × 8

WA Water 
absorp-
tion ()

8 (CEN 317 
1993)

Imal 
UV 200

50 × 50 × 8

IB Internal 
bond 
strength 
(MPa)

8 (CEN 319 
1993)

MTS 
Crite-
rion

50 × 50 × 8

MOR Modulus 
of rupture 
(MPa)

3 (CEN 310 
1993)

MTS 
Crite-
rion

50 × 220 × 8

MOE Modulus 
of elastic-
ity (MPa)

3 (CEN 310 
1993)

MTS 
Crite-
rion

50 × 220 × 8

FC Formal-
dehyde 
content 
(mg/100 g)

1 (ISO 
12460-5, 
2015)

Perfo-
rator 
method

2.5 × 2.5 × 8

Fig. 1  Virgin and secondary fibres: (a) virgin (V), (b) v + 25%FW, (c) 
100%FW1, (d) 100%PW1
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3  Results and discussion

3.1  Fibre geometry and morphology

3.1.1  Fibre geometry

Figure 2 displays the cumulative distributions of fibre diam-
eter and length. Table  3 provides the average values and 
standard deviations of fibres measured from five replicates. 
The reference virgin fibres had a median diameter of approx-
imately 0.8 mm and a median length of 1.9 mm. Their cor-
responding mean values were about 20% and 46% larger, 
respectively. This difference between the mean and median 

GmbH, Jena, Germany) and scanning electron microscopy 
(SEM). The fractured samples were observed directly using 
the stereomicroscope. For SEM, 1 × 1 cm2-sized samples 
were cut out from the tension side of the fractured samples 
using a small hacksaw. The fibres and fractured ends were 
mounted on stubs using carbon tabs and coated with gold 
using an Emitech K550X sputter coater (K550X, Emitech 
Ltd., Kent, UK). Observations were made using a Philips 
SEM (XL 30, Philips, Eindhoven, Netherlands) operated at 
10 kV accelerating voltage with images recorded digitally.

2.6  Statistical analysis

Physical and mechanical results were analyzed using the 
Kruskal–Wallis test, followed by Dunn’s Post-hoc test, with 
RStudio 2024.04.2 (Posit Software, Boston, United States) 
at a significance level (α) of 0.05. To assess the effects of 
waste source (FW, PW), dataset 1 (MDF with ST fibres, 
excluding the 100% ratio) was used. For the effects of pro-
cess (mTMP, ST), dataset 2 (MDF with FW fibres, only the 
15% and 25% substitution ratios were included) was used. 
The effects of the secondary fibre ratio (15% and 25%) were 
determined using data from these two selected datasets.

Table 3  Length (Feret max) and diameter (DIFI) of fibres
Fibre samples Median 

length (µm)
Median 
diameter 
(µm)

Mean 
length 
(µm)

Mean 
diameter 
(µm)

Virgin (V) 1877 ± 268 78 ± 18 2261 ± 510 114 ± 42
V + 15%FW 1380 ± 95 64 ± 2 1518 ± 79 79 ± 4
V + 25%FW 1423 ± 98 67 ± 2 1587 ± 97 83 ± 6
V + 15%FW1 1474 ± 70 69 ± 3 1742 ± 94 94 ± 11
V + 25%FW1 1428 ± 52 69 ± 1 1762 ± 132 94 ± 7
100%FW1 1124 ± 151 64 ± 6 1587 ± 137 80 ± 4
V + 15%PW1 1566 ± 80 73 ± 3 1833 ± 95 100 ± 2
V + 25%PW1 1581 ± 25 75 ± 1 1912 ± 133 103 ± 10
100%PW1 1289 ± 163 86 ± 9 1637 ± 141 119 ± 13

Fig. 2  Fibre diameter (left) and length (right) cumulative size distribution of fibres
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secondary fibre sample (100%FW1) contained 120% more 
fines and 54% fewer coarse fibres compared to the reference 
fibre sample; a trend also observed in sample 100%PW1. 
Incorporating secondary fibres into the mixture increased 
the fine fibre content, while the proportion of coarse fibres 
decreased relatively to the reference fibre category, and 
this was consistent to previous studies (Savov et al. 2023b; 
Zeng et al. 2018). The significant increase in the fines con-
tent of secondary fibres may be attributed to the presence 
of unhydrolyzed resin in fibres and hemicellulose degrada-
tion. Degradation of hemicelluloses can occur either during 
the recycling process or during hot-pressing at temperatures 
above 150 °C in MDF manufacturing (Kwon JinHeon and 
Ayrılmıs 2016; Moezzipour et al. 2017). Such degradation 
reduced the fibres’ flexibility and therefore mechanical fibre 
strength (Pere et al. 2019; Wang et al. 2019). Subsequently, 
the fibres tend to become more rigid and fragile, making 
them prone to break during recycling. Moreover, secondary 
fibres were found to contain cured resin both on the surface 
and within the fibres, which may further increase fibre rigid-
ity (Troilo et al. 2023; Zeng et al. 2018).

