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ABSTRACT

In this study, low-density plantation timber, Paraserianthes falcataria was pretreated with
3%, 6% and 9% NaOH before densification process. Alkaline pretreatment leads to lignin
reductions and cell wall structure becomes more porous. Densification was done by crushing the
cell wall with hot-press machine, resulting in reduction of thickness to about 60%. Scanning
electron microscopy images were captured and processed through Imagel] software. As to
support the data, lignin content determination was conducted according to TAPPI T222 and
the correlation coefficient between cell lumen areas and lignin content were studied statistically.

KEYWORDS: Densification, alkaline pretreatment, scanning electron microscopy,
Paraserianthes falcataria, low-density timber.

INTRODUCTION

Wood densification is one of the effective methods in enhancing the mechanical properties
of wood, as wood is a viable constructional material (Shi et al. 2020). The same authors also
stated that, it is possible to undergo both chemical treatment, such as alkaline pre-treatment or
Klason pre-treatment, and wood densification to maximize the value of density of woods. Wood
with high porosity has a pyramid arrangement, which causes density and strength to deteriorate.
According to Cencin et al. (2021), after the cell walls have crumbled under heat condition,
low-density wood can be densified to achieve a greater density. Laine et al. (2013a,b) mentioned
that hardness increases with densification, therefore densified wood would be advantageous in a
variety of applications, such as flooring, where high hardness is required.

According to Kim et al. (2015), to pass through both chemicals and physical obstructions
can be an efficiently pre-treatment. Pre-treatment can levitate the enzymatic digestibility of
biomass through suitable application of chemical reagents/outer substances, catalysts. Shi et al.
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(2020) stated that as to remove lignin and/or hemicellulose, a strategy of optimal treatment
reagent/catalysts will be set. Pre-treatment at an extreme temperature within short period of time
of reaction for instance, can be diluted sulfuric acid, ARP, or steam explosion (Kim et al. 2003).

Following densification, low-density timber species can be used as an alternative to
hardwood species (Kutnar and Sernek 2007). The higher mechanical properties of densified
wood products allow their use in diverse and advanced applications (such as jigs and tooling in
the construction, aerospace, and automotive industries). For example, Anshari et al. (2012)
utilised the moisture-dependent swelling and improved mechanical properties of densified wood
as a reinforcement material in glulam beams. The authors reported a bending stiffness increase of
up to 46% compared to that of unreinforced glulam. Riggio et al. (2016) used densified wood
plates and dowels to replace steel plates and dowels in a timber beam-column connection. These
connections utilized the moisture-dependent swelling effect of densified wood materials to create
a tight fit in the connections. Additional benefits of densified wood include recyclability,
reusability and relatively lower density when compared with steel.

MATERIALS AND METHODS

Paraserianthes falcataria timber were processed into 300 mm (length) X 50 mm (width)
X 20 mm (thickness) lamina. Suryono and Pranoto (2021) used such lamina thickness in their
study, between 6.5 mm to 20 mm. In this study, laminas with initial moisture content ranging 12 -
15% and initial density 309 - 345 kgm™ were used for alkaline pretreatment at different NaOH
concentrations of 3%, 6%, and 9% (w/w), and untreated as control before the densification
procedure. The laminas were cooked using soda pulping technique in boiling temperature
(£100°C) for 30 min at 10 : 1 liquid to wood ratio, and then neutralized with acetic acid.
Densification was done on untreated and treated laminas using a hot press at 105°C and 6 MPa
pressure for 30 min, followed by 10 min of cooling to temperatures below 100°C while
maintaining the pressure using the hot press. The densified laminas were cut into 5 mm (length) X
5 mm (width) using a sharp razor knife to get perfect transverse sections and gold-coated for
Scanning electron microscope at magnification of 1.00 Kx with accelerating voltage of 15 kV.
Thirty replicates scanned images of transverse section for each concentration were processed
using ImagelJ software. Lignin content determination was also conducted after soda pulping,
according to standard T 222 with n = 30, as to justify the lignin content in the cell structure after
treatment and compared with control. Pearson’s correlation coefficient was done between cell
lumen areas and lignin content of the untreated and treated densified P. falcataria.
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RESULTS AND DISCUSSION

