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Abstract: The volume of global gross banana exports reached a record of 117.9 million tonnes in 2015 
(FAO  2017), which agro-industrial wastes derived as the pseudo-stem, rachis and leaves do not have 
an industrial application instead they are discarded. This research study applies full factorial design and 
response surface methodology to determine the effect of pressing temperature and resin content on density 
(D), moisture (M), water absorption (WA), water swelling (WS), module of rupture (MOr), module of 
elasticity (MOE) and formaldehyde content (FC) of particle board made of banana pseudo-stem. A 22 
factorial design was performed, factors considered were resin and temperature. The low level of resin was 
15% in the coarse fiber (CF) and 35% in fine fiber (FF); high level as 25% CF and 45% FF. Temperature 
levels were 150ºC and 170ºC respectively. The boards met all quality parameters except ones with low 
resin content that didn’t meet WS parameter. Furthermore, resin affected positively on WA, FC and MOE, 
and decreased D, WS and MOR values. Meanwhile, temperature affected negatively on D, WS, and 
increased FC, WA, MOE, MOR properties; none of the factors affected M response. Process conditions 
were optimized to 162.61°C and 43.15% FF, 23.97% CF.
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INTRODUCTION

Musa paradisiaca (banana) plant is manly 
cultivated in tropical and subtropical countries 
(gabhane et al. 2014). Ecuador is the largest 

exporter of banana and provides 30% of the 
world supply. Approximately, 214.000 ha of land 
is under banana cultivation in Ecuador (PrO 
Ecuador 2015). Moreover, each hectare of banana 
cultivation generates approximately 220 tons of 
residual waste (Quintana et al. 2009). Thus, bunch, 
pseudo-stem and leaves are the main waste (Cassidy 



ANA D.  BArrAgÀN-LUCAS et al. BANANA PSEUDO-STEM PArTICLE BOArD PrODUCTION

An Acad Bras Cienc (2019) 91(4) e20180302 2 | 11 

et al.  2014).  However, that residual biomass is 
conformed principally by lignocellulosic material 
(gabhane et al. 2014) that is discarded nears rivers 
and roads causing environmental problems (Shah 
et al.  2005).

Furthermore, the replacement of commercial 
wheat flour with 10% of banana pseudo-stem 
flour in the preparation of bread revealed that the 
composite bread had greater content of insoluble 
fiber, total dietary fiber, total phenolics and 
antioxidant properties than the control bread (Ho et 
al. 2013). Also, the adding of nanocellulose isolated 
from banana pseudo-stem improves the mechanical 
properties of polyvinyl alcohol films. As a matter 
of the fact, higher concentrations of nanocellulose 
increase water-vapor barrier of this kind of 
nanocomposite (Pereira et al. 2014). Additionally, 
recent research proposed to use banana waste to 
produce bioethanol (gabhane et al. 2014), cellulose 
microfibers (Elanthikkal et al. 2010) and laminated 
particle board (Baharin et al. 2016). Basically, 
particle board is a panel product manufactured from 
lignocellulosic materials, primarily in the form of 
discrete particles, combined with a synthetic resin 
or other suitable binder and bonded together under 
heat and pressure (US EPA 2002). Traditionally, 
particle board has been made from wood-based 
fibers bound together using a formaldehyde resin. 
Natural flax fibers have been used in Europe while 
hemp, jute, ramie, sisal and kenaf have been of 
interest in Asia (Pickering et al. 2007). Field crop 
residues like cereal straw, corn stalk, flax straw, 
corn cob, rice husk, husks coconut and peanuts 
represent a potentially valuable source of fiber 
which can be used as a supplement or substitute 
for wood fiber in the manufacture of composites 
such as particle board  (Panthapulakkal et al. 2006, 
Yang et al. 2007). Factorial design is employed to 
determine the effect of each factor and interaction 
influence on the response of an experiment, 
reducing the number of runs, time and cost with 
the aim of obtaining the best response (Elhalil et al. 

2016). In contrast, response surface methodology 
(rSM) is an effective tool that allows studying 
several factors and optimize multiple responses 
simultaneously through the conversion of estimated 
response models into a composite function and 
using the desirability function approach (Costa et 
al. 2011, Hashad  et al. 2016). These methods have 
been applied to determine the influence of thrust 
force in the drilling process of medium density 
fiberboard (MDF) composite panels (Valarmathi 
et al. 2012).

This study attempts to apply full factorial 
design and RSM to determine the effect of pressing 
temperature and resin content on density, moisture, 
water absorption, water swelling, module of 
rupture (MOr), module of elasticity (MOE) and 
formaldehyde emission of a particle board made 
of banana pseudo-stem to provide an alternative 
material for the particle board industry. 