3.1.2  Fibre surface structure and fracture morphology

Stereomicroscopic images of the fractured surfaces are 
shown in Fig. 4. SEM images of the fibres and the fractured 

indicates that the fibre distributions were right-skewed, as 
larger values in the right “tail” disproportionately increase 
the mean. Substituting virgin fibres with secondary fibres 
generally reduced fibre length while keeping the diameter at 
a similar level. Samples with 25% secondary fibres showed 
comparable median and mean fibre length and diameter to 
those with 15% secondary fibres. However, 100% second-
ary fibre samples (100%PW1 and 100%FW1) exhibited a 
31% and 40% reduction in fibre length, respectively, com-
pared to virgin fibres. Simultaneously, their fibre diameter 
either increased by 10% (100%PW1) or decreased by 19% 
(100%FW1). Previous studies reported that secondary fibres 
from MDF processing waste, treated with steam explo-
sion or hydrothermal processes, were approximately 30% 
shorter than virgin MDF fibres (Lubis et al. 2021; Wan et al. 
2014). Another study by Zeng et al. noted a 12% reduction 
in mean length when comparing recycled fibres from MDF 
off-cuts to virgin MDF fibres (Zeng et al. 2018). The differ-
ences observed in fibre length reduction across these studies 
and the present research are likely due to variations in fibre 
materials and the specific recycling techniques used.

The fibre geometry by mass ratio from ultrasonic siev-
ing is shown in Fig. 3. The fibres were categorized into six 
categories ranging from 0 to 1.98 mm (Fig. 3, legend). TMP 
virgin fibres contained 5% fines (particles passing through 
a 0.089 mm sieve) and 35% coarse fibres (≥ 1.24 mm). The 

Fig. 3  Fractional distribution of fibres by sieve analysis
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surfaces of the MDF samples are presented in Fig. 5. Stereo-
microscopy observations showed the characteristic lamel-
lar mat structure that is expected for MDF that fails under 
bending (Fig.  4a-c). The thickness of the lamellae varied 
but was of the order of 0.6–2.2 mm along the axis within the 
panel. Compared to the reference, MDF made with 100% 
secondary fibres from ST gave a dark yellowish-brown 
colour ascribed to secondary fibres (Hagel and Saake 2020). 
Fibre samples retained their rectangular structure, and no 
fibre fibrillation was observed. The virgin TMP fibres exhib-
ited relatively clean and uncontaminated surfaces (Fig. 5a) 
compared to the secondary fibres (Fig. 5b-c). Notably, sec-
ondary fibres from post-consumer fibreboard waste showed 
more surface contaminants than fibres from MDF process-
ing waste. Furthermore, the secondary fibres also displayed 
greater fibre damage, evidenced by small fibre fragmenta-
tion and cell wall delamination on their surfaces, which 
aligns with previous research (Lubis et al. 2018b). Recycled 
fibres subjected to severe processing conditions exhibited 
increased fibre fragmentation and a higher content of fines, 
although more UF resin was effectively removed (Troilo 
et al. 2023). An uneven fracture surface and fibre pull-outs 

Fig. 5  SEM images of the 
fibres and fractured samples’ 
areas of interest: (a) Virgin, 
(b) 100%FW1, (c) 100%PW1. 
Arrows 1, 2, and 3 indicate fibre 
breakage of earlywood, latewood, 
and shives. Arrow 4 is the fibre 
fragments

 

Fig. 4  Stereomicroscopic images of the fractured samples: (a) Virgin, 
(b) 100%FW1, (c) 100%PW1, white boxes highlight areas of interest. 
The tension side is on the right for all specimens

 

1 3

Page 7 of 13    170 



European Journal of Wood and Wood Products          (2025) 83:170 

3.2  MDF properties

3.2.1  Density profiles

The density profile is a key indicator of MDF performance, 
as it significantly influences both physical and mechanical 
properties (Wong et al. 2000). Conventional U-shaped den-
sity profiles of sanded MDF were expected and observed in 
Fig. 6. During pressing, heat and pressure densify the mat 
surfaces first, leading to early resin curing. The cooler, less 
compressed core results in lower density, forming a typi-
cal U-shaped profile with denser faces and a lighter core 
(Wang et al. 2004). Virgin MDF had the same surface and 
average density as mTMP MDF (V + 15%FW, V + 25%FW), 
whereas all ST MDF panels showed lower density, with only 
100%FW1 being statistically lower. Recycled MDF panels 
have been reported to exhibit lower densities compared to 
MDF with virgin fibres (Lubis et al. 2018b). This reduc-
tion is likely due to fibre loss during mat forming, which 

were observed for all samples (Fig. 5 mm scale bar). Virgin 
MDF (Fig. 5a) exhibited a clean and dense panel structure, 
and fibre breakages of earlywood (arrow 1), latewood (arrow 
2) and shives (arrow 3) were noticeable. MDF made with 
100% secondary fibres from ST showed a loose and weak 
MDF structure with small fibre fragments (Fig. 5b, arrow 
4) and unclean fibre shives (Fig.  5d, arrow 3). The loose 
and weak fibre contact observed in secondary fibres may 
result from their increased fines content and poor compat-
ibility with the resin. Residual resin was found on secondary 
fibres, which contributed to deteriorated bonding strength 
(Lubis et al. 2018b; Zhong et al. 2017). SEM examination 
of fibres and fibre bundles in the reference panel and panels 
with secondary fibres confirmed the presence of Pinus spp. 
In the fibre mixture, it was possibly P. sylvestris as judged 
by the characteristic nature of the window pits present.