Fig. 1 shows that 9% NaOH has the largest cell lumen area compared to other
concentrations with mean value of 10.53 um’, followed by 6% NaOH with 5.18 um’” of lumen
area and 0% NaOH with 3.87 pum’. The lowest lumen area achieved by 3% NaOH with
2.06 um’. Alkaline pre-treatment helped in increasing the maximum densification in 3% NaOH
as the area of cell lumen collapsed more than other concentrations. Fig. 1 also shows that 9%
NaOH has the lowest lignin content with 5.77%, while 0% NaOH has the highest lignin content
with 12.83%, with slightly different in mean values compared to 3% NaOH with 12.44%,
followed by lignin content of 6% NaOH with 7.98%.
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Fig. 1: The mean values and standard deviation (£) of cell lumen areas and lignin contents of
densified and treated P. falcataria timbers at different concentrations of NaOH (3%, 6% and
9%) with densified and untreated P. falcataria timbers as control (0%).

Fig. 2 shows the SEM images of untreated and treated densified P. falcataria using
different concentrations of NaOH (3%, 6%, 9%) and 0% NaOH as the control. Fig. 2a revealed
the cell lumen structure of 0% NaOH after densification were not fully collapsed and numerous
gaps remaining in between the cell walls, while Figs. 2b-d show more crushed cell wall because
of'the absence of lignin as the binder. However, 3% NaOH has the most packed lumen compared
to 6% and 9%. Figs. 1 and 2 show higher concentration of NaOH leads to higher removal of
lignin which caused the wood to become more porous and brittle. The cell wall itself had been
degraded by the chemical modification. Moisture can be easily absorbed from the surrounding
environment, which cause cell relaxation and cell lumen expanded.

Kutnar et al. (2009) had stated that the cell walls must be elastic in order to improve
the properties of densified wood (Blomberg et al. 2005). The following factors are most likely to
influence the alleviation and derogation phases: temperature, moisture, and time (Wolcott et al.
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1990). Pelit et al. (2014) reported that the expansion of cell was structure and releasing internal
tensions may cause the densified laminas to revert to their original state. Kutnar et al. (2009,
2015) mentioned that alteration in densification modulus with relative thickness, respectively,
influenced by moisture content, gas pressure and transient temperature differences in the mat,
which caused by heat and mass transfer. The comparison in thickness between untreated (0%
NaOH), treated (3%, 6%, 9%), densified and undensified laminas showed in Fig. 3.
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Fig. 2: SEM images of untreated and treated densified P. falcataria (a) 0% NaOH, (b) 3%
NaOH, (c) 6% NaOH, (d) 9% NaOH). Magnification: 1.00 Kx.

(e
Fig. 3: Comparison in thickness between laminas (a) 9% NaOH, densified, (b) 6% NaOH,

densified, (c) 3% NaOH, densified, (d) 0% NaOH, densified, (e) 0% NaOH, undensified.

Lenth and Kamke (2001) mentioned in their findings that densification of wood causes
permanent and temporary changes that alter both physical and mechanical properties of woods.
Lumen in cell walls get packed in densified woods after alkaline pretreatment, according to
studies by Song et al. (2018) and Kutnar and Sernek (2007). As a result, after being flattened to
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improve hardness, the packed cell walls bonded to one another. Kamke and Rathi (2011) had
mentioned in their findings that densification of wood brings to permanent and temporary
changes, which affect both physical and mechanical properties of woods. However, according to
Santos et al. (2012), Nairin (2006), Islam et al. (2014) and Silva and Kyriakides (2007),
the effects of many elements on the mechanical properties of densified woods include wood
species, treatment conditions, pressing conditions (such as temperature, pressure, and cooling),
and conditioning conditions. However, Schrepfer and Schweingruber (1998) mentioned in their
discoveries that earlywood sections were simpler to distort than latewood sections. In additional,
the changes in wood properties depend on its characteristics (Bami and Mohebby 2011).

According to the authors’ previous published paper on density in Raman and Liew (2020),
the density of treated wood showed significant change, where the highest concentration (9%
NaOH) has the lowest density 587.2 kgm™, while control has the highest density at 909.2 kgm™,
which also caused lamina reduced in thickness for about 40% after densification process. In this
study, lignin reduction helped the densification process after the cell wall structure become
porous and brittle, as Wolcott et al. (1989) had stated that hemicellulose, lignin, wax, and oils in
the fibre cell wall were eliminated after an alkaline pre-treatment. Because lignin is needed as a
binder, withdrawing it may damage the features. Cells collapse depending on the test
circumstances and the type of cell wall components, such as elastic distortion, plastic flexibility,
or brittle suppression, cells collapsed. According to Islam et al. (2012), the adhesion and
compatibility between wood components such as fibers and polymer had been increased after the
lignin removed and cellulose reacted with NaOH. According to previous studies by Kollmann et
al. (1975), Blomberg et al. (2004), Pelit et al. (2014, 2015), had mentioned that densified wood
by compression would return to the measurement before compression when the wood had been
soaked in water or exposed to high moisture environment.

Fig. 4 shows the coefficient correlation between lignin content and cell lumen areas of
untreated (0% NaOH) and treated (3%, 6%, 9% NaOH) densified P. falcataria laminas had
shown the range of correlation coefficient values and the corresponding levels of correlation. The
relationship between lignin content and cell lumen areas of 0% NaOH was found to have very
weak negative linear correlation, with r-value of r(28) = -0.09, p < 0.64, where higher lignin
content leads to lower cell lumen areas in the cell structure. Meanwhile, the relationship between
lignin content and cell lumen areas 3% NaOH shows very weak positive linear correlation, with
r-value of r(28) = 0.06, p < 0.74. The relationship between lignin content and cell lumen areas
6% NaOH also reported very weak positive linear correlation, with r-value of r(28) = 0.15, p <
0.42. Both results indicated that decrease in lignin content very weakly increased the cell lumen
areas in cell structure. The correlation between lignin content and cell lumen areas of 9% NaOH
was found to have weak negative linear correlation, with r-value of r(28) = -0.34, p < 0.06. This
result shows that decrease in lignin content increased the cell lumen areas. These interpreted
results were statistically insignificant, as the p-values were greater than 0.05. After wood
conditioning, cell lumen areas tend to expand after absorbing moisture from surrounding. This is
caused by partially reduced lignin from the cell wall structure as the main function of the lignin is
to bind the cell wall from another. Kutnar and Sernek (2007) stated in their findings that woods
release glass state at a sped-up rate of moisture content and temperature (rigid and delicate). It
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will bounce at an elevated rate of moisture content and temperatures, in addition to an elevated
rate of moisture content and temperatures. As a result, the glass transition temperature is the
point at which temperatures change from glazed to bouncy behaviours.
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Fig. 4: Coefficient correlation between lignin content and cell lumen areas of untreated and
treated densified P. falcataria laminas.

CONCLUSION

Alkaline pretreatment had altered the cell wall structure by removing partial of lignin,
followed by the wood densification process which had compacted the void in the porous
structure of cell wall. However, results showed that alkaline pretreatment with higher NaOH
concentration leads to higher lignin content reduction in cell wall which causes cell lumen areas
to expand after densification. Spring-back occurs when wood had been exposed to moisture or
high room humidity. Higher concentration leads to higher lignin reduction which caused in more
voids in cell wall as the cell lumen areas expanded.

Expansion of cell wall structure and loosening internal stresses caused for the samples to
recover to the initial state as before densification. Meanwhile, results were proved by correlation
coefficient analysis, where 9% NaOH leads to higher lignin reduction. Untreated shows the
lowest cell lumen areas after densification and highly believed that less lignin reduction occurred
in the cell wall structure helps the bonding within compositions, as the main function of lignin in
cell wall structure is to hold the structures together. In other hand, by reducing the lignin in the
structure would lead to highest spring-back after densification and special treatment or method
would be needed to apply during wood modification as to eliminate the spring-back.

398



WOOD RESEARCH

ACKNOWLEDGEMENTS

The authors wish to acknowledge the Faculty of Tropical Forestry, Universiti Malaysia

Sabah for providing the facilities and Sapulut Forest Development Sdn. Bhd. for the timber.

10.

11.

12.

13.

14.

REFERENCES

. Anshari, B., Guan, Z.W., Kitamori, A., Jung, K., Komatsu, K., 2012: Structural behaviour of

glued laminated timber beams pre-stressed by compressed wood. Construction and Building
Materials 29: 24-32.

Bami, L.K., Mohebby, B., 2011: Bioresistance of poplar wood compressed by combined
hydro-thermo-mechanical wood modification (CHTM): Soft rot and brown-rot. International
Biodeterioration and Biodegradation 65(6): 866-870.

. Blomberg, J., Persson, B., 2004: Plastic deformation in small clear pieces of Scots pine (Pinus

sylvestris) during densification with the Calignum process. Journal of Wood Science
50: 307-314.

Blomberg, J., Persson, B., Blomberg, A., 2005: Effects of semi-isostatic densification of
wood on the variation in strength properties with density. Wood Science and Technology
39: 339-350.

Cencin, A., Zanetti, M., Urso, T., Crivellaro, A., 2021: Effects of an innovative densification
process on mechanical and physical properties of beech and Norway spruce veneers. Journal
of Wood Science 67(15).

Islam, M.S., Hamdan, S., Jusoh, I., Rahman, M.R., Ahmed, A.S., 2012: The effect of alkaline
pretreatment on mechanical and morphological properties of tropical wood polymer
composites. Materials and Design 33: 419-424.

Islam, M.A., Razzak, M.A., Ghosh, B., 2014: Optimization of thermally-compressed wood of
Trewia nudiflora species using statistical Box—Behnken design and desirability function.
Journal of the Indian Academy of Wood Science 11(1): 5-14.

. Kamke, F.A., Rathi, V., 2011: Apparatus for viscoelastic thermal compression of wood.

European Journal of Wood and Wood Products 69(3): 483-487.

Kim, J.S., Lee, Y.Y., Kim, T., 2015: A review on alkaline pretreatment technology for
bioconversion of lignocellulosic biomass. Bioresource technology 199: 42-48.

Kim, T.H., Kim, J.S., Sunwoo, C., Lee, Y.Y., 2003: Pretreatment of corn stover by aqueous
ammonia. Bioresource technology 90(1): 39-47.

Kollmann, F.F.P., Kuenzi, E.W., Stamm, A.J., 1975: Principles of wood science and
technology. Vol. II: Wood Based Materials, Springer-Verlag, Berlin, Germany. Pp 139-149.
Kutnar, A., Sernek, M., 2007: Densification of wood. Zbornik Gozdarstva in Lesarstva
82: 53-62.

Kutnar, A., Kamke, F.A., Sernek, M., 2009: Density profile and morphology of viscoelastic
thermal compressed wood. Wood Science and Technology 43: 57—68.

Kutnar, A., Sandberg, D., Haller, P., 2015: Compressed and moulded wood from processing
to products. Holzforschung 69(7): 885-897.

399



WOOD RESEARCH

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Laine, K., Belt, T., Rautkari, L., Ramsay, J., Hill, C.A.S., Hughes, M., 2013a: Measuring
the thickness swelling and set recovery of densified and thermally modified Scot’s pine solid
wood. Journal of materials Science 48: 8530-8538.

Laine, K., Rautkari, L., Hughes, M., 2013b: The effect of process parameters on the hardness
of surface densified Scot’s pine solid wood. European Journal of Wood and Wood Products
7: 13-16.

Lenth, C.A., Kamke, F.A., 2001: Moisture dependent softening behaviour. Wood and Fiber
Science 33(3): 492-507.

Nairin, J.A., 2006: Numerical simulations of transverse compression and densification in
Wood. Wood and Fiber Science 38: 576-591.

Pelit, H., Sonmez, A., Budakci, M., 2014: Effect of thermoWood process combined with
thermo-mechanical densification on some physical properties of Scots pine (Pinus sylvestris
L.). BioResources 9(3): 4552-4567.

Pelit, H., Sonmez, A., Budakci, M., 2015: Effect of thermomechanical densification and heat
treatment on density and Brinell hardness of Scots pine (Pinus sylvestris L.) and Eastern
beech (Fagus orientalis L.). BioResources 10(2): 3097-3111.

Raman, V., Liew, K.C., 2020: Density of densified Paraserianthes falcataria wood
pre-treated with alkali. 2nd International Conference on Tropical Resources and Sustainable
Sciences (CTReSS): Earth and Environmental Science 549: 1-5.

Riggio, M., Sandak, J., Sandak, A., 2016: Densified wooden nails for new timber assemblies
and restoration works: A pilot research. Construction and Building Materials
102: 1084-1092.

Santos, C.M.T., Menezzi, C.H.D., Souza, M.R.D., 2012: Properties of thermo-mechanically
treated wood from Pinus caribaea var. hondurensis. BioResources 7(2): 1850-1865.
Schrepfer, V., Schweingruber, F.H., 1998: Anatomical structures in reshaped press-dried
wood. Holzforschung 52: 615-622.

Shi, J., Peng, J., Huang, Q., Cai, L., Shi, S.Q., 2020: Fabrication of densified wood via
synergy of chemical pretreatment, hot-pressing and post mechanical fixation. Journal of
Wood Science 66(1): 5-13.

Silva, D.A., Kyriakides, S., 2007: Compressive response and failure of balsa wood.
International Journal of Solids and Structure 44: 8685-8717.

Song, J., Chen, C., Zhu, S., Zhu, M., Dai, J., Ray, U., Li, Y., Kuang, Y., Li, Y., Quispe, N.,
Yao, Y., Gong, A., Leiste, U.H., Bruck, H.A., Zhu, J.Y., Vellore, A., Li, H., Minus, M.L.,
Jia, Z., Martini, A., Li, T., Hu, L., 2018: Processing bulk natural wood into
a high-performance structural material. Nature 554: 224-228.

Suryono, J., Pranoto, Y., 2021: Influence of lamina wood on the physical properties,
the nature of mechanics, the strong class on the combination of Sengon wood and Merbau
wood. 2nd Borobudur International Symposium on Science and Technology (BIS-STE 2020)
203: 1-7.

Wolcott, M. P., Kasal, B., Kamke, F. A., Dillard, D. A., 1989: Testing small wood specimens
in transverse compression. Wood and Fiber Science 21: 320 — 329.

400



WOOD RESEARCH

30. Wolcott, M.P., Kamke, F.A., Dillard, D.A., 1990: Fundamentals of flakeboard manufacture:
viscoelastic behavior of the wood component. Wood and Fiber Science 22: 345-361.

VINODINI RAMAN, KANG CHIANG LIEW*, RAFIDAH MD SALIM
UNIVERSITI MALAYSIA SABAH
FACULTY OF TROPICAL FORESTRY
JALAN UMS, 88400, KOTA KINABALU
SABAH, MALAYSIA
*Corresponding author: liewkc@ums.edu.my

401



