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ABSTRACT ¢ The objective of this study was to evaluate physical and mechanical properties of experimental panels
manufactured from eastern red cedar (Juniperus virginiana L.) using modified starch as binder. Modulus of elasticity
(MOE), modulus of rupture (MOR), internal bond strength (IB), hardness and dimensional stability in the form of thick-
ness swelling and water absorption in addition to surface quality of the samples were tested. Panels were manufactured
at three density levels, which are 0.60 g/cm?, 0.70 g/cm’ and 0.80 g/cm?. The highest MOE, MOR and IB values for the
samples having 0.80 g/cm?’ density were determined as 2207.16 MPa, 15.17 MPa and 0.87 MPa, respectively. Thick-
ness swelling values of the samples soaked in water for 2 h ranged from 15.38 % to 23.23 %. Micrographs taken on the
samples using scanning electron microscope revealed that starch was uniformly distributed within the particles. Based
on the findings in this study, it appears that eastern red cedar would have a potential as a raw material to manufacture
particleboard panel using modified starch as green adhesive with accepted physical and mechanical properties.

Keywords: particleboard, green adhesive; starch; mechanical properties, physical properties

SAZETAK e Cilj istrazivanja bio je odrediti fizicka i mehanicka svojstva eksperimentalnih ploca proizvedenih od
drva crvenog cedra (Juniperus virginiana L.) uz upotrebu modificiranog Skroba kao veziva. U eksperimentu su na
osnovi debljinskog bubrenja i upijanja vode ispitivani modul elasticnosti (MOE), modul loma (MOR), meduslojna
¢vrstoca (IB), tvrdoca i dimenzijska stabilnost, kao i kvaliteta povrsine uzoraka. Ploce su proizvedene u tri gustoce:
0,6, 0,7 i 0,8 g/em?’. Najvece vrijednosti MOE, MOR i IB za uzorke gustoce 0,8 g/cm? bili su redom: 2207,16 MPa,
15,7 MPa i 0,87 MPa. Vrijednosti debljinskog bubrenja uzoraka potapanih u vodi tijekom dva sata kretale su se u
rasponu od 15,38 do 23,23 %. Mikrografije snimljene na uzorcima elektronskim pretraznim mikroskopom otkrile su
da je Skrob ravnomjerno rasporeden unutar iverja. Na temelju rezultata ovoga istrazivanja, ¢ini se da bi drvo crvenog
cedra moglo biti potencijalna sirovina za proizvodnju iverica, uz uporabu modificiranog Skroba kao ekoloski prih-
vatljivog ljepila pozeljnih fizickih i mehanickih svojstava.

Kljucéne rijeci: iverica; ekoloski prihvatljivo ljepilo, skrob; mehanicka svojstva; fizicka svojstva
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1 INTRODUCTION
1. UVOD

Wood composite panels, such as particleboard,
fiberboard, and oriented strand board, are widely used
for both non-structural and structural applications. Par-
ticleboard is the oldest composite panel that still has a
significant market share among the other types of pan-
els. It is mainly used for furniture, cabinet and paneling
manufacture in addition to substrate for thin overlays.
Most of the time, small diameter logs of softwood and
hardwood species, such as pine, aspen or waste from
sawmills, are used as raw material for particleboard
production. Formaldehyde based adhesives, including
urea formaldehyde (UF), are the most used binder in
particleboard manufacture due to their low cost and ex-
cellent adhesion performance. On the other hand, inte-
rior panels, namely particleboard and fiberboard with
different density, are two prime products manufactured
using UF, which have been on commercial market not
only in the USA but also in Europe and Asia for de-
cades. Although UF is the most used adhesive in com-
posite panel production, having formaldehyde in its
chemical structure creates important environmental
and health issues, since formaldehyde is a possible
cancerogenic substance.

Most effective way to omit formaldehyde emis-
sion from wood based panels is to use formaldehyde-
free or bio-based resins like starch-based resins. Starch
is a carbohydrate material that consists of amylase and
amylopectin, which could be differentiated by its
chemical structure. The linear a-(1 — 4) linked glucan
is called amylase, while an a-(1— 4) linked glucan
with 4.2-5.9 % a-(1 — 6) branch linkages is amylopec-
tin (Robyt, 2008; Amini et al., 2013). It can be obtained
from various plant materials, such as corn, potato, rice,
wheat, sago and many others, and it is widely available
throughout the world as it is commonly used in food
industry. Therefore, modification of starch was well
documented by many researchers (Verwimp et al.,
2004; Amini et al., 2013; Yu et al., 2013).