Fig. 6  MDF density profiles. Dashed black lines indicate the sample’s surface density, dashed blue lines indicate the sample’s average density, and 
solid black lines show the sample’s minimum density
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(15% vs. 25%) nor source (FW vs. PW) had a statistically 
significant effect (P > 0.15).

3.2.3  Moduli of rupture and elasticity

The MOR and MOE values of the MDF samples are shown 
in Fig. 8. The reference MDF exhibited a MOR of 36 MPa 
and an MOE of 3273 MPa. All boards met the EN 622-5 
standard for general-purpose MDF used in dry conditions 
(23  MPa for MOR and 2700  MPa for MOE), except for 
the samples with 100% substitution rates (ST-100%PW1 
and 100%FW1). The static bending properties of MDF are 
primarily influenced by density profiles and fibre bonding 
strength (Wong et al. 2000; Zeng et al. 2018). Fibre bond-
ing strength depends on the type and area of fibre bonds, 
fibre orientation, and fibre strength (Back 1987). MDF 
made with mTMP fibres showed comparable values to the 
reference MDF. In contrast, MDF incorporating ST fibres 
exhibited statistically lower MOR and MOE. The reduction 
can be attributed to the lower surface and average density 
(Fig. 6). Notably, 100%PW1 exhibited a 93% lower MOR 
than V + 25%PW1, despite having similar density, likely 
due to the deteriorated fibre geometry and morphology as 
discussed above. A high proportion of fine fibres introduces 
more weak contact points that reduce the load transfer under 
loading. This is because smaller fibres create a larger total 
surface area, requiring additional resin for effective bonding 
(Fernando 2007; Hubbe et al. 2007). The loose fracture of 
MDF (Fig. 5b-c) made with 100% secondary fibres was also 
consistent with the detrimental effects of recycled fibres. For 
ST MDF, replacing secondary fibres from processing waste 
with those from post-consumer fibreboard waste resulted in 
no statistically significant change (P-value > 0.24). Increas-
ing the secondary fibre content from 15 to 25% did not result 
in a noticeable change in MOR and MOE (P-value > 0.2).

ultimately lowers the average density of the MDF panels. 
However, the core density of 100%FW1 is comparable to 
the reference MDF. The ratio between the core and average 
density values was approximately 85%, which is close to 
previous studies (Hong et al. 2020; Savov et al. 2023a).

3.2.2  Water absorption and thickness swelling

Figure  7a and b display the thickness swelling (TS) and 
water absorption (WA) of the produced MDF after 2 h and 
24 h, respectively. After 2 h of water immersion, TS values 
generally ranged from 7 to 9%, while WA values were typi-
cally between 9% and 11%, except for samples 100%FW1 
and 100%PW1. Total TS in MDF is primarily attributed to 
the release of pressing-induced stress, wood swelling, and 
the deterioration of inter-fibre bonding (Roffael et al. 2016; 
Wong et al. 2000). Following 24 h of water absorption, TS 
values for all samples ranged from 17 to 22%, while WA 
values varied more broadly, from 31 to 62%. For MDF using 
fibres from MDF processing waste, increasing secondary 
fibre content from 15 to 25% slightly reduced TS and WA 
(P < 0.02). At a low substitution ratio, the presence of cured 
resin and wax on secondary fibres may decrease WA, owing 
to their low affinity for water (Lubis et al. 2018b; Roffael et 
al. 2016). Conversely, beyond this low threshold, increas-
ing the proportion of secondary fibres to 100% significantly 
increases both WA and TS, aligning with previous findings 
(Savov et al. 2023a). This might be attributed to the over-
all detrimental effects of secondary fibres, including shorter 
fibre length, higher fines content, and reduced compatibil-
ity with the new resin, which collectively lead to reduced 
density uniformity and potentially increased porosity in 
the MDF. The detrimental effects of fibre size and bonding 
capacity were explained in the fibre geometry and morphol-
ogy section. In MDF made with ST fibres, neither fibre ratio 

Fig. 7  TS (a) and WA (b) values of MDF using fibres from different recycling processes, secondary fibre ratio, and fibre source
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core density, MDF with secondary fibres exhibited a sub-
stantial decrease in IB strength compared to the reference 
MDF. This reduction may be attributed to a smaller effec-
tive bonding area due to the shorter fibre length. Further-
more, previous research found that the accumulation of 
residual resin and wax on recycled fibres could inhibit inter-
fibre bond formation (Back 1987; Lubis et al. 2018b; Zeng 
et al. 2018). Instead of focusing solely on removing the 
residual resin from secondary fibres, optimizing the process 
to straighten and flatten fibres could enhance adhesion by 
increasing the bonding surface (Li et al. 2009). When evalu-
ating IB strength, multiple factors -including density profile, 
fibre length, and fibre characteristics such as nitrogen con-
tent and pH - can influence adhesion (Lubis et al. 2018b).

