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� Waste timber formwork can be
recycled into value-added
particleboards.

� Mineralogy and microstructure
characteristics play important roles in
recycling.

� Insoluble calcium hydrates enhance
flexural strength and dimensional
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� Reduction of capillary pore volume
contributes to high strength
performance.

� Excellent structure-borne noise and
thermal insulation enables broad
application.
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Large amounts of waste wood formwork from construction sites end up with landfill disposal every day.
This study aims to develop a practicable technology for recycling construction waste wood into
formaldehyde-free cement-bonded particleboards that have value-added features of high strength, light
weight, and thermal/noise insulation for reuse in building and construction applications. The mineralogy
and microstructure of particleboards were characterized by X-ray diffraction, thermogravimetry, and
mercury intrusion porosimetry analyses. Among the mineral admixtures, chloride accelerated precipita-
tion of oxychlorides while sulphate produced calcium sulphoaluminate for promoting early strength
development. The use of 2% CaCl2 proved to be sufficient for improving the wood-cement compatibility.
At wood-to-cement ratio of 3:7 by weight (i.e., 3:1 by volume), cement hydrates in the porous structure
ensured acceptable dimensional stability (<2% swelling). By adjusting the water-to-cement ratio to 0.3
and density of the particleboards to 1.54 g cm�3, the volume of capillary pores was effectively reduced
from 0.16 mL g�1 to 0.02 mL g�1. The more compact microstructure contributed to high fracture
energy at 6.57 N mm�1 and flexural strength of 12.9 MPa. Using the above optimal production conditions,
the particleboards complied with the International Standard (9 MPa) while enabling reuse as light-
weight structure. The particleboards also manifested outstanding structure-borne noise reduction
(at 32–100 Hz) and low thermal conductivity (0.29 Wm�1 K�1), suggesting potential application as
acoustic and thermal insulating materials. Preliminary cost-benefit analysis illustrated economic viability
of the proposed approach. Therefore, technological innovation is crucial for delivering an eco-friendly
solution to waste wood recycling for the building and construction industry.
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1. Introduction

Construction waste disposal is closely associated with rapid
economic growth in metropolitan cities and developing coun-
tries. The infrastructure establishment and building construction
results in massive amounts of waste wood formwork that
reaches its limited lifespan for reuse at construction sites. For
instance, there are a few hundred tonnes of daily disposal of
timber waste formwork at landfills in Hong Kong, although
the majority of construction wastes are effectively recycled
and inert materials are diverted to public fill use [1,2]. In view
of its vulnerability to environmental and biological degradation,
wood is usually treated by preservative chemicals such as chro-
mated copper arsenate [3–5], which cause long-term ecological
and human health risks due to environmental pollution by
chemical leaching [6–8]. While landfill disposal is increasingly
regarded as a non-sustainable management practice of waste
wood formwork due to increased carbon footprint and limited
landfill capacity [9–11], combustion of contaminated wood for
energy recovery is limited by stringent requirements for waste
pretreatment, air pollution control, and hazardous ash treat-
ment [12]. Due to lack of robust recycling approach, only about
0.04% of wood waste is recycled in Hong Kong, even though
recycled timber is estimated to value approximately 130 USD
per tonne [2,13].

Recycling timber waste into cement-bonded particleboard
has been proposed as an appealing technology. While waste
wood are vulnerable to biological degradation and environ-
mental weathering, complementary addition of cement signifi-
cantly reinforces the strength performance and structure
durability of wood particleboard [14,15]. As the waste wood
particles act as granular skeleton, the recycled particleboard
may present added values of light-weight and thermal-/
noise-insulating materials for reuse. In contrast to traditional
particleboard made from raw wood with phenol formaldehyde
resin that compromises indoor air quality, cement-bonded par-
ticleboard is free from formaldehyde and thus eco-friendly to
the environment and human health [16,17]. However, the
existence of low-molecular-weight carbohydrates and chemical
additives in waste wood were found to interfere with cement
hydration and adversely influence the strength development
[18,19]. Such incompatibility required inorganic accelerators
such as chloride and sulphate salts to facilitate the formation
of calcium silicate hydrate gel and calcium hydroxides
[20–22]. Nevertheless, further studies are needed to elucidate
the roles of moisture content and particleboard density in
the development of mechanical strength and dimensional
stability. This is related to the characteristics of microporous
structure and hydration chemistry at the wood interface. Thus,
this study aims to unravel the correlations between scientific
mechanisms and particleboard properties for augmenting the
development of a novel and sustainable wood recycling
approach.