Chemical modification allows starches to be gre-
en adhesive solvent in furniture industry. Esterificati-
on, etherification, and cross-linking are well-known
reactions for chemical modification of starch. These
includ succinylation (Phillips et al., 2000), maleination
(Chong et al., 2001), and acetylation (Phillips e? al.,
1999), which can enhance starch functional value and
broaden its range of physico—chemical properties.
Chemical modification of starch is commonly carried
out in aqueous media, water being considered a green,
environmentally friendly solvent (Bodirlau et. al.,
2014; H'ng et al., 2011).

The chemical modification reactions determine
the cross-linking process, which is a common approach
to improve the performance of starch for various appli-
cations (Huang et al., 2007; Wang et al., 2010). Deter-
mination of the modification degree (Phillips et al,
2000) and classification of chemically modified starc-
hes using infrared spectros-copy has been described
(Dolmatova et al., 1998; Dupuy et al., 1997).
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Eastern red cedar (Juniperus virginiana L.) is
considered an invasive species encroaching in the
Great Plains and one of the predominant woody species
in the United States. It is also one of widely distributed
species in Oklahoma. Current area covered by Eastern
red cedar in Oklahoma is estimated around 4.5 million
hectares and it is projected to be more than 6.3 million
hectares within next 10 years. It is claimed that the red
cedar has a growing rate of 380 hectares per day result-
ing in a significant adverse impact on ecology (Ulker
and Hiziroglu, 2017). Generally, red cedar trees are
relatively low value trees due to their irregular growth
pattern; therefore, lumber manufacture from eastern
red cedar is limited to trees with larger diameter. How-
ever, red cedar trees can still be used to manufacture
different products like indoor and outdoor furniture
units, paneling, novelty items, mulch and even com-
posite panels. Different types of experimental particle-
board, waferboard and sandwich type of panels, were
produced in previous studies (McKinley and Blair,
2008; Reddin and Krementz, 2016; Yang ef al., 2016;
Bragg and Hulbert, 1976; Hiziroglu, 2012; Ulker and
Burdurlu, 2016; Hiziroglu et al., 2002).

It was determined that both physical and mechani-
cal properties of red cedar particleboard panel products
were comparable to those manufactured from different
species at commercial scale. Currently, there is very lim-
ited or no information on properties of particleboard
made from eastern red cedar bonded with modified
starch. Therefore, the main objective of this work was to
determine the basic properties of the particleboard made
from eastern red cedar bonded with green adhesive.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Commercially produced eastern red cedar (Juni-
perus virginiana L.) particles supplied by a local pro-
ducer in Oklahoma were used to produce experimental
panels. Dried particles having a moisture content of 3
% were classified into fine and coarse sizes on a 0.841
mm (20 mesh) and 0.250 mm (60 mesh) screen, re-
spectively. Coarse particles were used for the core lay-
er of the three-layer particleboard, while the fine parti-
cles were used for the surface layers of the panel.

Glutardialdehyde (GDA), which was used as
starch modifier in our study, is a colorless oily liquid
organic compound having the formula CH,(CH,CHO),.
GDA is widely used as a disinfector agent for medical
equipment. Glutardialdehyde (GDA) acts as a curing
agent and plays an important role in uniform distribu-
tion of starch on the particles. GDA used for modifica-
tion of corn starch, was mixed and stirred at room tem-
perature. Corn starch powder was dissolved in distilled
water (100 ml) at a temperature of 30 °C before it was
mixed with GDA. The share of the added GDA was 25
% based on volume. No wax or any other additives
were used in the panel production.

The ratio of the surface layer mass to the total
mass of a panel, known as the shelling ratio, was 0.25
for all sample panels. Shelling ratio was determined
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Figure 1 Panel manufacturing process
Slika 1. Proces proizvodnje ploce

using precision scales. Hand formed mats were pressed
in a computer-controlled press (Erie Mill and Press
Company, Inc., 60.9 cm by 60.9 cm 270-ton press) us-
ing a pressure of 5.5 MPa at a temperature of 180 °C,
for 5 minutes. A total of fifteen panels were made for
each of the three density levels, which were 0.60 g/
cm?, 0.70 g/cm?® and 0.80 g/cm?. The process of panel
manufacturing is presented in Figure 1. Panels were
conditioned in a climate room at 65 % relative humid-
ity and a temperature of 20 °C for two weeks before the
samples were cut for different tests based on ASTM
(American Society for Testing Materials) D1037-12
(ASTM International, 2012).

