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a b s t r a c t

Woodecement composites are interesting materials for structural and isolation purposes. Dimensional
stability, economic factors and resistance to environmental degradation are features that can be
exploited for housing components. The main inconvenient affecting its manufacture is the in-
compatibility between wood and cement, caused by setting inhibitory substances present in woods.
Wood treatments are multivariable processes required for the appropriate cement setting reaction on
wood surfaces. Treatment conditions affect the mechanical properties of the resulting composites. This
work evaluates the simultaneous influence of the variables ruling three widely used wood treatments e
water extraction, degradation by alkaline hydrolysis and retention of inhibitory substances e on the
mechanical properties of wood fibers and of resulting woodecement composites. Populus Euro-
americana wood fibers and Portland cement were selected as case materials. The alkaline hydrolysis was
found as the most effective treatment for the suppression of inhibitory substances and the highest
decrease on mechanical properties of resulting composites. Empirical relationships describing the
dependence of the compressive modulus of elasticity and compression strength of woodecement
composites with the wood treatment variables are presented.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Housing deficiency has continuously grown during the last
years in South America. Thus, the need to develop alternative
materials for rapid construction methods has become an important
factor for social development. This is especially important in
Argentina, Brazil and Chile, where regional basedmaterials are now
investigated for rapid housing construction under emergency sit-
uations such as floods and earthquakes.

Woodecement composites (WC) are interesting materials due
to their high durability, dimensional stability, toughness, fire
resistance, good acoustic and thermal insulation properties,
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resistance to biological degradation, rapid production and low
production costs [1,2]. Since more than 100 years, boards made of
WC have been widely used for various housing components in
Europe and the United States [3], due to the quite short time for
housing assembly. In South America, conventional building mate-
rials such as ceramic brick have been always preferred for housing
construction industry. Therefore, the knowledge of local raw ma-
terials and resulting WC is rather limited, impairing its production
at industrial scale. Cultural issues coming from south European
immigration, great clay deposits near the urban centers and
abundant and cheap energy resources for brick kilns can be listed as
the main reasons for the historic preference of ceramic brick [4].
However, the increment of energy and logistic costs and the need of
rapid construction technologies to cover the increasing growing
rate of urban centers can be identified as the driving forces for the
exploration of alternative sustainable building materials made of
renewable resources [5]. At the global scale, the climatic and tec-
tonic catastrophes such as the Katrina hurricane in 2005, the tsu-
namis in Southeast Asia in 2004 and 2006 and the earthquakes in
Haiti and Chile in 2010, have pushed the improvement and
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development of building materials for rapid reconstruction of
densely populated areas under disaster conditions [6,7].

The need of rapid construction and the sustainability of the
industry of building materials require high production wood rates.
This can be achieved by selecting fast growing tree species and the
implantation of intensive forestation fields in tropical humid areas.
In these conditions, trees may grow more than 1 m per year [8].
However, as cellulose is actually a polysaccharide, the faster the
tree growth, the higher the concentration of sugars and hemi-
celluloses in the growing wood [9]. Sugars and hemicelluloses are
setting inhibitory substances and therefore, responsible of thewell-
known incompatibility of wood and cement. This problem has been
subject of many studies, especially for European and North Amer-
ican woods [10e14]; however there is a lack of knowledge con-
cerning South American woods. The presence of inhibitory
substances promotes the formation of impermeable membranes
around non-hydrated cement grains, impairing the water access
into them [15e17]. This undesirable phenomenon causes a reduc-
tion of the material cohesion. Moreover, it implies an extra chal-
lenge to optimize wood treatments for minimizing the inhibitory
effects of extractives naturally present in woods during cement
setting in the production of WC [18]. It has been proved that the
nature of the extractives determines the extent of the inhibitory
effect [19]. In general, the grade of setting inhibition depends on the
amount and type of sugars. For example, fructose does not affect
cement setting up to concentrations of 0.50% [20], while glucose
inhibits completely this process with concentrations of 0.25% [20].
Conversely, some sugars such as raffinose can even improve the
properties of the cement at concentrations up to 0.125% [21]. Cal-
cium lignosulfonate with high contents of mannose, glucose,
galactose, xylose and arabinose was found to short the setting time
of Portland cement [22]. Aliphatic sugar alcohols and sucrose at
very low concentrations act as delayed accelerators [23]. Moreover,
the addition of a large quantity of sucrose was reported to increases
the mechanical properties of concrete, decreases the setting time
and improves concrete behavior in water [24]. On the other hand,
the addition of lignosulfonates, tartaric acid, sucrose, calcium glu-
conate, glucose, glycolic acid, molasses, sodium borate, sodium
citrate, sodium heptonate, sodium hexametaphosphate, sodium
pyrophosphate and sugar-free calcium lignosulfonate were re-
ported to retard or even poison the setting of cement [25e27].

