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Abstract Chemical pre-treatment of wood to remove
extractives improves timber’s compatibility with cement
and produces strong composites. The chemicals often used
are expensive and environmentally-destructive. Data on
eco-friendly solvents for such extraction are deficient,
which makes it difficult to recommend the most effective
solvent for wood pre-treatment. This study compared the
extracting potentials of three readily available and environmentally friendly solvents (i.e. ethanol, hot and cold
water) and their influence on the thickness swelling,
modulus of rupture and shear strength of composites produced from three hardwoods of different densities
[Klainedoxa gabonensis (high), Entandrophragma cylindricum (medium) and Triplochiton scleroxylon (low)]. Hot
water removed more extractives (e.g. 2.21 ± 0.07% from
T. scleroxylon) than ethanol (0.925 ± 0.02% from T.
scleroxylon) and cold water (0.865 ± 0.02% from T.
scleroxylon). Composites from hot water-extracted sawdust
least swelled and were stronger than those produced from
the ethanol-, cold water- and non-extracted sawdust. T.
scleroxylon boards from both extracted and non-extracted
sawdust had the lowest thickness swelling and greatest
strength. Hot water was found to be more effective than
cold water and ethanol for pre-treating the sawdust,
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especially those from the light timbers (e.g. T. scleroxylon)
before mixing with cement in producing strong and
dimensionally stable composites. Utilization of sawdust,
especially from these timbers, would contribute to
increasing the raw material base for the wood–cement
board manufacturing or the composite industry.
Keywords Dimensional stability  Extractive  Pretreatment  Thickness swelling  Wood–cement
compatibility

Introduction
Production of fibre–cement composites began in the 1900s
with the use of asbestos for reinforcement (Wolfe and
Gjinolli 1999; Warden et al. 2000). However, asbestos was
banned by the European Union and in many other countries
including Brazil due to its health-related problems (such as
lung cancer and asbestosis) (Eusebio et al. 1998). Fibres
from plant sources have been then used to replace asbestos
in the production of composites for building construction
(Zakaria et al. 2016). Wood sawdust, a by-product obtained
from timber processing, has been a major source of fibre
for the composite industry. In many developing countries,
this is mostly dumped or burnt as waste to pose serious
threats to life and the environment (Demirbas 2011; Ghana
News Agency 2014). It is, however, used as an aggregate
for composite manufacturing for floor, wall and roof units
in the developed countries (e.g. the USA) due to its low
processing cost, reduced tool wear and good thermal and
acoustic properties (Zakaria et al. 2016). Zziwa et al.
(2006) manufactured composite bricks from sawdust and
‘‘Portland’’ cement for paving, wall panelling and decoration, as it is a cheap and renewable material that could
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widen the resource base for the composite industry. However, the inability of timber to combine effectively with
cement reduces the degree of hardening of wood–cement
mixture, which limits the use of sawdust for cement-bonded composite production (Jorge et al. 2004; Tagelsir
2004). The alkaline environment created by cement and
water mixture causes the diffusion of soluble chemicals in
wood into the cement paste, which obstructs cement
hydration and weakens the strength of the composites
produced.
There have been several attempts for improving the
compatibility of wood and cement in order to increase the
strength of composite products. These include removal of
extractives and other inhibitory substances (e.g. hemicelluloses) from wood and the addition of accelerators [e.g.
FeCl3, MgCl2, NaS, O3, Al2 (S04)3, Na2CO3 and NaH(O3)]
to wood–cement mixture to improve its setting time (Aggarwal et al. 2008; Na et al. 2014). Yamelea et al. (2013)
found that the addition of compounds containing nitrates
and chromium to wood–cement mixture greatly increased
cement hydration. However, these accelerators, nitrates and
chromium compounds are very expensive and increase the
overall production cost of composites. Moreover, nitrates
and chromium are not environmentally friendly. Eusebio
et al. (2000) reported that extraction of inhibitory substances with cheap, environmentally friendly and readily
available solvents improved wood’s compatibility with
cement and increased the strength and dimensional stability
of composites, which were cheap to produce. Semple et al.
(2000) and Sutigno (2000) found improvement in several
physical and mechanical properties of wood–cement
boards after wood extraction. Fan et al. (2012) similarly
observed that extraction of hemicelluloses and extractives
with H2O, CaCl2, CH3OH and Ca(OH)2 significantly
increased wood–cement compatibility for the production of
strong composites.
According to Dong et al. (2016), the quantity of inhibitory substances removed by different solvents is a good
index for selecting the best solvent for improving the
compatibility between wood and cement. The greater the
amount of materials extracted from the wood, the more
effective the solvent assisted in increasing the compatibility. However, most researches on wood–cement compatibility have failed to provide relevant data on the
quantity of extractives removed by the various solvents,
which makes it difficult to recommend the most effective
solvent(s) for enhancing good bonding between wood and
cement. To draw meaningful conclusions on these, investigations that compare the extracting efficiencies of these
solvents are needed. Thus, the effectiveness of three easily
available solvents (i.e. ethanol, hot water and cold water) in
extracting inhibitory substances from sawdust from three
tropical timbers with different densities [i.e. Triplochiton