The mechanical properties of the specimens were
carried out on a Comten Testing System, Model 95-VD
equipped with 1000 kg load cell. ASTM D1037-12
procedures were used to determine bending strength
and internal bond strength test. The samples with the
size of 50 mm by 300 mm by 12 mm from each panel
type were tested for their bending strength properties.

Internal bond strength (/B) of the panels was de-
termined using sample 50 mm by 50 mm cross sec-
tions. Hardness of the sample panels was tested by em-
bedding a hemisphere steel having 11.2 mm diameter
onto surface of panels using Comten 95 Series Univer-
sal Testing machine. Surface characteristics of the
samples with 50 mm by 300 mm by 12 mm were eval-
uated by employing a fine stylus profilometer Hommel
T-500 unit, which has TkE model pick-up, equipped
with a skid type diamond stylus having 5 um tip radius
and a 90° tip angle (Hiziroglu et al., 2004). The stylus
traversed the surface at a constant speed of 1 mm/s
over a 15.2 mm tracing length and the vertical dis-
placement of the stylus was converted into an electrical
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signal. Average roughness, (R ), mean peak-to-valley
height (R), and maximum peak height value (R _ )
were used for the evaluation of the surface roughness
of specimens.

The samples were also examined using a scan-
ning electron microscope, FEI Quanta 600 FEG scan-
ning electron microscope with an EVEX X-ray micro-
analysis system. The specimens of 5 mm by 10 mm by
6 mm were prepared from the panels of 0.8 g/cm® den-
sity. The images were taken with a SEM operated at 15
kV. All the specimens were coated with thin gold layer
prior to the analysis.

Thickness swelling (7S) and water absorption
(WA) tests were carried out by soaking specimens of
100 mm by 100 mm by 12 mm in distilled water for 2
and 24 h based on ASTM D1037-12 standard. The
specimens were submerged horizontally under 25 mm
of water maintained at a temperature of (20+1) °C. Af-
ter a 2 h submersion, the specimens were taken out to
drain for (104+2) min, then the excessive water was re-
moved and they were immediately weighed. Their
thickness was measured at four corners at accuracy of
0.01 mm at each soaking period. Then the specimens
were submerged for an additional period of 22 h and
the above weighing and measuring procedures were
repeated. WA and TS test were carried out to analyze
the dimensional stability of panels.

Analysis of variance (ANOVA) was used to ana-
lyze the significant differences among the specimens
manufactured with three different densities. The data
were statistically analyzed at a confidence level of p-
value = 0.05 and Duncan’s multiple range test was also
carried out using SAS 9.4 software (SAS Institute Inc.,
Cary, NC) for multiple comparison.
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3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Average and standard deviation values (in paren-
theses) of mechanical and physical properties of the
samples are presented in Table 1.

Panel type A with the density of 0.80 g/cm’ re-
sulted in the highest MOE, MOR and 1B values of
2207.16 MPa, 15.17 MPa and 0.87 MPa, respectively.
These values were followed by panel type B and C as a
function of their density levels. It is a well-known fact
that the overall density influences most the mechanical
properties of particleboards (Kelly, 1977; Ulker and
Burdurlu, 2016; Ayrilmis, 2007; Cai and Ross, 2010).
Both bending and /B strength values of experimental
samples increased with increasing the density levels of
the panels. Overall findings in this work also confirmed
such trend. In a previous work, carried out using east-
ern red cedar as raw material and a combination of urea
formaldehyde and modified starch as binder in parti-
cleboard manufacture, MOE and MOR values were
2344.32 MPa and 12.14 MPa, respectively (Chotikhun
and Hiziroglu, 2017).

Experimental panels with the density of 0.80 g/
cm’® of the same type of raw material mixed with 7 %
urea formaldehyde resulted in 2.31 MPa for the above
values. It seems that using only modified starch as a
binder in the panels adversely influences their bending
characteristics. Table 2 displays statistical analysis of

MOE, MOR, and IB values of the samples.

Based on ANOVA, it was found that significant
difference existed among the properties of the samples
as a function of their density levels. Table 3 gives the
means for groups of homogeneous subsets.