MATERIALS AND METHODS

MATErIALS AND rEAgENTS

Banana pseudo-stem was collected from El Oro, 
Ecuador. It was cut into layers of approximately 9 
centimetres. It is important to mention that the floral 
stem was not part of this study. For initial drying, 
a rude mill used for grinding called “trapiche” was 
used. After that, the pseudo-stem was dehydrated 
in a tray dryer (unbranded) for 6 hours. For the 
milling of banana pseudo-stem fibers, we used a 
hammer mill (unbranded) which had a cyclone for 
separating the fine fiber (FF) and coarse fiber (CF).

Additionally, urea formaldehyde (UF) resin 
(Cr-70 FL. 64-66% solid content) and paraffin 
(Merk-1.11609.9025) were used as the adhesives 
and additives for making the particle boards.

EXPErIMENT DESIgN

The milled fibers were distributed on the sandwich 
particle board with fine fiber (FF) on the face layers 
and coarse fiber (CF) on the core layer according to 
a 2k factorial design (Table I). Resin and fiber were 
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mixed thoroughly with the urea-formaldehyde 
resin Cr-70 FL (Solid content: 64-66%, Viscosity: 
200-270 mPa.s, pH (25ºC):7.9-8.1) and paraffin. 
The material was put in a stainless-steel mould, 
where it was pressed in a hydraulic press (Mega, 
30 tons). Afterward, samples were conditionate at 
20°C ± 2°C and 65% ± 5% of relative humidity 
until constant mass was obtained. The fine fiber and 
coarse fiber from banana pseudo-stem and particle 
board developed are shown in Figure 1.

Also, a 2k factorial design was performed 
to determine the operation conditions of board 
pressing. Hence, the factors or variables controllable 
by the experimenter (k) were temperature (T) and 
resin content (rC). The levels are shown in Table 
I as well fixed variables: pressure (50 Kg.cm-2 for 
10 min; 100 Kg.cm-2 for 10 min), paraffin 10%, 
fiber ratio (CF: 45%, FF :55%), time (20 min.). 
The factorial design was performed with the 
statistic software Statgraphics Centurion XV and 
the combinations were configured in two blocks 
(Table I).

PArTICLE BOArD EVALUATION

Physical properties

Particle boards were cut into square of 25 cm2 to 
determine density (D) and moisture (M). Physical 
properties were tested according to the Colombian 
technical standard (NTC) 2261.

Mechanical properties

Bending strength (Module of rupture (MOr)) and 
elasticity (MOE) test were measured following the 
procedure of the “Comisión Venezolana de Normas 
Industriales” (COVENIN) 847-91. Briefly, a load 
was applied at the centre of the tested specimens at 
a material resistance equipment (Soiltest) supplied 
with a device to measure the load applied and 
deflection, until the maximum load was reached. 
The crosshead speed of the load was set at 9 
mm.min-1. The MOr was calculated according to 
the Equation (Eq.) 1. 

Figure 1 - Pictures of fine fiber (a), coarse fiber (b) and particle board made of banana pseudo-
stem (c).
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Where “P” was the applied load (N), “L” 
distance between supports (mm), “a” the width of 
the specimen (mm) and “e” nominal thickness of 
the specimen (mm).

The module of elasticity was calculated by Eq. 
(2).
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Where “P1” is the proportional limit load (N), 
“y1” the deflection in the proportional limit (mm), 
“e” nominal thickness of the specimen (mm), “a” 
width of the specimen (mm) and “L” distance 
between the supports (mm).

Water absorption and thickness swell properties

As the test pieces had a square area of 25 cm2, the 
particle boards were soaked in water (pH 6 ±1) for 2 
hours. Board thickness and weight were measured 
before and after the immersion following the NTC 
2261 standard.

Formaldehyde content 

The formaldehyde captured from particle 
board (25 cm2) was developed following the 
methodology described in JIS 1460 (JIS 2001). 
The quantification of formaldehyde absorbed by 
water was determined using the methodology 
described by Soman (Soman et al. 2008) 
which indicated that formaldehyde reacts with 
2.4-dinitrophenylhydrazine to form Schiff base. 
Thus it, can be measured in a high-performance 
liquid chromatography (HPLC) Perkin Elmer with 
diode array detector (DAD).

OPTIMIZATION OF rESPONSES

The optimization process was performed in the 
statistical program Statgraphics Centurion XV 
by response surface methodology. This method 

establishes statistical relationship between factors 
and the evaluated properties, where the optimal 
conditions could be predicted to achieve the 
optimal board properties.