141

scleroxylon (low density), Entandrophragma cylindricum
(medium density) and Klainedoxa gabonensis (high density)] was examined. These timbers, widely used by wood
processing firms, leave much sawdust after processing
(Ashton and Cassidy 2007; Boadu and Antwi-Boasiako
2017; Antwi-Boasiako et al. 2018). The thickness swelling,
shear strength and modulus of rupture (MOR) of their
wood–cement boards were then determined. Wood–cement
composite manufacturers would be able to select the most
effective solvent to improve the wood–cement compatibility in the production of dimensionally stable, strong and
durable composites.

Materials and methods
Collection and preparation of sawdust
Sawdust (300 kg) from each tropical timber (i.e. T. scleroxylon, E. cylindricum and K. gabonensis) was collected
from their respective piles (Fig. 1) at Sokoban Wood
Processing Village in Kumasi, Ghana (6°37.2640 N,
001°36.2790 W). Each was air-dried, milled to powder with
the Wiley mill and sieved with a mesh (size = 850 l) (BS
ISO 3310-2 2013). Each sample was divided into four
equal portions: three parts were extracted with 98.9%
ethanol, hot water (80 °C) and cold water (25 °C),
respectively (Lee et al. 2007). The remaining fourth portion
was not extracted and served as the control.
Solvent extraction of inhibitory substances
from sawdust
With sawdust-to-solvent ratio of 1:10 v/v, 5 g sawdust was
weighed into a beaker and the corresponding volume of
solvent (1000 ml) was added. The mixture was stirred
thoroughly (1800 rpm x 30 min) to ensure that all parts of
the sawdust were submerged in the solvent. The cold

Fig. 1 A pile of T. scleroxylon sawdust at the Sokoban Wood Village
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water–sawdust and ethanol–sawdust mixtures were conditioned at 25 °C and 65% relative humidity (RH) for 24 h,
while the hot water–sawdust mixture was left on a water
bath for 12 h at 80 °C. Each solvent–sawdust mixture was
replicated three times. Each mixture was filtered to obtain
the extract, which was put into a flask and oven-dried (at
103 ± 2 °C) for 24 h. The flask was allowed to cool to
room temperature in a desiccator and weighed. The
extracted sawdust was air-dried to 12% mc. The amount of
extractives removed by each solvent was determined
(ASTM 1994):
Extractivesð%Þ
Weight of flask and extractives  Weight of flask
¼
 100:
Weight of sawdust used
ð1Þ
Production of wood–cement boards
Extracted and non-extracted sawdust samples from each
timber were separately mixed with ‘‘Portland’’ cement and
distilled water in a ratio of 1:2:2 by weight (Karade 2005).
The mixtures were put into wooden deckle boxes (Fig. 2)
and pressed at 80 kPa (Aggarwal et al., 2008). Boards for
the determination of MOR were moulded into
2 9 2 9 30 cm (BS EN 310 1993) and 5 9 5 9 5 cm for
thickness swelling and shear strength (BS EN 323 1993;
BS EN 317 1993-08). Five replicates each of the boards
made from the extracted and non-extracted sawdust were
used in testing for their physical and mechanical properties.
The boards, after manufacturing, were conditioned (at
25 °C and 65% RH) for 30 days, and their densities
recorded (Table 1).
Fig. 2 Wood–cement boards
(36) being air-dried (a) in
wooden deckle box (b)
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Physical and mechanical properties of wood–cement
boards
Thickness swelling
The initial thicknesses of the test samples were measured at
the intersection of the diagonal lines drawn from their
corners. They were then immersed in distilled water under
room conditions (i.e. 25 °C and 65% RH). After 24 h, the
samples were removed and the excess water drained with
boardwalk paper towels (SKU: BWK6272). The thickness
of each test piece was re-measured. Thickness swelling (%)
was determined (BS EN 317 1993-08; Fernandez and Tajaon 2000):
TS ¼

