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Abstract
Brazil, as a predominantly agricultural country is the second largest world producer of soybean. Consequently, these planta-
tions are responsible for high production of agricultural wastes. For reusing the large volume of one type of this material 
generated, the soybean pods, one type of waste generated by this crop, could be applied as a raw material for production 
of higher value-added products. Good examples of value-added product are those applied in the field of construction. The 
building construction is an intensive activity and it requires a great variety of materials. A great ideal in this field would be 
the obtainment of a material that relates good mechanical strength and reuse of wastes. In this context, the aim of this study 
was to produce cement composites with soybean pods associated with eucalyptus wood, both treated with alkaline solution 
and evaluate their physical properties and mechanical strength. The wood and the wastes particles were submitted to alkaline 
treatment in NaOH solution (5%) during 48 h in order to removing chemical compounds that could harm the cement solidi-
fication. For the composites production, the soybean pods addition was performed in proportions of 0, 25, 50, 75 and 100% 
and mixed with the complementary percentage of Eucalyptus grandis wood particles until achieve the amount of 100% of 
lignocellulosic material which constitutes the composite. The lignocellulosic materials were evaluated by basic density and 
chemical composition. The physical properties of water absorption (WA) (2 and 24 h) and thickness swelling (TS) (2 and 
24 h) and the mechanical properties modulus of elasticity (MOE), modulus of rupture (MOR), compression strength and 
janka hardness of the cement composites were evaluated. Scanning electron microscopy (SEM) images showed the occur-
rence of cavities in the composites produced with higher proportions of soybean pods. All the properties were analyzed 
by ANOVA and in case of significance, the regression equation was adjusted to correlate the property with the percentage 
of soybean waste added. It was noted an increase of WA 24 h in the samples with high insertion of soybean pods. The TS 
was not affected by the different compositions of the composites. The mechanical properties decreased with the increase 
of soybean pod in the cement composites. However, the cement composites could be produced with up to 48% of soybean 
pods associated to eucalyptus wood and applied, for example, as partition walls or thermal and acoustic insulation walls.

Keywords Agricultural wastes · Cement composites · Wood particles · Mechanical strength

Statement of Novelty

It is known that the use of wastes for high value-added 
materials production is the subject of several researches 
worldwide. This research focuses on the agricultural wastes 
produced in Brazilian lands which have potential for being 
destined for other purposes. Unfortunately, our reality is 
still poor when it comes to the use of waste for purposes of 
value products generation. Therefore, studies in this field 
are extremely important for sectors such as construction 
and engineering materials, for example. Producing cement 
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composites from the agricultural wastes associated with 
wood allows, in addition to the reuse of the waste, the pos-
sibility of maintaining suitable properties of the material, 
since the cement-wood panels are very well applied for 
construction. The possibility of reuse of soybean pods in 
construction applications can mean a great achievement for 
this sector.

Introduction

The high diversity of agricultural species cultivated in 
Brazilian soil combined with the high productivity are the 
main responsible for generate a large volume of agricultural 
wastes. Among the lignocellulosic wastes widely available 
in Brazil, those originated from soybean cultivation deserve 
attention, since soybeans are one of the main agricultural 
products of the world, with their main production destined 
for the extraction of oil and vegetal protein [1]. Brazil is 
the second main soybean producer of the world, with area 
of 33 million ha planted and production of 96 million t 
harvested in 2016 [2]. Soybean is also responsible for the 
generation of great amounts of wastes. It can be produced 
between 1.2 and 1.5 t of soybean straw per ton of grain pro-
duced and 31.78% of the straw is constituted of pod [3]. As 
secondary products, soybean pods have not necessary atten-
tion, for example, for production of materials with higher 
value-added [4]. Presently, these wastes are either burnt or 
land filled, which can cause several problems such as the air 
pollution, emission of greenhouse gases and occupation of 
useful land [5]. In the last decades, there has been increas-
ing research interests towards the utilization of lignocellu-
losic materials and by-products as composite materials, in 
particular, for thermal insulation, false ceilings, fiberboards 
and packaging materials [6]. Another interesting way to use 
these wastes is in the production of cement composites. They 
are special types of structural materials which have in their 
composition: fibers, mineral cementing agent, water and 
additives, with the use of any conventional adhesive [7]. 
The main application of these composites is for production 
of prefabricated house walls, counter tops, floors, cladding, 
partition walls, thermal and acoustic insulation walls and 
house linings, etc [8]. Some lignocellulosic materials have 
already been studied in order to improve the properties of 
cement composites, in addition to allow the use of waste 
materials as pine fibers [9], eucalyptus fibers [10], malva 
[11], curauá fiber [12], wheat straw [13], rice straw [14], coir 
[15], cork granules [6] and hazelnut shell [16].

The inclusion of lignocellulosic materials for cement 
composites production is a great challenge due to some 
chemical properties of the lignocellulosic material which 
may cause a negative effect during the cement solidification. 
In most of cases the extractives are the main responsible 

for this inhibition. They are resins and other chemicals that 
may migrate to the surface of the particle during the drying 
of the wood resulting in formation of a hydrophobic layer, 
which reduces the hydrogen bonds between the lignocel-
lulosic material and cement, resulting in a reduction of the 
bonding strength between both [17].