The performance and properties of the cement-bonded par-
ticleboards were characterized by: (i) determining the proper
accelerator type and dosage to overcome low compatibility;
(ii) optimizing the mixture formulation to accomplish accept-
able mechanical strength and dimensional stability with
respect to international standards for application; (iii) quantify-
ing the advantages of low density, low thermal conductivity,
and reduction of impact noise; (iv) elucidating the correspond-
ing microstructure and mineralogy via microscopic and spec-
troscopic analyses; and (v) validating the cost and
applicability of the proposed technical approach for waste
wood recycling.
2. Experimental methods

2.1. Waste properties and particleboard production

Waste construction formwork (Pinus massoniana, softwood)
was collected from a local recycling industry in EcoPark in Tuen
Mun, Hong Kong, which received waste formwork that was treated
with preservative chemicals against deterioration and contami-
nated with cement mortar at construction sites. The contents of
heavy metals in the waste wood were determined using an induc-
tively coupled plasma-atomic emission spectrometry (Perkin
Elmer Optima 3300DV) after total acid digestion, which were
1460 mg kg�1 Mn, 39.2 mg kg�1 Cr, 10.4 mg kg�1 As, 4.4 mg kg�1 -
Cu, and 4.0 mg kg�1 Ni. Besides, the water-soluble extractives were
measured using high performance liquid chromatography after 6-h
water washing at room temperature at a wood-to-water ratio of
1:10. The waste wood contained 8.7 mg kg�1 glucose and trace
amounts of hemicelluloses and lignins. The waste formworks were
granulated after manual removal of nails, and sieved to 0.3–
2.36 mm and 2.36–5 mm particle sizes as fine aggregates and
coarse aggregates, respectively.

The wood particles were supplemented with 60 wt% of tap
water to meet the saturated surface dry condition according to pre-
liminary tests. ASTM Type I Ordinary Portland Cement (OPC) was
used as cementing material in this study, which had a density of
3.16 g cm�3, 2.34% loss on ignition, and 63.2% CaO, 19.6% SiO2,
7.32% Al2O3 based on X-ray fluorescence analysis. Five low-cost
and effective accelerators of chlorides and sulphate salts (CaCl2,
MgCl2, FeCl3, AlCl3, Al2(SO4)3) were tested for enhancing the
cement-wood interfacial compatibility.

The wood aggregates, OPC binder, and accelerators were homo-
geneously mixed for 3 min by a mechanical mixer, and compressed
at 4 MPa for 1 min in the steel mould (160 � 160 � 15 mm), of
which the cap was fixed by four bolts. The particleboards were
demoulded after 24 h and subject to 7-d or 28-d air curing at
20 �C and 95% humidity in a curing chamber before further analy-
ses. The five accelerators were applied at 1%, 2%, and 5% by weight
of cement, respectively. The aggregate-to-cement ratio (A/C ratios
at 3:7, 4:6, 5:5, 6:4, and 7:3, by weight), water-to-cement ratio
(W/C ratios at 0.45, 0.40, 0.35, 0.30, 0.25, by weight), and the
resulting densities were investigated (Table 1) for achieving the
mechanical strength required by international standard for
particleboards [23]. All experiments were conducted in duplicate
and the average values were presented with the variations.