Different wood treatments can be applied to minimize inhibition
problems, most of them based on extraction, alkaline hydrolysis and
retention of sugars and hemicelluloses [28e32]. Although these
treatments effectively improve the performance of cement setting
on wood surfaces, each one acts in a very different way. Aqueous
extraction removes inhibitory water soluble compounds [33], while
alkaline hydrolysis degrades hemicelluloses and sugars into non-
inhibitory substances [33]. In the retention treatment, a thin
coating is formed on the wood surface and inhibitory substances are
not released to the setting medium. Wood treatments may diminish
the final mechanical properties of the resulting composites.

Various parameters play simultaneously during wood treat-
ments. Particularly, process variables have cross-dependence ef-
fects on the efficiency to diminish the inhibitory nature of wood
extractives. For example, immersion in cool water during 60 min
greatly improved the woodecement compatibility of rattan, how-
ever, no effect was observed in hot water [34]. Moreover, effect of
the concentration of calcium chloride was enhanced by the tem-
perature of water revealing the cross-dependence of these process
conditions [35]. Conversely, only extraction in hot water was re-
ported as efficient for the compatibility of palm fibers and cement
[36]. The effect of different non-polar and high polar solvents was
also studied in the extraction treatment. Normally, the extraction in
hot water and polar solvents results with the highest efficiency to
minimize the inhibitory effects of wood extractives [37e39]. The
cross-dependence between the process parameters is also present
in more sophisticated wood treatments. Reaction time, pressure
and lignin, waxes and sugars contents are cross-dependent pa-
rameters when bagasse, eucalyptus and pinus wood wastes are
extracted by steam in autoclave [40,41]. Fiber size, reaction time,
sodium hydroxide, calcium hydroxide and fiber/Portland cement
ratio also report cross-dependency during a degradation treatment
[42,43]. The sugar content in the exploded fibers by degradation of
the cellulose into oligosaccharides is intimately related to the
conditions of the explosion treatment [44]. The cross-effects of
pressure, time, temperature and concentration of gaseous CO2 and
supercritical CO2 in the woodecement compatibility were
confirmed [45e48]. The process conditions for improving the
woodecement compatibility and stabilization of wood in the WC
by heat treatments of wood were subject of study [49]. Finally,
sugar cane fibers were treated with sulfuric acid to transform the
cellulose fibers in cellulose sulfoacetate and to degrade and modify
the inhibiting substances to non-inhibiting substances [50]. In
general, the treatments result in a degradation of the wood me-
chanical properties. Evidently a multitude of wood treatments are
still under investigation. These works suggest that the optimal set
of process conditions is the result of the cross-dependence effects
of the process parameters on the structure and chemical compo-
sition of the woods.

A complementary strategy to the wood treatments is the addi-
tion of inorganic chemicals to the cement paste, known as accel-
erators, in order to compensate the retardation induced by the
inhibitory substances [30,51]. Accelerators such as calcium hy-
droxide and calcium chloride usually improve the properties of WC
[52e55]. Exemplary, the addition of sodium silicate, aluminum
sulfate, calcium silicate hydrate, fly ash, rice husk ash, active silica,
latex, zinc, aluminum and iron chlorides and/or their ionic species
and activated charcoal to the cement paste were reported to reduce
the inhibitory effects of wood extractives and sugars [56e61].