3.2.5  Formaldehyde content

Figure 10 presents the formaldehyde content (FC) of MDF, 
which ranged from 1.3 to 6.4 mg/100 g of dry fibre. Com-
pared to MDF made with virgin fibres, MDF containing 
100% secondary fibres from ST exhibited significantly lower 
FC by 74.5% for 100%FW1 and 65.5% for 100%PW1. 
The reduction in FC observed in samples containing sec-
ondary ST fibres could be attributed to the formation of 
urea, ammonia, and oligomeric decay products, which act 
as formaldehyde scavengers during the thermo-hydrolysis 
process (Moezzipour et al. 2018; Roffael et al. 2016; Savov 
et al. 2023b). For ST MDF from MDF processing waste, 
increasing secondary fibre content from 15 to 100% lowers 
the FC. In contrast, samples with mTMP fibres showed a 
slight increase in FC at a 25% substitution rate. The increase 
could be linked to a higher retention of non-hydrolyzed UF-
binder, likely due to milder recycling conditions, such as 
lower temperatures and shorter processing durations (Bütün 
Buschalsky and Mai 2021; Lubis et al. 2018b). However, 
MDF with PW1 fibres showed unexplained FC content, 

3.2.4  Internal bond strength

Figure 9 presents the internal bond (IB) strength of the MDF 
samples. The reference MDF exhibited a mean IB value 
of 0.77  MPa, while the incorporation of secondary fibres 
reduced IB strength regardless of fibre source, ratio, or recy-
cling process. When the secondary fibre content increased 
from 15 to 25%, the IB strength did not show a statistically 
significant change (P-value = 0.1). For ST fibres at both 
15% and 25% substitution rates, MDF produced with fibres 
from post-consumer fibreboard exhibited approximately 
26% smaller IB values than those made with fibres from 
MDF processing waste (P-value < 0.0001). This drop might 
be attributed to the decrease of core density of 9 kg/m3(P-
value = 0.0054), as core density is a critical factor influenc-
ing IB strength in MDF (Wong et al. 2000). A higher density 
leads to closer fibre contact, promoting inter-fibre bonding. 
Moreover, fibres from post-consumer fibreboard waste are 
assumed to contain more contaminants, which would reduce 
their bonding with the resin. However, with comparable 

Fig. 9  IB values of MDF using fibres from different recycling pro-
cesses, secondary fibre ratio, and fibre source

 

Fig. 8  MOR (a) and MOE (b) values of MDF using fibres from different recycling processes, secondary fibre ratio, and fibre source
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evaluate the physical, chemical, mechanical, and morpho-
logical properties of secondary fibres to better understand 
their differences from virgin fibres.

Acknowledgements  This research was funded by the Horizon project 
EcoReFibre (project No. 101057473, 2022-2026). The Swedish Uni-
versity of Agricultural Science supported open-access publication.

Author contributions  Conceptualization, Changling Xu (C.X.), Joran 
van Blokland (J.v.B.), and Stergios Adamopoulos, (S.A.); Methodol-
ogy, C.X., Maria Ines Mota (M.I.M.), J.v.B., Geoffrey Daniel (G.D.), 
and S.A.; Validation, C.X., M.I.M., J.v.B., and G.D.; Formal Analysis, 
C.X, M.I.M., and J.v.B.; Data curation, C.X, M.I.M; Writing–Draft 
Preparation, C.X., J.v.B.; Writing–Review & Editing, C.X., J.v.B., 
Percy Alao (P.A.) M.I.M, G.D., and S.A.; Supervision; S.A., J.v.B.; 
Project funding, S.A.

Funding  Open access funding provided by Swedish University of Ag-
ricultural Sciences.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations

Conflict of interest  The authors declare to have no conflicts of interest.

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 ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Altgen M, Gedde KB, Ross L, Larnøy E (2025) Physical and chemi-
cal characterization of post-consumer wood chips for recycling. 
Waste Manag 200:114762. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​w​a​s​m​a​n​.​2​0​2​
5​.​1​1​4​7​6​2

Anonymous (2024) Medium-Density Fiberboard (MDF) Market Size 
& Share Analysis—Growth Trends & Forecasts (2023–2028). ​h​t​
t​p​​s​:​/​​/​w​w​w​​.​m​​o​r​d​​o​r​i​n​​t​e​l​​l​i​g​​e​n​c​​e​.​c​​o​m​/​i​​n​d​​u​s​t​​r​y​-​r​​e​p​o​​r​t​s​​/​m​e​​d​i​u​​m​-​d​e​​n​
s​​i​t​y​​-​f​i​b​​e​r​b​​o​a​r​​d​-​m​d​f​-​m​a​r​k​e​t

Back EL (1987) The bonding mechanism in hardboard manufacture 
review report. Holzforschung 41(4):247–258

Benthien JT, Heldner S, Ohlmeyer M (2017) Investigation of the 
interrelations between defibration conditions, fiber size and 
medium-density fiberboard (MDF) properties. Eur J Wood Prod 
75(2):215–232. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​0​7​-​0​1​6​-​1​0​9​4​-​2

Bütün FY, Sauerbier P, Militz H, Mai C (2019) The effect of fibreboard 
(MDF) disintegration technique on wood polymer composites 
(WPC) produced with recovered wood particles. Compos Part A: 

which needs further investigation with replicates. Since FC 
and formaldehyde release are critical parameters for MDF 
intended for furniture and indoor applications, monitoring 
these factors is essential when incorporating secondary 
fibres.