T ðtÞ  T0
 100;
T0

ð2Þ

where TS = thickness swelling (%) of samples after 24 h,
T0 = initial thickness, and T(t) = thickness after 24-h
immersion.
Shear strength and MOR of wood–cement boards
Shear strength and MOR of the boards were determined
using a universal testing machine (BS EN 310 1993),
which applied successive loads on the samples (at a rate of
0.1 mm/sec) until they ruptured. The maximum load
causing the failure was recorded by an attached computer,
which automatically determined the strength of the
samples.
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Table 1 Densities of the boards
produced from extracted and
non-extracted sawdust from
tropical hardwoods
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Density of board (Kg m-3)

Timber species

Type of sawdust used to produce board

T. scleroxylon

Hot water-extracted sawdust

942.15 ± 12.02

Cold water-extracted sawdust

863.57 ± 15.6

Ethanol-extracted sawdust

731.05 ± 1.3

Non-extracted sawdust

630.97 ± 10.8

Hot water-extracted sawdust

793.89 ± 1.6

Cold water-extracted sawdust

696.43 ± 15.7

Ethanol-extracted sawdust

668.23 ± 5.1

Non-extracted sawdust

572.98 ± 12.4

E. cylindricum

NB: Boards from K. gabonensis crumbled upon removal from the deckle boxes

Data analysis
The data were subjected to ANOVA and Fisher’s least
significant difference (LSD) tests at 95% confidence level
using the SAS Statistical Software (version 9.1.3).

Results

from T. scleroxylon in all the solvents (i.e. 2.21 ± 0.07%,
0.925 ± 0.02% and 0.865 ± 0.02% for hot water, ethanol
and cold water, respectively) than from E. cylindricum
(1.11 ± 0.01%, 0.77 ± 0.02% and 0.715 ± 0.01%,
respectively) and K. gabonensis (1.06 ± 0.01%,
0.71 ± 0.01% and 0.66 ± 0.01%, respectively).
Physical and mechanical properties of wood–cement
boards

Quantity of extractives removed from three tropical
timbers in three solvents

Thickness swelling

The greater amounts of extractives (e.g. 2.21 ± 0.07% and
1.11 ± 0.01% from T. scleroxylon and E. cylindricum,
respectively) were removed in hot water than in ethanol
(i.e. 0.925 ± 0.02% and 0.77 ± 0.02%, respectively) and
in cold water (i.e. 0.865 ± 0.02% and 0.715 ± 0.01%,
respectively) (Fig. 3). The differences between the amount
of extractives in cold water and ethanol were not significant
(P B 0.05). Generally, more extractives were removed

Wood–cement boards produced from the extracted and
non-extracted K. gabonensis sawdust crumbled into pieces
upon removal from the wooden deckle boxes. Thus, their
physical and mechanical properties could not be
determined.
For the other timbers, boards made from the solventextracted sawdust had lower thickness swelling (i.e.
0.42 ± 0.1 and 0.95 ± 0.02% for T. scleroxylon and E.

Fig. 3 Quantity of extractives
removed in three solvents from
the sawdust of three tropical
timbers (bars = SE)

Cold water

Hot water

Ethanol

2.5
2.21±0.07

Extractive content (%)

2
1.5
1.11±0.01

1.06±0.01

1

0.865±0.02
0.715±0.01

0.925±0.02

0.77±0.02

0.66±0.01

0.71±0.01

0.5
0
E. cylindricum

T. scleroxylon

K. gabonensis

Wood meal from timber
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Cold water

Hot water water

3.5
Thickness swelling (%)

Fig. 4 Thickness swelling for
wood–cement boards produced
from wood meal from tropical
hardwoods (bar = SE). NB:
Boards from K. gabonensis
crumbled upon removal from
the deckle boxes
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Ethanol

Control

2.89±0.31

3
2.5
1.62±0.35

2
1.5
1

1.54±0.17
1.37±0.01

0.89±0.22

0.95±0.02

0.63±0.17
0.42±0.1

0.5
0
E. cylindricum

T. scleroxylon
Timber species

cylindricum wood meal, respectively, extracted in hot
water) than the controls (i.e. 1.5 ± 0.2 and 2.9 ± 0.3%,
respectively) (Fig. 4); the differences were significant
(P \ 0.05). Boards manufactured from sawdust extracted
with hot water had the least thickness swelling (i.e.
0.95 ± 0.02% and 0.42 ± 0.1% for E. cylindricum and T.
scleroxylon, respectively), while those from ethanol-extracted sawdust had the greatest (i.e. 1.6 ± 0.4% and
0.9 ± 0.2%, respectively). T. scleroxylon boards had low
thickness swelling (i.e. 0.4 ± 0.1–1.5 ± 0.2%) as compared
to
E.
cylindricum
boards
(i.e.
0.95 ± 0.02–2.9 ± 0.3%).
MOR and shear strength of wood–cement boards
Boards made from the extracted sawdust from the timbers
recorded greater MOR and shear strength (e.g.
4.1 ± 0.04 N mm-2 and 1.8 ± 0.02 N mm-2, respectively, for T. scleroxylon wood meal extracted in hot water)
than those from the non-extracted sawdust samples (e.g.
1.8 ± 0.1 N mm-2 and 0.3 ± 0.02 N mm-2, respectively,
for T. scleroxylon) (Fig. 5). The differences were significant (P \ 0.05). Hot water-extracted sawdust produced
boards with the greatest MOR and shear strength (e.g.
2.4 ± 0.05 N mm-2 and 1 ± 0.02, respectively, for E.
cylindricum), while the least was recorded for boards made
from ethanol-extracted sawdust (1.9 ± 0.1 N mm-2 and
0.4 ± 0.03, respectively). The shear strengths between the
boards produced from the cold water- and ethanol-extracted T. scleroxylon and cold water- and hot water-extracted
E. cylindricum were not significant (P \ 0.05). T. scleroxylon boards generally had greater MOR and shear
strength (1.8 ± 0.1–4.1 ± 0.04 N mm-2 and 0.3 ±
0.02–1.8 ± 0.02 N mm-2,
respectively)
than
E.
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cylindricum boards (1.1 ± 0.04–2.4 ± 0.05 N mm-2 and
0 ± 0–1 ± 0.02 N mm-2, respectively).

Discussion
Solvent extraction of inhibitory substances
from three timbers
Hot water was more effective in removing inhibitory substances from the sawdust from all the three tropical timbers
than cold water and ethanol. According to Frybort et al.
(2008), variations exist in the efficiency of extracting solvents to enhance compatibility between wood and cement.
While Ma and Wang (2012) concluded hot water as the
best extracting solvent, Frybort et al. (2008) found cold
water to be more effective. Sadiku and Sanusi (2014) used
cold water and hot water to pre-treat T. scleroxylon particles before bonding them with cement. They observed that
hot water took away more extractives from the wood and
improved the bondability than cold water. According to
Tagelsir (2004), hot water penetrates wood pores and
removes extractives more than cold water and ethanol.
Ancheyta (2017) explained that at high temperatures, the
rate of the reaction between the reacting substances/reactants is faster than at low temperatures. According to the
collision theory, high temperature provides the energy
required to activate the molecules of the solvent and wood
chemicals for more successful collisions, which ensure fast
and efficient chemical reaction (Baron 2017). Thus, the hot
water increased the reaction rate between the solvent and
the sawdust particles, which resulted in the removal of
more extractives from the timbers than by cold water and
ethanol. Tandjo (1996) noted that while hot water could
extract tannins, phenols, gums, sugars, colouring matter,
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Hot water

Ethanol

Control

Strength (N/mm²)

5
4.1±0.04

4
3.2±0.1

3
2

2.4±0.039

2.4±0.05
2.1±0.06
1.9±0.1

1.8±0.1

1.1±0

1

0.8±0.04

MOR

1±0.3

1±0.02

0

1.8±0.02

0.4±0.03
0±0

0.9±0.034
0.3±0.02

Shear strength

MOR

E. cylindricum

Shear strength
T. scleroxylon

Timber species
Fig. 5 MOR and shear strength for the wood–cement boards produced from wood meal from tropical hardwoods (bar = SE). NB: Boards from
K. gabonensis crumbled upon removal from the deckle boxes

oils and starches, cold water and ethanol were capable of
extracting only tannins, phenols, gums, sugars and
colouring matter. Thus, it was not surprising that more
extractives could be dissolved in hot water than in cold
water and ethanol. The present results indicate that hot
water is a more efficient solvent for pre-treating sawdust,
which could then be mixed with cement for the production
of cement-bonded composites.
Physical and mechanical properties of wood–cement
boards
Thickness swelling
Thickness swelling of composites determines their suitability for outdoor and indoor applications, as it affects
their dimensional stabilities (Wolff 2000). Lube (2016)
found that thickness swelling was responsible for the
misalignment and permanent loss of the strength of composites, especially when they were used for flooring. It also
creates an unevenness of the surfaces of composite boards,
which is remedied at high costs by levelling through
sanding. Thus, low thickness swelling is generally required
for wood–cement boards for most engineering applications
(Lube 2016). Boards from the extracted sawdust had
thickness swellings (e.g. 0.42 ± 0.1 and 0.95 ± 0.02% for
T. scleroxylon and E. cylindricum wood meal, respectively,
extracted in hot water) that conform to the ISO 8335 (1987)
requirement (i.e. \ 2%) for cement-bonded particleboards,
which are suitable for internal applications such as ceilings.
Thickness swelling was greatest for the control boards (e.g.