In order to become feasible the use of certain species 
with high content of extractives, some treatment methods 
are performed in order to remove some polar components 
present in the raw material. A significant number of physical 
or chemical pretreatment approaches has been tested. These 
techniques include acid, alkali, ionic liquid treatment, orga-
nosolv, steam treatment, wet oxidation and microwave irra-
diation [18] as well as enzymatic treatments [19–21]. One of 
the most used methods is the treatment of the lignocellulosic 
material with alkaline solution, which aims to “clean” the 
fiber surface of waxes and greases, besides partially remov-
ing the hemicelluloses and lignin [22]. The literature reports 
alkaline treatments in vegetal fibers, including agricultural 
wastes such as kenaf, proving that the treatment was effi-
cient for the removal of surface impurities [23]. In this work, 
the alkaline treatment was performed with a solution of 5% 
NaOH, which is a low concentration when compared to the 
mercerization, for example, which uses contents of 12% of 
NaOH or more. Regarding the cementitious matrix, a fre-
quent problem found by the researchers is the fiber miner-
alization. Mineralization of the cellulose fibers occurs when 
the solution diffusion penetrates the interior of the fiber. This 
penetration into the fiber voids (both cell wall and lumen) 
induces the embrittlement of the cellulose fibers. Second-
ary, occurs degradation mechanisms of the fiber into cement 
matrix [24, 25]. This effect is hardly studied when produc-
ing fiber-cement composites, in which the mineralization 
effect can occur even more intensely, as each individual fiber 
comes into contact with the cement matrix. In this context, 
the aim of this study was to evaluate the physical proper-
ties and mechanical strength of cement composites (cement 
matrix) produced with addition of several proportions of 
soybean pods mixed to eucalyptus wood, including the com-
posites produced only with eucalyptus wood and only with 
soybean wastes, both lignocellulosic materials treated with 
alkaline solution. The goal of the present work is to report 
soybean pod composites to overcome all the challenges and 
mechanical behavior, posteriorly demonstrating the utility of 
soybean pod particles for application in construction field.

Materials and Methods

Obtainment and Treatment of the Material

The soybean waste (Fig. 1a) was obtained from a commer-
cial planting located in Jataí-GO. The soybean pods were 
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separated from the rest of the waste and processed in the 
Laboratory of Forest Products of Federal University of 
Goiás. The Eucalyptus grandis obtained from the experi-
mental planting of Federal University of Lavras was for-
warded to the Experimental Unit of Wood Panels (UEPAM), 
where it was milled to generate particles. The particles were 
selected through a sieve and the fraction retained between 
20 (0.841 mm) and 40 (0.420 mm) mesh (Fig. 1b) was used 
to produce the composites. The particles passed through 
sieves with the purpose of remove fine particles, as well as 
excessively large particles resulting from the milling pro-
cess and which could impair the bonding. The particles of 
the soybean pod were submitted to treatment with alkaline 
solution for removing the compounds that could harm the 
cement solidification. The alkaline treatment followed the 
procedures described in Ferraz [26] and Asgher [27], in 
which the particles were immersed in NaOH solution (5%) 
for a period of 48 h. The eucalyptus particles (Fig. 1c) were 
submitted to the same treatment. Posteriorly, the particles 
were washed with water in abundance to remove the excess 
of reagent. The washing was performed until obtain neutral 
pH. The residual water resulted from the alkaline treatment 
of the particles was sent to the Waste Treatment Division of 

the Federal University of Lavras in intention to find a cor-
rect destination. In this sector, the reagent wastes used can 
be distilled and, when possible, recovered and redistributed 
to the university laboratories.

Caracterization of the Lignocellulosic Material

The basic density of the lignocellulosic materials was car-
ried out according to the procedures described in NBR 
11941 [28]. For the chemical analysis, the material was 
milled to facilitate the action of the chemical reagents. The 
particles were selected in sieves of 40 (0.420 mm) and 60 
(0.250 mm) mesh, been the fraction which was retained in 
the sieve of 60 mesh used for the analysis. The quantification 
of the components was based on different standards: total 
extractives—NBR 14853 [29], insoluble lignin—NBR 7989 
[30], minerals content—NBR 13999 [31].

Production of the Cement Composites

The compounds: cement, water, lignocellulosic material 
particles and additive were mixed in a concrete mixer. Pos-
teriorly, the mixture of compounds was homogeneously 

Fig. 1  Soybean wastes used for production of cement composites; a whole soybean pods; b soybeans pods with the correct particle size for the 
composites production; c eucalyptus wood particles



2238 Waste and Biomass Valorization (2020) 11:2235–2245

1 3

distributed on aluminum plates so that the composite 
obtained uniform thickness. The aluminum plates were 
greased with diesel oil Toyama LUB DG15 (Texsa do Bra-
zil, Umuarama, Paraná) to facilitate post-press demolding. 
Five proportions of soybean pod particles were determined 
in relation to eucalyptus wood. The total mass of each com-
posite was obtained by multiplying the volume by the pre-
established density. The calcium chloride additive was added 
in percentage of 6% (based on cement mass) to accelerate 
the cement solidification. The mass of each composite com-
pound was determined according to the proportions of (lig-
nocellulosic material)/(cement) and (water)/(cement) was 
exposed in Table 1.

The mixture was pressed with specific pressure of 
2.45 MPa at room temperature for a period of 24 h. The 
resulting composites were conditioned in an environment at 
20 ± 2 °C and relative humidity 65 ± 3% for 28 days. Poste-
riorly, the samples were obtained and tested for evaluation 
of their strength and water absorption properties.

