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ABSTRACT

Herein, we evaluated the content of condensed tannins present in the bark of four tree
species that are Quercus laurina Humb. & Bonpl., Quercus crassifolia Humb. & Bonpl., Arbutus
xalapensis Kunth, and Prunus serotina Ehrn. An analytical method using high-performance liquid
chromatography (HPLC) for condensed tannin extracts was developed and validated. Also,
the aqueous extracts were analyzed by Fourier transform infrared spectroscopy (FTIR). Based
on the Stiasny number, 4. xalapensis, and Q. laurina represent an important source of condensed
tannins, which may be subject to exploitation. Using infrared spectroscopy, it was observed
that tannins do not show an important signal of carbonyl groups (aromatic esters) with respect
to high purity catechin. Furthermore, the band of the hydroxyl group is less pronounced
in tannins, because various hydroxyl are interacting with each other. However, it can be seen that
the method of extraction of wood tannins developed in this work, presents satisfactory results.

KEYWORDS: Stiasny number, infrared spectroscopy, liquid chromatography.

INTRODUCTION

In the forests of the Sierra Judrez, Oaxaca, Mexico, stands with structural dominance
of Quercus laurina Humb & Bonpl., and Quercus crassifolia Humb. & Bonpl. have been found,
species that cohabit with Arbutus xalapensis Kunth, and Prunus serotina Ehrn, among
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others (Ruiz-Aquino et al. 2015). The wood of these species is used in rustic constructions
(Ruiz-Aquino et al. 2016, 2019), and the elaboration of charcoal for fuel, and for its bark there
are no reports on its use. The bark of the trees is considered a waste product, if the debarking is
carried out in the industry it becomes a pollutant, while in the debarking in the field the bark
is integrated as nutrients into the soil (Giménez et al. 2008). The bark is an important source
of resins, latex, tannins, and substances that protect the tree from fungi and insects (Cuttler et al.
2007). In the bark of forest species of the families Clusiaceae, Cupressaceae, Ebenaceae, Fabaceae,
Fagaceae, Sapotaceae, Pinaceae, among others, some authors have shown that condensed
tannins are both chemically and economically interesting for the preparation of adhesives and
resins destined to the production of particleboards and that they could be successfully used
as substitutes for phenol in the production of phenol-formaldehyde resins (Tondi et al. 2010,
Naima et al. 2015). Plant tannins or polyphenols are secondary metabolites distributed in sectors
of the plant kingdom (Isaza 2007), can represent 2 to 40% of the dry bark mass of various forest
species (Paes et al. 2006). They are chemically classified into hydrolyzable and condensed.
Hydrolyzables are glucose polyesters, whereas condensates are made of catechin monomers and
are known as flavonoids (Pizzi 1983).

Currently tannin compounds extraction is diverse, for example Bosso et al. (2016) analyzed
the extracting effectiveness tannins grapes in some solvents (water, ethanol, acetone, ethyl
acetate), used as pure or in binary and ternary mixtures. But, the polyphenolic compounds
of tannins are molecules belonging to classes different from one another for the degree of polarity.
The extraction method to be employed is influenced by the chemical nature of the substance,
sample particle size, and also by the presence of interfering substances. Extraction time,
temperature, solvent-to-feed ratio, the number of repeated extractions of the sample, as well as
the choice of extraction solvents are the crucial parameters affecting the extraction yield. Solubility
is influenced by both extraction time and temperature. A higher temperature simultaneously
increases solubility and mass transfer velocities as well as decreases viscosity and surface tension
of solvents contributing to a higher extraction rate (Mojzer et al. 2016).

This study evaluates the purity potential of tannin extraction in the bark of four tree species
that are Q. Jaurina Humb. & Bonpl., Q. crassifolia Humb. & Bonpl., Arbutus xalapensis Kunth, and
Prunus serotina Ehrn., and an analytical method is developed by HPLC, for the characterization
of functional groups, Fourier transform infrared spectroscopy (FT-IR) is used.

MATERIAL AND METHODS

Study area

The study was conducted in the Ixtlin de Judrez forest, Oaxaca, Mexico, which is located
170° 18 16” — 170° 34 00” N and 96° 31’ 38” — 96° 20’ 00” O, the climate is temperate humid and
subhumid with rains in summer (Castellanos-Bolanos et al. 2008). The forest harvesting area is
located at an altitude of 2,156 to 2,458 m.

Material collection

Part of the bark of the standing trees was removed, trying not to damage the entire
circumference of the stems to ensure the transport of nutrients and photoassimilates in the trees.
The bark samples were oven dried at 103°C for 48 hours (Paes et al. 2006). Subsequently, they
were crushed using a Wiley® mill and sieved with a mesh with an opening size of 1 mm (Aguilar-

Lopez et al. 2012).
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Tannin extraction

Tannin extraction was carried out with 5.0 g of ground bark and 75.0 mL of distilled water,
100 pl of glacial acetic acid is added to the aqueous medium in a 250 mL Erlenmeyer flask,
in a water bath at 87°C. The addition of acetic acid is to prevent oxidation of tannin extracts.
Subsequently, the cold extract was filtered using 11 micron porosity Whatman brand filter paper
and the filtrate was adjusted to 100 mL (Pedraza-Bucio and Rutiaga-Quifiones 2011).