4  Conclusion

TMP virgin and secondary fibres from both MDF process-
ing waste and post-consumer fibreboard waste displayed 
distinct size distributions and surface properties. Secondary 
fibres from both sources were notably shorter and contained 
more fines compared to the obtained virgin fibre. Further-
more, these secondary fibres exhibited deteriorated surfaces 
with increased damage and contaminants. For MDF made 
with ST fibres at 15% and 25% substitution rates, density, 
TS, WA, MOR, MOE, and IB remained consistent. However, 
IB strength saw a notable drop when the waste fibre source 
shifted from processing waste to post-consumer waste. 
MDF incorporating mTMP fibres showed a slight decrease 
in both TS and WA as the secondary fibre ratio increased 
from 15 to 25%. Among MDF containing FW fibres, the ST 
process yielded a higher IB compared to the mTMP process, 
though with slightly lower static bending properties (MOR, 
MOE). Compared to reference MDF, MDF made with 
100% secondary fibres showed significantly reduced physi-
cal and mechanical properties, although their FC decreased. 
Interestingly, incorporating secondary fibres at 15% and 
25% substitution rates yielded comparable TS, MOR, MOE, 
and FC to reference MDF. However, properties of IB and 
WA were reduced regardless of the recycling process or the 
waste source of the secondary fibres. This study specifically 
found that post-consumer fibreboard waste fibres had a 
more detrimental impact on IB strength than MDF process-
ing waste fibres. Future research should also collectively 

Fig. 10  FC values of MDF using fibres from different recycling pro-
cesses, secondary fibre ratio, and fibre source

 

1 3

Page 11 of 13    170 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.wasman.2025.114762
https://doi.org/10.1016/j.wasman.2025.114762
https://www.mordorintelligence.com/industry-reports/medium-density-fiberboard-mdf-market
https://www.mordorintelligence.com/industry-reports/medium-density-fiberboard-mdf-market
https://www.mordorintelligence.com/industry-reports/medium-density-fiberboard-mdf-market
https://doi.org/10.1007/s00107-016-1094-2


European Journal of Wood and Wood Products          (2025) 83:170 

Li X, Li Y, Zhong Z, Wang D, Ratto JA, Sheng K, Sun XS (2009) 
Mechanical and water soaking properties of medium density 
fiberboard with wood fiber and soybean protein adhesive. Bio-
resour Technol 100(14):3556–3562. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​i​o​​
r​t​e​​c​h​.​2​​0​0​​9​.​0​2​.​0​4​8

Lubis MAR, Hong M-K, Park B-D (2018a) Hydrolytic removal of 
cured Urea–Formaldehyde resins in Medium-Density fiberboard 
for recycling. J Wood Chem Technol 38(1):1–14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​8​0​​/​0​2​​7​7​3​​8​1​3​​.​2​0​1​​7​.​​1​3​1​6​7​4​1

Lubis MAR, Hong M-K, Park B-D, Lee S-M (2018b) Effects of recy-
cled fiber content on the properties of medium density fiberboard. 
Eur J Wood Prod76:1515–1526. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​0​
7​-​0​1​8​-​1​3​2​6​-​8

Lubis MAR, Manohar SY, Laksana RPB, Fatriasari W, Ismayati M, 
Falah F, Solihat NN, Sari FP, Hidayat W (2021) The removal of 
cured urea-formaldehyde adhesive towards sustainable medium 
density fiberboard production: a review. Jurnal Sylva Lestari 
9(1):23–44

Lubke H, Ihnát V, Kuňa V, Balberčák J (2020) A multi-stage cascade 
use of wood composite boards. Wood Res 65:843–854. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​3​​7​7​6​​3​/​w​​r​.​1​​3​3​6​​-​4​5​6​​1​/​​6​5​.​5​.​8​4​3​8​5​4

Mäbert MD, Hielscher M (2024) M., Solid wood waste and post-
consumer fibreboards as raw material alternatives for the MDF 
production, European-wood-based-panel-symposium. Hamburg, 
Germany

Mantanis G, Athanassiadou E, Nakos P, Coutinho A (2004) A new 
recycling process for waste panels. In: Proc 38th Int Wood Com-
pos Symp, Washington, DC, USA, pp 5–8

Mertens O, Gurr J, Krause A (2017) The utilization of thermo-
mechanical pulp fibers in WPC: A review. J Appl Polym Sci 
134(31):45161. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​a​p​​p​.​4​5​1​6​1

Moezzipour B, Ahmadi M, Abdolkhani A, Doosthoseini K (2017) 
Chemical changes of wood fibers after hydrothermal recycling of 
MDF wastes. J Indian Acad Wood Sci 14:133–138. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​1​9​6​-​0​1​7​-​0​1​9​8​-​6

Moezzipour B, Abdolkhani A, Doost-hoseini K, Ramazani A, Tarm-
ian SA, A (2018) Practical properties and formaldehyde emission 
of medium density fiberboards (MDFs) recycled by electrical 
method. Eur J Wood Prod 76:1287–1294

Nakos P, Athanassiadou E, Coutinho JMA (2005) Production of high 
added value products from resin-bonded waste composite wood 
products. Google Patents