1.5 ± 0.2 and 2.9 ± 0.3% for T. scleroxylon and E.
cylindricum, respectively), but least for those produced
from hot water-extracted sawdust samples (i.e.
0.95 ± 0.02% and 0.42 ± 0.1% for E. cylindricum and T.
scleroxylon, respectively). It was also greater for E.
cylindricum boards (0.95 ± 0.02–2.9 ± 0.3%) than those
from T. scleroxylon (0.4 ± 0.1–1.5 ± 0.2%). The large
thickness swellings for the controls explain the poor
compatibility between the non-extracted sawdust and
cement. According to Del Menezzi et al. (2007) and
Tabarsa and Ashori (2011), poor compatibility means that
the polar groups in wood are free to attract water molecules
through hydrogen bonding, which leads to moisture buildup in the cell walls of the fibres and the wood–cement
boundary. Thus, for the non-extracted sawdust, its incompatibility with cement created many void spaces, which
were equally filled by moisture (Tay et al. 2016; AntwiBoasiako et al. 2018). However, the extracted sawdust
bonded well with cement and the polar groups had little
spaces available for moisture uptake. Hence, the least
thickness swelling that was recorded for the composites
produced from the extracted sawdust. Hot water extraction
greatly improved the internal bond between the sawdust
particles and the cement, which reduced the capacity for
moisture uptake and subsequent swelling (Tay et al. 2016).
Thus, extraction of inhibitory substances from wood, particularly with hot water, was able to increase the wood–
cement compatibility and reduced the thickness swelling,
which contributed to improving the dimensional stability of
the wood–cement boards.
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MOR and shear strength
The importance of MOR and shear strength in predicting
the compatibility between wood and cement, and the
overall utilization of wood composites, has been extensively discussed (Fuwape and Oyagade 1993; Demirbas
and Aslan 1998; Ma et al. 2000). Great mechanical properties imply great compatibility (Ma et al. 2000) and suggest strong bonds between wood particles and cement (Visa
2014). In determining the most suitable among six West
African hardwood species for the production of wood–cement composites in Benin, Tchéhouali et al. (2013) found
that the boards produced using Tectona grandis and Pterocarpus erinaceus wood meals had the greatest strength
properties after hot water treatment. They observed that
after extraction, these timbers were more compatible with
cement. Sutigno (2000) reported that extracting teak wood
with both cold water and hot water produced stronger
composites than their non-extracted counterparts (or the
control). Upon soaking in cold water, Eucalyptus camaldulensis produced boards with inferior qualities unlike those
produced after hot water extraction (Eusebio et al. 1998).
The boards manufactured from the extracted sawdust from
the timbers under the current investigation recorded greater
MOR (i.e. 1.9 ± 0.1 and 2.4 ± 0.039 N mm-2 for the
respective boards from E. cylindricum and T. scleroxylon
sawdust extracted in ethanol) and shear strength (i.e.
0.37 ± 0.03 and 0.9 ± 0.034 N mm-2, respectively) than
those from their non-extracted control counterparts
(MOR = 1.1 ± 0 and 1.76 ± 0.1 N mm-2, respectively;
shear
strength = 0.009 ± 0 N mm-2
and
-2
0.3 ± 0.02 N mm , respectively). The extracted residues
equally became more compatible with cement than the
non-extracted. Hemicelluloses, starches, sugars and phenols in the non-extracted wood likely interfered with the
crystal bonding of cement and consequently reduced the
mechanical properties of the control boards (Na et al.
2014). Composites manufactured from hot water-extracted
sawdust were also stronger than those from cold water and
ethanol. Eusebio et al. (1998) similarly noted that composites produced from hot water-extracted E. camaldulensis and cement were stronger than those produced from
cold water-extracted wood. Badejo et al. (2011) studied the
effect of wood pre-treatment and composite production
using hot water and the properties of cement-bonded particleboards. They concluded that hot water increased the
compatibility of wood and cement, which resulted in the
production of strong boards. They noticed that, in addition
to extractives, hot water also removed hemicelluloses,
which negatively affected compatibility between wood
residue and cement. Thus, the hot water extraction of
inhibitory substances from wood residues before mixing
them with cement would improve wood–cement
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compatibility and produce boards with superior strength
qualities. Stronger boards were equally obtained by using
residues from T. scleroxylon than from the other two timbers. Fuwape and Oyagade (1993) and Badejo and Omole
(2013) reported that differences in the density of timbers
could be responsible for variations in the mechanical
properties of composites produced from their wastes since
great amount of extractives and polyphenols, often associated with high density timbers, interfere much with
compatibility between wood and cement. Accordingly,
boards from the sawdust of T. scleroxylon, the light timber
[density = 320–490 kg/m3 (Bosu and Krampah 2005)],
were stronger than those from E. cylindricum [density = 560–750 kg/m3 (Kémeuzé 2008)]. From the foregoing, the use of wood residues from less dense timbers
would increase the compatibility and the strength properties of wood–cement composites. Generally, the MOR and
shear strength obtained for the boards from both extracted
and non-extracted sawdust compare well with those
established by the Forest Products Laboratory (1999) for
several low-density boards (i.e. MOR = 1.7–5.5 N mm-2;
shear = 0.03 N mm-2) for partitioning and ceiling. Wood–
cement boards produced from extracted T. scleroxylon and
E. cylindricum sawdust and cement could be used by the
construction industry for similar applications. The use of
sawdust from these timbers for wood–cement board manufacture would contribute to the reduction in the environmental hazards associated with their indiscriminate
disposal besides the provision of raw materials for the
wood composite industry.

Conclusion
1.

2.

3.

Hot water has been established to be more efficient
than cold water and ethanol in removing inhibitory
substances from wood, as boards from its extracted
sawdust recorded good physical and mechanical
properties. Manufacturers of wood–cement boards
could expect to improve compatibility between wood
and cement upon extraction of the timber with hot
water, which is less expensive than ethanol.
Composite boards made from the extracted sawdust
swelled less and were stronger than those from the
non-extracted sawdust due to the removal of their
inhibitory substances. This improved their wood–
cement compatibility to produce dimensionally
stable and strong composites.
Composite boards made from the light wood (i.e. T.
scleroxylon) had better physical and mechanical properties than those from the heavy timber (i.e. K.
gabonensis), which showed very poor compatibility
between its sawdust and cement and crumbled upon
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4.

removal from the moulding boxes. Sawdust from light
timbers would likely serve as a better raw material for
composite manufacturing with cement than those from
heavy timbers.
The large quantities of sawdust materials produced
annually from tropical timbers by various mills in SubSaharan Africa, which are dumped as ‘‘wastes’’, could
be utilized to produce wood–cement boards and other
composites after their inhibitory substances have been
extracted to sustain the composite industry.
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