In the present contribution, simultaneous and cross-
dependence influences of the process parameters concerning
different conventional wood treatments were evaluated on me-
chanical properties of wood fibers (W) of Populus Euroamericana
harvested in subtropical forests of South America and of final WC.
Water extraction, degradation by alkaline hydrolysis and retention
of inhibitory substances were evaluated. Tensile tests of W and
compression tests of WC were performed for the evaluation of the
mechanical behavior. Resulting data were analyzed using experi-
mental designs based on response surface methods [31,32,62,63].
Tensile elasticity modulus (T MOE) of W, compressive elasticity
modulus (C MOE) and compressive strength (CS) of WC, were
evaluated for a precise selection of the most convenient treatment
to be applied to the full scale process in future trials.

2. Materials and methods

2.1. Materials

Sapwood fibers of Populus X Euroamericana CV, coming from
the subtropical Northeastern of Argentina and Portland cement
CPN40 IRAM 50.000 (Minetti, Argentina) were selected as case
materials. Populus X Euroamericana CV is particularly fast growing
tree specie that is implanted in sustainable tropical and subtropical
forests of South America. The main destination of this wood is
building elements and furniture [8]. Building elements and furni-
ture use the heartwood of the trees only. Sapwood, is the growing
part of the tree and concentrates most of sugars and oligosaccha-
rides for the synthesis of cellulose, lignin and the other wood
constituents [64]. The fast growing nature of Populus



A. Quiroga et al. / Composites Part B 84 (2016) 25e32 27
Euroamericana in Subtropical forests promotes a high concentra-
tion of these cement setting inhibitory substances in its sapwood.
Sapwood is usually discharged or burned in wood drier facilities.
Sapwood, comprehences almost half of the tree's mass and is an
abundant and cheap forest residue that deserves investigation as
raw material for building elements.

Calcium hydroxide (Loma Negra, Argentina), a 20 wt% poly-
acrylic aqueous solution (Sinteplast, Argentina) and demineralized
water were used for the wood treatments.

2.2. Treatments

W were treated according to three different methods: water
extraction, alkaline hydrolysis and retention of inhibitory sub-
stances by coating. In the first method, W were immersed into a
water bath at T¼ 25, 62.5 and 100 �C during periods of t¼ 5, 25 and
45min. In the secondmethod, alkaline hydrolysis was performed at
room temperature immersing W into a calcium hydroxide solution
during t ¼ 4, 24 and 72 h and [Ca(OH)2] ¼ 5.6, 11.1 and 22.2 g/l. In
the last method, acrylic styrene was used as a coating agent (CA) to
form a thin film on the W surface and thus, impairing the pass of
undesirable substances to the setting medium. The polymer is
presented as a concentrated aqueous solution. This solution was
diluted in 4 parts of water. The W was immersed during 5 min in
the diluted solution. Fresh and recycled solutions of CAwere tested.
After each treatment, W were withdrawn from the bath and dried
prior to be used in the board synthesis. Waterewood (H2O/W) ra-
tios were 20, 30 and 40 g/g for extraction and hydrolysis, and for
coating method was fixed in 26.67 g/g.

For each treatment, all conditions were mixed up factorially. Ten
different samples were prepared according to a factorial combi-
nation of H2O/W, T and t variables for the extraction process; [CA], t
and the number of uses (n) for the coating process, and [Ca(OH)2], t
and H2O/W for the hydrolysis process. Based on Taguchi experi-
mental design methods [26,27], a system of 9 equations and 9
unknown coefficients was obtained with the experimental condi-
tions of first nine specimens, while the tenth was reserved for
control. This method is specially recommended for the study of
industrial processes with a large number of variables [31,32].
Simultaneously, the repeatability of board synthesis was verified.
All the test conditions are summarized in Table 1.

The Taguchi method proposes that a property or response (Y)
can be expressed as a polynomial function of three variables (A, B,
and C) according to equation [26,27].

Y ¼
X

h;k;l ah;k;l

AhBkCl (1)

Here, each term of the sum is composed of an empirical coefficient
(ah,k,l) determined by a least squares fit multiplied by a group of
Table 1
Experimental conditions for extraction, coating and hydrolysis treatments.