Nguyen DL, Luedtke J, Nopens M, Krause A (2023) Production of 
wood-based panel from recycled wood resource: a literature 
review. Eur J Wood Prod 81(3):557–570. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​
7​​/​s​0​​0​1​0​7​-​0​2​3​-​0​1​9​3​7​-​4

Park B-D, Kim Y-S, Riedl B (2001) Effect of wood-fiber characteris-
tics on medium density fiberboard (MDF) performance. J Korean 
Wood Sci Technol 29(3):27–35

Pere J, Pääkkönen E, Ji Y, Retulainen E (2019) Influence of the hemi-
cellulose content on the fiber properties, strength, and formability 
of handsheets. BioResources 14(1):251–263

Roffael E, Hüster HG (2012) Complex chemical interactions on thermo 
hydrolytic degradation of Urea formaldehyde resins (UF-resins) 
in recycling UF-bonded boards. Eur J Wood Prod 70:401–405. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​0​7​-​0​1​1​-​0​5​7​4​-​7

Roffael E, Bär G, Behn C, Dix B (2009) Einfluss der Aufschlusstem-
peratur auf die morphologischen Eigenschaften von TMP aus 
Kiefernholz. (Effect of pulping temperature on the morphologi-
cal properties of TMP made from pine wood). Eur J Wood Prod 
67:119–120. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​0​7​-​0​0​8​-​0​2​7​8​-​9

Roffael E, Dix B, Behn C, Bär G (2010) Use of UF-bonded recycling 
particle- and fibreboards in MDF-production (Mitverwendung 
von UF-Harz-gebundenen Gebrauchtspan-und-faserplatten in der 
MDF-Herstellung ). Eur J Wood Prod 68:121–128. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​0​7​-​0​0​9​-​0​3​7​6​-​3

Appl Sci Manufac 118:312–316. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​o​m​​p​o​
s​​i​t​e​s​​a​.​​2​0​1​9​.​0​1​.​0​0​6

Bütün Buschalsky FY, Mai C (2021) Repeated thermo-hydrolytic dis-
integration of medium density fibreboards (MDF) for the produc-
tion of new MDF. Eur J Wood Prod 79(6):1451–1459

Cao QV, Wu Q (2007) Characterizing wood fiber and particle length 
with a mixture distribution and a segmented distribution. Holz-
forschung 61(2):124–130. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​1​5​​/​H​F​​.​2​0​0​7​.​0​2​3

CEN 310 (1993) European standard. EN 310. Wood-Based Panels—
Determination of modulus of elasticity in bending and of bending 
strength. CEN

CEN 317 (1993) European standard. EN 317. Particleboards and fibre-
boards: determination of swelling in thickness after immersion 
in water. CEN

CEN 319 (1993) European standard. EN 319. Particleboards and fibre-
boards: determination of tensile strength perpendicular to the 
plane of the board. CEN

CEN 323 (1993) European standard. EN 323. Wood-based panels—
determination of density. European Committee for Standardiza-
tion Brussels, Belgium

FAO (2025) FAOSTAT: Forestry production and trade. Food and Agri-
culture Organization of the United Nations

Fernando D (2007) Ultrastructural characterization (morphological 
and topochemical) of wood pulp fibres: effects of mechanical and 
kraft processes. Department of Forest Products, Swedish Univer-
sity of Agricultural Sciences

Forster EJ, Healey JR, Newman G, Styles D (2023) Circular wood use 
can accelerate global decarbonisation but requires cross-sectoral 
coordination. Nat Commun 14(1):6766. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​
4​​1​4​6​7​-​0​2​3​-​4​2​4​9​9​-​6

Hagel S, Saake B (2020) Fractionation of waste MDF by steam refin-
ing. Molecules 25. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​c​u​l​e​s​2​5​0​9​2​1​6​5

Hong M-K, Lubis MAR, Park B-D, Sohn CH, Roh J (2020) Effects 
of surface laminate type and recycled fiber content on properties 
of three-layer medium density fiberboard. Wood Mater Sci Eng 
15(3):163–171. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​7​​4​8​0​​2​7​2​​.​2​0​1​​8​.​​1​5​2​8​4​7​9

Hubbe MA, Venditti RA, Rojas OJ (2007) What happens to cellu-
losic fibers during papermaking and recycling? A review. BioRe-
sources 2(4):739–788

Irle M, Privat F, Couret L, Belloncle C, Déroubaix G, Bonnin E, 
Cathala B (2019) Advanced recycling of post-consumer solid 
wood and MDF. Wood Mater Sci Eng 14(1):19–23. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​8​0​​/​1​7​​4​8​0​​2​7​2​​.​2​0​1​​8​.​​1​4​2​7​1​4​4

Irle M, Lebreton F, Kutter M (2023) The lifespans of products made 
with MDF. Bulletin of the transilvania university of brasov. Series 
II: forestry•. Wood Industry• Agricultural Food Eng 141–148. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​1​9​2​​6​/​b​​u​t​.​​f​w​i​​a​f​e​.​​2​0​​2​3​.​1​6​.​6​5​.​3​.​1​0

ISO 12460-5 (2015) ISO, EN 12460-5. Wood-Based Panels-Deter-
mination of Formaldehyde Release—Part 5. Extraction Method 
(Called the Perforator Method)