2.2. Mechanical strength, dimensional stability, thermal insulation,
and noise reduction

The flexural strength [24] and tensile strength [25] of the parti-
cleboards were examined by a standard testing machine (Testo-
metric CXM 500-50 KN) at a loading rate of 0.3 mmmin�1, which
served to justify their applicability for reuse. The displacements
under variable stress were recorded with the aid of internal linear
variable differential transformer (LVDT, 0.01 mm sensitivity) by
measuring the average axial longitudinal strain. The fracture
energy (GF) was then calculated from the flexural stress-
deflection curve. The elastic modulus (E) of the particleboards were
obtained from the secant slope of stress-strain curve (between 0
and 30 percent of the peak stress), which were compared to those
of concrete boards. The compressive stress was examined by a uni-
versal testing machine with a maximum capacity of 3000 kN at a
rate of 0.6 MPa s�1 and the corresponding strain was measured
by strain gauges attached to the sample surface. The dimensional
stability of the particleboards was evaluated in terms of water
absorption and thickness swelling [25]. In addition to the standard



Table 1
Mixture formulations (wt%) for cement-bonded particleboards.

Binder Aggregatea Water to cement ratio Density (g cm�3)

(a) Enhancing compatibility by accelerator addition
49.5% cement + 0.5% CaCl2/MgCl2/FeCl3/AlCl3/Al2(SO4)3 50% coarse wood 0.45 1.18
49.0% cement + 1.0% CaCl2/MgCl2/FeCl3/AlCl3/Al2(SO4)3
47.5% cement + 2.5% CaCl2/MgCl2/FeCl3/AlCl3/Al2(SO4)3

(b) Optimizing aggregate to cement ratio
70% cement 30% coarse/fine wood 0.45 1.38
68.6% cement + 1.4% CaCl2 30% coarse/fine wood 1.38
58.8% cement + 1.2% CaCl2 40% coarse/fine wood 1.28
49.0% cement + 1.0% CaCl2 50% coarse/fine wood 1.18
39.2% cement + 0.8% CaCl2 60% coarse/fine wood 1.10
29.4% cement + 0.6% CaCl2 70% coarse/fine wood 1.01

(c) Improving pore structure by adjusting water to cement ratio
68.6% cement + 1.4% CaCl2 30% coarse wood 0.45 1.38

0.40
0.35
0.30
0.25

(d) Enhancing compactness by adjusting density
68.6% cement + 1.4% CaCl2 30% coarse wood 0.30 1.38

1.46
1.54
1.58
1.62

a Fine wood: 0.3–2.36 mm; coarse wood: 2.36–5 mm.

Fig. 1. Flexural strength of cement-bonded particleboards with various accelerators
at different dosages: (a) 7-d curing; (b) 28-d curing.
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requirements of particleboards [23], the additional merit of sound
insulation was evaluated as sound reduction index [26] and impact
noise reduction was measured by using tapping machine [27].
Quick Thermal Conductivity Meter (QTM-500) was adopted for
thermal conductivity determination in this study, although the
accurate value should be determined using standard sample
dimension [28].

2.3. Microscopic and spectroscopic analyses

To elucidate the scientific mechanisms related to the particle-
board performance, the mineralogy of the squashed particleboards
produced under different conditions was revealed by using a high-
resolution powdered X-ray diffractometer (XRD, Rigaku SmartLab).
The scanning degrees ranged from 0� to 60� 2h with 5� min�1 at
45 kV and 200 mA. The crystallization enthalpy (100–1100 �C)
was evaluated by conducting thermogravimetric analysis of the
particleboards (Netzch TGA/DSC) at 10 �C min�1 with dry argon
stripping gas. Moreover, the microstructure of the matrix was
assessed using a mercury intrusion porosimeter (MIP, Micromerit-
ics Autopore IV), which determined the porosity and pore size dis-
tribution. The samples (3–5 mm) were immersed in acetone for
30 d and oven-dried at 60 �C for 7 d prior to MIP tests. Mercury
was infused into the pretreated sample pores at 207 MPa following
6.6 Pa purging in vacuum.