RESULTS AND DISCUSSION

The cutting and drying process of banana pseudo-
stem (27.22±7.19 Kg) obtained a total yield of 4.52 
% from available raw material (1.22±0.49 Kg) to 
produce particle board, with an average thickness 
of 0.87±0.07 cm. Moreover, the experimental 2k 
factorial design which yielded a total of 8 runs in 
a random order and the response for the properties 
evaluated are presented in Table II. Therefore, 
factorial experiments permit to evaluate the 
combined effect of experimental variables (RC, T) 
when used simultaneously (Winer et al. 1991). 

MODEL FITTINg 

The optimization of production process of 
fiberboards was performed using a first order model, 
where WS, D, FC, MOr, MOE, and WA (r2: 98.99, 
92.66, 95.40, 91.89, 90.02, 90.90%) showed a good 
percentage of the experimental data variation this is 
explained by the model which is represented by an 
r2 value higher than 80% (Karazhiyan et al. 2011) 
except from moisture content on fiberboards that 
demonstrated a high variation around the mean (r2: 
72.52%).

Effect of resin and temperature on density

Density value (D) classifies particle boards into 
high (D >0.8), medium (0.5<D<0.8), and low 
density (D<0.5). According to Table II, only the 

TABLE I
Range and level of factors used in two-level factorial 

design to produce particle board.
Factors Range and level Unit

Low (-1) High (+1)

resin 
15 CF;
35 FF

25 CF;
 45 FF

%

Temperature 150 170 ºC
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particle board from run 8 corresponds to medium 
density, whereas the others correspond to a high 
board (Ye et al. 2007). 

Therefore, the model is fitted with good 
prediction (r2 = 92.66%). Linear effect of resin 
content (X1) showed significant effect on density. 
Besides, no significant interaction between 
temperature and UF-resin on average density was 
observed (Table III). Average density and UF- resin 
intensely influenced the mechanical properties 
of particleboards. When values of density 
increased, MOr and MOE values increased, the 
thickness swelling and water absorption decreased 
(Halvarsson et al. 2008). As content of resin 
increased, density value decreased (Fig. 2a). 
However, a positive relationship between resin 
and density has been reported (Arabi et al. 2011).  
Further studies should be performed to determine 

if particle size of banana pseudo-stem cause an 
inverse relationship between density and resin. 

Density = 0.88102 - 0.04282 resin (%) - 0.02385 
Temperature (°C)

+ 0.00678 resin (%)*Temperature (°C)

Effect of resin and temperature on moisture

The model does not demonstrate significant 
(p<0.05) value with none of the factors (X1. X2) and 
the interactions of them (X1,2). Besides the variation 
of the responds is poor explained by the model (r2: 
72. 52%). Hence, the used factor might not affect 
strongly the property value. This, behaviour could 
be explained by the percentage of paraffin as it was a 
constant value. Incidentally, it was a waterproofing 
agent acting as a barrier between the pore spaces in 
the fibers (Beijing Institute of Technology 2016).

TABLE II
Experimental design layout and mechanical, physical and chemical properties of fiber boards.

Run RC T Density 
(g.cm-3)

Moisture 
(%)

Water 
absorption 

(%)

Water 
swelling (%)

MOR
(N.mm-2)

MOE
(N.mm-2)

FC
(mg/100 g)

F1 1 -1 0.864 2.281 5.224 4.179 28.414 4006.569 1.577
F2 1 1 0.842 1.837 14.542 4.615 45.238 7740.905 6.282
F3 -1 -1 0.985 3.179 10.852 8.615 25.996 3521.872 1.865
F4 -1 1 0.885 2.579 6.287 8.320 47.062 3074.771 1.045
F5 -1 -1 0.924 3.227 8.376 9.312 27.106 3820.713 1.015
F6 1 -1 0.846 3.989 8.026 5.809 33.917 3192.499 1.458
F7 -1 1 0.901 2.610 8.573 9.392 51.018 2467.568 1.651
F8 1 1 0.799 1.800 19.106 5.179 37.304 5295.171 4.788

TABLE III
ANOVA analysis from response data.