Iždinský J, Vidholdová Z, Reinprecht L (2020) Particleboards from 
recycled wood. Forests 11(11). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​f​1​​1​1​1​1​1​6​6

Kim MH, Song HB (2014) Analysis of the global warming potential 
for wood waste recycling systems. J Clean Prod 69:199–207. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​l​​e​p​r​​o​.​2​0​​1​4​​.​0​1​.​0​3​9

Krug D, Wagenführ A, Weber A, Wenderdel C (2023) Fiber-Based 
materials. In: Niemz P, Teischinger A, Sandberg D (eds) Springer 
handbook of wood science and technology. Springer International 
Publishing, Cham, pp 1491–1561

Kwon JinHeon KJ, Ayrılmıs N (2016) Effect of hot-pressing parameters 
on selected properties of flakeboard. Wood Res 61(6):1033–1040

Lee M, Prewitt L, Mun SP (2014) Formaldehyde release from medium 
density fiberboard in simulated landfills for recycling. J Korean 
Wood Sci Technol 42(5):597–604. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​6​5​8​​/​w​o​​o​d​.​
2​0​1​4​.​4​2​.​5​.​5​9​7

1 3

  170   Page 12 of 13

https://doi.org/10.1016/j.biortech.2009.02.048
https://doi.org/10.1016/j.biortech.2009.02.048
https://doi.org/10.1080/02773813.2017.1316741
https://doi.org/10.1080/02773813.2017.1316741
https://doi.org/10.1007/s00107-018-1326-8
https://doi.org/10.1007/s00107-018-1326-8
https://doi.org/10.37763/wr.1336-4561/65.5.843854
https://doi.org/10.37763/wr.1336-4561/65.5.843854
https://doi.org/10.1002/app.45161
https://doi.org/10.1007/s13196-017-0198-6
https://doi.org/10.1007/s13196-017-0198-6
https://doi.org/10.1007/s00107-023-01937-4
https://doi.org/10.1007/s00107-023-01937-4
https://doi.org/10.1007/s00107-011-0574-7
https://doi.org/10.1007/s00107-011-0574-7
https://doi.org/10.1007/s00107-008-0278-9
https://doi.org/10.1007/s00107-009-0376-3
https://doi.org/10.1007/s00107-009-0376-3
https://doi.org/10.1016/j.compositesa.2019.01.006
https://doi.org/10.1016/j.compositesa.2019.01.006
https://doi.org/10.1515/HF.2007.023
https://doi.org/10.1038/s41467-023-42499-6
https://doi.org/10.1038/s41467-023-42499-6
https://doi.org/10.3390/molecules25092165
https://doi.org/10.1080/17480272.2018.1528479
https://doi.org/10.1080/17480272.2018.1427144
https://doi.org/10.1080/17480272.2018.1427144
https://doi.org/10.31926/but.fwiafe.2023.16.65.3.10
https://doi.org/10.31926/but.fwiafe.2023.16.65.3.10
https://doi.org/10.3390/f11111166
https://doi.org/10.1016/j.jclepro.2014.01.039
https://doi.org/10.1016/j.jclepro.2014.01.039
https://doi.org/10.5658/wood.2014.42.5.597
https://doi.org/10.5658/wood.2014.42.5.597


European Journal of Wood and Wood Products          (2025) 83:170 

fiberboards by steam explosion: developing nondestructive ana-
lytical tools. ACS Sustain Chem Eng 11(9):3603–3610. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​s​u​​s​c​h​​e​m​e​n​​g​.​​2​c​0​5​6​8​6

Wan H, Wang X-M, Shen J (2014) Recycling wood composite panels: 
characterizing recycled materials. BioResources 9(4):7554–7565. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​3​7​​6​/​b​​i​o​r​​e​s​.​​9​.​4​.​​7​5​​5​4​-​7​5​6​5

Wang S, Winistorfer PM, Young TM (2004) Fundamentals of vertical 
density profile formation in wood composites. Part III. MDF den-
sity formation during hot-pressing. Wood Fiber Sci 36(1):17–25

Wang Q, Xiao S, Shi SQ (2019) The effect of hemicellulose content 
on mechanical strength, thermal stability, and water resistance 
of cellulose-rich fiber material from poplar. BioResources 14(3), 
5288–5300.​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​3​7​​6​/​b​​i​o​r​​e​s​.​​1​4​.​3​​.​5​​2​8​8​-​5​3​0​0

Witt W, Köhler U, List J (2007) Current limits of particle size and 
shape analysis with high speed image analysis. PARTEC 2007

Wong ED, Zhang M, Han G, Kawai S, Wang Q (2000) Formation of 
the density profile and its effects on the properties of fiberboard. 
J Wood Sci 46:202–209

Zeng Q, Lu Q, Zhou Y, Chen N, Rao J, Fan M (2018) Circular develop-
ment of recycled natural fibers from medium density fiberboard 
wastes. J Clean Prod 202:456–464. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​c​l​​e​
p​r​​o​.​2​0​​1​8​​.​0​8​.​1​6​6

Zhong R, Gu J, Gao Z, Tu D, Hu C (2017) Impacts of urea-formalde-
hyde resin residue on recycling and reconstitution of wood-based 
panels. Int J Adhes Adhes 78:60–66