3. Results and discussion

3.1. Mineralogical aspects of early strength development

Fig. 1 illustrates the integrated effects of accelerators on the
flexural strength of cement-bonded particleboards at an A/C ratio
of 5:5 by weight (i.e., 7:1 by volume) and W/C ratio of 0.45.
Approximately 41% discrepancy of flexural strength was showed
between the 7-d and 28-d particleboards without accelerator,
which indicated the adverse effects of calcium complexation with
water-soluble extractives of wood (hemicelluloses, starch, sugar,
tannins, phenols, and lignins) that hindered early strength estab-
lished by cement hydration. When the mineral admixtures were
deployed as accelerators, flexural strength increased by 4–25% in
7-d cured particleboards with 1% accelerators (by weight of
cement) (Fig. 1a). As the dosage increased to 2%, the flexural
strength was further enhanced by 14–32%. However, 5% accelera-
tor dosage did not strengthen the particleboards due to reduced
amount of cement for producing hydration products. Thus, 2%
dosage of accelerators was found appropriate for shortening the
setting time and enhancing the early strength of particleboard
production.

The XRD spectra (Fig. 2) demonstrated notably lower peaks of
unreacted calcium silicates (29.3�, 32.1� and 34.0�) in 1-d cured
particleboards with the addition of accelerators, signifying a higher



Fig. 2. XRD spectra of 1-d particleboards with various accelerators (5% by weight of cement).

Fig. 3. Flexural strength (a) and thickness swelling (b) of particleboards at varying
aggregate-to-cement (A/C) ratio (Agg: aggregate; Control: without accelerator at A/
C ratio of 3:7; Others: with 2% CaCl2 by weight of cement).
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degree of cement hydration. In the samples with FeCl3, the peaks of
calcium hydroxides (17.9� and 34.0�) were attenuated, while a new
peak of iron oxychloride (FeClO) appeared at 30.9�. This might sug-
gest that ferric chloride rapidly reacted with calcium hydroxides to
form insoluble iron oxychloride. Chloride ions were also found to
react with tricalcium aluminate and accelerate the precipitation
of insoluble calcium chloroaluminate hydrates [21,29,30]. These
exothermic chemical reactions might promote cement hydration
and thereby reducing the peak intensity of calcium silicates and
calcium hydroxides in the XRD spectra as observed. The precipita-
tion of calcium chloroaluminate hydrates and iron oxychlorides
probably accounted for the structure formation and early strength
development. Similar reaction mechanisms were shown in other
chloride accelerators as well.

On the other hand, aluminium sulphate (Al2(SO4)3) possibly
reacted with hydrated calcium aluminate to produce substantial
amounts of crystalline calcium sulphoaluminate (a major ettrin-
gite) at 9.0�, 15.7� and 22.8� (Fig. 2). This transformation could pro-
mote crystallization and growth of coexisting hydrates and thus
improving early strength [31–33]. Although 5% FeCl3 and Al2(SO4)3
might offer better long-term strength development, 2% CaCl2 was
selected for the subsequent experiments for its best compatibility
improvement and highest 7-d strength improvement (Fig. 1). How-
ever, it should be noted that these salt-based accelerators may pro-
mote corrosion of metal nails, screws, or beams used for the
particleboard installation, which should be taken into account
upfront.

3.2. Microstructure characteristics with varying aggregate-to-cement
ratio

As illustrated in Fig. 3a, wood particle size showed little effect
on the flexural strength of particleboard, thus coarse wood parti-
cles were selected as aggregates for the sake of simpler grinding
process and lower pretreatment cost. In contrast, the flexural
strength (Fig. 3a) and tensile strength (Fig. S1a, Supplementary
Materials) gradually decreased with an increasing aggregate-to-
cement (A/C) ratio. The XRD analysis (Fig. 4c) showed a stronger
peak of unreacted calcium silicates at 29.3� at an A/C ratio of 7:3



Fig. 4. TGA and XRD spectra of 28-d particleboards at varying aggregate-to-cement (A/C) ratio: (a) thermogravimetry (TG); (b) derivative thermogravimetry (DTG); (c) XRD
spectra.