As mentioned above, mechanical properties of
the panels with the density of 0.80 g/cm?and 0.70 g/
cm’ were found satisfactory based on TS-EN 312 (Par-
ticleboards Specifications) standard, while the particle-
board with the density of 0.60 g/cm? does not meet the
requirements of TS-EN 312 standard.

Dimensional stability in terms of thickness swell-
ing and water absorption of the samples resulted in
relatively low values. Thickness swelling of the sam-
ples ranged from 15.38 % to 31.40 % as a result of 2
and 24 h water soaking. The lowest thickness swelling
of 15.38 % was determined for the panels with the den-
sity of 0.8 g/cm® exposed to 2 h water soaking. The
highest thickness swelling of 31.40 % was found for
the panels with the density of 0.60 g/cm?at 24 h water
soaking. In a previous work, thickness swelling values
of particleboard panels, made using a combination of
starch and 2 % UF, ranged from 26 % to 37 % (Chotik-
hun and Hiziroglu, 2017; Garay, 2012). Water absorp-
tion values of the samples ranged from 116.80 % to
164.30 % as a function of 2 and 24 h water soaking.
Past studies that used different types of raw materials
and starch as a binder also found comparable thickness
swelling and water absorption values as those found in
this study (Chotikhun and Hiziroglu, 2017). It is a
known fact that any kind of starch, including corn

Table 1 Average values of mechanical and physical properties of samples (Standard deviation given in parentheses)
Tablica 1. Srednje vrijednosti mehanickih i fizi¢kih svojstava uzoraka (u zagradama su standardne devijacije)

Bending, MPa Dimensional stability
. Savijanje, MPa 1B Janka Dimenzijska stabilnost
Panel | Density strength, | hardness Thickness Water Surface roughness, um
type | g/em? N/mm? N/mm? s, . ..
, . , swelling, % absorption, % | Hrapavost povrsine, pm
Vrsta | Gustoca| MOE | MOR | Meduslojna | Tvrdoca .. .
N N : i Debljinsko Upijanje vode,
ploce | g/em® | N/'mm? |N/mm?| ¢vrstoéa, | po Janki, o o
bubrenje, % %
N/mm? N/mm?
2-h 24-h 2-h 24-h R, R, R
A 0.80 2207.16 | 15.17 0.87 6.00 15.38 | 18.32 | 132.17|164.30| 11.74 | 28.49 | 43.32
) (23.32) [(22.28)| (15.77) (15.01) | (16.40) | (19.57) | (2.35) | (3.84) | (3.03) | (8.88) | (13.09)
B 0.70 1732.31 | 13.05 0.78 5.70 15.45 | 23.10 | 123.90 | 160.60 | 14.30 | 30.50 | 48.17
) (15.05) | (14.29)| (25.94) (16.70) | (15.23) | (19.15)| (1.91) | (2.94) | (2.24) | (10.47) | (10.38)
c 0.60 1136,23 | 6.18 0.45 5.46 23.23 | 31.40 | 116.80|153.70| 18.07 | 37.56 | 60.54
) (10.92) | (11.18)| (12.53) (13.55) | (17.27) | (19.39) | (1.65) | (2.19) | (3.53) | (10.70) | (17.46)
Table 2 Statistical analysis of MOE, MOR, and IB values of the samples based on ANOVA
Tablica 2. Statisticka analiza ANOVA za vrijednosti MOE, MOR i IB uzoraka
Mean Square -
Sum of Squares . Significance
Zbroj kvadrata af Kvad.iiat sred.n] ¢ F Znacajnost
i vrijednosti
Between Groups / izmedu skupina 438978.156 2 219489.07 665.85 .000
MOE | Within Groups / unutar skupina 8900.211 27 329.63
Total / ukupno 447878.367 29
Between Groups / izmedu skupina | 9560381.267 2 4780190.63 15646.91 .000
MOR | Within Groups / unutar skupina 8248.600 27 305.50
Total / ukupno 9568629.867 29
Between Groups / izmedu skupina 21475.616 2 10737.80 26.87 .000
IB Within Groups / unutar skupina 10789.387 27 399.60
Total / ukupno 32265.003 29
374 DRVNA INDUSTRIJA 71 (4) 371-377 (2020)
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Table 3 Means for groups of homogeneous subsets

Tablica 3. Srednje vrijednosti za grupe homogenih podskupova

Mechanical properties Panel type Number of samples S;)lbset for alpha 0.0S
. . 8 . odskup za alfa 0,05

Mehanicka svojstva Vrsta ploce Broj uzoraka | 2 3
A (0.80 g/cm®) 10 2207.16

MOE, MPa B (0.70 g/cm?) 10 1732.31
C (0.60 g/cm’®) 10 1136.23
A (0.80 g/cm®) 10 15.17

MOR, MPa B (0.70 g/cm?®) 10 13.05
C (0.60 g/cm?®) 10 6.18
A (0.80 g/cm?) 10 0.87

IB, MPa B (0.70 g/cm?) 10 0.78
C (0.60 g/cm?®) 10 0.45

starch used in this work, is hygroscopic material influ-
encing adversely overall dimensional stability of the
panels. Additionally, not using any wax in the panels
manufactured would be considered as one of the rea-
sons for slightly high thickness swelling and water ab-
sorption characteristics of the samples. Although the
samples had somehow high dimensional instability,
none of them disintegrated or crumbled as a result of
water soaking test.

Since most of the particleboards are used as subs-
trate for thin overlays, their surface quality in terms of
roughness plays an important role during their service
life. The average roughness (R ) value of 11.74 pm was
determined for the samples with 0.80 g/cm®. Boards
with lower density had rougher surface, which can be
related to their less densified surface. A typical com-
mercially manufactured particleboard could have R,
values ranging from 3.80 pm to 5.90 pm (Hiziroglu,
1996; Chotikhun and Hiziroglu, 2017). Also most of
the commercially manufactured particleboard panels
are sanded with up to 180 grit sand paper, which gives

EHT = 500 &V

Mag= 500X A=SE2  UNIVERSITI SAINS MALAYSIA

e

a)

a very uniform smooth surface. None of the samples
was sanded in this work. If the surface of the experi-
mental panels had been sanded, surely R, values, along
with other two roughness parametres, would have been
much lower.

Amini ef al. (2013) worked on properties of par-
ticleboard made from rubberwood using modified
starch as binder, in their publication. Figure 2.1 shows,
with black arrows, SEM cross sectional view of parti-
cleboard made using glutardialdehyde modified corn
starch as a binder at 500 magnification with the pres-
ence of modified corn starch granules. In our study, we
also had SEM cross sectional view of particleboard
made using glutardialdehyde modified corn starch as a
binder at 1500 magnification with the presence of mod-
ified corn starch granules. Uniform distiribution of
starch throughout the particle could be considered as
one of the responsible parameters. As can be seen in
Figure 2.2, starch was distrubuted quite uniformly
among the particles even though manual mixture was
used during the panel manufacture.

9.5 mm | ETD [ Okiahoma State Univ_Mici aboratory

b)

Figure 2 SEM cross sectional view of particleboard made using GDA modified corn starch as a binder: a) SEM cross sectional
view of particleboard made using GDA modified corn starch as a binder at 500 magnification with the presence of modified
corn starch granules shown with black arrows (Amini et al., 2013); b) SEM cross sectional view of particleboard made using
GDA modified corn starch as a binder at 1500 magnification with the presence of modified corn starch granules shown with
white-red colored arrows

Slika 2. SEM presjeci iverice proizvedene upotrebom GDA modificiranoga kukuruznog $kroba kao veziva: a) SEM presjek
iverice proizvedene uz dodatak GDA modificiranoga kukuruznog skroba kao veziva pri povecanju od 500 puta, s vidljivim
granulama kukuruznog $kroba oznacenima crnim strelicama (Amini et al., 2013.), b) SEM presjek iverice proizvedene prim-
jenom GDA modificiranoga kukuruznog Skroba kao veziva pri povecanju od 1500 puta, s vidljivim granulama kukuruznog
skroba oznacenima bijelo-crvenim strelicama
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It is a known fact that overall strength properties
of particleboard is a function of glueline between the
particles. As can be observed from the micrographs
taken on SEM, starch was distributed relatively uni-
formly, which resulted in enhanced bonding among the
particles. Such finding was also reflected in overall
properties tested in this work.

4 CONCLUSIONS
4. ZAKLJUCAK

Fundamental mechanical and physical properties
of the experimental panels made in this work showed
satisfactory values with the exception, to a certain ex-
tent, of dimesional stability. It seems that 100 % modi-
fied starch with GDA would have a potentional to be
used as green adhesive in the manufacture of particle-
board. This approach, combined with an invasive spe-
cies, such as eastern red cedar, would result in green
panels that would be particularly attractive in terms of
sustainability and environmental friendliness.
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