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Application of soy starch as a binder in HDF technology
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Abstract: Application of soy starch as a binder in HDF technology. The aim of the research was to determine
the selected properties of a dry-formed high-density fibreboard (HDF) bonded with soya flour as an
environmentally friendly binding agent. The scope of work included the production of boards under laboratory
conditions with different mass percentages of soy flour, i.e. 10%, 12%, 15% and 20%. Different mechanical and
physical properties were determined, namely modulus of rupture, modulus of elasticity, the screw withdrawal
resistance of the panels, internal bonding strength, density profile, thickness swelling, water absorption and surface
water absorption. The results showed that increasing the proportion of soybean binder by weight contributes
to improving mechanical properties but worsens physical properties.
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INTRODUCTION

Wood-based materials are produced by bonding wood fibers, carpentry boards,
or veneers using adhesive. Currently, synthetic resins are mainly used in the production
of wood-based materials: phenol-formaldehyde (PF), urea-formaldehyde (UF), and melamine-
formaldehyde (MF) (Kumar and Legate, 2022). Synthetic adhesives have excellent bonding
properties, sufficient flexibility, relatively low cost, suitable resistance to water and various
chemicals, as well as high thermal stability. Despite their numerous advantages, synthetic
adhesives are not environmentally friendly as they emit significant amounts of formaldehyde,
which is considered a highly toxic substance, posing a threat to the environment and human
health. The release of formaldehyde has a serious impact on human health, causing skin
allergies, respiratory irritation, nausea, leukaemia, and nasopharyngeal cancer (Kristak et al.,
2022). In recent times, there has been an increased interest in the development of natural-origin
adhesives due to restrictions on formaldehyde emissions and the demand for more
environmentally friendly products (Kumar and Leggate, 2022).

Wood adhesives based on starch have gained significant industrial and research interest
due to their wide availability, low cost, and renewability. However, starch adhesives have
several limitations that restrict their use in the production of wood composites, such as poor
water resistance, low bonding strength, and low initial viscosity (Kumar and Leggate, 2022).
Zheng et al. (2017) investigated the influence of thermal pretreatment of starch at 70, 80, and
90°C on the copolymerization reaction with vinyl acetate (VAc) and the performance of starch
adhesive. The research showed that higher temperatures led to improved results for starch-based
adhesives. Hikmah et al. (2021) produced and tasted a starch-based adhesive using cassava peel
and citric acid. The particleboard bonded with the natural adhesive exhibited positive effects
on its physical properties.
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Soy proteins are relatively inexpensive, easy to process, do not require high pressing
temperatures, and can be used under high wood moisture conditions. However, soy adhesives
are characterized by low strength and poor water resistance compared to industrial adhesives.
Low water resistance can be overcome through enzymatic modifications, cross-linking,
or chemical denaturation (Kumar and Leggate, 2022). Jang and Li (2015) produced a five-layer
plywood bonded with a natural adhesive made from soy flour (SF) and magnesium oxide
(MgO). The authors demonstrated that the produced plywood meets the requirements for water
resistance of interior panels. Li et al. (2009) prepared medium-density fiberboard (MDF) using
a soy protein-based binder modified with sodium dodecyl sulfate (SDS). The research showed
that the MDF board produced using the modified soy protein adhesive exhibits properties
similar to traditional boards.

Tannin-based adhesives are used in the production of particleboard and plywood.
Tannins can be categorized into hydrolysable tannins or condensed polyflavonoid tannins,
which are used in research on wood adhesives (Kumar and Leggate, 2022). Tannin resins aid
in curing, reduce costs, and exhibit good water resistance. However, unmodified tannin
adhesives are not suitable for exterior applications, so they are often subjected to modifications
to improve their physical and mechanical properties, as well as their resistance to weathering
factors (Hussin et al., 2022).

Wood adhesives based on plant oils are an interesting alternative to commercial resins.
Plant oils are relatively inexpensive, renewable, and widely available. Addis et al. (2020)
prepared an adhesive based on linseed oil and investigated its strength. The authors examined
the influence of curing agent selection, wood species, pressing time, and spreading time on the
adhesive properties. The research showed that the adhesive based on linseed oil is a suitable
binder for the tested wood species and exhibits good shear strength.

Citric acid is known for its good wood bonding capability, making it suitable as a natural
binder in the production of wood-based materials. Umemura et al. (2013) created
a particleboard bonded with citric acid and sucrose. The research showed that with an increasing
ratio of sucrose to citric acid, the mechanical properties improve and water resistance increases.