320 L. Wang et al. / Construction and Building Materials 125 (2016) 316–325
by weight (i.e., 16.4:1 by volume) but significantly lower peaks of
calcium hydroxides at 18.2� and 34.2� as well as lower peak of cal-
cium silicate hydrate at 6.5�with an A/C ratio of 3:7 by weight (i.e.,
3:1 by volume) or 5:5 by weight (i.e., 7:1 by volume). These spec-
troscopic results evidenced that the weaker strength of particle-
boards with a high wood content resulted from insufficient
formation of cement hydrates at the wood interface.

The thermogravimetric analysis of particleboards revealed a
substantial weight loss at 270–350 �C (Fig. 4a&b), where the mag-
nitude was positively correlated with wood content and indicative
of wood decomposition. This temperature range was higher than
the reported ignition point (190–260 �C) of wood on its own
[34,35], implying that wood particles being enmeshed in the
cement hydrates enhanced the fire resistance of particleboards to
certain extent. In consideration of previous studies [36–38], subse-
quent weight loss at 420–500 �C was attributed to CH dehydration,
which was more evident in the samples with lower wood volume.
Further weight loss between 700 and 800 �C represented the
breakdown of calcite (CaCO3). This was also corroborated by the
XRD analysis (Fig. 4c). A marked shoulder peak at approximately



Fig. 5. Pore size distribution (MIP analysis) of 28-d particleboards at varying aggregate-to-cement (A/C) ratio: (a) differential distribution; (b) cumulative distribution (A/C:
aggregate-to-cement ratio).
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800 �C in the particleboards with an A/C ratio of 3:7 by weight sug-
gested the presence of well-crystalline calcite that could contribute
to high mechanical strength.

The porous structure of the particleboards was analyzed at
varying A/C ratios. As shown by the MIP results (Fig. 5), the 28-d
particleboards were characterized with a higher porosity of 42.5%
at an A/C ratio of 7:3 by weight, while it was only 31.2% at an
A/C ratio of 3:7 by weight. From the structural perspectives, peaks
appeared between 5 nm and 100 nm in the pore size distribution
were classified as capillary pores, while the other two peak ranges
corresponding to mesopores and air pores were attributed to the
wood particles [39,40]. The microstructure analysis revealed less
amount of mesopores and air pores in the particleboards contain-
ing a lower wood content (A/C ratio of 3:7 by weight), verifying
that mechanical strength was negatively related to total porosity
and average pore diameter [41]. On the other hand, the thickness
swelling increased along with increasing wood content (Fig. 3b),
and the water absorption also demonstrated similar pattern
(Fig. S1b). The dimensional stability of particleboards was corre-
lated to the pore structure and the observed trends were attributed
to the high water absorption and thickness swelling of wood par-
ticles. To maintain the thickness less than 2% as required by the
international standard of particleboards [23], the wood content
could not exceed 50% by weight. In view of the significant role of
porosity in strength establishment as discussed above, subsequent
experiments further adjusted the density of particleboards at an
A/C ratio of 3:7 by weight in order to accomplish the required
flexural strength standard of 9 MPa [23].
Fig. 6. Flexural strength (a) and thickness swelling (b) of p
3.3. Strength improvement by tuning the porosity

Both flexural strength (Fig. 6a) and tensile strength (Fig. S2a) of
the particleboards showed a gradual increase with decreasing
water-to-cement (W/C) ratio until reaching 0.30. As expected, the
thickness swelling (Fig. 6b) and water absorption (Fig. S2b) were
similarly reduced by decreasing the W/C ratio and all the particle-
boards fulfilled the thickness swelling requirement [23]. Then, for
the same density of particleboards at 1.38 g cm�1, the total pore
area of 4.4 m2 g�1 and total porosity of 24.8% at a W/C ratio of
0.30 were much lower than those at a W/C ratio of 0.45
(12.3 m2 g�1 and 31.2%) (Fig. 7). These MIP results reflected that
a higher W/C ratio was companied by a larger porosity.