Determination of the Cement Composites 
Properties

The procedures to determinate the WA and TS outlined 
in the ASTM D1037 [32] were followed. Test samples 
of 150 × 150 × 15 mm were soaked in water for 2 and 
24 h. At the end of immersion period, the specimens were 
removed from the water and then measured (thickness) and 
weighed. The Janka hardness and the compression strength 
of the composites were determined by ASTM D1037 [32] 
procedures. Janka hardness was determined by using 
a Janka ball with 11.28 mm in diameter with a uniform 

rate of motion applied by a universal testing machine of 
5 mm/min. The properties MOR and MOE were evaluated 
by DIN 52363 [33] standard (distance between supports: 
200 mm; loading: 5.0 mm/min).

Morphological Analysis

The samples were visualized by scanning electron micros-
copy (SEM) in order to show the structure and possible 
defects in the composites produced. The micrographs were 
obtained by a scanning electron microscope model JMS 
6510 (JEOL®) with a voltage of 10 kV.

Experimental Design

The experiment was carried out in a completely rand-
omized design with five treatments (combinations of lig-
nocellulosic materials). Three composites were produced 
for each treatment (see Table 1). The data generated by 
the physical and mechanical properties of the cement 
composites were evaluated through variance analysis 
(ANOVA) (p ≤ 0.05) and regression analysis. The ANOVA 
was performed for all properties. In case of statistical dif-
ferences between the treatments, the regression equation 
was adjusted. The equations were adjusted aiming to cor-
relate the maximum amount of soybean waste that could 
be mixed to the eucalyptus particles so that the minimum 
value required by the standard was achieved. If no statisti-
cal differences were observed between the treatments, the 
regression adjustment was not performed.

Table 1  Parameters of the 
cement composites production Composite density 1.2 g/cm3

Dimensions 20 × 20 × 1.5 cm
Total volume 600 cm3

Lignocellulosic material/cement 1/2.5
Water/cement 0.25
Additive  CaCl2 6% of cement mass
Mass of each composite component
 Cement 436 g
 Lignocellulosic material 175 g (soybean pod + eucalyptus wood)
 Water 109 g
 Total composite mass 720 g
 Additive  CaCl2 26 g

Proportions of the lignocellulosic material mixture
 Eucalyptus 100% 175 g eucalyptus wood
 Eucalyptus 75%—soybean pod 25% 131 g eucalyptus wood + 44 g soybean pod
 Eucalyptus 50%—soybean pod 50% 87.5 g eucalyptus wood + 87.5 g soybean pod
 Eucalyptus 25%—soybean pod 75% 44 g eucalyptus wood + 131 g soybean pod
 Soybean pod 100% 175 g soybean pod
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Results and Discussion

Characteristics of the Lignocellulosic Material

The mean value obtained for basic density of the euca-
lyptus wood in this study was 0.554 g/cm3 (Table 2). This 
value is between 0.500 and 0.720 g/cm3, which indicates 
medium density wood according to the classification pro-
posed by Institute of Technological Research [34]. The 
density of the lignocellulosic material influences the com-
paction ratio of the composites. As lower is the density 
of the material, greater the compression and strength of 
the composite tend to be [35]. Low or medium density 
lignocellulosic materials could also be perfectly suited for 
generation of other engineering materials used in domestic 
furniture, such as medium density particleboards (MDP).

The extractives content of the lignocellulosic materials 
evaluated were similar. These substances are the most lim-
iting factor for production of cement composites because 
their action may results in a lower resistance of the com-
posites [14]. Lignocellulosic materials such as husks and 
pods usually show high levels of extractives, which act 
as a barrier avoiding the satisfactory linkage between the 
particles and cement, being necessary the performance 
of treatment for the achievement of better properties of 
the composites. In addition, Chakraborty et al. [36] states 
that dissolved extractive may form a protective layer on 

the partially hydrated cement grains. This layer forms a 
temporary barrier on the cement grains for further hydra-
tion. According to Miller and Moslemi [17], materials 
with high content of components such as tannins are not 
desirable for production of cement composites without a 
suitable pretreatment. The amount of lignin found for the 
eucalyptus wood was slightly higher when compared to 
the amount found for the soybean pods. Lignin is a three-
dimensional polymer which serves as a chemical adhesive 
within and between fibres [37–39]. Lignin and pectin are 
two compounds which work as bonding agents [39, 40]. 
The soybean pods showed higher ashes content in com-
parison to eucalyptus wood. The values of ashes content 
found for the soybean pods were similar to those found by 
Silva et al. [41] for the same material, which was 8.90%. 
The use of siliceous materials such as ashes for production 
of these type of composites is common [42–44], therefore 
high ashes content in the biomass will not impair the com-
posite properties.

Properties of the Cement Composites

No significant statistical difference for WA after 2 h (Fig. 2a) 
was observed. On the other hand, when evaluated the WA 
24 h, the values were statistically different (Fig. 2b). This 
was assumed to be due to the insufficient time for the water 
to reach the totality of the lignocellulosic material when 
evaluated after 2 h. After the period of 24 h the water had a 

Table 2  Chemical composition 
of the lignocellulosic materials

*Standard deviation

Lignocellulosic material Basic density (g/cm3) Total extractives (%) Insoluble lignin (%) Ashes (%)

Soybean pod 0.203 ± 0.003* 8.27 ± 0.632 23.00 ± 0.637 8.77 ± 0.049
Eucalyptus wood 0.554 ± 0.011 8.14 ± 1.257 29.03 ± 2.084 0.26 ± 0.030

Fig. 2  WA of the composites evaluated; a after 2 h of immersion in water; b after 24 h of immersion in water; ns = Fc value not statistically sig-
nificant; *the x-axis shows the percentage of soybean wastes associated to eucalyptus particles
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sufficient time to penetrate in the cementitious matrix and 
reach the particles of wood and soybean pods. The charac-
teristics of composites with natural fibres immersed in water 
are influenced by the nature of the fibre and matrix materi-
als, by the relative humidity and manufacturing technique, 
which determines factors such as porosity and volume frac-
tion of fibres [45].