Latex, a biopolymer derived from the rubber tree, is characterized by low-temperature
flexibility and high tensile strength. Particleboards produced with natural latex exhibit good
properties for use as thermal insulation materials. Increased latex content in the boards does not
affect density but improves water resistance (Nakanishi et al., 2018).

The aim of this research was to evaluate the selected mechanical and physical properties
of high-density fiberboards produced with different amounts of soy flour as a binder.

MATERIALS AND METHODS

Materials

The research material consisted of dry-formed fiberboard created under laboratory
conditions. The binder used in the study was soy flour from ZPGU ROMA (Czerwinska 3a
Street, 09-450 Wyszogrdod, Poland) with 48% protein, 1.2% fat and 6% moisture content.
The wood fibers with a moisture content of about 4% used in the production of fiberboards
were industrially harvested and consisted of 95% pine wood (Pinus sylvestris L.). An industrial
melamine-urea-formaldehyde resin (MUF) with 9% melamine by weight and 65% dry matter,
2% hardener by weight NH4NO3 was used to produce the reference panels. The curing time
of the adhesive mass at 100°C was 89 s. No hydrophobic agent was used to produce the boards.
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When mixing wood fibers with soybean flour, a spray of distilled water was used at 77% with
respect to the dry weight of the binder.

Production of the panels

A nominally 3 mm-thick fibreboard, with a nominal density of 900 kg/m? and resination
by soy flour of 10%, 12%, 15% and 20% by weight (hereinafter called variant 10, 12, 15, and
20). The resination of reference panels, bonded with the use of industrial, MUF binder
(hereafter referred to as the reference variant) was 12%. Wood fibers were placed in a drum
mixer. While the fibers were being mixed, soy flour was gradually added, and distilled water
was sprayed with an air gun. The pressing parameters were the following: temperature 200 °C,
maximum unit pressure 2.5 MPa and pressing time factor 18 s/mm of nominal panel thickness.
Before testing, all samples were conditioned in atmospheric air pressure at 20°C and 65%
relative humidity to achieve constant weight.

Characterization of the panels

The produced HDF boards were tested to determine their mechanical and physical
properties. The following mechanical properties were tested: modulus of rupture (MOR)
and modulus of elasticity (MOE) at bending according to EN 310:1994, screw withdrawal
resistance (SWR) according to EN 320:2011, tensile strength perpendicular to the plane of the
board (internal bond, IB) according to EN 319:1999. A number of 8 samples from each board
variant were used for testing, except for the modulus of rupture and modulus of elasticity
at bending, where 16 samples from each board variant were tested. The following physical
properties of the manufactured panels were investigated: density profile using a device
(Laboratory Density Profile Measuring System) from Grecon (3 samples from each type
of panels were selected for testing; the most representative profile was then shown in the graph),
swelling in thickness (TS), water absorption (WA) after water immersion based on EN 317:
1999, (no less than 8 samples from each variant were used) and surface absorption (SWA) based
on EN 382- 2:2001 (the test was performed on 2 samples from each variant). The results were
examined using analysis of variance (ANOVA) and Student's t-test (a= 0.05) was performed
to determine the statistical significance of differences between factors. The results shown in the
graphs represent mean values and standard deviation.

RESULTS AND DISCUSSION

Modulus of rupture

Figure 1 shows the results of the modulus of rupture. The highest MOR was achieved
by the samples of the reference variant, made with industrial melamine-urea-formaldehyde
resin, i.e. 39.8 N/mm?. The lowest MOR was achieved by variant 12, i.e. 15.2 N/mm?. Analyzing
the graph below, one can see the dependence of the increase in MOR with an increase in the
proportion of soybean starch, starting from 23.4 N/mm? for variant 10 to 34.5 N/mm? for variant
20. Comparing the MOR results with the density profile data (Figure 5), one can observe
a significant relationship between the density of the outer layers and the MOR of the panels.
Analysis of the graph shown in Figure 5 shows that the highest increase in the density of the
outer layers is achieved by variant 20, starting from 820 kg/m? to 1010 kg/m?, which also has
a high MOR. As confirmed by other researchers (Gumowska and Kowaluk, 2023), increasing
the starch binder content significantly improves the MOR results, from 31.35 N/mm?
to 40.10 N/mm?. The obtained values, with the exception of variant 12, are higher than the
requirements of EN 622-5: 2010. It is worth mentioning that according to the requirements
of PN 622-5, for MDF-type boards with a thickness of 2.5 mm to 4 mm, the MOR is 23 N/mm?.
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Considering the statistical analysis, there are statistically significant differences between
the average values of the MOR results.

60
=== min. MOR according to PN-EN 622-5

50 A1 39.8 345
E
£40 1 29.4
Z
g
2 30 - 23.4
=2 15.2
- 1
% 20 -
=
o
0
2

10 A

0 T T T T
ref 10 12 15 20
Resination [%]
Figure 1. Modulus of rupture (MOR) of the tested panels
Modulus of elasticity

The test results for the modulus of elasticity are shown in Figure 2. Analyzing the graph,
it can be seen that as the proportion of soy increases, the values of MOE increase. The highest
value of 3666 N/mm? was obtained by the reference variant. The lowest MOE results were
observed in variant 12, i.e. 1649 N/mm? According to Gumowska and Kowaluk (2023),
an increase in binder content contributes to an increase in the value of MOE. According to the
statistical analysis, there are statistically significant differences between the average values
of the MOE results.
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Figure 2. Modulus of elasticity (MOE) of the tested panels
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Screw withdrawal resistance

Figure 3 shows the results of determining screw withdrawal resistance. Analyzing the
values, it can be seen that the highest resistance was achieved by the samples of the reference
variant. The smallest resistance was achieved by variant 10. Analyzing the graph below, it can
be seen that with an increase in the proportion of soy binders, there is an increase in SWR,
starting from 93 N/mm for variant 10 to 129 N/mm for variant 20. The results of variants 12,
15 and 20 samples are similar to each other. All the obtained average values for SWR
are statistically significantly different from the variant 10. Hong et al. (2017) confirmed the
theory that as the density of fiberboard increases and the binder content increases, the resistance
to SWR.
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Figure 3. Screw withdrawal resistance (SWR) of the tested panels

Internal Bond

The internal bond values for the tested panels are shown in Figure 4. As can be seen from
the data presented, the highest IB value was obtained by variant 10, i.e. 0.95 N/mm?. The lowest
IB value is characterized by the samples of variant 20, with a value of 0.20 N/mm?. Analyzing
the graph below, one can see the dependence of the IB decrease with the increase in the
proportion of soybean binder, starting from 0.95 N/mm? for variant 10 to 0.20 N/mm? for variant
20. According to the literature, the density in the middle zone of the panels has a significant
impact on the IB results. According to Wong et al (2000), the higher the density in the middle
zone, the higher the IB. Another factor affecting IB values is the amount of water sprayed (Sala
and Kowaluk, 2020). The results obtained, with the exception of variants 15 and 20, are higher
than the requirements of EN 622-5:2010. It is worth mentioning that according to the
requirements of EN 622-5, for MDF-type boards with a thickness of 2.5 mm to 4 mm,
the minimum IB value is 0.65 N/mm?. According to the statistical analysis, there are statistically
significant differences between the average IB values.
Density profiles

The results of the density profile test are illustrated in Figure 5. The graph shows the

results of one sample from each variant, since, as determined during the analysis of the results,
the values obtained in the series of tests are similar to each other. Analyzing the graph below,
it can be seen that the density of the surface layers is higher compared to the middle layer.
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The highest density value was achieved by variant 15, i.e. 1021 kg/m* for a thickness
of 0.56 mm. Analyzing the graph, it can be noted that variant 15 also has the largest difference
between the middle zone and the outer layers.
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Figure 4. Internal Bond (IB) of the tested panels
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Figure 5. Density profiles of tested panels

Thickness swelling

The results of the thickness swelling tests are shown in Figure 6. The determinations
were made after the 2-hour and 24-hour soaking of the samples in water. Analysis of the graph
shows that the highest TS was formed after 24-hour soaking in water of variant 12. The lowest
TS value was reached by the reference plates. Variant 12 reached more than 47% higher value
TS after a 24-hour soaking compared to the reference variant. Analyzing the graph, it can be
seen that the TS of the tested samples increased with the mass increase of soybean starch.
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A different relationship was studied by Wronka et al. (2020) when studying hardboard with
a starch binder. They observed a decrease in TS with an increase in the plant binder (starch).
According to the requirements of PN 622-5, for MDF-type boards from 2.5 mm to 4 mm thick,
the value of maximum TS is 35%. All the average TS values obtained are statistically
significantly different from the others.
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Figure 6. Thickness swelling (TS) of the tested panels

Water absorption

The results of water absorption are shown in Figure 7. The determinations were made
after 2 and 24 hours of soaking the samples in water. Analysis of the graph shows that the
highest WA after 2 and 24 hours of soaking was obtained by variant 12. The lowest WA was
examined in the reference variant.
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Figure 7. Water absorption (WA) of the tested panels

Based on the results, it can be concluded that a mass increase in soybean starch content
causes a significant increase in WA. Lower WA values were obtained when testing wood-based
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plastics bonded with tannin glue mixed with hexane diamine. Xu et al. (2023) found that as the
hexane diamine content increases, WA values decrease. According to the statistical analysis,
there are statistically significant differences between the mean WA values.

Surface water absorption

The results of the surface absorption tests are shown in Figure 8. As can be seen from
the graph, the highest amount of water was absorbed by the samples of variant 12, and the
smallest amount by the samples of variant 20. Analyzing the graph below, one can see the
dependence of the decrease in SWA values with an increase in the proportion of soybeans - with
the exception of variant 12. A similar dependence of the decrease in SWA values was studied
by Rosa and Kowaluk (2023) using a vegetable binder in a medium-density fiberboard.
The obtained average SWA values are not statistically significantly different from the others.
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Figure 8. Surface water absorption (SWA) of the tested panels

CONCLUSIONS

Based on the research and analysis of the results, it can be formulated the following
conclusions and observations:

o As the density of the outer layers increases, the modulus of rupture and modulus of elasticity
values increase.

o Increasing the proportion of soybean starch in the panels increases the values of the modulus
of rupture, modulus of elasticity and screw withdrawal resistance.

» As the proportion of soy starch increases, internal bond values decrease.

e Variant 15 has the largest difference between the core layer and the surface layers.

o Thickness swelling and water absorption values increase with a mass increase in the
proportion of soybean starch in the panels.

o Surface water absorption values, except for variant 12, decrease with increasing soy binder.

48



REFERENCES

ADDIS, C.C., KOH, R., GORDON, M.B. (2020): Preparation and characterization of a bio-
based polymeric wood adhesive derived from linseed oil. International Journal of Adhesion
and Adhesives, 102, 102655

EN 310:1994 Wood — based panels: Determination of modulus of elasticity in bending
and of bending strength

EN 317:1993 Particleboards and fibreboards — Determination of swelling in thickness after
immersion in water

EN 319:1993 Particleboards and fibreboards — Determination of tensile strength perpendicular
to the plane of the board

EN 320:2011 Particleboards and fibreboards. Determination of resistance to axial withdrawal
of screws

EN 382-2:1993 Fibreboards - Determination of surface absorption - Part 2: Test method
for hardboards

EN 622-5:2010 Fibreboards. Specifications. Requirements for dry process boards (MDF)

GUMOWSKA, A., KOWALUK, G. (2023): Physical and Mechanical Properties of High-
Density Fiberboard Bonded with Bio-Based Adhesives. Forests, 14, 84

HIKMAH, N., SUSANTO, D., SUGANDA, E. (2021): Physical properties of medium density
fiberboard from pineapple leaf fiber (PALF) with cassava peel starch and citric acid.
American Institute of Physics, 2376

HONG, M. K., LUBIS, M. A. R., PARK, B. D. (2017): Effect of panel density and resin content
on properties of medium density fiberboard. Journal of the Korean Wood Science and
Technology, 45(4), 444 — 455

HUSSIN, M.H., ABD LATIF, N.H., HAMIDON, T.S. IDRYS, N.N., HASHIM, R., APPATURI,
J.N., BROSSE, N., ZIEGLER-DEVIN, 1., CHRUSIEL, L., FATRIASARI, W., ET AL.
(2022): Latest advancements in high-performance bio-based wood adhesives: A critical
review. Journal of Materials 29 Research and Technology: 21, 3909 — 3946

JANG, Y., LI, K. (2015): An All-Natural Adhesive for Bonding Wood. Journal of American Oil
Chemists’ Society: 92, 431 —438

KUMAR, CH., LEGGATE’A, W. (2022): An overview of bio-adhesives for engineered wood
products. International Journal of Adhesion and Adhesives: 118, 3909 — 3946

KRISTAK, L., ANTOV, P, BEKHTA, P.,, LUBIS, MAR., ISWANTO, AH., REH, R.,
SEDLIACIK, J., SAVOV, V., TAGHIAYRI, H.R., PAPADOPOULOS, A.N., PIZZI, A.,
HEJNA, A. (2022): Recent progress in ultra-low formaldehyde emitting adhesive systems
and formaldehyde scavengers in wood-based panels: A review. Wood Mater. Sci. Eng.: 1-
20

LI, X., LI, Y.,, ZHONG, Z., WANG, D., RATTO, J.A., SHENG, K., SUN, X.S. (2009):
Mechanical and water soaking properties of medium density fiberboard with wood fiber
and soybean protein adhesive. Bioresour Technol: 100 (14), 3556 — 3562

NAKANISHI, E.Y., CABRAL, M.R., GONCALVES, P. DE S., SANTOS, V. DOS,,
SAVASTANO JUNIOR, H. (2018): Formaldehyde-free particleboards using natural latex
as the polymeric binder. Journal of Cleaner Production. 195, 1259 — 1269

ROSA, P.,, KOWALUK, G. (2023): Selected features of medium density fiberboards produced
with the use of plant binder. Annals of Warsaw University of Life Science — SGGW,
Forestry and Wood Technology, 120, 27 — 36

SALA, C. M., KOWALUK, G. (2020): An impact of surface spray and pressing temperature on
the properties of high density fibreboards. Annals of Warsaw University of Life Sciences —
SGGW Forestry and Wood Technology No. 112, 2020: 36-53

49



UMEMURA, K., SUGIHARA, O., KAWAI S. (2013): Investigation of a new natural adhesive
composed of citric acid and sucrose for particleboard. Journal of Wood Science, 59, 203 —
208

WONG, E.D., ZHANG, M., WANG, Q., HAN, G., KAWAI, S. (2000): Formation of the
Density Profile and Its Effects on the Properties of Fiberboard. Journal of Wood Science
46 (3): 202-9

WRONKA, A., RDEST, A., KOWALUK, G. (2020): Influence of starch content on selected
properties of hardboard. Annals of Warsaw University of Life Science — SGGW, Forestry
and Wood Technology, 109, 48 — 52

ZHENG, X., CHENG, L., GU, Z., HONG, Y., L1, Z., L1, C. (2017): Effects of heat pretreatment
of starch on graft copolymerization reaction and performance of resulting starch-based
wood adhesive. International Journal of Biological Macromolecules: 96, 11 — 18

ACKNOWLEDGEMENT
The presented study was completed within the activity of the Student Furniture Scientific

Group (Koto Naukowe Meblarstwa), Faculty of Wood Technology, Warsaw University of Life
Sciences - SGGW.

Streszczenie: Zastosowanie skrobi sojowej jako spoiwa w technologii ptyt HDF. Celem badan bylo okreslenie
wybranych wlasciwosci ptyt pilsniowych suchoformowanych o wysokiej gestosci (HDF) spajanej maka sojowa
jako przyjaznym dla §rodowiska spoiwem. Zakres prac obejmowat produkcje ptyt w warunkach laboratoryjnych
o roznym udziale masowym maki sojowej tj. 10%, 12%, 15% 120%. Okreslono wybrane wlasciwosci mechaniczne
i fizyczne plyt, a mianowicie wytrzymalo$¢ na zginanie, modut sprezystosci przy zginaniu, opdr przy osiowym
wyciaganiu wkretow, wytrzymalo$¢ na rozciaganie prostopadle, profil gestosci, specznienie na grubos$é,
nasigkliwo$¢ i absorpcj¢ powierzchniowg wodng. Wyniki wykazaty, ze zwigkszenie udzialu masowego spoiwa
sojowego przyczynia si¢ do poprawy wybranych wlasciwosci mechanicznych, natomiast pogarsza wlasciwosci
fizyczne.

Stowa kluczowe: ptyta piléniowa, HDF, soja, spoiwo, wlasciwosci fizyczne, wlasciwosci mechaniczne
Corresponding author:

Grzegorz Kowaluk

Institute of Wood Sciences and Furniture
Warsaw University of Life Sciences — SGGW
Nowoursynowska Str. 159

02-787 Warsaw, Poland

email: grzegorz_kowaluk@sggw.edu.pl

50