N� Extraction Coating

H2O/W (g/g) T (�C) t (min) [CA] (l/l) t (m

1 20 25 5 0.333 5
2 20 25 45 0.333 5
3 20 100 5 0.333 180
4 20 100 45 0.333 180
5 40 25 5 0.083 5
6 40 25 45 0.083 5
7 40 100 5 0.083 180
8 40 100 45 0.083 180
9 30 62.5 25 0.167 60
10 30 62.5 25 0.167 60
variables powered to a non-negative integer exponent. The higher
the complexity of the response to a given variable, the higher is the
number of terms containing such variable and the higher is the
grade of the exponents in these terms. The indexes h, k, and l are
non-negative integers going from 0 to ∞. This polynomial function
has infinite terms and can describe any functionality Y(A, B, C).
However, 9 experiments performed in different conditions give us
the possibility to define a polynomial fit of 9 terms only. The se-
lection of the 9 terms with the best fitting combinationwas carried
out using experimentally obtained raw data and iterating using
Octave software to get the best least squares fit. Octave is a free
mathematical software that solve equation systems easily.

The variables A, B and C correspond to T, t and H2O/W variables
of the extraction process; [CA], t and n of the coating process and
[Ca(OH)2], t and H2O/W of the hydrolysis process. The coefficients,
group of variables and exponents were obtained by least square
fitting to the experimental response values of C MOE and CS for
extraction, coating and hydrolysis processes conditions.

The resulting equation set was plotted as a 3-D surface in the
space of variables. Subsequently, the plots could be used to
conclude tendencies, behavior and responses to the simultaneous
variation of the process conditions.

2.3. Board synthesis

Thirty laboratory boards were obtained using W treated ac-
cording to Table 1. Preliminary trials were first done to adjust the
cement paste composition. The cement paste was prepared with
Portland cement and demineralized water. The higher the water
content, the lower the viscosity of the resulting cement paste. The
viscosity of the paste is critical to ensure a homogeneous distri-
bution of the paste over the surface of the W. In preliminary test it
was observed that if the viscosity is too low, the cement paste spills
through theWand cumulate at the bottom of the mold. Conversely,
if the viscosity is too high, the cement paste cannot be homoge-
neously distributed over the surface of the W and results in irreg-
ular lumps. In both cases, the resulting material has very poor
properties. The optimal ratio between water and Portland cement
was achieved by trial and error and resulted 840 cm3 of water per
900 g of Portland cement. The dynamic viscosity of such paste was
12 Pa s. However, the water content largely exceeded the amount
chemically needed for setting. The cement paste was then incor-
porated and homogeneously distributed in 450 g of treated W and
placed into a mold of 30 � 30 � 7 cm3 under pressure of 1.0 kg/cm2

during 72 h. After that, the mold was opened and the obtained WC
of 30 � 30 � 7 cm3 was removed from the mold and left to com-
plete the cement setting and drying the water excess during
2 weeks at room temperature. It is important to mention that vi-
bration is not advisable to accommodate the mixture into the mold
cavity. Vibration promotes the slipping of the cement paste to the
Hydrolysis

in) Uses (n�) [Ca(OH)2] (g/l) t (h) H2O/W (g/g)

1 22.2 4 20
2 22.2 4 40
1 22.2 72 20
2 22.2 72 40
1 5.6 4 20
2 5.6 4 40
1 5.6 72 20
2 5.6 72 40
1 11.1 24 30
2 11.1 24 30
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bottom of the mold. If the cement paste is homogeneously
distributed through the surface of the W, the compaction by
pressuring the mold is sufficient to ensure the filling of the mold
cavity. Subsequently, the samples were cut in cubes of 7 cm side,
and then tested for evaluation of mechanical properties. WC syn-
thesis using non-treated W was carried out also. The above
described procedure was performed using non-treated W while
keeping all the other conditions.

2.4. Individual wood fiber samples

Individual W samples were prepared according to conditions
summarized in Table 1. Thirty groups of Wwere reserved for TMOE
determinations. The average dimensions of the samples were
length 160 mm, width 3 mm and thickness 0.2 mm approximately.
The width and thickness of the fibers were measured using a Pre-
cision Micrometer (Testing Machines Inc., USA).

2.5. Mechanical testing

Compression trials of WC were performed in a testing machine
Instron 1137 (Illinois, USA) in the direction perpendicular to
molding. The C MOE and CS were determined for each wood
treatment.