The volume of capillary pores (at approximately 30–40 nm pore
diameter) were significantly reduced from 0.16 mL g�1 to
0.05 mL g�1 along with the decrease of W/C ratio from 0.45 to
0.30. This was probably attributed to a larger extent of intra-
particle diffusion of calcium silicate hydrate gel due to slower
hydration kinetics and nucleation/growth rates at a lower W/C
ratio. Filling up the capillary pores could minimize the chance of
structural failures, which are usually triggered by microcrack
growth and propagation. However, at the W/C ratio of 0.25, there
was insufficient water for cement hydration and strength develop-
ment was consequently hampered. Thus, the W/C ratio of 0.30 was
considered as optimal for producing a more compact particleboard.

Comparing the particleboards of a density of 1.38 g cm�3 and
1.54 g cm�3 with the same W/C ratio of 0.3 (Fig. 7), the increase
of density resulted in a lower porosity and favourable pore struc-
articleboards at varying water-to-cement (W/C) ratio.



Fig. 7. Pore size distribution (MIP analysis) of 28-d particleboards at varying water-to-cement (W/C) ratio and varying density (D): (a) differential distribution; (b) cumulative
distribution.

Fig. 8. Flexural strength and flexural stress-deflection curves of particleboards with varying density: (a) flexural strength; (b) 7-d flexural stress-deflection curves; (c) 28-d
flexural stress–deflection curves.
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ture for strength development. However, as shown in Fig. 8a, flex-
ural strength of particleboards gradually increased with increasing
density up to 1.54 g cm�3, then decreased afterwards. This was
because water overflow under the compression pressure of
4 MPa was observed at density beyond 1.54 g cm�3, due to
insufficient porosity for holding up the water content for necessary
cement hydration in the matrix. The flexural stress-deflection
curves of the particleboards with varying density (Fig. 8b&c)
showed consistent results as above. The calculated fracture energy
(GF) increased from 2.61 N mm�1 (1.38 g cm�3) to 3.89 N mm�1



L. Wang et al. / Construction and Building Materials 125 (2016) 316–325 323
(1.54 g cm�3) in the 7-d particleboards, whereas the GF value pro-
gressively achieved 6.57 N mm�1 (1.54 g cm�3) with continuous
cement hydration in the 28-d particleboards. The optimal density
was considered to be 1.54 g cm�3 as the 28-d flexural strength
reached 12.9 MPa and far exceeded the standard requirement of
9 MPa [23]. In addition, the particleboard density (1.54 g cm�3)
was 32% lower than that of conventional concrete board
(2.26 g cm�3, using the same volume of sand replacing wood as
aggregate, Table 2). Hence, the particleboards made up of waste
wood can be regarded as light-weight building materials [42].

3.4. Added values of thermal insulation and noise reduction

Owing to the excellent property of wood for thermal insulation,
the thermal conductivity of the particleboards produced at the
above optimal conditions was 0.29 Wm�1 K�1. This value repre-
sented only 19% of that of concrete board (1.52 Wm�1 K�1) and
it was nearly comparable to the value of solid wood panel
(0.24 Wm�1 K�1 at 1.0 g cm�3) for thermal insulation uses in BS
EN 13986 [43], despite being higher than that of waste wood
(0.07 Wm�1 K�1).