Cement composites present low WA due to the absence 
of hydrophilic groups in the cement. The hydrophilic zones 
of the lignocellulosic components are the main responsible 
by the fraction of water absorbed, resulting in a porous and 
weak interfacial zone between the lignocellulosic material 
and the matrix [46, 47]. The highest values for WA of the 
composites with higher percentages of soybean pods may be 
due to the lower basic density of the wastes (see Table 2), 
which results in a higher volume of particles and conse-
quently more hydrophilic zones for connection to water mol-
ecules in relation to eucalyptus wood. The literature reports 
a mean value of 10.7% for WA in molded cement composites 
produced with Portland cement with no addition of lignocel-
lulosic material [48], which clearly indicates that the matrix 
shows high resistance to water. Fernandez and Taja-on [14] 
produced cement bonded rice straw boards using different 
cement:rice-straw ratios. The WA of these boards was rather 
high. The variation found (24–42%) was close to that found 
in this present study.

Another important physical property to be evaluated in 
cement composites is the TS. In opposition to WA, no differ-
ences were observed between the compositions of lignocel-
lulosic particles (Fig. 3). Although it shows relatively low 
values, the knowledge of this property allows give a better 
destination to the final product according to the standard-
ized values.

The low values found for TS of the cement composites 
may be due to the protection layer that the cement provides 
around the particles, decreasing its expansion [49]. Com-
pared with other types of panels, such as conventional par-
ticleboard, cement composites, on average, show extremely 
low results of dimensional variation. Latorraca and Iwakiri 
[35] found values for TS similar to those found in this study 
for cement composites produced with the species Eucalyp-
tus urophylla and Eucalyptus citriodora, with mean values 
of 1.64 and 1.73%, respectively. In a similar study, Nasser 
et al. [50] found values close to 4.73% for TS when evaluat-
ing cement composites with density of 1.200 g/cm3. The 
Bison Wood-Cement Board [51] process establishes a value 
of 1.8% for TS after 24 h of immersion. Therefore only the 
composites produced with 100% of soybean pods did not 
meet the requirements of the standard. In comparison to the 
resin bonded composites, the cement composites have as 
advantage a better resistance to water, fire and biodegrada-
tion [5]. The apparent density of the cement composites may 
cause influences on their properties. There was no statistical 
difference between the density of the composites evaluated 
(Fig. 4).

The statistical equality for apparent density of the differ-
ent treatments allows more accurate comparison between 
the composites produced. Composites with higher densities 
tend to have higher mechanical properties. The MOE and 
MOR values showed a decreasing trend according to the 
higher percentages of soybean pod associated to eucalyptus 
wood (Fig. 5a, b).

This fact may have occurred due to the lower basic den-
sity of soybean pods when compared to eucalyptus wood 
(see Table 2). Lower basic density results in a larger volume 
of particles of the waste, which leads to greater quantity of 

Fig. 3  TS after 2 and 24 h immersion in water of the composites pro-
duced; ns = Fc value not statistically significant. *The x-axis shows 
the percentage of soybean wastes associated to eucalyptus particles

Fig. 4  Apparent density of the cement composites; ns = Fc value not 
statistically significant. *The x-axis shows the percentage of soybean 
wastes associated to eucalyptus particles
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particles for being covered by the cement matrix. As a result, 
the matrix-fiber interface may be impaired due to the appear-
ance of cracks and empty spaces. The composites produced 
with 50 and 100% of soybean pods showed a greater number 
of regions with empty spaces in the interface, which may 
have impaired the mechanical properties (Fig. 6). In addi-
tion, this higher quantity of cavities may explain, besides 
the basic density previously discussed, the higher values 
of WA for the composites with higher amounts of soybean 
pods (see Fig. 2). For each 1% of soybean pod added, there 
was a decrease of 44.26 MPa in MOE value. The Bison 
Wood-Cement Board [51] process establishes 3000 MPa as 
a minimum for MOE considering the commercial cement 
composite. Replacing this value (dependent variable) in the 
equation generated for MOE, it is noted that the percentage 
up to 77.62% of soybean pods could be used in combina-
tion to eucalyptus wood (22.38%) for production of cement 
composites that reach the value stabilished by the standard.

For the property MOR, it was observed by the adjusted 
equation that for each 1% of soybean pods added to the com-
posites, there was a decrease of 0.11 MPa in their strength. 
Iwakiri et al. [52] found value of 6.59 MPa when study-
ing cement composites produced with paricá wood parti-
cles treated with NaOH solution. This value is close to the 
obtained for the composite produced with 25% of soybean 
pods. According to the process Bison Wood-Cement Board 
[51], the minimum value for MOR when considering cement 
composites is 8.92 MPa. Replacing this value in the regres-
sion generated for MOR, it is noted that a percentage up to 
47.63% of soybean pods could be combined to eucalyptus 
wood so that the composites produced achieve the mini-
mum mentioned by the standard. Another factor that may 
have caused the decrease of mechanical properties is the 
possible inhibition of the cement solidification caused by 
the high extractive content of the lignocellulosic material, 

causing a lower bond between the particles and the matrix. 
It is well known that alkali treatment breaks the linkages 
(benzyl ether, glycosidic ether, benzyl ester, acetal groups) 
present in lignin–cellulose complexes of the lignocellulosic 
materials [53]. However, even after the alkaline treatment, 
extractive waste may remain in the material, impairing the 
bonding properties. Scatolino et al. [54] performing the alka-
line treatment on natural fibers of the Amazonian paricá, 
verified a reduction of 50% in the extractives content of the 
material. That is, a good part of the extractives still remained 
in the fiber. Regarding the compression strength of cement 
composites, an evident decrease of the values can be noted 
(Fig. 7).

Since strength is the principal property required by engi-
neer, the pore structure is the most important factor affecting 
the strength of porous material. A good understanding of the 
pore structure (see Fig. 6) of the composites will be indis-
pensable to help understand the mechanical performance 
[12]. The literature reports mean value of 37.3 MPa for com-
pression strength in molded cement composites produced 
with Portland cement with no addition of lignocellulosic 
material [48]. The decrease in compression strength may 
occur due to extractives and sugars released by the ligno-
cellulosic particles after the contact with water, since these 
components can impair the matrix hardening. In addition, 
the presence of inclusions in the still plastic matrix creates 
the “wall effect”, which increases the porosity in the transi-
tion zone allowing the calcium accumulation in this zone, 
becoming more fragile and susceptible to cracks [55]. The 
values obtained were lower in comparison to that found by 
Pomarico [56] when evaluating cement composites with 
addition of eucalyptus wood, which found values ranging 
from 9.3 to 12.0 MPa. As for the previous mechanical prop-
erties evaluated, higher percentages of soybean pods caused 
also a negative effect in janka hardness (Fig. 8).

Fig. 5  a MOE of the cementitious composites; b MOR of the cementitious composites. *The x-axis shows the percentage of soybean wastes 
associated to eucalyptus particles
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Fig. 6  Typical scanning elec-
tron microscopy images of the 
cement composites produced; 
a and b micrograph of the 
composites composed by 100% 
of eucalyptus wood; c and d 
micrograph of the composites 
composed by 50% of eucalyp-
tus wood and 50% of soybean 
pods; e and f micrograph of the 
composites composed by 100% 
of soybean pods

Fig. 7  Compression strength of cement composites. *The x-axis 
shows the percentage of soybean wastes associated to eucalyptus par-
ticles

Fig. 8  Janka hardness of the cement composites. *The x-axis shows 
the percentage of soybean wastes associated to eucalyptus particles
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It is noted that there was a reduction of 0.51 MPa for each 
1% of soybean pods added. The lowest Janka hardness values 
were observed in the composites produced with 100% of soy-
bean pods with mean values close to 15 MPa. Since the janka 
hardness evaluates the composites strength to the sphere pen-
etration, when it comes to lignocellulosic materials, the cel-
lular wall is an important factor. The low basic density of the 
lignocellulosic material directly influences in cell wall thick-
ness and therefore in strength and stiffness of the material [57]. 
In addition, Filho et al. [58] found a positive correlation to 
basic density of the specie and the janka hardness. The result-
ing value of hardness is well known in the wood engineering 
literature for its effects on the performance such as flooring 
[59]. The low density of the soybean pods (see Table 2) may 
have caused this low strength in comparison to composites 
with eucalyptus. The formation of a more porous structure 
in the treatments which it was carried out greater addition of 
soybean pods may also have contributed to lower results for 
this property.

Final Evaluation

The final evaluation of the results obtained by the tests per-
formed on the cement composites was done based on the 
regression equations generated for MOE and MOR. The 
process Bison Wood-Cement Board [51] requires the mini-
mum of 8.92 MPa for MOR. Replacing this value into the 
adjusted equation MOR = − 0.113x + 15.041 (Fig. 5b), where 
x is the minimum percentage of soybean waste that can be 
combined with eucalyptus for production of the compos-
ite. The result obtained for x was 47.63% of soybean pods 
so that the composites produced achieve the established 
value mentioned by the standard. The same process was 
done for the evaluation of the MOE. The adjusted equation 
was MOE = − 49.998x + 7408.419 (Fig. 5a). The minimum 
established for MOE by the Bison Wood-Cement Board [51] 
process is 3000 MPa, considering commercial cement com-
posites. The value obtained to the dependent variable in the 
equation was 77.62%. Therefore the value of up to 48% of 
soybean waste added to the composites reach the minimum 
required for MOE and MOR. The Bison Wood-Cement Board 
[51] standard does not present exact minimum value for com-
pression strength, however Gong et al. [60] reports that the 
compression strength values required for material to be used 
as pavements ranged from 20 to 25 MPa. Therefore, this panel 
would not be applicable for this purpose, being restricted to the 
use in partition walls or thermal and acoustic insulation walls.

Conclusion

Cement composites were produced aiming the use of 
soybean pods wastes in combination to eucalyptus wood. 
According to the obtained results, the characteristics of the 
material chemical composition cause great influence on its 
properties. The insertion of different proportions of soy-
bean pods significantly affected the physical property of 
WA, but did not affect the swelling of the composites pro-
duced. The addition of soybean pod resulted in a decrease 
in the mechanical properties of the cement composites 
produced. The microscopy images showed the existence 
of regions with empty spaces in the composites produced 
with the higher insertion of soybean waste. The adjusted 
linear regression equations indicate that the maximum 
percentage of soybean pod insertion in cement compos-
ites to meet the established for mechanical properties by 
the Bison Wood-Cement Board process is approximately 
48%. Further studies are required in order to evaluate the 
thermal and acoustic insulation characteristics of these 
composites. A good application for this product could be 
as a material where dimensional stability is required.

Acknowledgements The authors thank to Fundação de Amparo 
à Pesquisa do Estado de Minas Gerais—FAPEMIG, Fundação de 
Amparo à Pesquisa do Estado de Goiás—FAPEG, Coordenacão de 
Aperfeiçoamento de Pessoa de Nível Superior—CAPES. Conselho 
Nacional de Desenvolvimento Científico e Tecnológico—CNPq, 
Brazilian Research Network in Lignocellulosic Composites and 
Nanocomposites—RELIGAR.

References

 1. EMBRAPA - Empresa Brasileira de Pesquisa Agropecuária.: 
Embrapa Soja: Soja em números (safra 2014/2015). Available in 
https ://www.embra pa.br/soja/culti vos/soja1 /dados -econo micos 
. Accessed 20 Oct 2015

 2. FAO - Food and Agriculture Organization of The United 
Nations. http://faost at3.fao.org/brows e/Q/QC/E (2016). 
Accessed 18 Jan 2018

 3. Bose, M.L.V., Martins Filho, J.G.: The role of agro-industrial 
waste in feed for ruminants. Informe Agropecuário 10, 3–7 
(1984)

 4. Vieira, A.C.: Characterization of Biomass from Agricultural 
Waste for Power Generation. Dissertation (Mestrado in Energy 
in Agriculture) State University of Western Paraná (2012)

 5. Karade, S.R.: Cement-bonded composites from lignocellulosic 
wastes. Constr. Build Mater. 24, 1323–1330 (2010)

 6. Alemán-Nava, G.S., Gatti, I.A., Parra-Saldivar, R., Dallemand, 
J.F., Rittmann, B.E., Iqbal, H.M.N.: Biotechnological reval-
orization of Tequila waste and by-product streams for cleaner 
production—a review from bio-refinery perspective. J. Clean. 
Prod. 172, 3713–3720 (2018)

 7. Iwakiri, S., Prata, J.G.: Eucalyptus grandis and Eucalyptus dun-
nii use for wood-cement panels manufacturing. Cerne 14, 68–74 
(2008)

https://www.embrapa.br/soja/cultivos/soja1/dados-economicos
http://faostat3.fao.org/browse/Q/QC/E


2244 Waste and Biomass Valorization (2020) 11:2235–2245

1 3

 8. Dix, R.J.H.: The principles of cement-bonded particleboard 
manufacturing. Inorganic bonded wood and fiber composite 
materials. Session III 1, 61–62 (1989)

 9. Mármol, G., Savastano Júnior, H., Monzó, J.M., Borrachero, 
M.V., Soriano, L., Payá, J.: Portland cement, gypsum and fly ash 
binder systems characterization for lignocellulosic fiber-cement. 
Constr. Build Mater. 124, 208–218 (2016)

 10. Fonseca, C.S., Silva, T.F., Silva, M.F., Oliveira, I.R.C., Mendes, 
R.F., Hein, P.R.G., Mendes, L.M., Tonoli, G.H.D.: Eucalyptus 
cellulose micro/nanofibrils in extruded fibercement composites. 
Cerne 22, 59–68 (2016)

 11. Savastano Júnior, H., Agopyan, V.: Transition zone studies of 
vegetable fibre-cement paste composites. Cem. Concr. Compos. 
21, 49–57 (1999)

 12. Soltan, D.G., Neves, P., Olvera, A., Savastano Junior, H., Li, 
V.C.: Introducing a curauá fiber reinforced cement-based com-
posite with strain-hardening behavior. Ind. Crop Prod. 103, 
1–12 (2017)

 13. Soroushian, P., Aouadi, F., Chowdhury, H., Nossoni, A., Sarwar, 
G.: Cement-bonded straw board subjected to accelerated process-
ing. Cem. Concr. Compos. 26, 797–802 (2004)

 14. Fernandez, E.C., Taja-on, V.P.: The use and processing of rice 
straw in the manufacture of cement-bonded fibreboard. In: Evans, 
PD, editor. Proceedings of the Wood–Cement Composites in the 
Asia-Pacific Region, Canberra. December, 49–54: (2000)

 15. Aggarwal, L.K.: Studies on cement bonded coir fibre boards. Cem. 
Concr. Compos. 14, 63–69 (1992)

 16. Demirbas, A., Aslan, A.: Effects of ground hazelnut shell, wood 
and tea waste on the mechanical properties of cement. Cem. 
Concr. Res. 28, 1101–1104 (1998)

 17. Miller, D.P., Moslemi, A.A.: Wood-cement composites: effect 
of model compounds on hydration characteristics and tensile-
strength. Wood Fiber Sci. 23, 472–482 (1991)

 18. Bilal, M., Iqbal, H.M.N., Hu, H., Wang, W., Zhang, X.: Metabolic 
engineering and enzyme-mediated processing: a biotechnological 
venture towards biofuel production—a review. Renew. Sustain. 
Energy Rev. 82, 436–447 (2018)

 19. Asgher, M., Shahid, M., Kamal, S., Iqbal, H.M.N.: Recent trends 
and valorization of immobilization strategies and ligninolytic 
enzymes by industrial biotechnology. J. Mol. Catal. B 101, 56–66 
(2014)

 20. Arevalo-Gallegos, A., Ahmad, Z., Asgher, M., Parra-Saldivar, R., 
Iqbal, H.M.N.: Lignocellulose: a sustainable material to produce 
value-added products with a zero waste approach—a review, Int. 
J. Biol. Macromol. https ://doi.org/10.1016/j.ijbio mac.2017.02.097 
(2017)

 21. Bilal, M., Asgher, M., Iqbal, H.M.N., Ramzan, M.: Enhanced bio-
ethanol production from old newspapers waste through alkali and 
enzymatic delignification. Waste Biomass Valor. 8, 2271–2281 
(2017)

 22. Bledzki, A.K., Gassan, J.: Composites reinforced with cellulose 
based fibres. Prog. Polym. Sci. 24, 221–274 (1999)

 23. Fiore, V., Bella, G.D., Valenza, A.: The effect of alkaline treat-
ment on mechanical properties of kenaf fibers and their epoxy 
composites. Composites B 68, 14–21 (2015)

 24. Mohr, B.J., Nanko, H., Kurtis, K.E.: Durability of Kraft pulp 
fiber–cement composites to wet/dry cycling. Cem. Concr. Com-
pos. 27, 435–448 (2005)

 25. Mohr, B.J., Biernacki, J.J., Kurtis, K.E.: Microstructural and 
chemical effects of wet/dry cycling on pulp fiber–cement com-
posites. Cem. Concr. Res. 36, 1240–1251 (2006)

 26. Ferraz, J.M.: Production and properties of coir (Cocos nucifera 
L.) fiber panels mixed with Portland cement. Dissertation (Master 
in Forest Sciences). University of Brasília (2011)

 27. Asgher, M., Ahmad, Z., Iqbal, H.M.N.: Alkali and enzymatic del-
ignification of sugarcane bagasse to expose cellulose polymers for 

saccharification and bio-ethanol production. Ind. Crop. Prod. 44, 
488–495 (2013)

 28. ABNT NBR 11941—Brazilian Association of Technical Stand-
ards.: Wood—Determination of Basic Density. Brazilian Asso-
ciation of Technical Standards, Rio de Janeiro (2003)

 29. ABNT NBR 14853—Brazilian Association of Technical Stand-
ards.: Determination of Soluble Matter in Ethanol-Toluene and 
in Dichloromethane and in Acetone. Brazilian Association of 
Technical Standards, Rio de Janeiro (2010)

 30. ABNT NBR 7989 - Brazilian Association of Technical Stand-
ards.: Pulp and Wood—Determination of Acid-Insoluble 
Lignin. Brazilian Association of Technical Standards, Rio de 
Janeiro (2010)

 31. ABNT NBR 13999 - Brazilian Association of Technical Stand-
ards.: Paper, Board, Pulps and Wood—Determination of Residue 
(ash) on Ignition at 525 °C. Brazilian Association of Technical 
Standards, Rio de Janeiro (2003)

 32. ASTM D1037—American Society for Testing and Materials.: 
Standard Methods of Evaluating Properties of Wood-Base Fiber 
and Particles Materials. American Society for Testing and Materi-
als, Philadelphia (2006)

 33. DIN 52363—Normen fur Holzfaserplaten Spanplatten Sperrholz.: 
Testing of wood chipboards bending test, determination of bend-
ing strength (1982)

 34. IPT - Instituto de Pesquisas Tecnológicas.: Wood: What It Is and 
How It Can Be Processed and Used. IPT - Instituto de Pesquisas 
Tecnológicas, São Paulo (1985)

 35. Latorraca, J.V.F., Iwakiri, S.: Effect of the steam cure on the 
mechanical properties of cement-wood bonded boards. Floresta 
e ambiente 8, 84–93 (2001)

 36. Chakraborty, S., Sarada, P.K., Aparna, R., Basudam, A., Majum-
der, S.B.: Effect of jute as fiber reinforcement controlling the 
hydration characteristics of cement matrix. Ind. Eng. Chem. Res. 
53, 1252–1260 (2013)

 37. Bledzki, A.K., Mamun, A.A., Lucka-Gabor, M., Gutowski, V.S.: 
The effects of acetylation on properties of flax fibre and its poly-
propylene composites. eXPRESS Polym. Lett. 2, 413–422 (2008)

 38. Komuraiah, A., Kumar, N.S., Prasad, B.D.: Chemical composition 
of natural fibres and its influence on their mechanical properties. 
Mech. Compos. Mater. 50, 359–376 (2014)

 39. Yan, L., Chouw, N., Jayaraman, K.: Flax fibre and its composites 
e a review. Compos. Part B. 56, 296–317 (2014)

 40. Pacheco-Torgal, F., Jalali, S.: Cementitious building materials 
reinforced with vegetable fibres: a review. Constr. Build Mater. 
25, 575–581 (2011)

 41. Silva, A.M., Bentes, M.A., Medrado, S.B., Carvalho Júnior, J.A.: 
Study of the biomass application in partial substitution in the coal 
blends used in the CSN coke production. Rev. Tecnol. Metal. 
Mater. 5, 40–45 (2008)

 42. Garbacz, A., Sokołowska, J.J.: Concrete-like polymer compos-
ites with fly ashes—comparative study. Constr. Build Mater. 38, 
689–699 (2013)

 43. Trino, A.S.M., Costa, C.S.M.F., Fonseca, A.C., Barata, I., Júlio, 
E., Serra, A.C., Coelho, J.F.J.: Novel composites from green 
unsaturated polyesters and fly ashes: preparation and characteri-
zation. React. Funct. Polym. 106, 24–31 (2016)

 44. Horszczaruk, E., Brzozowski, P.: Properties of underwater con-
cretes containing large amount of fly ashes. Proc. Eng. 196, 
97–104 (2017)

 45. Dhakal, H., Zhang, Z., Richardson, M.: Effect of water absorption 
on the mechanical properties of hemp fibre reinforced unsatu-
rated polyester composites. Compos. Sci. Technol. 67, 1674–1683 
(2007)

 46. Dixit, S., Verma, P.: The effect of surface modification on the 
water absorption behavior of coir fibers. Adv. Appl. Sci. Res. 3, 
1463–1465 (2012)

https://doi.org/10.1016/j.ijbiomac.2017.02.097


2245Waste and Biomass Valorization (2020) 11:2235–2245 

1 3

 47. Dai, D., Fan, M.: Wood Fibres as Reinforcements in Natural Fibre 
Composites: Structure, Properties, Processing and Applications, 
Natural Fibre Composites: Materials, Processes and Applications, 
pp. 3–65. Woodhead Publishing, Sawston (2014)

 48. Savastano Júnior, H.: Cement-based materials reinforced with 
vegetable fiber: waste recycling for low-cost construction. Thesis 
(Doctorate in Civil Construction Engineering) University of São 
Paulo. p. 144 (2000)

 49. Lee, A.W.C.: Physical and mechanical properties of cement 
bonded southern pine excelsior board. For. Products J. 34, 30–34 
(1984)

 50. Nasser, R.A., Salem, M.Z.M., Al-Mefarrej, H.A., Aref, I.M.: 
Use of tree pruning wastes for manufacturing of wood reinforced 
cement composites. Cem. Concr. Comp. 72, 246–256 (2016)

 51. Bison Wood-cement Board.: Springer, New York, p. 10 (1978)
 52. Iwakiri, S., Silva, L.S., Trianoski, R., Bonduelle, G.M., Rocha, 

V.Y.: Evaluation of potentical use of the wood of Schizolobium 
amazonicum “paricá” and Cecropia hololeuca “embaúba” for 
wood cement board manufacture. Cerne 18, 303–308 (2012)

 53. Bilal, M., Asgher, M., Iqbal, H.M.N., Hu, H., Zhang, X.: Bio-
transformation of lignocellulosic materials into value-added 
products—a review. Int. J. Biol. Macromol. 98, 447–458 (2017)

 54. Scatolino, M.V., Fonseca, C.S., Gomes, M.S., Rompa, V.D., 
Martins, M.A., Tonoli, G.H.D., Mendes, L.M.: How the surface 
wettability and modulus of elasticity of the Amazonian paricá 

nanofibrils films are affected by the chemical changes of the natu-
ral fibers. Eur. J. Wood Prod. https ://doi.org/10.1007/s0010 7-018-
1343-7 (2018)

 55. Savastano Júnior, H., Dantas, F.A.S., Agopyan, V.: Materials rein-
forced with fibers: correlation between fiber-matrix transition zone 
and mechanical properties. Publication IPT 2158 (1994)

 56. Pomarico, F.A.: Potential of wood utilization of eucalyptus clones 
in the production of cement-wood panels. Dissertation (Master in 
Forest Engineering) Federal University of Lavras, 70p: (2007)

 57. Silva, D.W., Scatolino, M.V., Prado, N.R.T., Mendes, R.F., 
Mendes, L.M.: Addition of different proportions of castor husk 
and pine wood in particleboards. Waste Biomass Valor. 9, 139–
145 (2016)

 58. Filho, D.F.S.F., Rocha, J.S., Moura, J.B.: Influence of density on 
janka hardness in eight wood species of Central Amazonia. Acta 
Amazonica. 22, 275–283 (1992)

 59. Wiemann, M., Green, D.W.: Estimating Janka hardness from spe-
cific gravity for tropical and temperate species. In: Research Paper 
FPL-RP-643. United States Dept. of Agriculture, Forest Service, 
Forest Products Laboratory, Madison, WI, p. 21 (2007)

 60. Gong, A., Kandem, D., Harichandran, R.: Compression tests on 
wood-cement particle composites made of CCA-treated wood 
removed from service. Proceedings of the Environmental Impacts 
of Preservative-Treated Wood, pp. 270–276 (2004)

https://doi.org/10.1007/s00107-018-1343-7
https://doi.org/10.1007/s00107-018-1343-7

	Lignocellulosic Materials for Production of Cement Composites: Valorization of the Alkali Treated Soybean Pod and Eucalyptus Wood Particles to Obtain Higher Value-Added Products
	Abstract
	Statement of Novelty
	Introduction
	Materials and Methods
	Obtainment and Treatment of the Material
	Caracterization of the Lignocellulosic Material
	Production of the Cement Composites
	Determination of the Cement Composites Properties
	Morphological Analysis
	Experimental Design

	Results and Discussion
	Characteristics of the Lignocellulosic Material
	Properties of the Cement Composites
	Final Evaluation

	Conclusion
	Acknowledgements 
	References