Individual W were tested in an Instron 3344 (Illinois, USA)
machine for determination of T MOE. Thirty specimens per condi-
tion, ten conditions per treatment and three different treatments
totalizing 900 T MOE measurements. Treated W were compared
against non-treated samples. The cross-section areas of theWwere
individually calculated from thickness and width measurements.
For each W sample, its cross area was obtained and used for the T
MOE determination. The average cross area resulted 0.6 mm2.

Mechanical testing was made under controlled room conditions
at 23 �C and at 50% of relative humidity.

3. Results and discussion

The use of non-treated W in the synthesis of WC resulted in the
complete inhibition of cement setting. The material presented is
absolutely non-cohesion. It looked just like dirty WF which could
be easily disaggregated by hand. This result can be explained by the
high sugar and hemicellulose content of the fast growing wood
used in this work. Conversely, all chemical and physical treatments
demonstrated a good performance for avoiding setting inhibition.
However, they have induced important changes on the mechanical
properties of W and WC. Table 2 shows the experimental average T
MOE of treated W; and the experimental C MOE and CS for WC
produced with treated W.

In general, non-treated W presented an average T MOE of about
1200 MPa and a standard deviation (SD) of 1100. T MOE of treated
Table 2
Experimental T MOE of W, and C MOE and CS of WC for extraction, coating and hydroly

N� Extraction Coating

T MOE (MPa) C MOE (MPa) CS (MPa) T MOE (MPa) C M

1 1120 1.03 0.11 2488 0.8
2 1579 0.82 0.07 2320 1.0
3 1311 1.09 0.10 1883 0.7
4 1563 0.61 0.08 2203 0.6
5 1808 1.31 0.10 2357 1.0
6 1617 0.89 0.10 1608 1.3
7 2135 1.23 0.10 1637 0.8
8 1908 0.93 0.11 1674 0.6
9 1692 0.98 0.11 2322 0.7
10 1206 1.09 0.11 2591 0.5
samples resulted significantly increased depending on test
conditions.

The high dispersion of T MOE values of W strands can be
explained in terms of its own nature and its manufacturing process.
Sapwood is a very heterogeneous part of the tree, its properties
may greatly vary from one tree to another and from trees harvested
in different parts of the forest with differential soil, humidity and
insolation conditions [64]. The manufacturing process involves the
separation of sapwood by debarking and sawing of heartwood.
Bark, sapwood and heartwood are not perfectly concentric in the
tree trunk. Therefore, sapwood may be separated dragging part of
the bark and heartwood. Then, the sapwood pieces must be
mechanized in strands by a blading process. Sapwood is a fibrous
material. The fibers are mostly oriented according to the axial di-
rection of the trunk and the sapwood pieces are cut following
approximately the axial direction of the trunk. However, branches
and knots deviates the fibers from the axial direction of the trunk
and the geometrical axis of the sapwood pieces do not match
perfectly with the fibers direction. Consequently, the obtained W
strands presents highly dispersed properties. This dispersion, is
later transferred to the treated W.

Average T MOE was about 1600 MPa with SD ¼ 800, 1800 MPa
with SD ¼ 1000, and 2100 MPa with SD ¼ 1100 for extraction,
hydrolysis and coating treatments, respectively.

The maximum and minimum T MOE measured in 300 total
specimens per treatment, were 7890e186 MPa for extraction,
7287e268 MPa for hydrolysis and 7174e203 MPa for coating. In
addition, the difference between maximum and minimum T MOE
measured within one sample of 30 specimens corresponding to a
given test condition, could be as high as 7419 MPa for extraction,
6660 MPa for hydrolysis and 6971 MPa for coating treatment. As
observed, highly dispersed values were obtained in T MOE de-
terminations. Therefore, a very high number of specimens had to be
tested in order to get reliable information about the influence of the
process variables on the mechanical properties of W.