Moreover, the impact noise reduction efficiencies were evalu-
ated at low-to-medium noise frequency (i.e., 32–3150 Hz)
(Fig. 9). The particleboards exhibited better noise insulation effec-
tiveness than concrete boards at almost all frequency ranges.
Although waste wood itself was most effective for noise reduction
at higher noise frequency, the particleboards of this study showed
outstanding noise insulation at a low sound frequency
(32–100 Hz), in which the emission of structure-borne noise (i.e.,
32–100 Hz) normally originates from vibrating room boundaries
[44,45]. As the elastic modulus (E) of wood particleboard was only
18% of concrete board (Fig. S3), their low stiffness feature was
favourable for dissipating vibrational energy and insulating impact
sound. The moderate amount of air pores in the particleboards
(Fig. 7) also contributed to the superior acoustic shielding
Table 2
Thermal conductivity and density of different boards.

Wood particleboard

Density 1.54 g cm�3

Thermal conductivity 0.29 ± 0.01 Wm�1 K�1

a Using the same volume of sand replacing wood as aggregate in the concrete board.

Fig. 9. Impact sound pressure level reduction
properties, as suggested by recent studies [46,47]. Therefore, the
particleboards of this study present embedded properties that
enable wide building and construction applications for light-
weight noise/thermal insulation uses, which help to promote wood
recycling.

3.5. Assessing the economic viability

A preliminary cost analysis is performed in the present study to
evaluate the economic feasibility of particleboard production from
waste wood formwork. In order to simplify the scenario, a neces-
sary assumption is made that fixed equipment assets, waste collec-
tion/transfer, labour, etc, are available at present or fully sponsored
by recycling fund and producer responsibility scheme, such that
these expenses are excluded from the calculation. On the other
hand, intangible benefits associated with environmental, eco-
nomic, and societal improvement such as landfill avoidance,
odour/dust nuisance mitigation, and pollution prevention are also
not included in this circumstance. Therefore, the major focus is on
the variable (operating) costs for chemical use and production
process.

The price quotation from the largest regional supplier shows
that the cement cost is approximately 52.8 USD per tonne of OPC
[48]. Based on the optimal parameters in this study (i.e., density
of 1.54 g cm�3, A/C ratio of 3:7 by weight, W/C ratio of 0.3, and
2% CaCl2 accelerator in cement binder), the chemical costs are
about 49.4 USD per m3 of particleboard production. Considering
the energy for waste wood grinding and particleboard compression
under 4 MPa pressure for 1 min, the power consumption is esti-
mated to be about 2.48 USD per m3 for the bench-scale production
(using 0.11 USD per kWh in Hong Kong for example). The total
manufacturing costs are about 51.9 USD per m3 of particleboard
produced from waste wood.

It is interesting to note that the market prices for cement-
bonded particleboards currently range from 132 to 475 USD per
Concrete boarda Waste wood

2.26 g cm�3 0.45 g cm�3

1.52 ± 0.03 Wm�1 K�1 0.07 ± 0.00 Wm�1 K�1

of different materials (after 28-d curing).
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m3 depending on the functional properties [48] (Table S1), which
demonstrate a compelling economic viability of the recycled prod-
ucts for the building industry. Therefore, the value-added and eco-
friendly waste wood recycling technology presented in this study
is promising in terms of commercial viability and market compet-
itiveness, provided that fixed costs and capital expenditure in
equipment can be covered or sponsored by waste management
policy such as recycling fund and producer responsibility scheme.

4. Conclusions

This study proposed a value-added approach to facilitate waste
wood recycling from construction sites by transforming end-of-life
formwork into high-performance, eco-friendly, and low-cost
cement-bonded particleboards. The mineralogical characterization
revealed different mechanisms of accelerators in strength
enhancement at the early stage, while the microstructure analysis
demonstrated the importance of pore structure and chemical reac-
tions at the wood interface. By optimizing the mixture formulation
and binder-aggregate-water ratio, the density and porosity of the
particleboards could be tailored to comply with international
standard of mechanical strength and dimensional stability. The
particleboards also presented additional environmental benefits
of light weight, thermal insulation and noise reduction, which
proved to be favourable for construction use. The preliminary
cost-benefit analysis suggested the commercial viability of this
novel recycling technology. Therefore, a widely adoptable and
sustainable solution can be made possible through technological
innovation to tackle waste recycling challenges.
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