Total extract

For the quantification of condensed tannins, the remaining volume (50mL) was used;
5.0 mL of formaldehyde and 2.5 mL of HCl were added to this solution using a Soxhlet system for
30 min. It was subsequently filtered and the filtrate was dried at 105°C for 24 hours. The Stiasny
number is calculated using equation Eq. 1 (Paes et al. 2006):

NS = Zf x100
’ @

where: NS = Stiasny number; W1 = solid mass (g) in 100 mL of extract; W2 = precipitate
mass (g) in formaldehyde.

With the Stiasny number and the total extract amount, the amount of condensed tannins
w - o1 1 . 1
re= 255
2

where: TC = condensed tannins (%); NS = Stiasny number; ET = total extract (%).
All extractions were performed in triplicate.

Liquid chromatographic system

All reagents used were HPLC grade, catechin HPLC grade, methanol, phosphoric acid
(sigma Aldrich), Milli-Q_water of 18.0 puS. The analysis was carried out in a CC5-BAS liquid
chromatograph equipped with a quaternary pump, with an UV-116 BAS detector. Thermo
Scientific Hypersil BDS C;g reverse phase column of 250 mm x 4.6 mm and 5.0 um particle
size was used for this study. The peaks corresponding to catechin were detected at A = 280 nm
at elution time of t = 2.57 min using a mobile phase methanol water 60:40 (v/v%) nm, flow of
1.0 mL-min! in isocratic system.

Analysis of tannin extracts by infrared spectroscopy with Fourier transforms
For the identification of the functional groups present the tannin extracts a Spectrum 100
FT-IR Spectrometer was used in a wave number range between 500 - 4500 cm™1.

Method development for identification of tannin

For the analysis by liquid chromatography a standard of high purity catechin was used,
the detection method was optimized to identify the tannins of the wood extracts. From a solution
of 2000 mg-L! of catechin HPLC grade dissolved in a 3.0 mM., solution of H;PO,. Solutions
of 300.0, 250.0, 180.0, 130.0, 80.0, 40.0, 25.0, 10.0 mgL! were prepared and diluted with
23.0 mM, solution of H;PO,. The addition of phosphoric acid in the samples is to prevent oxidation
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and to obtain a better chromatographic signal from the tannin. For this study a mobile phase
of MeOH/ H,0O (60:40 v/v%) was used at A=280 nm, flow 1.0 ml'minl, the system flow was
isocratic, 1980 psi pressure and = 32°C, 20 pL of the sample was injected into the chromatographic
column, all samples were made in triplicate. Linear regression of each of the areas under the curve
of the chromatograms checked the linearity of the same; the results represented the average
of three curves performed.

Linearity, precision, accuracy, detection and quantification limits

The method linearity, recovery, precision (repeatability and intermediary precision), detection
and quantification limits were evaluated according to Borman and Elder (2017). The linearity
of the curves was estimated by regression using the last square method. The slope, intercept
(with respective confidence intervals) and coefficient of determination (R2) were calculated and
evaluated. Each test catechin standard and tannin extractive solution of tree selective was injected
in triplicate and the repeatability was evaluated for peak areas and retention times of tannin

through the relative standard deviation (RSD) (%).

RESULTS AND DISCUSSION

In Tab. 1 the average content of total extract, Stiasny number and condensed tannins
of the four tree species under study is presented. The amount of total extract of Q. crassifolia
y A. xalapensis is higher than that reported for the heartwood of Haematoxylon brasiletto Karst
(7.6%) (Pedraza-Bucio y Rutiaga-quifiones 2011), and also higher than the maximum reported
for the bark of eight pine species from the Durango state Mexico (2.36 - 10.61%) (Rosales and
Gonzalez 2003). The differences found are attributed to two factors, the first is the extraction
conditions and the second is the specific characteristics of each species, related to the chemical
composition, site conditions and age of the tree species (Paes et al. 2006).

Tab. 1: Total extract, number of Stiasny, and condensed tannins in the bark of four tree species.

Content Bark of tree species (%)

Prunus serotina | Quercus crassifolia | Arbutus xalapensis | Quercus laurina
Total extract 2.84(0.23) 13.74(0.78) 10.70 (0.44) 6.35(0.13)
Stiasny number 24.21(2.62) 36.37 (5.03) 53.73 (6.27) 66.79 (0.90)
Condensed tannins 0.68 (0.02) 4.97 (0.41) 5.73(0.43) 4.24(0.14)

(RSD) (%)- the values in parenthesis represent the standard deviation.