The normal dispersion on T MOE measurements was 13% for
extraction, 19% for hydrolysis and 18% for coating treatment. Thus, T
MOE could be considered as affected by a given process parameter
when its influence resulted higher than the cited values. Based on
this assumption, the increase of the H2O/W ratio during extraction,
the decrease of the immersion time during hydrolysis and the in-
crease of CA concentration during coating treatment were consid-
ered as responsible for the T MOE increase. The rest of the variables
could not be taking into account since their effects were within the
normal dispersion range. The variation of T MOE may be explained
by the effect of low molar mass substances on the structure and
hence the mechanical properties of W. Low molar mass substances
acts as plasticizer of the rigid ligno-cellulosic structure of wood
[64]. Normally, when such substances are removed, the material
increases its elasticity modulus. In general, the removal of low
sis treatments.

Hydrolysis

OE (MPa) CS (MPa) T MOE (MPa) C MOE (MPa) CS (MPa)

9 0.09 2329 0.98 0.07
9 0.10 1945 0.98 0.07
0 0.06 1458 1.40 0.11
5 0.08 1684 0.75 0.07
9 0.13 1683 1.15 0.08
1 0.15 1981 1.09 0.09
9 0.08 1484 0.89 0.06
1 0.09 1828 1.03 0.10
0 0.07 1892 1.09 0.12
2 0.09 1339 1.23 0.11
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molar mass substances can be favored by increasing H2O/W ratio
[65]. The effect of the immersion time could be explained in terms
of the mass transfer and diffusive processes. Immediately after the
raw W is immersed into the extraction bath, the water starts to
infiltrate the wood. As a consequence, low molar mass soluble
substances are dragged inside the wood bulk. If the W is removed
from the immersion bath before the wood reaches its maximum
absorption capacity, thewood surface may reduce its concentration
of low molar mass substances increasing its rigidity. After the
maximum absorption, soluble substances are not longer dragged
and start to diffuse from the wood bulk to the wood surface
recovering the initial elasticity. If the immersion time is too long,
the soluble substances are released to the extraction medium and
the wood increases its rigidity again. Finally, the action of the CA is
hypothesized to increase the rigidity of the W by enhancing the
bonding of thewood fibers. Fig.1may help to visualize the effects of
W water extraction, alkaline hydrolysis and polymeric coating
treatments on the T MOE of W strands.

Additional information about the influence of the studied vari-
ables on treated W, could be get from compressive tests of WC. In
this case, hundreds of individual W were cement-bonded and
formed a new whole and more uniform material.

In general, CS of WC obtained with W treated by extraction and
coating was, in both cases, mostly higher than those obtained with
W treated by hydrolysis. It is important to note that the CS range for
extraction was constant around 0.10 MPa with slightly variations
according to the experimental conditions. For hydrolysis method,
although the maximum CS was achieved (0.15 MPa), the average CS
was lower than the other two treatments (0.08 MPa). The average
CS in the retention method (0.09 MPa) resulted slightly lower than
extraction (0.10 MPa).

These observations hypothesize a decrease of W mechanical
properties caused by the aggressive alkaline medium which pro-
motes disaggregation and breaking of wood constitutive fibers and/
or a diminution of the bonding capacity of Portland cement to the
wood surface. Extraction and coating treatments have not affected
significantly the integrity of W and/or the bonding capacity of
cement to the wood surface. Thus, the mechanical properties are
preserved.

The experimental ah,k,l coefficients to compose the response
surfaces functionality of C MOE, and CS to the variables of the
extraction, coating, and hydrolysis processes were build-up and
presented in Table 3. The response surfaces equations of the
Fig. 1. Probability density distribution of averaged T MOE of sapwood strands of
Populus Euroamericana non-treated (continuous line), extracted in water (dotted line),
alkaline hydrolyzed (dashed line) and coated (2 dots 3 dashes line).
extraction, coating, and hydrolysis processes are the most impor-
tant result of this contribution.

Clearly, all terms present individual variables. This fact confirms
that the variables of the extraction, coating and hydrolysis pro-
cesses act independently on C MOE and CS responses. In addition,
the response of C MOE of the extraction process required grade 3
terms on the T and H2O/W variables and grade 2 terms on the t
variable. The response of C MOE of the coating process required
grade 3 terms on the [CA] and t variables and grade 2 on the n
variable. The response of the C MOE of the hydrolysis process
required grade 4 terms on the [Ca(OH)2] and grade 2 on the t and
H2O/W variables. The response of CS of the extraction process
required grade 3 terms on the T and H2O/W variables and grade 2
terms on the t variable. The response of CS of the coating process
required grade 3 terms on the [CA] and n variables and grade 2 on
the t variable. The response of CS of the hydrolysis process required
grade 4 terms on the [Ca(OH)2] and grade 2 on the t and H2O/W
variables.

Fig. 2 presents the projection of the response-surface models of
C MOE and CS with T and t on H2O/W. Fig. 3 presents the projection
of the response-surface model of C MOE and CS with t and H2O/W
on [Ca(OH)2]. And Fig. 4 presents the projection of the response-
surface model of C MOE and CS with t and n on [CA]. Experi-
mental results and conditions are also shown in the plots.

For the extraction treatment, C MOE increased with the incre-
ment of the H2O/W ratio and the decrease of the immersion time.
For a given time, C MOE remained approximately constant when
temperature was varied from 25 to 62.5 �C. Interestingly, C MOE
resulted significantly lower for conditions carried out at 100 �C than
those performed at 25e62.5 �C. For hydrolysis treatment, C MOE
increased with the increment of the H2O/W ratio, with the increase
of the Ca(OH)2 concentration and with the decrease of the im-
mersion time. For coating treatment, C MOE decreased with the
increment of the CA concentration. However, C MOE showed
slightly differences for fresh and recycled coating solution. Finally, C
MOEwas not affected by immersion times in the range of 1e3 h and
increased significantly when immersed 5 min in the coating
solution.

The variation of C MOE can be explained by variations of the
concentration of inhibitory substances on the wood surface and
hence on the mechanical properties of W and the bonding capacity
of cement to the wood surface. Normally, when inhibitory sub-
stances are removed from the wood surface, the W increases its
elasticity modulus and the setting of Portland cement on the wood
surface progress without interference, developing goodmechanical
properties. In general, the removal of low molar mass inhibitory
substances can be favored by a higher H2O/W ratio. As before, the
effect of the immersion timemay be explained in terms of the mass
transfer and diffusive processes which allows diminishing the
concentration of inhibitory substances on the wood surface. Hence,
faster cement setting and stronger bonding between cement and
wood surface. The same mechanism would be applicable for hy-
drolysis and coating methods. The constant C MOE due to the
temperature increase from 25 to 62.5 �C may be considered within
the experimental error. However, the decrease of C MOE observed
at 100 �C can be explained by the extended damage of wood fibers
and the increment of the concentration of inhibitory substances on
the wood surface. The alkaline treatment showed the highest C
MOE increment. It can be supposed that the aggressive alkaline
medium could degrade and extract a higher amount of soluble
substances than the extraction treatment. Therefore, an increment
of the mechanical properties is expected.

Finally, the coating treatment increased the retention of low
molar mass substances inside the W. Therefore, the original flexi-
bility was preserved and WC resulted with the lowest C MOE.



Table 3
Experimental surface-responses of C MOE and CS of WC for extraction, coating and hydrolysis process variables.

Extraction process
C MOE ¼ 1.6 � 10�8 þ 1.9 � 10�6T � 1.9 � 10�4t � 1.0 � 10�6H2O/W þ 3.2 � 10�5T2 þ 1.4 � 10�8t2 � 3.4 � 10�5H2O/W2 � 6.6 � 10�8T3 þ 4.3 � 10�6H2O/W3

CS ¼ �4.9 � 10�10 � 4.7 � 10�8T þ 6.9 � 10�6t þ 3.9 � 10�8H2O/W þ 2.6 � 10�6T2 � 4.3 � 10�9t2 þ 1.3 � 10�6H2O/W2 � 5.1 � 10�9T3 þ 2.1 � 10�7H2O/W3

Coating process
C MOE ¼ 6.4 � 10�1 � 4.7 � 10�1 [CA] � 1.7 � 10�4t þ 5.2 � 10�1n � 2.1 � 10�1 [CA]2 þ 1.2 � 10�8t2 þ 2.8 � 10�1n2 � 7.5 � 10�2 [CA]3 � 1.9 � 10�1t3

CS ¼ 7.0 � 10�2 � 9.6 � 10�2 [CA] � 1.8 � 10�5t þ 5.7 � 10�2n � 4.2 � 10�2 [CA]2 þ 1.3 � 10�9t2 þ 3.2 � 10�2n2 � 1.5 � 10�2 [CA]3 � 1.9 � 10�2n3

Hydrolysis process
C MOE ¼ 3.3 � 10�7 þ 1.4 � 10�6 [Ca(OH)2] þ 7.2 � 10�6t þ 1.4 � 10�5H2O/W þ 3.3 � 10�6 [Ca(OH)2]2 � 2.9 � 10�11t2 þ 5.9 � 10�4 H2O/W2 � 1.2 � 10�5

[Ca(OH)2]3 þ 4.1 � 10�6 [Ca(OH)2]4

CS ¼ 2.5 � 10�8 þ 1.0 � 10�7 [Ca(OH)2] þ 6.6 � 10�7t þ 1.1 � 10�6H2O/W þ 2.5 � 10�7 [Ca(OH)2]2 � 2.6 � 10�12t2 þ 4.5 � 10�5 H2O/W2 � 8.8 � 10�7

[Ca(OH)2]3 þ 3.2 � 10�7 [Ca(OH)2]4
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4. Conclusions

Water extraction, alkaline hydrolysis and coating of the wood
surface are convenient technological strategies to avoid setting
inhibition phenomena. However, the selection of W treatments
depends mostly on the final applications of WC. The alkaline hy-
drolysis is recommended to obtain boards for rigid structural
components such as internal walls and roofing. Contrarily, the
coating method is more appropriated when elasticity properties
are desired such in case of plates for acoustic insulation.

Empirical relationship for CMOE and CS ofWCwith T, t and H2O/
W variables for the extraction process, [CA], t and n for the coating
process and [Ca(OH)2], t and H2O/W for the hydrolysis process were
developed.
Fig. 2. Modeled surface response of (a) compressive MOE and (b) compressive
strength of WCC vs. WF extraction process variables. Modeled functionality: full lines.
Experimental conditions: T ¼ 25 �C (square), T ¼ 100 �C (circle), t ¼ 5 min (full
symbol), t ¼ 45 min (empty symbol) and T ¼ 62.5 �C e t ¼ 25 min (cross).
The influence of W treatments on mechanical properties of WC
could be explained in terms of the mass transfer of lowmolar mass
water soluble inhibitory substances between the immersion me-
dium and the wood fibers, and hence by physicalechemical
aggression to the fiber structure and the modification of the
bonding properties of cement to the wood surface.

The CS ofWC obtained withW treated by extraction and coating
was, in both cases, higher than the obtained with W treated by
hydrolysis due to a less aggressive immersion medium.

The CMOE increased with the increment of the H2O/W ratio and
the Ca(OH)2 concentration. The C MOE also increased with the
decrease of the immersion time and CA concentration. Tempera-
ture and number of uses of coating solution did not affect signifi-
cantly the C MOE.
Fig. 3. Modeled surface response of (a) compressive MOE and (b) compressive
strength of WCC vs. WF hydrolysis process variables. Modeled functionality: full lines.
Experimental conditions: H2O/WF ¼ 20 g/g (square), H2O/WF ¼ 40 g/g (circle), t ¼ 4 h
(full symbol), t ¼ 72 h (empty symbol) and H2O/WF ¼ 30 g/g e t ¼ 24 h (cross).



Fig. 4. Modeled surface response of (a) compressive MOE and (b) compressive
strength of WCC vs. WF coating process variables. Modeled functionality: full lines.
Experimental conditions: t ¼ 5 min (square), t ¼ 60 min (triangle), t ¼ 180 min (circle),
fresh coating solution (full symbol), recycled coating solution (empty symbol).
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In all the cases, treated W resulted in higher elasticity modulus
than non-treated W.

The highest T MOE increment was observed for coated W, fol-
lowed by hydrolyzed and extracted W. The inhomogeneous nature
of W prevented an accurate determination of the influence of the
treatment variables on mechanical properties of individual wood
fibers. A better understanding of the behavior of W tensile prop-
erties will be achieved by increasing the number of tested speci-
mens per sample. It is also suggested to take into account the
orientation factor due to tensile and shear components according to
the wood grain direction in T MOE determinations.
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