Density Moisture Water 
absorption

Water 
swelling MOR MOE Formaldehyde 

content 
X0 0.88102* 2.688* 10.123* 6.928* 37.01*    4140* 2.460*
X1 -0.04282* - 0.211 1.601 - 1.982* - 0.79 919* 1.066 *
X2 - 0.02385 - 0.481 2.004 - 0.051 8.15* 505 0.981* 
X12 0.00678 - 0.177 3.096* 0.003 - 3.10 955* 1.027 *
r2 92.66%      72.52%      90.90%      98.99%      91.89%      90.02%      95.40%

X1 = resin content (%), X2 = Temperature (ºC), MOr = Module of rupture (N.mm-2), MOE = Module of elasticity (N.mm-2), FC= 
Formaldehyde content (mg/100 g), r2 = Coefficient of determination. Level of significance *p < 0.05.
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Figure 2 - Interaction effect of resin and temperature on (a) density, (b) FC, (c) WA, (d) WS, (e) MOE, (f) MOr.

Effect of resin and temperature on formaldehyde 
content 

Formaldehyde emission response are shown in 
Table II where all values are below the maximum 
limit of 30 mg / 100 g (NTC 2261). response 

surface graph (Figure 2b) and the equation system 
shows a positive influence of the resin, temperature 
and the interaction of them at the formaldehyde 
emission, similar behaviour reported by Petinarakis 
(Petinarakis and Kavvouras 2006) who stated that 
with increasing temperature the formaldehyde 
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emission increases in the board; phenomenon can 
be explained by the thermal degradation of the 
resin (Szesztay et al. 1993). As the resin content is 
reported as Christensen (Christensen et al. 1981) that 
the formaldehyde emission increases approximately 
linearly when the resin content increases.

Formaldehyde content = 2.460 + 1.066 resin (%) 
+ 0.981 Temperature (°C)

+ 1.027 resin (%)*Temperature (°C)

Effect of resin and temperature on water 
absorption

The water absorption percentage (2 h) of the test 
samples is shown in Table II. When comparing 
the data obtained with the standard (COVENIN 
847-91) we observed that all values are within the 
allowable limit (Max. 25%). Thus, at the response 
surface graphic (Figure 2c) and the equation for 
water absorption indicate that increasing resin 
and temperature values in the model show an 
increase in the property value. Although, literature 
indicates that the resin improves the absorption 
properties (Panthapulakkal et al. 2006), in this 
case the increasing resin decreased absorption 
properties. Moreover, the temperature increases as 
the percentage of water absorption increases. These 
results are similar to those of Winandyt who states 
that the increased time and pressing temperature do 
not inhibit the ability of the panels to absorb water 
(Winandyt and Krzysik 2007).

Therefore, the interaction between the resin 
content and temperature (p <0.05) has an influence 
on the response variable. Linear relationship 
(correlation) between the property and independent 
variable shows a good correlation (r2:  90.90 %).

Water absorption = 10.123 + 1.601 resin (%) + 
2.004 Temperature (°C)

+ 3.096 resin (%)*Temperature (°C)

Effect of resin and temperature on water swelling 

Water swelling results reported in Table II show 
that four values do not meet the maximum range 
of 6% for the COVENIN 847-91. This behaviour 
corresponds to all the formulations with low resin. 
It is important to observe, the relationship of the 
resin with swelling since it increases as the amount 
of resin decreases as mentioned in studies by 
Palardy (Palardy et al. 1989). Also, the relationship 
is reflected in response surfaces (Figure 2d) and at 
the fitted lineal equation represented as following:

Water swelling =   6.928 - 1.982 resin (%) 
- 0.051 Temperature (°C) 
+ 0.003 resin (%)*Temperature (°C)

The temperature and the interaction with resin 
did not show significant effect on water swelling. 
However, the resin influence (p<0.001) on the 
water swelling and it has a negative effect on the 
value. 

Effect of resin and temperature on elastic modulus

Design responses for MOE are exposed in Table II, 
where all values are within the minimum accepted 
range 2400 N.mm-2 under the NTC 2261 standard.

resin content and the interaction with 
temperature demonstrate a significant (p<0.05) 
effect on module of elasticity. Moreover, the 
temperature not affect the response of the 
experiment. response surface graphic (Figure 2e) 
and the equation below shows that the module 
of elasticity increases proportionally to the resin 
content. This coincides with similar results 
of Malanit (Malanit  2009) who attributes the 
improvement of stiffness of particle board to the 
resin content.