A higher percentage of Stiasny was found in the bark of Q. /aurina (66.79%), this value is
slightly lower than that reported by Rosales and Gonzilez (2003) for Pinus ayacabuite (69%)
and Pinus durangensis (69.3%). Stiasny values greater than 65 represent an important source
of condensed tannins (Rosales et al. 2002). The amount of condensed tannins is within
the range (0.41% — 13.67%), reported for the bark of eleven wood species from Costa Rica
(Aguilar-Lopez et al. 2012), the values are lower than those reported for the bark of four
species of pine in Brazil (7.85% — 13.82%) (Da Silva et al. 2012). Condensed tannins have
applications in formulating wood adhesives (Aguilar-Lépez et al. 2012), in leather tanning
(Colin-Urieta et al. 2013), the use of condensed tannins in ruminants has shown beneficial
effects (Marquez and Sudrez 2008) among others. High performance liquid chromatography
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was used to verify the purity of the tannins obtained with the extraction method implemented.

The optimized liquid chromatography conditions were achieved after preliminary assays,
where different combination of methanol, water and a mixture phosphoric acid 3.0 mM were
tested, the results is show following.
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Fig.1:Chromatogram of 300 mg.L~1 catechin standard with isocratic flow rate conditions
1.0 mL.min™1, mobile phase of MeOH / H,0 (60:40 v/v%) A=280 nm, 1980 psi of pressure system and
=~ 32°C, 20 uL sample injection and Thermo Scientific Hypersil BDS CI18 reverse phase column
0f 250 mm x 4.6 mm and 5.0 um particle size was using.

The Fig. 1 shows a chromatogram good defined of 300 mg-m™! catechin standard at elution
time of t = 2.54 min, posteriorly at time = 3.5 min we observed a signal of impurity of standard,
the flow of system was isocratic. Fig. 2 shows the chromatograms corresponding to calibration
curves of 300 to 10 mg-m™1 catechin standard, we can observe that a good linearity proportional at
concentration analyzed. The linearity was evaluated for each standard substance. The calibration
curves were obtained by plotting peak areas upon concentrations using eight standard solutions.
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Fig. 2: Chromatograms of 300, 250, 180, 130, 80, 40, 25, 10 mg.L—1 catechin standard with isocratic
Jflow rate conditions 1.0 mL.min, mobile phase of MeOH / H20 (60 : 40 v/v%) k=280 nm, 1980 psi
of pressure system and = 32°C, 20 pL sample injection and Thermo Scientific Hypersil BDS C18 reverse
phase column of 250 mm x 4.6 mm and 5.0 wm particle size was using.
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The R2 values were greater than 0.997, showing that the calculated regression curves could
explain significantly the experimental variance (Fig.3) . Thus, the calculated straight line could
explain more than 99% of the experimental data. The confidence intervals for both intercept
points included zero.
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Fig. 3: Calibration curves of catechin standard.

Therefore, the result confirms the absence of constant systematic errors
in the analytical method. The detection, and quantification limits were estimated from
the calibration curve slopes. The limits of detection were 10 mgL- of catechin. With
the standardized chromatographic method, the quantification of tannin extracts from the bark
of the four wood species was carried out and analyzed.
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Fig. 4: Chromatograms of 40 mg. L1 of tannin extract from the bark of four tree species using isocratic
flow rate conditions 1.0 mL-min~, mobile phase of MeOH / H,0 (60:40 v/v%) k=280 nm, 2280 psi of
pressure system, and = 32°C, 20 uL sample injection and Thermo Scientific Hypersil BDS C18 reverse
phase column of 250 mm x 4.6 mm, and 5.0 pm particle size was using.

Fig. 4 shows the chromatograms corresponding to the tannin extracts from the bark
of the four species under study obtained with the extraction method implemented. The signal
shows that the elution times of the extracted tannins are, the elution time of the tannin
is t = 2.78 min, and it is observed that at t = 3.2 min is the signal corresponding to the impurity
of the tannin extracted is observed for each of the barks of the species under study. This shift
in the retention time of the tannin is due to the presence of carboxylic groups present in the wood

176



Vol. 66 (2): 2021

tannin extract that exert a greater pressure on the chromatographic column, and this causes the
slight displacement of the sample with respect to when you have the high purity standard.

Thus, the amount of total tannins obtained for each of the bark species are: Prunus serotina
290 mg L1, Quercus crassifolia 130 mg L, Arbutus xalapensi 250 mg L1, and Quercus laurina
275 mg L1, In the extraction of tannins it is important the polarity of solvent depends on its
dielectric constant (g), which affects the capacity of the solvent to solubilize molecules tannin
compounds with different degree of polarity. Where the water dielectric constant is &€ =80.1, and
€ =6.2 acid acetic (Naima et al. 2015). In this work, the use of acetic acid acts as a protic solvent
in the extraction medium with water. The acid present in the extraction process prevents the
oxidation of tannins in an aqueous medium, which is reflected in the chromatographic analysis.

The tannins present in the wood extracts are condensable, of which there are three structured
groups of tannins that are; hydrolyzed tannins, condensable tannins, and phlorotannins, which
are produced through three different biosynthetic pathways. Hydrolyzable tannins are produced
by a shikimic acid pathway that leads to the production of gallic acid (the fundamental monomer
unit). