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Spectroscopic and Non-destructive Analysis Methods for Investigation of Inorganic
Pigments on Historical Wooden Objects in North of Iran

Faramarz Rostami-Charati, Gholamreza Rahmani, Roya Bahadori, and Farah Sadat Madani

Abstract

In this research, the characterization of very stable pigments from a cultural heritage building named by Saghatalar
which is located in Mazandaran province, a suburb around of Fridonkenar city in the north of Iran near Caspian Sea
(Cochakbishehmahaleh village) was investigated. For this investigation, the wood samples were given from Saghatalar for
characterization and analysis. The result were showed no organic materials was find in the four colours (blue, red, yellow and
green) as samples of this building were detected and taken. Fourier transform infrared spectroscopy (FT-IR), X-ray
fluorescence spectroscopy (XRF), X-ray emission spectroscopy (XRD), Uv-vis spectroscopy, fluorescence spectroscopy,
Raman spectroscopy and Mossbauer spectroscopy have been used for determination of kind of dyes in Saghatalar wood.

Keywords: Iran’s Cultural Heritage, Saghatalar, Mazandaran province, X-ray, spectroscopy, Raman spectroscopy.

Introduction

There is no indication of the direct use of wood by the
earliest hominids, although Neanderthals exhibited much
complex behaviour such as funerary practices (Errico et al.
2012). Cultural uses of wood appear to be related to the
activity of humans rather than hominids (Bamford 2010).
Any wooden artefact that provides us information about
human life and culture, and that is considered worthy of
preservation for the future can be defined as wooden
cultural heritage (WCH) (Rowell 1990). Vocational, technical
artefacts, creative activities, and cannons of craftsmanship
are embedded in WCH, reflecting past human culture,
ideals, and symbols. Thus, the technological and
sociological aspects of human activities can be understood
from excavating WCH objects or remains. Wooden artifacts,
wood painted panels and historic furniture represent a
significant part of our cultural heritage. Their preservation
over time is a challenging task as they can be damaged by
several chemical-physical, mechanical and biological
phenomena. The last ones are particularly relevant in
causing damage, given the organic composition of wood.
The microbiological activity of bacteria and fungi results in
aesthetic alterations and depletion of mechanical
characteristics, but insect infestation still represents a
primary cause of loss of cultural heritage artifacts.

In the past, several chemical methods mainly based
on the use of liquid preservatives or gaseous fumigants
have been used for the conservation of wood under insect
attack (Unger 2012). Such treatments present numerous
negative drawbacks, including a high risk of damaging the
objects (Worle et al. 2012) and serious safety issues for
operators due to chemical toxicity. Less dangerous
alternatives have, therefore, been proposed and tested,
including thermal treatment (using either low or high
temperature) (Strang 1995), physical methods (microwaves,
X-rays and gamma rays irradiation) (Andreuccetti et al.

1995; Augelli et al. 2007) and the use of controlled
atmosphere (Unger et al. 2001). The colour in Cultural
Heritage represents one of the latest international and
interdisciplinary efforts in perfecting documentation of extant
material cultural heritage. In the field of art conservation, the
need to study colour and its variations became particularly
evident in the second half of the 19t century when, following
remarkable developments in the chemical industry, artists
were provided with ready to use pigments/dyes (Bacci et al.
2006). Amongst scientific methods introduced to art
conservation the measurement of the colour of any material
or surface of artwork has been increasingly used from the
1930s (Barnes 1938; Johnston 1967; Bullock 1978).

A multi-technique analytical approach for the
identification of pigments used to create wall paintings is
crucial for a deeper knowledge of raw materials,
manufacturing techniques and preservation methodology.
Several works have been recently published on the
characterization of pigments from cultural heritage artifacts
using Fiber Optics Reflectance Spectroscopy (FORS) and
Raman and X-Ray Fluorescence (XRF) portable equipment
(Cheilakou et al. 2014; Aceto et al. 2014; Appolonia et al.
2009; Bracci et al. 2009 Syta et al. 2014: Madariaga et al.
2014), which are applied together in some cases. The
imaging spectroscopy techniques can be effectively used for
the identification of materials in artwork. The recent
advances in the spectro-imaging field in addition to the
demand for non-invasive techniques in the study of cultural
heritage materials offer a favourable condition for the
development of these methods. However, these techniques
are usually not conclusive for identifying pigments; thus,
confirmation of the composition through other experimental
techniques is required. The inadequacies of FORS are
observed when mixtures of pigments or organic binders are
present (Cheilakou et al. 2014; Appolonia et al. 2009). XRF
is elemental analytical technique that only yields information
about key chemical elements. The employment of Raman
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equipment is only reliable when absolute stability is
reached, and analysis using this technique takes a long
time. In addition, the sensitivity and lateral resolution does
not typically allow for the obtaining of information about all
layers of the polychrome painting (Perez-Rodriguez et al.
2014). Some pigments also fail to produce an identifiable
Raman spectrum, and others do not even produce a
detectable signal (Duran et al. 2011). To overcome these
difficulties, we have employed X-Ray Diffraction (XRD) in
this work using a portable system, together with FORS and
XRF. Only a few XRD portable systems are available at
present (Beck et al. 2014; Mendoza-Cuevas et al. 2015;
Nakai and Abe 2012; Pappalardo et al. 2008). XRD is the
most consistent technique for the identification of crystalline
materials, allowing for the identification of each component
in a mixture.

The aim of the present work is to analysis several
fragments of Roman wall paintings from an archaeological
excavation of the Reales Alcazares Palace in Seville, dated
between the first and second century AD. The chemical
composition of pigments is responsible for the colour of the
paintings (Edreira et al. 2001; 2003). The wood of these
Iranian historical building with fantastic architecture are
called Saghatalar which are specially located in the north of
Iran (Mazandaran province) and firstly it was used as a local
building as watchtower for agriculture forms. After one and
half century, innovation, employing a professional manual
activation and best architecture arts on that, their
application were changed to religion and holy place in order
to do the solemnize rite at MOHARRAM time. The used
wood in this historical building is a local tree by name of
Zelkova carpinifolia with high density and hardness
characterization. For this question it is mentionable that the
wood of this building is very hard and has a high density to
be resistance in climate condition specially humidify and
rainy whether of north of Iran. But it could a good layer for
conservation and restoration of the wood. The painting on
the wood has an invaluable message of the culture and the

style of life of the people from the north of Iran. There is
another Saghatalar that showed the life style and culture of
the local people. This study attempts to establish an
appropriate methodology for the complete characterization
of the pigments by combining portable UV-Visible-FORS
and XRF-XRD portable equipment. As far as we know, this
is the first study to combine the use of UV-Visible-FORS
and XRD portable equipment to analysis mural paintings.

Materials and Methods

The all reagents and solvents were purchased from
Merck and used without further purification. Sampling in
historical objects and buildings is one of the most sensitive
parts in starting research work in the field of cultural heritage
and sampling should be as little as possible and with the
least damage on the object or monument. All works were
carried out at room temperature in air.

Infra-red spectra were obtained on a Nicolet 510P
FT-IR spectrometer. Scanning electron microscopies were
performed on a Philips XL-300 instrument. UV-Vis
spectrophotometric analysis was obtained on the Aventes
UV4200 Avaspec spectrometer with Drift accessory. The
morphology of wood sample was determined by the field
emission scanning electron microscopy (Mira 3-XMU
FESEM, Tescan Co, Brno, Czech Republic). The crystalline
structure of wood sample was characterized by X-ray
diffraction (XRD) analysis at room temperature using a
Holland Philips Xpert X-ray powder diffractometer.

Preparing the Colour Samples

The acetone solvent was used for removing the
sample colour with the appropriate technique. Therefore
impregnating a small amount of cotton (2 g) by acetone and
mechanically applied on the desired colour several times
and the colour is separated from the wood as shown in the
Fig. 1.

Figure 1. a) Perspective of roof structure of Saghatalar, b) pigment wood samples.

The colour enters the cotton villi, in which the mineral
pigments sample can be removed from the cotton by
beating or re-dipping with solvent. In the step, the sample of
mineral pigments can be removed from the cotton by

beating or re-washing with immersion solvent. However,
depending on the type of adhesive and substrate used,
different solvents such as acetone (CsHsO), tetrahydrofuran
(C4Hs0), ethyl acetate (C4HsO2) or paraloid can be used.
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Results and Discussion

Pigments were first identified by means of XRF
analysis according to the X-ray characteristic energies (keV)
in each spectrum, corresponding to specific chemical
elements. Attribution of different pigments is based on
previous consideration from literature (Augelli et al. 2007).
FT-Raman spectra provided more information on the
pigments, while FTIR spectra gave more information on the
organic content of painting.

FTIR of Pigments

According to previous studies, having a peak in the
specified points in the FTIR spectrum in the Fig. 2 is related
to artificial azure blue. Absorption bands in the 1020 cm-!
show the indicator peaks related to the azure colour. Other
absorption bands in 1383 and 873 c¢cm' are related to
calcium carbonate (CaCOs). The peaks with the numbers
603, 673 and 1113 cm are related to the absorption index
(gypsum or gypsum plaster). It should be noted that most of
the dyes used in Saghatalars are associated with a mixture
of oils and generally have organic esters carbonyl functional
groups and appear in 1730 cm-1. In this sample, because it
was first washed with acetone and methanol in the
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preparation process and most of the esterified oily
substances were removed, practically no carbonyl functional
group is seen in the IR structure (Fig. 2). In the area above
3000 cm-, it shows the spectra of organic compounds in the
pigment mixture as well as the wood texture introduced into
the sample unintentionally during sampling
(http:/llisa.chem.ut.ee/IR_spectra/paint/pigments/lapis-
lazuli). The next pigment tested in this structure is red
pigment, which has slightly decreased in colour and has the
IR spectrum as follows and in the IR spectrum, the index
peaks represent the red colour (Ochre). In the FTIR
spectrum, most indicators are related to the Ochre red,
which also shows the peak of oils and associated adhesives
in the carbony! ester group at 1730 cm-'. In this case, it has
iron oxide compounds with the formula Fe203 with a high
percentage and also a lower percentage of Pb3Qs, which is
attributed to the Ochre Red. The FTIR spectrum of green
pigments in the range of 3000 and above has become a
wide and indistinct peak, which has made detection a little
difficult. The wide peak of the 3327 cm" region shows most
of the hydroxy functional groups that entered the sample
from the wood texture at the time of sampling
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Figure 2. The IR spectrum of pigments.
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SEM Images of Pigments

The morphological features of commercial pigments
were investigated by scanning electron microscopy (Fig. 3).
The SEM micrographs revealed that particles of each

SEM MAG: 50.0 kx Det: InBoam

WD: 4.95 mm BI: 7.00
View field: 4.15 ym _ Date(midly): 08/06/20

n

D3y 39.73 nm

D1 =29.25 nm

SEM MAG: 200 kx Det: InBeam L
WD: 4.92 mm BI: 7.00 200 nm
View fleld: 1.04 ym  Date(mi/dly): 08/06/20

SEM image of yellow color

pigment are differently shaped and of unequal size (from
tens to hundreds microns). The representative SEM
micrograph of four colour of Saghatalar wood sample is
given in Fig. 3.

SEM MAG: 50.0 kx Det: InBeam

WD: 5.00 mm BI: 7.00
4.15 um  Date(midly): 08/06/20

SEM MAG: 50.0 kx Det: InBeam
WD: 5.14 mm B81: 7.00
View fleld: 4.15 ym  Date(m/dly): 08/06/20

Yellow

Figure 3. SEM image of pigments.
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EDX Analysis of Pigments

Elemental analysis of the wood samples was

Cr, Fe, O, C, Mg, Cu and Si show the elements in the wood

sample.

performed using EDX technique (Fig. 4). As shown in Fig. 4,
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XRD Analysis of Pigments

Some of the most significant phases in these
pigments in XRD show as a separate phase (Fig. 5). The
sharp expression of calcium sulfate is gypsum. Therefore,
because the amount of gypsum has a high percentage in
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Figure 4. EDX analysis of wood samples.
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the pigment mixture, which often shows sharper, peaks than
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the pigment. However, in the list of resulting peaks, in
addition to gypsum, whose standard diagram is shown at
the bottom of the diagram, the main peak has other peaks
that are related to the structure of the main pigment and
gypsum impurities.
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Figure 5. XRD analysis of four pigments in Saghatalar sample.
XRF Analysis of Pigments and silicon with 4.7% and it also has a lot of structural

In elemental analysis in XRF spectrum, the following
items have been shown as the results of this spectroscopy
and according to the formula of azure pigment Blue azurite
(NaCa)s [(SO4SCI) - (AISiO4)e] and also in the composition
of Blue amulet which are located on the wooden elements
the following elements and compounds can be identified
(Fig. 6). Indicative elements in this XRF spectrum are
calcium 19.15%, potassium 17.99% and sulfur with 21.76%

similarity compared to the standard azure blue spectrum
(Standard IR-Spectra web address of Pigments) and is also
decisive with other analysis results such as p-XRF and more
chemical testing with acid and H2S gas release. The
chemical structure of this blue dye is confirmed by synthetic
azure blue. According to the table below, the percentage of
silicon, aluminum, and sulfur compounds in the blue
pigment using elemental analysis can indicate the presence
of artificial azure pigment as additional information.

Wood Research Journal Vol.12 « No.1 « 2021



blue red

yellow

green

Figure 6. Four pigments in Saghatalar sample.

Table 1: XRF analysis of four pigments in Saghatalar sample

Blue | Red Yellow | Green | Tape
Sample (%)

Bal 30.83 43.23 40.482 48.903 66.045
Al 1.661 0.934 0.593 0.712 1.807
Si 4,759 3.534 4124 2.296 9.964
P 0.43 0.506 0.541 0.275 1.189
S 21.76 8.421 20.683 4.501 12.750
Cl 0.73 0.478 0.859 0.590 2.303
K 17.99 7.541 2.463 4.490 -
Ca 19.18 2478 24588 2.873 1.983
Ti 0.21 0.102 - 0.031 0.048
Cr 0.02 0.070 1.063 - -
Mn - - 0.164 0.034 -
Fe 1.24 30.817 1.450 0.35 0.25
Cu 0.76 0.655 0.669 18.322 1.175
n 0.02 0.293 0.029 - -
Ba 0.02 0.024 0.323 0.016 0.039
As 0.09 0.532 0.433 16.387 0.009
Pb 0.19 0.301 1.477 0.179 0.007

The XRF analysis results of these four colours are
summarized in the above Table 1. The Niton XL3t GOLDD +
950 portable XRF portable fluorescence spectroscopy
device is of Thermo Scientific handheld portable type. It is
noteworthy that the sample witnessed the book adhesive to
which the colour powder of the four samples adhered and
acted as a retaining substrate, and since it lacks mineral
compounds, it is mainly organic compounds and has shown
the least disturbance in the analysis.

Spectroscopic and Non-destructive Analysis Methods for Investigation of Inorganic Pigments on Historical

Wooden Objects in North of Iran

Petrography Investigation of Four Colours

In this study, 4 samples of blue, red, yellow and green
pigments obtained from Saghatalars have been analyzed
and necessary. In this microscopic study (Fig. 7), the
magnification of the device is 10x and observations have
been made in polarized and cross-polarized light (XPL).
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Figure 7. Petrography of four colours.

The details of the results obtained from petrography of
blue pigment petrography are as follows. Or artificial azure
has been identified by the chemical formula of the mineral
lapis lazuli (Nas [AlsSisO24] Sn). Impurities are seen in the
pigment. Finally, by microscopic examination of the red
pigment, observing a high percentage of the target pigment,
the "ochre" pigment is the most likely. The probable
composition identified in the XRD analysis is gypsum, but its
yellow colour can be attributed to a mixture of lead and iron
oxide according to the XRF and FTIR results. lts
microscopic studies also show cases such as quartz and

gypsum.

Conclusions

In this study, In order to summarize the results
obtained from the analyzes performed by FTIR, XRF, XRD
and cross-sectional area and microscopic photographs in
the petrographic laboratory on four categories of pigments
extracted from the small woodpecker of Fereydunkenar
neighborhood, the pigments used from. They were made of
minerals and also organic materials such as gums and
natural resins were used to fix the colour on the wood.
Sometimes gypsum has been used to create a uniform
composition with higher adhesion. The following results
have been obtained by interpreting the spectra and data
obtained from multiple analyzes obtained from FTIR, p-XRF,
XRD and cross-sectional area and microscopic images of
pigments extracted from the studied sciatica. Synthetic
azure blue pigment with quartz crystals Blue azurite (NaCa)s
[(SO4SClI) - (AISiO4)g], and ocher red pigment ocher FexOs
and yellow composite Chromium vyellow (PbCrOs) is
attributed to PbSOq4 lead sulfate as well as Scheele's Green
(CuHAsOs) green pigment. Of course, it should be noted
that blue, red and yellow pigments and ester compounds of
gum and resin can also be seen in the pigment. On the
other hand, green and yellow colours in FTIR and XRD
analyzes do not have good resolution and the peaks do not
appear clearly and the most confirmation of its structure is
based on XRF, which requires more professional analysis
with EDX and SEM is that the necessary results can be
obtained by comparing with references.
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Extractive Content and Colour Properties of 11-Year-Old Superior Teak Wood

Ganis Lukmandaru, Alfian Nur Falaah, Tomy Listyanto, and Dian Rodiana

Abstract

As a fancy wood, teak is valued for beautiful grain and color. However, there is a lack of understanding about the
properties of fast-growing teak trees harvested in young stage. In addition, wood variation in vertical direction is less
investigated. Therefore, the objective of this research was to assess superior teak woods (11 years, 5 trees) grown in
Pemalang FMU in vertical and radial positions for its extractive contents and colour. Extractions were conducted using a
sequence of toluene, ethanol, and hot water. The color evaluation was performed using CIEL*a*b*'s chromaticity system. The
contents of toluene-extract, ethanol extract, hot-water extract, and total extractive ranged between 1.16~5.00%; 0.29~1.04%,
and 0.98~2.35%, and 4.03~7.31%, respectively. For color properties, the brightness (L*), redness (a*), and yellowness (b*)
indices ranged from 49.50~57.42, 6.08~10.81, and 20.47~25.74, respectively. Toluene- and total extractive contents were
greater in heartwood than in sapwood, while the reverse occurred for the hot-water extractive content. Toluene- and total
extractive contents were higher in outer heartwood than in inner heartwood. With regard to colour properties, L* and a* values
were significantly differed between sapwood and heartwood. Vertical stem analysis of samples obtained at bottom, center,
and top showed the toluene extractive content, total extractive content, and a* levels of center part of the tree were found to
be lower than other parts. The L* were negatively correlated with extractive contents, with the highest correlation degree (-
0.83**) being observed in the total extractive content in the heartwood. This comparatively high level of correlation might be
useful to predict its extractive amount as well as its natural durability. It is also noticed that superior teak wood was less

darker and extractive contents than the heartwood control of a 72-year-old tree.

Keywords : juvenile wood, fast-growing, axial variation, wood chemistry, Jati Plus Perhutani.

Introduction

Teak (Tectona grandis L.f) is a crucial wood resource
in Indonesia. The value of teak wood depends on its high
natural durability, weather resistance, and beautiful color.
Therefore, teak is utilized for various products and outdoor
purposes. The qualities of teak wood are undoubtedly
derived from extractives in the heartwood (Yamamoto et al.
1998; Lukmandaru and Takahashi 2008; 2009). Many
studies have investigated that quinones are responsible for
bioactivity against termites and fungi (Haupt et al. 2003;
Thulasidas and Bhat 2007; Niamké et al. 2012; Lukmandaru
2013; Ismayati et al. 2016). Meanwhile, the relationship
between color properties and natural durability has been
addressed by several researchers (Bhat ef al. 2005;
Kokutse et al. 2006; Lukmandaru and Takahashi 2008).

The superior teak wood (Jati Plus Perhutani) from
vegetative propagation has been utilized for various
products. The trees were characterized by their faster-
growing nature, unlike conventional trees. So far, superior
teak wood has been harvested early. The teak wood from
young trees is associated with a paler color and lower
natural durability (Bhat and Florence 2003; Lukmandaru and
Takahashi 2008). Unfortunately, there is little information
about the color and natural durability of superior teak or fast-
growing teak wood. Consumers necessarily have the basic
knowledge to utilize these woods and produce the best
advantages. Previously, the chemical components of
superior teakwood (15 years) have been investigated
(Lukmandaru et al. 2016). Furthermore, the relationship of
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the extractive content and color porperties of teak wood
from young trees has been addressed but no clear pattern
was found (Lukmandaru and Sayudha 2019; Zulkahfi et al.
2020). This study aimed to determine the extractive
contents and color properties of superior teakwood. A
factorial design was used to investigate the effects and
interaction of vertical and radial positions. This study also
discussed the correlation between the extractives’ contents
and the woods’ colors.

Materials and Methods

The experiment was conducted in an 11-year-old teak
stand (diameter breast height = 19.5~27.8 cm, heartwood
proportion = 76.7~85.7%, growth rate = 1.77~2.52 cm/year)
located in compartment 49, KRPH Klapanunggal, BKPH
Banjar Sari, Pemalang Forest Management Unit, Central
Java Province. The trees were selected to represent the
young stage and currently were available in the market. All
trees had been girdled for 13 months and five free-defect
trees were felled at December 15, 2016. A 5-cm-thick disc
was removed at three different vertical positions from the
trees (Fig. 1). Each disc was divided into three parts:
sapwood (SW), outer heartwood (OH), and inner heartwood
(IH). Each part was converted into wood meal (40~60 mesh
size) to determine the extractives content and color
properties. The specimens from two cardinal radii (north-
south) were then combined to form a single sample. Sample
meals were also prepared from the heartwood of a 72-year-
old tree (bottom part) located Randublatung FMU, Central
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Java Province, for comparative purposes (control). This
mature tree was expected to give sharp differences from the

Sm

30 cm

young trees.

Figure 1. Diagrammatic illustration of discs removed from the vertical position of the tree.

Determination of Extractive Contents

Three grams of dried wood powder was successively
extracted with toluene, ethanol, and hot water. The
extractions were conducted using a 6-h sequence of toluene
and ethanol using a Soxhlet apparatus. Hot-water
extractives content was determined following the ASTM D-
1110-1981 standard method. The solvents were
concentrated in a rotary film evaporator, dried, and weighed
to determine the toluene, ethanol, and hot-water extractive
contents based on the oven-dry wood meal (m/m). The total
of extractive contents was calculated by determining the
sum of all extractive contents.

Color Measurement

The wood color was measured in the air-dried wood
powder using an NF333 spectrocolorimeter (Nippon
Denshoku Ind. Co Ltd.) with an opening diameter of 6.0 mm.
Moreover, this measurement employed the CIE standard
illuminant D65 and a tungsten halogen light source. The
percentage of reflectance data was collected at 10-nm
intervals over the visible spectrum (400~700 nm). Three
measurements were made for each part. The value L*
described psychometric lightness (O=black to 100=white).
The value a* described the redness from the axis red (+) to
green (-). Meanwhile, the value b* describes the yellowness
from the Y axis yellow (+) to blue (-).

Statistical Analysis

The variation in the extractive contents and color
properties was analyzed by two-way analysis of variance
(ANOVA) followed by Duncan’s multiple range test (p =
0.05). Meanwhile, the relationship between the independent
variables was investigated using Pearson’s correlation
analysis. The data were analyzed by using SPSS-Win 16.0.

Results and Discussion

Extractive Contents

Extractive contents were obtained by successive
extraction from apolar to polar solvents. Then, total
extractive content was calculated. The values of toluene
extractive, ethanol extractive, and hot-water extractive
contents  respectively ranged  from  1.16~5.00%,
0.29~1.04%, and 0.98~2.35% (Table 1). It is found that
toluene extractive content showed wider range compared to
others. These values were lower than the corresponding
values of control heartwood, particularly the values of
toluene- and ethanol extractive contents. The corresponding
values of toluene extractive content (TEC) of this study were
within the range, unlike the values of previous studies.
Meanwhile, the values of ethanol extractive content (EEC)
were lower than those of 8~ and 31~year-old teak wood in
community forest and 51-year-old teak wood from Perhutani
plantation stand (Lukmandaru and Takahashi 2008). In
addition, the values of hot-water extractive content (HWC)
were within the range, unlike the values of teak from
Perhutani (class age IlI~V) as reported by Lukmandaru
(2010; 2016).

Total extractive content (TOC) of superior teak
heartwood was considerably lower (4.03~7.31%) than that
of the control mature heartwood (13.43%). These values
were also lower than those of other mature teak heartwoods
from Perhutani by 7.15-9.17% (Lukmandaru and Takahashi
2008) and 10.57~12.62% (Lukmandaru 2016). Regardless
of the different sites, these findings correspond to the age-
related trend generally observed by wood chemists.

The ANOVA of extractive contents showed no
significant vertical and radial position interactions (Table 2).
The radial direction denoted that heartwood and sapwood
had statistically distinctive TEC, HWC, and TOC.
Furthermore, TEC and TOC levels in the IH differed
significantly from those in the OH (Fig. 2 and 3). The
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significant difference between OH and IH was also observed
for mature teakwood but not for juvenile teakwood in an
earlier report (Lukmandaru and Takahashi 2008). It
indicates that synthesis and accumulation of extractives
during heartwood formation are more intense in the outer
heartwood region or more mature in the superior teak.

The ANOVA revealed that the vertical direction had
significant differences. The TEC and TOC levels in the
bottom and top parts were higher than those in the center
part. The high content of TEC and TOC in the bottom part
was probably caused by intense polymerization reactions
during the aging process of the tree. Meanwhile, the high
content in the top part was caused by the vicinity to the
crown part as the photosynthesis site. The significant

differences in vertical direction were also found in eucalypt
hybrid urograndis from Brazil (Gominho et al. 2001).
Yunanta et al. (2014) measured an increase in an ethanol-
toluene extract with tree height of shorea species.

The EEC and HWC level variations in different vertical
directions were insignificant. This finding suggested that
high molecular weight phenolics and sugars remained
steady with height. The patterns of HWC levels were similar
to those of Siberian larch wood, which had no systematic
differences in vertical position (Neverova et al. 2013). HWC
tended to increase from the bottom to the top part in Robinia
pseudoacacia (Adamopoulos et al. 2005). This finding
differs from the present investigation’s results.

Table 1. Extractive contents and color properties of superior teak wood (11 years, mean of 5 trees) as compared with a
mature control. The same letters on the same column are not statistically different at P < 0.05 by Duncan’s test.

Extractive content (%)

Colour properties

Vertical Radial TEC EEC HWC TOC L* a* b*
Bottom Sapwood 1.74 0.29 2.53 4.57 60.87 6.94 20.47
Outer heartwood 4.95 0.45 1.27 6.67 51.07 10.07 23.66
Inner heartwood 4.02 0.36 1.14 5.52 52.64 10.81 23.18
Average 3.57b 0.37 1.65 5.59¢d 54.86 9.27¢g 22.44
Center Sapwood 1.43 0.39 1.91 3.73 64.45 6.08 20.61
Outer heartwood 4.03 0.39 0.98 5.73 51.97 9.94 24.34
Inner heartwood 2.18 0.84 1.00 4.03 57.42 9.87 23.96
Average 2.55a 0.54 1.30 4.50c 57.95 8.63f 22.97
Top Sapwood 1.16 0.74 1.89 3.78 64.50 6.41 25.74
Outer heartwood 5.00 1.04 1.18 7.31 49.50 10.48 24.86
Inner heartwood 3.35 0.93 1.21 6.18 50.80 10.55 24.03
Average 3.34b 0.90 1.43 5.76d 54.93 9.14 g 24.87
Control Heartwood (72 years) 8.20 2.64 2.59 13.43 41.57 10.63 24.27

Remarks: TEC = toluene extractive content, EEC = ethanol extractive content, HWC = Hot-water extractive content, TOC =

total extractive content.

Table 2. Vertical and radial direction analysis of variance in extractive contents and color properties of superior teak wood.

df Mean square
Source of variation TEC EEC HWC TOC L* a¥ b*
Vertical position (A) 2 4.36* 1.02 047 6.34* 45.17 1.69* 2459
Radial position (B) 2 3839 0.29 483 22.34* 622.24* 72.45* 15.65
AxB 4 1.52 0.05 0.18 1.52 2417 0.36 11.52
Error 36 077 0.35 0.56 1.74 16.88 0.40 13.16

Remarks: TEC = toluene extractive content, EEC = ethanol extractive content, HWC = Hot-water extractive content, TOC =
total extractive content. ** Significant at the 1% level; * significant at the 5% level

Toxic quinones were mostly detected in apolar
fraction, while the predominantly sugar (mono- and
disaccharides) and sugar derivatives were identified in the
methanol extracts (Windeisen et al. 2003; Lukmandaru and
Takahashi 2009). The low amounts of TEC and TOC
probably cause lower natural durability in superior teakwood
than in conventional mature teaks. The sapwood part in
radial position or the center part in vertical position was
susceptible. Many studies have discovered the relationships
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between extractive contents and resistance against termite
or fungi (Haupt et al. 2003; Lukmandaru and Takahashi
2008; 2009; Lukmandaru 2011). Niamké et al. (2011)
measured high concentrations of starch and low molecular
weight sugars in the teak sapwood. The high levels of HWC
in the sapwood might reduce the natural durability against
fungi. This study found that the sapwood proportion in the
superior teak samples was 20% to 40%.
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Based on extractive weight, a clear distinction
between sapwood and heartwood was found in TEC and
HWC levels. The TEC level of the sapwood did not exceed
40%, and the HWC level of the heartwood did not exceed
30% (Fig. 3). The similarity between superior teak
heartwood and mature heartwood control was the
composition of extractive content of IH in the center and top
parts. This finding showed the EEC levels were close to

20%, while the TEC levels did not exceed 70%. IH in the
bottom part was characterized by a high amount of TEC and
a low amount of EEC. It is assumed that sapwood has low
natural durability due to the low content of TEC and EEC. IH
part did not exhibit a similar level of natural durability to OH
in other studies (Kokutse et al. 2006; Bhat et al. 2005).
Although the IH of superior teakwood has the similar
extractive content composition to that of heartwood control
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samples, the mature and juvenile woods have different The ANOVA of color properties showed no significant
compositions and content of toxic components (Lukmandaru  vertical and radial position interactions (Table 2). However,

and Takahashi 2009). the L* and a* values of sapwood and heartwood differed
significantly (Fig. 4). The ANOVA also revealed no
Color Properties significant  difference in  heartwood (OH and IH).

Lukmandaru and Takahashi (2008) reported a significant
difference in L* and a* between IH and OH of 51-year-old
teak trees; this finding differs from the present
investigation’s findings. Studies on color properties of teak
have noted similar patterns (Kokutse et al. 2006; Moya and
Berrocal 2010). These patterns were probably related to the
similar composition of coloring matters of the superior

younger trees was paler, regardless of their different sites teakwood althou
RPN gh TEC and TOC levels of OH and |H were
(Lukmandaru 2009a; Gierlinger ef al. 2004). Moreover, the statistically different. Vertical stem analysis discovered that

obtained values were nearly similar to the values of mature ot ¥
teak wood trees grown in Perhutani (Lukmandaru 2016). tht ﬁ]egt:r;gﬁr:nggﬂitsl}ggs(“;:g% l? )W er " values than others,

The L*a*b* values of superior teakwood samples and
heartwood control had no striking differences, except the L*
parameter (Table 1). The control sample’s heartwood region
had a significantly darker color (L* = 41.57) than the
superior teakwood's (L* = 49.50~57.42). These values
agreed with the general assumption that the heartwood of
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Figure 4. Color properties of superior teakwood (11 years) by radial position. Mean of 5 trees , with the standard deviation
error bar. The same letters on the same graphic are not statistically different at P < 0.05 by Duncan’s test.

Table 3. Pearson’s correlation coefficients between extractive contents and color properties of superior teakwood (11 years)

TEC EEC HWC TOC
Sapwood
Brightness (L) -0.26 0.05 -0.66** -0.67*
Redness (a*) 0.19 -0.15 0.37 0.36
Yellowness (b*) -0.02 0.23 -0.01 0.05
Heartwood
Brightness (L¥) -0.63* -0.55** -0.24 -0.83*
Redness (a*) 0.43* 017 0.41* 0.51*
Yellowness (b*) 0.09 -0.11 -0.24 -0.02

Remark: TEC = toluene extractive content, EEC = ethanol extractive content, HWC = hot-water extractive content, TOC =
total extractive content. ** Significant at the 1% level; * significant at the 5% level.

Wood color, together with beautiful grain, is an  modify superior teak wood to enhance its color properties.
important quality parameter for teak. The inhomogeneity in Heat treatment is used to improve the color properties and
vertical position (redness) and brighter heartwood in  obtain a decorative specific dark color. So far, teak wood of
superior teak wood were certainly undesirable for several  young trees has been subjected to a heat treatment (Garcia
products (Table 1). Therefore, further research should et al 2014).
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Relationship between Extractive Contents and Color
Properties

The correlation coefficient of sapwood and heartwood
was considered as separated samples of color parameters
and extractive contents. This correlation is summarized in
Table 3. Table 3 confirms moderate negative correlation
between the L* and HWC (r = -0.66**) and between the L*
and TOC (r = -0.67*) in sapwood region. These slightly
different values indicated that hot-water solubles mostly
affected sapwood colors. This condition means that the
sapwood contains more hot water soluble when it is darker
(Fig. 5).

The measurement of L* and TOC values gained the
highest negative correlation of r = -0.83** in the heartwood
region (Table 3). This strong correlation degree was a
combination of apolar and polar fraction, as seen in the
moderate negative correlation between L* and TEC (r = -
0.63**) or EEC (r = -0.55**). These findings denote that the
TEC and EEC contribute equally, and wood is darker when
it contains more toluene and ethanol soluble extracts. The
correlation analysis also revealed a moderate positive
correlation between a* and TOC values, a* and TEC values,
as well as a* and HWC values in the heartwood part. There
was no significant relationship between the b* and extractive
content parameters. This finding signifies that the parameter
a* increases when TEC, HWC, and TOC values increase.
Various TEC, HWC, and TOC levels caused various a*
values in the vertical position (Table 1). The relationship
between extractive contents and color properties (L* and a*)
was also found in normal and black-streaked heartwood
teak (Lukmandaru et al. 2009b; Lukmandaru 2011).

This study discovered significant correlations
indicating that phenolics or coloring matters affected
brightness and redness in apolar and polar fractions. A
previous work by Lukmandaru (2016) found moderate
correlations between L* and ethanol-benzene extracts (r = -
0.60%) as well as between a* and ethanol-benzene extracts

(r = 0.39%) of mature teak grown in Perhutani. These
different correlation degrees occurred in juvenile and mature
trees, particularly in their composition of coloring matters.

The L* was strongly correlated with the TOC (r = -
0.83), and thus, it was suitable for predicting the extractive
amount (Fig. 5). The n-hexane and methanol extraction
have detected several quinones (Lukmandaru 2013).
Unfortunately, the contribution of quinones to wood color in
teak has been less investigated. In addition, HWC was
related to L* in sapwood and a* in the heartwood. The
water-soluble coloring matters also remain unknown. The
considerable differences of TEC and TOC levels between
superior teak wood samples and mature heartwood control
(Table 1) have corroborated these findings that teak wood
color is associated with extractives’ amounts. Many studies
have found a positive correlation between the L* index and
mass loss against termites (Lukmandaru and Takahashi
2008; Lukmandaru 2011) or against fungi (Kokutse et al.
2006) in teakwood. Therefore, further research necessarily
investigates the use of fine teakwood and tests its natural
durability.

Compared to the resuts of our parallel work (Zulkahfi
et al. 2020) on superior teakwood (11 years) from Ngawi
stand, several differences were found. The values of TEC
and HWC in were higher but lower in ECC than those of
Ngawi samples. Furthermore, the TOC values in top part in
this experiment were higher. For color properties, with
exception in top part, the heartwood of these Pemalang
samples were darker than those of Ngawi woods. The
differences pattern in longitudinal and radial variations on
both extractive contents and color properties suggests a
considerable geographical effect. With regard to relationship
between extractive content and color properties, this finding
confirm the significant correlation between L* and HWC in
sapwood tissue of Ngawi sites. However, the similar pattern
was not measured in the heartwood region, particularly in L*
characteristic. In an earlier study (Lukmandaru and Sayudha
2019) for juvenile teakwood (5 and 7 years), HWC was
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moderately correlated with a* and b* levels (negatively) in
heartwood part or with L* (negatively and a* (positively) in
sapwood part. Therefore, it is assumed that color affecting
phenolics in teakwood are varied in some extents even in
young ages.
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Conclusions

The investigation of all wood parameters (bottom,
center, and top) showed that sapwood and heartwood had
significantly different values in toluene extractive content,
total extractive content, L*, and a* values. Moreover, the
outer heartwood and inner heartwood had significantly
different toluene extractive content and total extractive
content. The toluene extractive content, total extractive
content, and a* levels of the trees’ center part were
significantly lower than those of the bottom and top parts.
This study also demonstrated that superior teak wood
exhibited significantly fewer extractive contents than the
mature control. Furthermore, superior teak samples showed
a considerably brighter appearance than the mature control.
The L* was strongly correlated with total extractive content
levels in the heartwood region, and L* was moderately
correlated with hot-water extractive content in the sapwood
region. The less extractive content and brighter color in the
heartwood were probably related to its natural durability,
which was an essential characteristic of heartwood’s
utilization.
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Catalytic Process in Producing Green Aromatics through Fast Pyrolysis of Wood of
Five Tropical Fast Growing Trees Species

Joko Sulistyo, Toshimitsu Hata, Ganis Lukmandaru, Yunida Syafriani, and Sensho Honma

Abstract

The generation of liquid fuels and chemicals is potential through a catalytic fast pyrolysis (CFP) which is a rapid,
inexpensive, and promising method utilizing tropical wood biomass as starting material. There is a little known in the potential
of wood biomass from tropical fast-growing trees as starting materials for the production of liquid fuel and chemicals. The
pyrolysis of five species (balsa, eucalyptus, jabon, mangium, and sengon) was performed with a single-shot mode pyrolyzer.
In this study the formation of aromatics by pyrolytic-gas chromatography/mass spectroscopy (Py-GC/MS) is evaluated on the
effect of wood species with different characteristics and its cellulose component to the formation of aromatics. ZSM-5 zeolite
catalyst was used to evaluate aromatic production on balsa and ecualyptus samples. Fast pyrolysis of eucalyptus wood
characterized with low content of ash and high percentages of hollocellulose and a-cellulose produced much high relative
peaks of levoglucosan and small relative peaks of lignin derived products. Meanwhile high content of vollatile matter and high
crystallinity of cellulose attributed balsa and jabon woods as feedstock for fast pyrolysis. The catalytic process in fast pyrolysis
of eucalyptus decomposed the most of oxygenated compound such as levoglucosan and furfural into aromatics in the
presence of ZSM-5. Coke formation on the surface catalyst might lead partly of decomposition of levoglucosan and furfural to
form aromatics in the catalytic fast pyrolysis of balsa wood. Cellulose component was determined on the formation of

benzene, toluene, styrene, p-xylene, indane, indene, and naphthalene in catalytic fast pyrolysis of wood.

Keywords: aromatics, catalytic fast pyrolysis, Py-GC/MS, wood characteristics, ZSM-5 catalyst.

Introduction

The production of fuels and chemicals from renewable
resources is currently generating new interest. In contrast to
fossil fuels, the use of renewable resources such as
biomass for energy provides significant environmental
advantages. Woody biomass which is available in a large
amount in many parts of the world especially in tropical area
is potential starting materials for liquid fuel and chemicals.
One of the woody biomass sources is from the harvesting of
industrial plantation and community forests which is mainly
composed of fast-growing tree species. Renewable biomass
has the potential to generate inexpensive fuels and organic
chemicals if they are efficiently converted via an appropriate
processing route. Therefore, clean energy development
could turn away from fossil fuel towards regenerative energy
sources such as wood biomass.

Fast pyrolysis thermal decomposition of biomass
feedstock using a relatively high heating rate can yield
liquids of up to 70~75% of the weight of the starting material
(Gurgens et al. 2014). The crude pyrolysis liquid product is
potential energy product because of its high energy density
(Bridgwater 1996). However, the pyrolytic oil product
requires full deoxygenation which can be accomplished by
hydro-treating and catalytic vapor cracking (Czernik and
Bridgwater 2004) and also by catalytic upgrading (Vitolo et
al. 2001) to obtain a conventional transport fuels. Carlson et
al. (2009) have developed a single step catalytic fast
pyrolysis to produce aromatics including benzene, toluene,
and naphthalene from biomass in a single reactor with a

18

short residence time. The aromatic production and
selectivity are found as a function of catalyst to feedstock
weight ratio, heating rate, and reaction temperature (Carlson
et al. 2010). French and Czernik (2010) performed a study
on the efficiency of various catalyst for aromatic production
and found that the highest yield of aromatics from wood,
around 16 wt% including 3.5 wt% of toluene were obtained
by ZSM-5 zeolite catalyst. Mihalcik et al. (2011) screened
acidic zeolites for catalytic fast pyrolysis of biomass and its
components and found that H-ZSM-5 zeolite lead to an
increased production of aromatic hydrocarbons. Besides
improving the quality of bio oil, impregnation of 10 wt% Fe to
ZSM-5 can increase in the amount of phenolic compound,
aromatic and aliphatic hydrocarbon (Saracoglu et al. 2017).

There is less study on the development of liquid fuel
and aromatics production through the catalytic fast pyrolysis
utilizing wood biomass from tropical fast growing trees as
starting material. In a previous study, it was found that
aromatics  including  benzene, toluene, styrene,
naphthalenes, and indanes were formed by a catalytic fast
pyrolysis of red meranti (Shorea leprosula) biomass
(Sulistyo et al. 2013). Since there are many fast-growing
trees available in tropical area with different characteristics
of wood, so selection of the potential woody biomass and
cellulose component as starting material is useful. The
objective of the study is to use Py-GC/MS to evaluate five
tropical wood species and their cellulose components
against ZSM-5 catalysts to determine relative abilities to
deoxygenated pyrolytic condensable components and
produce aromatics.
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Materials and Methods

A wood disc sample was collected from the bottom
part of trees of jabon (Antocephalus cadamba), sengon
(Paraserianthes mollucana), and balsa (Ochroma sp) grown
in  community forest managed by PT. Partawood in
Probolinggo — East Java Province, Indonesia. The present
study used three trees for each wood species. Two other
wood species i.e. mangium (Acacia mangium) and
eucalyptus (Eucalyptus pellita) grown in Wanagama
experimental forest of Universitas Gadjah Mada in Gunung
Kidul District - Yogyakarta were used without replication.
Part of the wood disc sample was milled into powder and
sieved with wire mesh screens to obtain particles with size
range of 0.25 ~ 0.42 mm (passing through 40 mesh sieve
and retained by 60 mesh sieve). ZSM-5 catalyst (Zeolyst
International, CVB 3024E, nominal cation form: ammonium)
was used in this study.

The moisture and volatile contents were determined
by a gravimetric method according to ASTM D2867-17 and
D1762-64, respectively. For moisture content, the sample
was heated at 105 °C for 2 h in the oven. The sample for
volatile matter was heated to 950 °C for 7 min in muffle
furnace. The ash content was obtained by heating the
samples at 600 °C for 1 h in air to constant weight in muffle
furnace according to ASTM D2866-94, the fixed carbon
content was estimated by difference as follows :

Fixed carbon content (%) = [100 - (% ash content + %
volatile matter content)] .........cccoeveveninieneneneees W)

For determining of holocellulose and a-cellulose
contents, wood powder equal to dry weight of 2 g was
determined according to chlorite acid method (Browning
1967) and ASTM D1103-60, respectively. The hemicellulose
content was determined by substraction. Extractive soluble
in alcohol-toluene was determined according to ASTM
D1107-96. The crystallinity level of the wood sawdust were
measured with an X-ray diffractometer (Shimadzu MAXima
XRD 7000) for wide angle X-Ray Difraction (XRD). The
equipment settings were 40 mA and 30 kV with a Cu Kq
radiation wavelength of 1.54 A. The receiving slits were 0.3
mm, and the intensity was measured as a function of the
scattering angle 26 by 6-28 scan. The angle range was 10-
40 degrees and the step was 0.02 degree. The measuring
time was chosen so the maximum intensity was about 84
counts, and it was typically 0.60s per point. The crystallinity
profiles of the wood sawdust are explained in terms of wood
sawdust content. Crystallinity Index (Cl) is calculated as the
ratio between the area of the crystalline contribution and the
total area according to equation:

Cl (%) = [(looz = lam)/ 1002] X 100 +.ecvverveirirerrrrrrrreeeirieeninns 2)

where looz is the diffraction peak intensity of the (002) plane,
lam is the amorphous part of diffraction intensitylocated at 26
between 18°-19°.

The pyrolysis of wood (0.05 mg) was performed with a
single-shot mode pyrolyzer (PY-2020, Frontier Lab.) directly
interfaced to a GC/MS system Shimadzu (QP-5000)
equipped with DB - 5HT capillary column with a length of 30
m x diameter of 0.250 mm (Agilent Technologies). The
effect of catalyst was evaluated on balsa and eucalyptus
only. Wood meal and catalyst powder were mixed in a 1
(balsa or eucalyptus wood) : 9 (ZSM-5) (0.5 mg) or 1 (balsa
cellulose or eucalyptus cellulose) : 9 (ZSM-5) (0.5 mg) ratio.
The interface temperature was set to 310 °C. The mass
spectra of samples were then compared to values in NIST
library and literatures. The relative area percentage was
expressed as percentages obtained by a computerized
integrator based on the peak area from total ion
chromatography.

The fast pyrolysis was performed by raising the
temperature of pyrolyzer furnace to 600 °C without heating
the sample. When the condition had stabilized, then the
sample in steel sampling cup, 5 mm in diameter and 7 mm
in height, was dropped to the furnace and kept at 600 °C for
0.2 min under the He gas flow rate of 50 mil/min. The
column temperature was set to 70 °C and the injection
temperature was 320 °C with a flow pressure of 1000 °C
kPa. The oven temperature was held at 90 °C for 3 min and
then increased up to 190 °C at 10 °C/min and kept for 5
min. The temperature increased from 190 °C to 320 °C at
10 °C/min and isothermal at 320 °C for 35 min. The carrier
gas used was helium with a controlled flow of 50 ml/min.
The data was analyzed using one way analysis of variance
(ANOVA) followed by Tukey test (p = 0.05). All statistical
calculations were conducted using SPSS-Win 16.0.

Results and Discussion

Chemical Characteristics

Table 1 shows the proximate analysis of wood of five
potential fast growing species. All wood species possessed
high volatile contents, on the other hand showing a low
content of fixed carbon and ash content that is comparable
with Meincken and Tyhoda (2014). Analysis of variance
showed that there is no significant differences on the volatile
matters, fixed carbon, and ash contents of jabon, sengon,
and balsa. The volatile contents of jabon, sengon and balsa
woods are higher than that of eucalyptus and that of
rockrose wood reported by Gomez-Serrano et al. (1993).
Eucalyptus wood contained lesser ash than those of jabon,
sengon, and balsa woods. It is expected that slight ash
content in eucalyptus wood influences on the high in yields
of anhydro-sugars and high molecular furan and pyran
products and also on the slight in the yield of lignin derived
products such as vinyl guaiacol and syringol (Azeez et al.
2011). Strezov et al. (2007) reported that sugar pine wood
containing 80.7% of volatile matter through a pyrolysis at
temperature of 500 and 900 °C with a heating rate of 50
°C/min yielded a double gaseous product than that of
bagasse and macadamia nut shell containing volatile matter
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of 72.7% and 72.6%, respectively. The different content of
volatile matters in different wood species supposed to
influence on the formation of aromatics from a catalytic fast
pyrolysis process.

Table 2 shows the significant differences at 0.01 levels
in the hollocellulose, a-cellulose, hemicellulose and
extractive soluble in alcohol-toluene contents in jabon,
sengon and balsa. Mangium dan eucalyptus woods
possessed higher content of holocellulose and a-cellulose
but lower content of extractive than those of jabon, sengon
and balsa. In thermochemical decomposition, cellulose
degraded into  anhidrocellulose and  levoglucosan,

meanwhile hemicellulose degraded mostly into volatile
matter (Mohan et al. 2006). Sharma et al. (2015)
emphasized that cellulose and hemicellulose components
produce more volatile and gas products, while lignin
predominantly forms a charred residue. Therefore mangium
and eucalyptus woods were potential to be used in fast
pyrolysis for aromatic production. Jabon and balsa woods
with high content of hemicellulose 30.9% and 34.6%,
respectively, were reasonable to yield high volatile matter
contents of 92.2% and 95.0%, respectively as shown in
Table 1.

Table 1. Proximate analysis of the wood of five potential fast growing trees.

Proximate analysis (wt.%, dry basis)

Species Volatile matter Fixed carbon Ash
Mangium (Acacia mangium) - - -

Ekaliptus (Eucalyptus pellita) 82.6 16.94 0.41
Jabon (Antocephalus cadamba) 93.2 5.33 213
Sengon (Paraserianthes mollucana) 89.8 8.85 1.34
Balsa (Ochroma sp.) 95.0 3.16 1.85

Remark: jabon, sengon and balsa showed no significantly different; (-) : not determined

Table 2. Chemical components of the wood of five potential fast growing trees

Components analysis (wt%, dry basis)

Species Holocellulose a-cellulose Hemicellulose Extractive
Mangium (Acacia mangium) 87.7 54.7 33.0 121
Ekaliptus (Eucalyptus pellita) 818 56.1 25.7 12
Jabon (Antocephalus cadamba) 72.92 42,02 30.9° 14.1
Sengon (Paraserianthes mollucana) 77.90 51.50 26.52 16.3
Balsa (Ochroma sp.) 78.45 43.92 34.60 14.2

Remark: values followed by the same letter on the same column are not significantly different at 0.01 level (Tukey test).

Extractive soluble in alcohol-toluene.

Crystallinity Characteristics

Figure 1 shows the X-ray diffractogram of the wood
samples studied. There are two major diffraction peaks at
approximately 16° and 22° comparable with Poletto et al.
(2012). The peak intensities differ from one species to
another. The clearer difference occurred at the peak range
between 21.80° and 22.66° 20 reflection. The peak area at
21.80~22.66° 26 reflection follow the sequence mangium >
eucalyptus > sengon > balsa > jabon, as can be seen in
Figure 1.

The crystallinity of five wood using XRD varied from
26% to 41%. The highest crystallinity was mangium
(41.37%), then followed by balsa (34.2%), sengon (33.6%),
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jabon (33%), and the lowest was eucalyptus (26.2%). The
comparatively high level of lignin content along with
crystalinity index in mangium wood is not expected. The
reason might be due to the large amount of crystalline
regions present in cellulose. In addition, these results are
corresponding with Poletto et al. (2012) that the eucalyptus
crystallinity was lower than other wood. The differences are
influenced by the crystallite size along the crystallographic
planes. The crystallinity index increased with increasing
crystallite size because the crystallite surface corresponding
to the amorphous cellulose region reduced (Kim et al. 2010;
Poletto et al. 2012).
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Figure 1. X-ray diffractograms of five wood species.

Non-Catalytic Fast Pyrolysis

Figure 2 display the ion chromatograms from non-
catalytic fast pyrolysis of wood of the five potential fast
growing species. Non-catalytic fast pyrolysis mangium,
eucalyptus, balsa, jabon, and sengon woods at 600 °C
formed vapours which was analyzed with GC/MS using DB -
5HT column showing major peaks of hydroxyl acetaldehyde,
furfural, guaiacol, 4-methylguaiacol,  4-vinylguaiacol,
syringol, levoglucosan, vinylsyringol, and acetoyringon
(Tsuge et al. 2011).

Fast pyrolysis increased the decomposition of wood
through rapid and simultaneous depolymerizing and
fragmenting of cellulose, hemicellulose, and lignin with rapid
increase in temperature (Mohan et al. 2006). Under fast
pyrolysis at 600 °C, cellulose depolymerizes to
miscellaneous  oxygenated  fragments  such  as
hydoxyacetaldehyde, furfural, and levoglucosan, at retention
time of 7.49, 9.25 and 11.97 min, respectively. Lignin
depolymerized to  guaiacol,  4-methylguaiacol, 4-
vinylguaiacol, and syringol, at retention time of 9.73, 10.3,
10.8 and 11.2 min respectively (Shen and Gu 2009; Azeez
et al. 2010; Boateng et al. 2010). The relative major peaks
of chromatogram of non-catalytic fast pyrolysis are shown in
Table 3. The relative peaks of levoglucosan from non-
catalytic fast pyrolysis of eucalyptus wood much higher than

other peaks including furfural, 4-vinylguaiacol, vinylsyringol,
and acetosyringon. The high content of a-cellulose and a
small content of ash in eucalyptus wood, as shown in Table
1 and 2, might influence on the high relative peak of
levoglucosan, as the yield of levoglucosan is affected by the
source of the cellulose (Azeez et al. 2011). The small
content of ash in eucalyptus wood might also play an
important role in producing a slight yield of lignin derived
products such as guaiacol, 4-methylguaiacol, syringol and
acetosyringon (Azeez et al. 2011). The relation of small ash
content to the promoting of high yield of levoglucosan from
the low crystallinity of eucalyptus wood were opposite with
the previous finding that cellulose with high crystallinity
degree tends to produce levoglucosan in a higher yield
during cellulose pyrolysis (Wang et al. 2013; Jiang et al.
2016; Zheng et al. 2016). They reported that the cellulose
with low crystallinity degree seems to have thermally
decomposed through the formation of a liquid intermediate
contained dehydration reactions. Meanwhile the relative
major peaks were found on non-catalytic fast pyrolysis of
balsa, jabon, and sengon woods. It is might be affected by
high content of volatile matter which is came from cellulose
and hemicellulose in these three wood species as shown in
Table 1 and their high crystallinity of cellulose.
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Figure 2. The ion chromatograms from non-catalytic fast pyrolysis of a) mangium, b) eucalyptus, c) balsa, d) jabon and €)
sengon wood species. HA — Hydroxy acetaldehyde, Fa — Furfural, G — Guaiacol, MG - 4-Methylguaiacol, VG - 4-
Vinylguaiacol, S — Syringol, a — Levoglucosan, VS - Vinylsyringol, AS — Acetosyringon.

Table 3. Relative major peaks (%) from non-catalytic fast pyrolysis of the wood of five potential fast growing trees
RT (min)

Compound Mangium Eucalyptus Balsa Jabon Sengon

7.49 Hydroxy acetaldehyde 2.84 - - -
9.25 Furfural 13.12 9.54 6.44 8.67 6.19
973 Guaiacol 2.88 - 24.54 10.30 17.01
10.30 4-Methylguaiacol 4.88 - 1.47 - 0.45
10.81 4-Vinylguaiacol 418 7.75 7.79 0.53 6.22

11.22 Syringol 2.65 () - -
11.97 Levoglucosan 13.95 70.92 33.65 16.74 22.60
1317 Vinylsyringol 16.97 10.58 11.02 8.40 10.41
1551 Acetosyringon - 1.21 3.10 15.04 10.30
Unidentified 38.53 - 11.99 40.32 26.83

Remark: RT= Retention time; ( - ) = not detected
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Catalytic Fast Pyrolysis of Wood

Figure 3 shows ion chromatogram non-catalytic and
catalytic pyrolysis of eucalyptus and balsa woods. The
catalytic processes in fast pyrolysis of eucalyptus and balsa
wood released the aromatics peaks including benzene,
toluene, styrene, p-xylene, o-xylene, indane, indene, and
naphthalene, following the decreasing the relative peaks of
oxygenated compounds such as furfural, guaiacol, 4-
vinylguaiacol, syringol, levoglucosan, vinylsyringol and
acetosyringon (Tsuge et al. 2011; Schultz et al. 2016) as
shown in Table 4. Therefore catalytic fast pyrolysis
decomposed carbohydrates and lignin to produce bio-ail
(Mohan et al. 2006) containing furfural, levoglucosan,
guaiacol, 4-vinylguaiacol, syringol, vinylsyringol, and
acetosyringon which were then diffused into ZSM-5 pores
and through a series of decarbonylation, decarboxylation,
dehydration, and oligomeration reactions, aromatics were
formed (Carlson et al. 2009) which were not detected on the
non-catalytic fast pyrolysis of wood. ZSM-5 catalyst with a
potential ideal pore size in the range of 0.52~0.55 nm
(Mihalcik et al. 2011) and Bronsted acid sites (Corma et al.
2009) leads to the production of aromatics in this study. The
mechanism of aromatic formation from carbohydrates and
lignin through a catalytic fast pyrolysis was explained
elsewhere (Carlson et al. 2009; Shen and Gu 2009; Shen et
al. 2010).

Relative major peaks from non-catalytic and catalytic
fast pyrolysis of balsa and eucalyptus wood is shown in
Table 4. There is much different between relative peaks of
levoglucosan and furfural from non-catalytic and catalytic

Non-Catalytic Fast Pyroly=is
a

1

Abundance/10%

[P R NV I -~ T

0 10 WD
Time (nun)

20

30

fast pyrolysis of eucalyptus wood i.e. 70.9 ~ 0.98 and 9.54 ~
1.44, respectively. Meanwhile there is lesser different
between those from non-catalytic and catalytic fast pyrolysis
of balsa wood i.e. 33.6 ~ 12.6 and 6.4 ~ 1.2, respectively.
The catalytic process in fast pyrolysis of eucalyptus
decomposed the most of oxygenated compound such as
levoglucosan and furfural into aromatics in the presence of
ZSM-5. The potential aromatics species formed from
catalytic fast pyrolysis of eucalyptus wood were including
toluene, styrene, p-xylene, o-xylene, indane, indene and
naphthalene. On the other hand, it was found that partly of
levoglucosan and furfural generated to form aromatics in the
fast pyrolysis of balsa wood. The fast pyrolysis of balsa
wood released abundance volatiles as shown in Table 1,
that might be intermediate species from carbohydrate
vapors (Jia et al. 2017). The abundance intermediate
species might cause the formation of unsaturated coke on
the surface of the catalyst. The coke is formed through
intermediate polymers, which ultimately decompose to
unsaturated coke (Carlson et al. 2010b). The coke formation
on the external surface are responsible for deactivation of
zeolites, and the coke deposition within the zeolite pore
reduce the capillary and diffusion flow of reactants and
finally decrease the aromatic yield (Shen et al. 2015;
Galadima and Muraza 2015; Rahman et al 2018).
Therefore it might require more ZSM-5 catalyst to react with
all oxygenated compounds from fast pyrolysis of balsa wood
to form aromatics, as aromatics production is found as a
function of catalyst to feedstock weight ratio (Carlson et al.
2010a).
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Figure 3. The ion chromatograms non-catalytic fast pyrolysis of a) eucalyptus and b) balsa woods, and catalytic fast pyrolysis
of ¢) eucalyptus and d) balsa woods. B — Benzene, T - Toluene, St — Styrene, X1 — P-Xylene, X2 — O-Xylene, | —
Indane, ID - Indene, Fa - Furfural, N — Naphthalene, G - Guaiacol, VG - 4-Vinylguaiacol, S — Syringol, a -

Levoglucosan, VS - Vinylsyringol, AS — Acetosyringon.

Catalytic Process in Producing Green Aromatics through Fast Pyrolysis of Wood of Five Tropical Fast Growing Trees Species

23

Joko Sulistyo, Toshimitsu Hata, Ganis Lukmandaru, Yunida Syafriani, and Sensho Honma



Table 4. Relative major peaks (%) from non-catalytic and catalytic fast pyrolysis of balsa and eucalyptus woods.

Balsa Eucalyptus
RT Non- RT RT Non-

Compound (min) Catal. (min) Catal. (min) Catal. RT(min)  Catal.
Benzene - 3.42 0.78 - 3.40 0.14
Toluene - 412 1.57 - 412 1.17
Ethylbenzene - 4.30 12.59 - 0.01

Styrene - 4.31 11.84 - 4.30 16.16
P-xylene - 6.62 3.79 - 6.62 419
O-Xylene - 6.73 1.83 - 6.73 1.46
Indane - 7.23 13.43 - 7.23 19.90
Indene - 8.94 13.19 - 8.98 21.07
Furfural 9.28 6.44 9.75 1.23 9.24 9.54 9.72 1.44
Naphthalene - 10.13 2.48 - 10.17 2.29
Guaiacol 9.76 24.54 10.80 0.88 - 10.79 2.63
4-Methylguaiacol 10.30 1.47 -

4-Vinylguaiacol 10.81 7.79 11.51 0.25 10.82 7.75 11.50 0.64
Syringol - 11.96 0.25 - 11.95 0.95
Levoglucosan 11.99 33.65 12.97 12.62 11.97 70.92 12.96 0.98
Vinylsyringol 13.18 11.02 13.17 0.19 13.17 10.58 13.03 0.51

Acetosyringon 15.51 3.10 14.90 0.26 15.49 1.21 14.83 1.17
Unidentified 11.99 22.81 - 25.3

Remark: RT = Retention time; ( - ) = not detected

Catalytic Fast Pyrolysis of Cellulose Component

lon chromatogram of catalytic fast pyrolysis of
cellulose of eucalyptus and balsa woods is shown in Figure
4. Relative major peaks from catalytic fast pyrolysis of
cellulose of eucalyptus and balsa woods are presented in
Table 5. Catalytic fast pyrolysis of both celluloses of
eucalyptus and balsa woods released major peaks of
aromatics including benzene, styrene, p-xylene, indane,
indene, and naphthalene along with the disappearing
oxygenated compound derivates of cellulose i.e. furfural and
levoglucosan (Tsuge et al. 2011). The catalytic process
decomposed all cellulose derivates from fast pyrolysis of
cellulose of eucalyptus wood to form aromatics. On the
other hand, partly cellulose derivates of cellulose of balsa
wood were degraded to form aromatics. As discussed
previously, the formation of unsaturated coke from
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abundance intermediate species on the surface of ZSM-5
catalyst influenced on the deactivation of the catalyst
(Carlson et al. 2010b; Jia et al. 2017). Deactivation of ZSM-
5 catalyst might determine the partial degradation of
cellulose of balsa wood. The abundance vapor products
from fast pyrolysis of balsa wood, corresponding to the high
volatile matter content of balsa wood in Table 1, might
require more availability of ZSM-5 catalyst.

Selectivity distribution of aromatics from catalytic fast
pyrolysis of cellulose of eucalyptus wood from were styrene
> indene > p-xylene = indane > benzene. Meanwhile
cellulose of balsa wood released aromatics with the
selectivity distribution was from indane > indene > styrene >
benzene > p-xylene > o-xylene > naphthalene > toluene that
was similar with the selectivity distribution from catalytic fast
pyrolysis of balsa wood.
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Figure 4. The ion chromatograms catalytic fast pyrolysis of a) eucalyptus and b) balsa wood, and cellulose of c) eucalyptus
and d) balsa wood species. The meaning of peak is the same as that in Figure 3.

Table 5. Relative major peaks (%) from catalytic fast pyrolysis of wood and cellulose of balsa and eucalyptus woods.

Compound Balsa Eucalyptus
Wood Cellulose Wood Cellulose

Benzene 0.78 3.15 0.14 0.21

Toluene 1.57 0.95 1.7 -

Ethylbenzene 12.59 - 0.00 -

Styrene 11.84 10.90 16.16 2414

P-xylene 3.79 2.05 419 2.83

O-xylene 1.83 1.72 1.46 -

Indane 13.43 17.65 19.90 2.83

Indene 13.19 13.08 21.07 11.55

Furfural 1.23 3.69 1.44 -

Naphthalene 248 1.23 2.29 6.42

Guaiacol 0.88 - 2.63 -

4-Methylguaiacol - - 0.00

4-Vinylguaiacol 0.25 - 0.64

Syringol 0.25 - 0.95

Levoglucosan 12.62 9.30 0.98

Vinylsyringol 0.19 - 0.51

Acetosyringon 0.26 - 1.7 -

Unidentified 22.81 36.28 25.30 52.02

Remark: ( - ) = not detected
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Conclusions

Fast pyrolysis of eucalyptus wood characterized with
low content of ash and high percentages of hollocellulose
and a-cellulose produced much high relative peaks of
levoglucosan followed by furfural and also small relative
peaks of lignin derived products. Meanwhile high content of
vollatile matter and high crystallinity of cellulose attributed
balsa and jabon woods in fast pyrolysis. The catalytic
processes in fast pyrolysis of eucalyptus and balsa wood
released the aromatics peaks including benzene, toluene,
styrene, p-xylene, o-xylene, indane, indene, and
naphthalene, following the decreasing the relative peaks of
oxygenated compounds such as furfural, guaiacol, 4-
vinylguaiacol, syringol, levoglucosan, vinylsyringol and
acetosyringon. The catalytic process in fast pyrolysis of
eucalyptus decomposed the most of oxygenated compound
such as levoglucosan and furfural into aromatics in the
presence of ZSM-5. In contrary, coke formation on the
surface catalyst might cause partly of decomposition of
levoglucosan and furfural to form aromatics in the catalytic
fast pyrolysis of balsa wood. Cellulose component was
determined on the formation of benzene, toluene, styrene,
p-xylene, indane, indene, and naphthalene in catalytic fast
pyrolysis of wood.
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Improving the Physical Properties of Young Teak Wood
through Phenol Formaldehyde Compregnation

Agung Dwi Saputra and Joko Sulistyo

Abstract

Young teak wood exhibits inferior properties due to a high proportion of juvenile wood and sapwood. The modification
through compregnation of phenol formaldehyde is required to improve wood qualities. Therefore, this study aimed to observe
the possibility of improving the physical properties of young teak wood (15 years) using phenol formaldehyde compregnation
at various concentrations (5%, 10%, 15%) and pressing times (15, 30, 60 min). The results showed that phenol formaldehyde
concentration produced retention with a maximum value of 31.19 kg/m3. Based on wood without treatment (controls), the
compregnation significantly increased the redness (a*) level by 45.57% and the specific gravity by 7.93%. The decreasing
levels after treatment were observed in the brightness (L*) (by 36.56%), the yellowness (b*) (by 38.40%), and air-dried
moisture contents by (by 5.44%). Furthermore, the reduction in hygroscopicity was observed in an equilibrium moisture

content level in various relative humidity, as well as in increasing the stability dimension, though in a small magnitude.

Keywords: wood modification, pressure, higroscopicity, anisotropy, Tectona grandis L.f.

Introduction

The superior characteristics of teak wood include a
good physical appearance and weathering resistance.
However, young teak wood exhibits inferior properties due
to the high content of sapwood and juvenile wood (Hidayati
et al. 2015). Compared to mature wood, the juvenile has
high proportion of early wood which causes lower density
and strength. Furthermore, juvenile wood has high
microfibril angles in the S2 layer of the cell wall. This form
influences  high longitudinal shrinkage and reduced
transverse shrinkage, causing low dimensional stability
(Shmulsky and Jones 2011).

Wood can be modified by physical and chemical
methods or a combination of both. Wood modification is
carried out through impregnation techniques using
chemicals, heat densification, and pressure. There are
several modification processes by impregnation based on
various resin systems (Hill 2009). The modified wood
products have a higher density than the original wood
through a densification process where wood is impregnated
with resin and compacted under pressure (compregnation).
Phenol formaldehyde (PF) resins are commonly utilized in
the wood industries as adhesives. Furthermore, phenol
formaldehyde has several advantages in improving wood
quality (Way et al. 2011; Ashaari et al.2015; Ang et al. 2014;
Franke et al 2017). Phenol formaldehyde resin
impregnation and compression at high pressures
significantly increase the strength of wood, especially
flexural resistance, dimensional stability, and biological
durability (Shams and Yano 2008; Nabil et al. 2016; Hartono
et al. 2016). Therefore, this paper discussed on the
improvement the physical properties of young teak wood by
compregnation treatment using phenol formaldehyde.
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Materials and Methods

Sample Preparation

The materials used in this study included three teak
trees of 15 years old felled from Madiun Forest
Management Unit, Perum Perhutani plantation. These trees
were from thinning activities in which a total tree height of +
6 m and diameter breast height of + 13 cm. Sapwood
samples were cut at the base part and sawn across the
trunk with a length of approximately 1 m. Afterwards, the
logs were sawn into boards in a flat sawn pattern. The
boards were converted into specimens with a size of 2.5 x
25 x 20 cm for compregnation treatment and untreated
(control). From these specimens, samples for moisture
content (MC) and specific gravity (SG) (2 x 2 x 2 cm) as
well as dimension stability (2 x 2 x 4 cm) were also taken
according to British Standard (BSI 1957). Each sample was
then coated with a flinkote paint on the cross-section of the
wood to prevent compregnant substances from entering
longitudinally. The test sample was then air-dried until it
reached a MC of 12~15%. After the air-dry condition was
achieved, the dimensions and initial weight of the sample
were measured. The three individual trees were designed
as replications.

Compregnation Process

The phenol formaldehyde (PA-302, PT. Pamolite
Adhesive Industry, Probolinggo, Indonesia) was in liquid
form with a solid resin content (RS) of 42% and molecular
weight of 4000 Mn. The concentration of phenol
formaldehyde solution (PF) was determined by the ratio of
weight (w/w) of 5, 10, and 15%. Those levels were achieved
by diluting PF resin with distilled water (formula M{V1 =
MaV2). Furthermore, the compregnation process was
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preceded by air-drying the samples until 12~15% MC was
reached. The initial weight was measured and the samples
were then grouped according to the treatments. The test
sample and PA solution were filled into the compregnator
tank (Figure 1). The initial vacuum of 50-60 cmHg was

Figure 1. Compregnation tan

Determination of Color Properties

Measurements ~ were  conducted using a
spectrophotometer NF777 (Nipon Denshoku Co. Ind. Ltd.,
Japan).  Air-dried woods were measured after
compregnation three times for each sample at a different
position. Three values were obtained including L*
(brightness) with a scale of 0 (black) ~100 (white), a*
(redness) with a (+) scale for red and (-) for green, and b*
(yellow) with a (+) scale for yellow and (-) for blue.

Determination of Retention and Physical Properties

The retention was calculated from the dry weight of PF
solution retained after treatment in a given volume of treated
wood (kg/m3). Measurements were carried out by weighing
the wood after compregnation, minus the initial weight
before. The MC was determined by oven method and SG by
water displacement method (Marsoem et al. 2014).
Furthermore, measurement of wood shrinkage was carried
outin tangential, radial, and longitudinal directions from the
condition of the wet MC to the oven-dried content. Anti-
shrinkage efficiency (ASE) of each treatment variation was
calculated using the following formula:

ASE (%) = 100 X [(SU=SY/SU] crrreerrrrserrersrrseersere (1)

Where Su = volumetric shrinkage for untreated wood; St =
volumetric shrinkage for treated wood.

applied for 15 min followed by pressing (10 kg/cm?) for 15,
30, and 60 min. After the specified time was reached, the
PF solution was removed and a final vacuum of 50-60 cmHg
was applied for 15 min. The test sample was then air-dried
and weighed.

Determination of Reduced Equilibrium Moisture Content

The test samples were measured for dimensions and
weighed. Different relative humidities were achieved using
saturated salt solutions (Young 1967). The test samples in
three replications of each parameter were placed in a
different desiccator on top of a cup containing ammonium
sulfate, magnesium chloride, and potassium hydroxide to
produce relative humidity (RH) of 81, 33, and 8% at a
temperature of 25°C, respectively. The test samples were
then weighed continuously until a constant weight was
obtained. Afterwards, the test samples were dried at a
temperature of 103 + 2°C to determine the equilibrium
moisture content (EMC). The percentage reduction in
equilibrium moisture at saturation:

EMCR (%)= 100 x [(EMy-EMC)/EMCy] wcovverrercereee 2)

Where EMCr = reduction in equilibrium moisture content;
EMC. = equilibrium moisture content for untreated wood;
EMC: = equilibrium moisture content for treated wood.

Statistical Analysis

The effects of PF concentration and pressing time
arranged in factorial design were calculated using analysis
of variance (ANOVA) GLM procedures. The effects were
taken into account only when significant at the 95% level
using Type Ill Sums of Squares. Furthermore, the Tukey
(Honestly Significant Difference) test was used to show
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further significant differences between groups. All statistics
were performed using SPSS 12.0 software.

Results and Discussion

Retention Values

By ANOVA, it was observed that there was no
significant interaction between the concentration and the
pressing time factors (Table 1). The concentration factor
affected all parameters except for longitudinal shrinkage and
EMC at RH 33%. The pressing time factors had a significant
effect only on retention and redness values. Retention is a
measure of the concentration of preservative retained after
treatment in a specified assay zone. The retention values
obtained from the compregnation treatment using PF
ranged from 13.47 to 31.19 kg/m?3 while the average highest

value was obtained by a concentration of 15% and a
pressing time of 30 minutes.

PF impregnation has been proven to increase the
durability of the wood against termites or fungi attacks
(Gascon-Garrod et al. 2015; Nabil et al. 2016). This
experiment will be followed by bio-assay test to evaluate the
PF resin act as a preservative in the next report. The
retention value exceeded the minimum required for wood
utilization for preservatives i.e. the equivalent of 5.30~15.89
kg/m3 (Hunt and Garratt 1986). The increasing PF
concentration and pressing time also caused an increase in
the average retention amount (Figure 1). However, an
increase in concentration of 10 to 15% and pressing time
from 30 to 60 minutes did not show any significant
differences. This is presumably due to the solution
becoming saturated in the wood particularly in the lumen.

Table 1. The analysis of variance of of phenol formaldehyde concentration and pressing time effects

Source of variation

Properties Concentration (A) Pressing duration (B) AxB
Retention <0.01* <0.01* 0.10
Specific gravity 0.01* 0.39 0.73
Air-dry moisture content 0.03* 0.01* 0.23
Longitudinal shrinkage 0.21 0.97 0.99
Radial shrinkage 0.04* 0.60 0.91

Tangential shrinkage <0.01** 0.24 0.08
EMC-RH8-air-dry <0.01** 0.49 0.86
EMC-RH8-wet <0.01** 0.37 0.45
EMC-RH33-air-dry 0.40 0.73 0.74
EMC-RH33-wet 0.02 0.17 0.41

EMC-RH81-air-dry <0.01** 0.19 0.72
EMC-RH81-wet <0.01** 0.68 0.43
Brightness (L) <0.01** 0.50 0.29
Redness (a*) <0.01* 0.01* 0.51

Yellowness (b*) <0.01* 0.56 043

Remark: SG = specific gravity; AD-MC = air-dry moisture content; RH = relative humidity; EMC = equilibrium moisture content
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Figure 1. The effect of phenol formaldehyde concentration and pressing time on retention value. Mean of three trees, with the
standard deviation error bar. The same letters are not statistically different at P < 0.05 by Tukey’s test.
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Color Properties

Color properties constituted supporting data to
determine the effect of the compregnation treatment on
young teak. Compregnation using PF caused the
appearance of the wood to be darker, similar to the mature
wood (Figure 2). The wood color was permanently changed
and the solution thinly penetrated into the wood monitored
by planing the surfaces. Unfortunately, the distance was not
measured to obtain the actual penetration. Furthermore,
increasing the concentration of PF up to 15% significantly
decreased the values of L* (by 36.56%) and b* (by 38.40%)
but increased the values of a* (by 45.57%) from the
percentage of control values (Table 2).

PF resin gives red-brown color due to change in the
pH of the wood/resin (Furuno et al. 2004; Kielmann et al.
2018) which is not occured for urea formaldehyde resin or
poly-ethylene glycol treatment. The presence of PF had the
same effect as extractives in heartwood where the greater
the amount, the greater the color change. The increase in
pressing time up to 30 min increased the a* value, signifying
a more intensive reaction that resulted in the extractives in
teak wood to have a reddish color. Teak extractives
consisted quinone group with varying colors particulalrly in
the heartwood part (Lukmandaru and Ogiyama 2005;
Romagnoli et al. 2013). Therefore, further research is
necessary to explore teak extractive compounds that
experience color changes due to phenol formaldehyde
impregnation in the sapwood part.

Figure 2. The appearance of teak wood control samples (brighter specimens) and after compregnation treatment (darker

specimens) with phenol formaldehyde resin.

Table 2. The color properties of teak wood with compregnation treatment (phenol formaldehyde resin) (mean of three trees).

Concentration (%) Pressing time L* (brightness) a* (redness) b* (yellowness)
(minutes)

5 15 45.2 125 14.6

30 45.4 13.0 14.8

60 46.6 13.0 13.7

10 15 415 13.7 11.9
30 41.1 14.8 115

60 39.9 15.1 1.7

15 15 34.2 14.6 9.8
30 34.9 15.1 10.1

60 32.2 14.9 10.0

Control 63.3 9.7 19.5

Specific Gravity and Moisture Content

The obtained wood SG of the study ranged from 0.61
to 0.68 (Table 3). Compared to the control (0.63), the
highest improvement was achieved with a concentration of
10% and a pressing time of 15 min (0.68), although the
increase in SG values only reached 7.93%. The
impregnation PF in the parenchyma of the wood surface
affected the SG increase (Sumardi et al. 1999). This
relatively low value in this study indicates a few PF
substances are able to penetrate into the cell wall structure.

It is thought that the comparatively high initial density (0.63)
of teak wood in this experiment partially affects the low
penetreation rate. In earlier reports, the low initial specific
gravity values in other species (0.5>) such as oil palm trunk
(Sumardi et al. 1999; Aini et al. 1999; Hartono et al. 2016),
sesenduk and jelutong (Adawiah et al. 2012; Ashaari et al.
2015) showed drastic increases in density levels. Another
possibility is the unsuitable molecular weight of PF in this
experiment (4000 Mn). PF (low molecular weight) with a
concentration of 20% and hot pressing successfully
increased wood density from 045 to 1.1 g/cm3 in
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Cryptomeria japonica wood (Shams et al. 2004). The effect
of molecular weight of PF resin has been addressed by
several researchers (Furuno et al. 2004; Rowell 2005; Aizat
etal. 2017)

Wood is a hygroscopic material that adsorbs and
desorbs water in liquid or vapor form from the atmosphere.
The higher is the temperature or the lower the RH of the air,
the lower is the EMC and vice versa. It is expected that the

modified wood had a lower air-dried MC when compared to
the control. It is also assumed that the decrease in MC was
due to the presence of PF as a bulking agent that filled the
wood cells. The air-dried MC of the treatment produced a
range of 14.24~17.23% (Table 3). The lowest value was
observed in the compregnation with a concentration of 5%
and a pressing time of 15 minutes (14.24%) or a decrease
of only 5.44% of the control value (15.60%).

Tabel 3. The specific gravity and moisture content of teak wood with compregnation treatment (phenol formaldehyde resin)

(mean of three trees).

Concentration Pressing SG  AD-MC Equilibrium moisture content (%)

(%) time (%) RH8%- RH8%- RH33%- RH33%- RH81%-  RH81%-

(minutes) AD Wet AD Wet AD Wet

5 15 0.61 14.24 6.50 6.51 10.44 10.50 22.40 27.65

30 0.61 14.60 6.46 6.64 10.24 10.75 22.25 26.31

60 062  15.80 6.43 6.61 10.27 10.80 23.78 28.44

10 15 068  14.89 6.53 6.80 10.29 10.75 25.31 29.92

30 063 17.23 6.64 6.74 10.62 11.06 28.02 30.73

60 065 16.20 6.54 6.69 10.40 10.88 27.65 32.00

15 15 067  15.80 6.29 6.47 10.27 10.66 26.09 28.62

30 065 16.13 6.23 6.53 10.28 10.68 28.11 30.60

60 064 1573 6.09 6.34 10.09 10.49 27.14 28.46

Control 063  15.60 6.33 6.51 10.30 10.80 2411 30.21

Remark: SG = specific gravity; AD-MC = air-dry moisture content; RH = relative humidity.

At 8% and 33% RH, wood conditioned at the initial air-
dried MC did not experience the mechanism of water
adsorption from the surrounding environment (adsorption).
On the other hand, the wood released water into the air
(desorption) until it reached a state of equilibrium. For wood
conditioned at different RH, a 5% concentration also
showed the highest decrease in EMC at 81% RH
(7.71~12.90%) but less significant at 8 and 33% RH.
Furthermore, the addition of more than 5% concentration
produced a higher EMC level than the control wood. The
same result was also observed by Sumardi et al. (1999) and
Aini et al. (1999) in oil palm wood. It is probable that in the
wood treated initially with air-dried MC, some of the
hygroscopic properties were reduced due to the previous
drying process or hysteresis. Technically, resins are
deposited in the wood cell walls extensively to reduce
swelling on water immersion (Furuno et al. 2004). The
ineffectiveness of PF in reducing the hygroscopicity of wood
is assumed to be due to the few amount of PF that
penetrated the cell wall, although it showed a high retention
level. This is represented by the relatively small increase in
SG values.

Dimensional Stability

The shrinkage parameters observed in this study
included three main fiber directions of wood, i.e.
longitudinal, radial, and tangential, as well as the value of
ASE. The value of wood shrinkage observed was from wet
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to oven-dried conditions. Furthermore, the concentration
factor significantly influenced the wood shrinkage in the
radial and tangential directions. The compregnation
treatment at a concentration of 5% showed a lower
shrinkage value than the control wood and was more
effective than other higher concentrations. This longitudinal
shrinkage value obtained was in the range of 0.33~0.64%. A
comparatively high value indicates the presence of juvenile
wood (Shmulsky and Jones 2011). PF compregnation
produced a lower shrinkage value than the control, with a
percentage decrease of 11.86%; 3.73%; and 7.87% in the
longitudinal; radial, and tangential directions, respectively.

The impregnation of phenol resin on wood increases
its dimensional stability (Kollmann et al. 1975; Rowell 2005;
Aizat et al. 2017). The penetration into the cell walls are the
decisive factor for dimensional stability of the treated wood
(Franke et al. 2017).This occurs through the penetration and
enlargement of wood cell walls. The compregnation of PF
reduced the shrinkage value of wood with the best treatment
at a concentration of 5%. This agrees with previous studies
on rubber wood (Hevea brasiliensis Muell Arg.) where
compregnation with urea formaldehyde at a concentration of
5% produced the best effect on the physical and mechanical
properties (Wedatama et al. 2014).

The effectiveness of the compregnation to stabilize
wood dimensions was assessed through ASE values.
Overall, it was observed that the highest ASE value was
produced by a concentration factor of 5% alongside a
pressing time of 15 min (43.85%). The lowest ASE value
was produced by a concentration factor of 15% and a
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pressing time of 15 min. It is also noticed that the ASE
values were less than 0% in several 10% concentration and
30-minute treatments as well as 15% concentration and 15-
or 30-min treatments. For uncertain reason, it indicates
those treatments caused less hydrophobic of the wood. The
compregnation treatment was quite effective on the cross-
section of the wood as evidenced by the higher ASE value
in the longitudinal direction, compared to the radial and
tangential. This is assumed to be due to the presence of
large vessel cells for conducting the solution in a vertical
direction. However, the value of anti-shrinkage efficiency

(ASE) due to the PF compregnation treatment was still
relatively low (50%>) to increase the dimensional stability of
young teak wood. This is presumably because the type of
PF used had a large molecular size to penetrate the cell
wall. PF resin is deposited on the lumen surfaces
(Hosseinpourpia et al. 2016). PF resin might bulk in cell wall
while mostly the resin fill the lumen. Scanning electron
microscope analysis will be helpful to confirm the inclusion
of PF in the wood structure which causes different physical
properties.

Tabel 4. The shrinkage and anti-shrink effficiency of teak wood with compregnation treatment (phenol formaldehyde resin)

(mean of three trees).

Concentration Pressing time Shrinkage (%) Anti-shrink effficiency (%)
(%) (minutes) Longitudinal  Radial Tangential Longitudinal  Radial Tangential
5 15 0.33 2.67 4.04 43.85 17.25 36.42
30 0.43 2.65 4.23 2717 17.80 33.33
60 0.34 2.62 5.22 42.89 18.54 17.87
10 15 0.54 317 5.63 8.71 1.66 11.31
30 0.54 3.36 8.09 8.40 -4.20 -27.39
60 0.61 3.10 6.25 -3.99 3.72 1.58
15 15 0.63 3.66 6.66 -7.62 -13.51 -4.88
30 0.64 3.62 6.54 -8.93 -12.44 -3.05
60 0.58 3.02 5.99 0.58 6.15 5.73
Control 0.59 3.22 6.35

Conclusions

The physical properties of the teak sapwood had been
improved by the PF treatment (concentration and pressing
time). The maximum retention value was produced at a
concentration of 10% and a pressing time of 30 min (31.19
kg/m3) which exceeded the minimum required for wood
utilization for preservatives. The increase in the SG value of
the control reached 7.93% by a concentration of 10% and a
pressing time of 15 min (0.63 to 0.68). The compregnation
treatment with a concentration of 5% produced the best
results on hygroscopic properties and dimensional stability,
although the decrease was not as high as expected, while
the concentration of 15% caused a drastic change in color
properties. Pressing time only affected significantly air-dried
MC and redness (a*) values. Therefore, the compregnation
of phenol formaldehyde in young teak wood with the lower
molecular weight resin for maximizing penetration into the
cell wall of the wood should be explored as a subsequent
study.
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The Role of Canopy Structure of Terminalia catappa Linn.
on Decreasing Light Penetration and Ambient Temperature
as Climate Change Mitigation

Marjenah, Karyati, Sri Sarminah, Muhammad Syafrudin, Irwan,
Anjas Aswar, and Indar Ruardianto

Abstract

Tropical almond (Terminalia catappa Linn.) is a tree that usually grows on the seashore which has a shady canopy. This
tree is usually planted as an ornamental plant or a shade plant on the side of the road. The presence of the Terminalia
catappa tree can provide coolness if the tree is planted in the garden or in the yard or along the roadside. This research was
carried out in East Kalimantan which the sampling location were Balikpapan, Samarinda and Tenggarong City. Twenty-five
trees of tropical almond were set in each city which were used as the tested samples trees. Data taken includes a) data on
physical environmental characteristics (light intensity, ambient temperature and humidity) which performed under the canopy
and outside canopy on each tree sample, and b) data on morphological characteristics (location, height, diameter at breast
height, and shape / width of crown). The result showed that there was relationship between the volume of the tropical almond
tree canopy on light penetration under and outside canopy of the tropical almond tree which indicated that there was an effect
of the volume of the tropical almond tree canopy on light penetration. The light penetration will decrease along with the
increase of canopy volume. There were relationships among light penetration and ambient temperature as well as relative
humidity under and outside canopy of the tropical almond tree which indicated that there were the effect of light penetration
on a decrease in ambient temperature and increase in relative humidity. The tropical almond tree can be used as a roadside
shade tree as well as an ornamental plants in gardens or in the yard, because it can lower the ambient temperature and

provide coolness.

Keywords: Shade tree, Tropical almond, translucence, ambient temperature, reduce disaster risk.

Introduction

Terminalia catappa Linn. (Tropical almond) is the
name of a kind of shade tree that usually grows by the
beach (Thomson and Evans 2006). Rapid growth, forming a
beautiful tiers of storied, so Tropical almond often used as
shade trees in the parks and roadside. Tropical almond is a
deciduous trees. In East Kalimantan, Tropical almond
shedding out its leaves twice a year, the first is on January
to March and the second is on July to September. The grow
of new shoots (vegetative) is usually followed by the
emergence of generative shoots. Tropical almond leaves
before shedding change its color first; from green, yellow-
orange, then brown-red to purple and then fall. At the time
Tropical almond leaves orange, red-purple will give the
beauty as it was autumn (Marjenah and Putri 2017a). In
India, Raju et al. (2012) recorded information that T.
catappa changes foliage twice in a year, the first during
February-March and the second during June-August, each
time with the shedding leaves and a new foliage puts forth.

T. catappa, widely called Indian almond or Tropical
almond, has a number of other local names where English
is spoken: Barbados almond, Bastard almond, Bengal
almond, Country almond, Demarara almond, False kamani,
Fijian almond, Malabar almond, Malay almond, Sea almond,
Singapore almond, Story tree, Tavola nut, and West Indian
almond. It is known as alconorque in Nicoya, Costa Rica;

almendrillo, almendro, almendro de la India, or almendron
(generally in Spanish-speaking areas); almendro del pais (in
El Salvador); amandelboom (Surinam); amandier de
Cayenne (French Guiana); amandier des indies (Haiti);
amandier des tropiques (Gabon); amendoeira (Brazil);
badam (India); badamier (southeast Asia and West Africa);
castafia (Peru); castafiola, chapeu de sol, and guarda-sol
(Brazil); kalumpit (Philippines); kamani-haole (Hawaii);
ketapang (Malaysia); kotamba (Colombia); parasol (Brazil);
saori (Solomon Islands); talie (Samoa); talisai (Philippines);
tavola (Fiji); tipapop and tipop (Ponape, Caroline Islands);
tivi (Fiji); white bombway (Andaman Islands); wilde amandel
(Netherlands Antilles); zanmande (Haiti). There are many
other names in the dialects of the Far East (Morton 1985).

T. catappa is also usually planted in various places
because it provides shade and the leaves can filter out a lot
of sunlight. There are several sidewalk garden areas that
are suitable for tropical almond trees, such as school
sidewalks, office buildings because they usually have a
large enough space. The benefits of planting tropical
almond trees in the school garden or office area will have an
impact on the environment that feels more shady, because
the amount of sunlight is filtered by the leaves and twigs,
thus allowing the area to be cool and increase concentration
power.

Presenting T. catappa tree in the yard can make it
fresher and cooler because it can block the hot sun in the
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yard. This T. catappa tree can grow to tens of meters and a
branch span of up to 4 meters or more. A wide stretch of
branches / twigs will cause shade under the T. catappa tree,
in addition to reducing the intensity of light reaching the
ground, this can also lower the air temperature.

Structure of the canopy of trees can be understood as
the appearance of whole branches, twigs, and leaves. The
density of the tree canopy relates to the optimal intensity of
sunlight, which is divided into three criteria: mild (rare),
medium and heavy. This criterion is based on the high
intensity of the sun that is able to penetrate the underlying
strata of plants (Sutisna 2001 in Rotinsulu and Susilowaty
2014).

Light is considered the most limiting resource for trees
in tropical rainforest biomes, with light penetration in the
vertical dimension of rainforests declining markedly with
increasing canopy depth (Weerasinghe et al. 2014). As a
result, within a closed canopy, the availability of light can be
reduced by up to 50-fold from the top of canopy compared
with foliage in the shaded understory (Baldocchi et al.
2002).

Mitigation is an effort to reduce the greenhouse effect
so that it can slow down the rate of global warming. The
United Nations defines climate change mitigation as human
intervention in reducing sources of greenhouse gas (GHG)
emissions, especially those related to human production
and consumption activities. Climate change mitigation is an
effort to control climate change through activities that can
reduce emissions or allow the absorption of greenhouse
gases from various emission sources (Perpres Rl No
46/2008).

Climate and its elements are important things to be
considered and studied as well as possible, because their
influence often creates big problems for humans, as well as
other living things. This problem is a challenge for humans
where he must try to overcome it by avoiding or minimizing
the effects that do not benefit human life.

Climate tends to change by human activities such as
urbanization, industrialization, deforestation, and by natural
activities such as continental shifts, volcanic eruptions,
change in earth’s orbit to the sun, sun stains, and El Nino
event. Environmental development needs to pay attention to
efforts to maintain natural systems and need to analyze the
impact of development on the climate.

The ambient temperature in the forest is greatly
influenced by the intensity of sunlight entering the soil
surface. If the canopy is getting thicker, the temperature in
the forest will decrease, if the canopy is not too dense, the
intensity of the incoming sunlight will increase and the
ambient temperature at the ground surface will also
increase (Utomo 2006).

The purpose of the research was to find out the ability
of tropical almond canopy in lowering light penetration and
ambient temperature; relationship of canopy volume to light
intensity, light penetration and ambient temperature as well
as relative humidity.
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Material and Methods

Study Area

Seventy-five trees of T. catappa were randomly selected
from three locations in East Kalimantan Province, namely
Balikpapan, Samarinda, and Tenggarong City. T. catappa
trees are selected as research objects that grow solitary
planted on the roadside as shade plants. The research was
conducted in January-October 2019.

Collection and Preparation of Samples

The sampling stages are as follows: (i) Measuring T.
catappa tree and selecting the tree which has minimum
diameter of 10 cm at a height of 1.3 m from the ground as a
sample; (i) Measuring the width of the crown/canopy
(Figure 1) which covers projections according to each of the
four main points to the compass (North, South, East, and
West).

North

Canopy Projection

Figure 1. Projection of Canopy and Quadrant for Extending
the Canopy Area (Marjenah and Putri 2017b)

Physical Environmental Characteristics

Observations  or  measurements of  ambient
temperature and humidity in the field, under canopy and
open area were done once in each sample tree by using
thermo-hygrometer. Measurement of light intensity is
performed on every ftree sample using light meter.
Measurement of climate elements was repeated three
times.

Data Analysis

Data analysed were using regression analysis to
determine the relationship between the independent
variable and the dependent variable.

Result and Discussion

The canopy thickness of Tropical almond is predicted to
reduce the intensity of light that penetrates the canopy,
furthermore canopy thickness can reduce ambient
temperature. The presence of Tropical almond planted on
the roadside as ornamental plants can reduce the
temperature of the urban environment. In simple terms, it
can be stated that the role of the canopy of the Tropical the
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roadside as ornamental plants can reduce the temperature
of the urban environment. In simple terms, it can be stated
that the role of the canopy of the Tropical almond in
mitigating climate change is to reduce the temperature.

Relationship of canopy structure and climate elements (light
Intensity, air temperature, and air humidity) is shown in the
Figure 2, 3, and 4.
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Figure 2. Relationship Between Canopy Structure and Light Penetration in the Cities of Balikpapan, Samarinda and

Tenggarong

Canopy Structure and Light Intensity

The results show that there was relationship between
the volume of the tropical almond tree canopy on light
penetration under and outside of canopy of the tropical
almond tree which indicated that there was an effect of
the volume of the tropical almond tree canopy on light
penetration. Figure 2 show several linear regressions that
tend to decrease. The constant value (b) appears to have
decreased in the cities of Balikpapan, Samarinda and
Tenggarong. This indicated that there was a negative
relationship. If there is an increase in the volume of the
canopy, there will be a decrease in light penetration. R
square amounting 0.1178; 0.0498 and 0.0054 for the
cites of Balikpapan, Samarinda and Tenggarong,
respectively, this indicates a very weak relationship
between canopy volume and light penetration. 11.78%;
4.98% and 0.54% light penetration is affected by the
volume of the canopy. The rest is influenced by other
factors.

Light is considered the most limiting resource for
trees in tropical rainforest biomes, with light penetration in
the vertical dimension of rainforests declining markedly
with increasing canopy depth. As a result, within a closed
canopy, the availability of light can be reduced by up 50-
fold from the top of canopy compared with foliage in the
shaded understory (Baldocchi et al. 2002). In terms of
usage and space requirements grow, the width of the
canopy has an important role. Canopy width can be used
to predict light intensity that is exposed to trees and
which is obstructed and intercepted in the canopy of a
stand (Fu et al. 2013).

Light penetration into the canopy is affected by the
volume of the canopy. The thicker of the canopy, more
and more difficult it is for the light to penetrate. The
thickness of the crown is influenced by the density of the
leaves and the size of the leaves. Tropical almond leaves
are generally large and absorb more light. In addition, the

penetration of light into the canopy is also influenced by
the direction of the light and the angle of the leaves. Leaf
area is the morphological characteristics commonly used
to determine the development of the canopy. Leaf canopy
structure, especially of leaf angle, is relative to vertical
line. Plants with horizontal leaves proceed 30-40% of the
light coming through each unit of index of leaf area, while
the upright leaves can proceed 45-65% of the light. With
leaves that are perpendicular to sunlight on bright
sunlight, the growth rate of the crop will be theoretically
enhanced by the spreading of the more evenly distributed
light in the canopy with upright leaves (Goldsworthy and
Fisher 1992).

The influence of plant canopy on microclimate is
directly and indirectly related to the attendent of canopy
and stem. Branches and leaves reflect and absorb some
of the sun's radiation during the day, allowing less energy
to reach the ground under the canopy (Arx et al. 2012).

Light is considered the most limiting resource for
trees in tropical rainforest biomes, with light penetration in
the vertical dimension of rainforests declining markedly
with increasing canopy depth. As a result, within a closed
canopy, the availability of light can be reduced by up 50-
fold from the top of canopy compared with foliage in the
shaded understory (Baldocchi et al. 2002). In terms of
usage and space requirements grow, the width of the
canopy has an important role. Canopy width can be used
to predict light intensity that is exposed to trees and
which is obstructed and intercepted in the canopy of a
stand (Fu et al. 2013).

Light penetration into the canopy to the ground (forest
floor) affects the ambient temperature and humidity
conditions. The light that penetrates the canopy affects
the temperature. when the light penetration is high, the air
temperature will be high as well. Meanwhile, temperature
affects the humidity of the air, when the temperature is
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high the humidity will be low. Air humidity is inversely
proportional to temperature.

Spatial and temporal variations in canopy structure
and function affect the microclimate of the canopy, and
consequently, affect temperature and humidity in various

ways. For example, interactions between structural and
functional properties of forests alter turbulence within and
over the canopy, light penetration, heat load on leaves
and soil, and physiological resistance to water and air.
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Figure 3. Relationship Between Canopy Structure and Decreased of Ambient Temperature in the Cities of Balikpapan,

Samarinda and Tenggarong

Canopy Structure and Air Temperature

The temperature difference that occurs between the
outside and under canopy is not only caused by the
canopy structure which causes less light penetration from
the top of the canopy to the bottom of the canopy, more
than that it is also caused by the transpiration of leaves
from the tree crown which causes coolness in the canopy
and under the canopy.The decrease in ambient
temperature is the difference between the temperature
under canopy and outside canopy. Light penetration into
the canopy has an effect on the light intensity reaching
the ground which in turn will also affect the temperature
below the canopy.

The results of the study stated that linear regression
of the relationship between canopy structure and
decreased ambient temperature of tropical almond tree
and outside canopy indicated that there was an effect of
light penetration of the tropical almond canopy on a
decrease in ambient temperature. Figure 3 shows a linear
regression that tends to increase. The value of the
constant (b) appears to have increased in the cities of
Balikpapan, Samarinda and Tenggarong. The thickness
of the canopy will obstruct light penetration and will
further lower the ambient temperature.

R square 0.0033; 0.0174 and 0.1476 for the cities of
Balikpapan, Samarinda and Tenggarong, respectively,
this indicates a very weak relationship between light
penetration and decreased of ambient temperature.
0.33%; 1.74% and 14.76% decrease in ambient
temperature in those cities are affected by light
penetration in the canopy. The rest is influenced by other
factors.

The air temperature on the earth's surface is relative,
depending on the factors that influence it, such as the
length of the sun's exposure, the tilt of the sun, cloud
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conditions, and the condition of the earth's surface. Air
temperature varies with place and from time to time on
the earth's surface. According to the place the air
temperature varies vertically and horizontally and
according to time from hour to hour in the day, and
according to the month of the year (Satwiko 2009).

Canopy Structure and Relative Humidity

The relative humidity under the canopy is influenced
by the air temperature. Humidity and temperature are two
related parameters, when the air temperature is low, the
relative humidity tends to be high and vice versa. If the air
temperature is higher, the relative humidity will be lower.
Vice versa, the lower the air temperature, the air humidity
will be higher.

The results of the study stated that linear regression
indicated that there was an effect of canopy structure of
the tropical almond canopy on an increase in relative
humidity. Figure 4 shows a linear regression that tends to
increase. The value of the constant (b) appears to have
increased in the cities of Balikpapan, Samarinda and
Tenggarong. This indicates that there is a positive
relationship.

R square 0.00865; 0.0217 and 0.0547 for the cities of
Balikpapan, Samarinda and Tenggarong, respectively,
this indicates a very weak relationship between light
penetration and humidity. 0.865%; 2.17% and 5.47%
humidity are affected by canopy structure. The rest is
influenced by other factors.

High light environments, particularly those with other
stresses such as drought and high temperatures, impose
very different demands on canopy structure than those
imposed in the understory. Under full sunlight conditions,
there is strong evidence for the fundamental role that
canopy structure plays as the first line of defense against
temperature extremes and photoinhibition through
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avoidance of excessive radiation loads on the leaf
surfaces (Pearcy et al. 2005).

Canopy layer is determined by the balance between
the biochemically and physiologically limited demand of
leaves and the diffusion-limited supply from the
atmosphere and through the leaf boundary layer
(Sinoquet, et al. 2001). The quantity of the light in natural
environments can vary over several orders of magnitude

and on a time scale that ranges from seconds to seasons.
Because light is such an important environmental
parameter, plants have evolved numerous biochemical
and developmental responses to light that help to
optimize photosynthesis and growth (Muller et al. 2001).
The realism of which a canopy and its pattern of growth
can be reconstructed is quite remarkable.
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Figure 4. Relationship Between Canopy Structure and Increased of Relative Humidity in the Cities of Balikpapan,

Samarinda and Tenggarong

Although there is no inherent limitation to doing so,
developmental-rule-based models have not been used
much to evaluate the functional role canopy structure on
the physiological or ecological performance of plants
(Pearcy et al. 2005). At the canopy scale, biophysical
models vary in the way they represent canopy structure
and function. Increased accuracy achieved by using
multiple source abstractions, a concept that explains the
different environment and sunlight as well as shaded
leaves.

Conclusions

Light penetration by canopy tropical almonds can
lower the ambient temperature. The lower ambient
temperature will cause the relative humidity to increase.
then it will make the area around the tropical almond tree
cooler.
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Table 1. Effects of temperature on in vitro growth 40

of seedlings.
Temp.  Shoot length Number of Fresh weight
(°C) (mm) leaf (9) §
25 59.2 + 10.6¢ 4.5+0.82 0.29 £+ 0.132 o
27 88.5+9.3 4.8+0.9 0.40:0122 &
29 75.0+11.1b 3.8+ 0.62 0.30 £ 0.07a E
=

Note: Values (average * standard deviation) with
different letters are statistically significant
according to Tukey's multiple comparison

test. Data were recorded after 4 weeks of 0 . .
culture. MS medium was used as a basal 0 5 10 15
medium without any PGRs. Number of . .
sample = 10. Distance from pith (cm)

Source: Chujo et al.2010. Figure 3. Radial variation of microfibril angle of the

S2 layer in tracheid. Open circle, Agathis
sp.; open triangle, Pinus insularis; Bars
indicate the standard deviation. (Source:
Ishiguri et al. 2010)