MOE = 4140 + 919 resin (%) 
+ 505 Temperature (°C) 
+ 955 resin (%)*Temperature (°C)
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Effect of resin and temperature on modulus of 
rupture 

Module of rupture results are exposed on Table II 
where all the values are on the minimum accepted 
range of 21 N.mm-2 stablish by the NTC 2261 
standard. The response surface graph (Figure 
2f) and the equation described below show the 
proportional relation of the resin and temperature 
with the MOr where the temperature relation is 
less predominant. This coincides with the results 
informed by Iswanto. The author reported that 
while the pressing temperature increases, the MOr 
value grows (Iswanto et al. 2014). Similarly, Post 
indicated that the resin content has only a slight 
effect on the modulus of rupture studies (Post 1958). 
Furthermore, Halvarsson described that the amount 
of added resin, type of resin, storage time, and type 
of straw pre-treatment (water or acid) had no major 
effect on the bending properties (Halvarsson et al. 
2008). Furthermore, Maloney explained that one 
of the factors influencing the MOR value is the 
geometry of the particles (Maloney 1993).

MOr = 37.01 - 0.79 resin (%) + 8.15 
Temperature (°C) - 3.10 resin (%)*Temperature 
(°C)

The temperature has a positive significant 
influence (p<0.05). However, resin (X1) and the 
interaction of factor (X1,2) did not demonstrate a 
significant influence on the property.

Load and displacement relationship 

In order to calculate the MOr value the maximum 
strength of the boards were measured, while 
the MOE indicates the rigidity of the material 
when subjected to a certain stress (resistance to 
deformation under tension) and is related to the 
proportional limit load (N). The curve of load 
applied and the displacement of the particle board 
is shown at the Figure 3, at all curves there are 
three regions or different behaviours. The first one 
correspond to the linear tendency which is related to 
the elastic behaviour of the particle board (MOE), 
the next stage when the slope is less pronounced  
and the final stage is when it visualised a horizontal 
line or “0” slope which it’s when the material begins 
to fracture. This last force is used to calculate the 
module of rupture.

The Figure 3 shows that the particle board that 
had the highest load at the linear stage is the F7 
(rC (-1), T (1)) that is not the same behaviour that 
the results of the MOE value. These is explained 
because not all fiber boards had the same thickness 

Figure 3 - Load and displacement relationship of particle boards.
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and displacement, factors that are validated on the 
MOE equation. The figure explained the maximum 
force that can be applied against the boards and it 
maintained an elastic behaviour. 

By the other hand, the maximum force before 
the rupture is represented by the F4 (rC (-1), T (1)) 
similar results are shown at the MOr values. The 
results presented depends of the use of fiber boards. 
It means that in a furniture application where there 
are continues loads it is preferred to use a board 
with the highest range of elastic behaviour with an 
accepted MOr value. 

Multiple Response Optimization

Statistical software Statgraphics Centurion XV was 
used to determine the combination of experimental 
factors that simultaneously optimizes the goal of 
each property (Table IV).

The response surface method is used to find 
the combination of factors for optimum global 
desirability. The factors that optimize the response 

are 0.711385 for resin content (43.15% FF, 
23.97%CF) and 0.261366 for pressing temperature 
(162.61°C) with a global desirability of 0.816684 
(Figure 4). In Table V, the optimized temperature 
and resin content predict new expected responses, 
where all properties meet quality standards.

CONCLUSIONS

This work is a contribution to the general problem 
of the agriculture waste, the properties evaluated at 
the fiber boards will serve as a base to future research 
that might be applied to industry. The results of this 
study demonstrate that banana pseudo-stem can be 
used as raw material to produce particle boards. The 
boards met all quality parameters except ones with 
low resin content that didn’t meet WS parameter and 
the process conditions were optimized to 162.61°C 
and 43.15% FF, 23.97% CF. Furthermore, full 
factorial design and rSM demonstrate the relation 
of factors with the response data.

TABLE IV
Property optimization goals.

Desirability Desirability
Property Low High Goal

Water absorption 5.0 19.0 12.5
Density 0.79 0.98 0.85

Formaldehyde emission 1.0 6.0 Minimize
Water swelling 4.0 9.0 Minimize

MOE 2467.0 7740.0 5103.0
MOR 25.0 51.0 38.0

TABLE V
Predicted response data.

Response Optimal value Standard value Standard
Density 0.845 >0.8 g.cm-3 NTC 2261

Water absorption 12.361 Max. 25% NTC 2261
Water swelling 5.505 Max.  6% NTC 2261 

MOE 5103.0 2400 N.mm-2 COVENIN 847-91
MOR 38.0 Min.21 N.mm-2 COVENIN 847-91

Formaldehyde emission 3.666 30 mg.100g-1 NTC 2261
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Future research should be directed 
at conducting studies on the effect of the 
morphological distribution of fibers on their 
mechanical and physical properties. And also the 
control of variables must be improve in the case of 
the thickness of the boards.
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