Zimmer A, Bachmann SAL (2023) Challenges for recycling medium-
density fiberboard (MDF). Results Eng 19:101277. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​
g​​/​​1​0​​.​1​0​​​1​​6​​/​j​.​r​i​n​​e​n​g​.​​2​0​2​3​.​1​0​1​2​7​7. https://doi.org:

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

Roffael E, Behn C, Schneider T, Krug D (2016) Bonding of recycled 
fibres with urea-formaldehyde resins. Int Wood Prod J 7(1):36–
45. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​2​0​​4​2​6​​4​4​5​​.​2​0​1​​5​.​​1​1​3​1​9​1​8

Savov V, Antov P, Panchev C, Lubis MA, Taghiyari HR, Lee SH, 
Krišťák Ľ, Todorova M (2023a) The impact of hydrolysis regime 
on the physical and mechanical characteristics of Medium-Den-
sity fiberboards manufactured from recycled wood fibers. Fibers 
11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​f​i​​b​1​1​1​2​0​1​0​3

Savov V, Antov P, Panchev C, Lubis MAR, Lee SH, Taghiyari HR, 
Todorova M, Petrin S (2023b) Effect of hydrolysis regime on the 
properties of fibers obtained from recycling Medium-Density 
fiberboards. Fibers 11(7):64

Schütt F, Westereng B, Horn SJ, Puls J, Saake B (2012) Steam refining 
as an alternative to steam explosion. Bioresour Technol 111:476–
481. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​i​o​​r​t​e​​c​h​.​2​​0​1​​2​.​0​2​.​0​1​1

Suchsland O (1987) Fiberboard manufacturing practices in the united 
States. US Department of Agriculture, Forest Service

Tatàno F, Barbadoro L, Mangani G, Pretelli S, Tombari L, Mangani F 
(2009) Furniture wood wastes: experimental property characteri-
sation and burning tests. Waste Manag 29(10):2656–2665. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​w​a​s​m​a​n​.​2​0​0​9​.​0​6​.​0​1​2

Teuber L, Militz H, Krause A (2016) Dynamic particle analysis for the 
evaluation of particle degradation during compounding of wood 
plastic composites. Compos Part A: Appl Sci Manufac 84:464–
471. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​o​m​​p​o​s​​i​t​e​s​​a​.​​2​0​1​6​.​0​2​.​0​2​8

Thakare M, Pandit S, Pandit C, Ray S, Alkahtani AM, Alabbosh KF, 
Ranjan N, Geetha SJ, Joshi SJ (2024) A concise review on bio-
refinery remedies for Biomethanol production and processing. 
Biocatal Agric Biotechnol 57:103061. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​
b​c​a​b​.​2​0​2​4​.​1​0​3​0​6​1

Troilo S, Besserer A, Rose C, Saker S, Soufflet L, Brosse N (2023) 
Urea-Formaldehyde resin removal in Medium-Density 

1 3

Page 13 of 13    170 

https://doi.org/10.1021/acssuschemeng.2c05686
https://doi.org/10.1021/acssuschemeng.2c05686
https://doi.org/10.15376/biores.9.4.7554-7565
https://doi.org/10.15376/biores.9.4.7554-7565
https://doi.org/10.15376/biores.14.3.5288-5300
https://doi.org/10.1016/j.jclepro.2018.08.166
https://doi.org/10.1016/j.jclepro.2018.08.166
https://doi.org/10.1016/j.rineng.2023.101277
https://doi.org/10.1016/j.rineng.2023.101277
https://doi.org
https://doi.org/10.1080/20426445.2015.1131918
https://doi.org/10.3390/fib11120103
https://doi.org/10.1016/j.biortech.2012.02.011
https://doi.org/10.1016/j.wasman.2009.06.012
https://doi.org/10.1016/j.wasman.2009.06.012
https://doi.org/10.1016/j.compositesa.2016.02.028
https://doi.org/10.1016/j.bcab.2024.103061
https://doi.org/10.1016/j.bcab.2024.103061

	﻿Use of secondary fibres from recycling processes of fibreboard manufacturing and post-consumer waste in medium density fibreboard
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Materials
	﻿2.2﻿ ﻿Preparation of secondary fibres
	﻿2.3﻿ ﻿Fibre size characterization
	﻿2.4﻿ ﻿MDF fabrication
	﻿2.5﻿ ﻿Evaluation of MDF properties
	﻿2.6﻿ ﻿Statistical analysis

	﻿3﻿ ﻿Results and discussion
	﻿3.1﻿ ﻿Fibre geometry and morphology
	﻿3.1.1﻿ ﻿Fibre geometry
	﻿3.1.2﻿ ﻿Fibre surface structure and fracture morphology


	﻿3.2﻿ ﻿MDF properties
	﻿3.2.1﻿ ﻿Density profiles
	﻿3.2.2﻿ ﻿Water absorption and thickness swelling
	﻿3.2.3﻿ ﻿Moduli of rupture and elasticity
	﻿3.2.4﻿ ﻿Internal bond strength
	﻿3.2.5﻿ ﻿Formaldehyde content

	﻿4﻿ ﻿Conclusion
	﻿References


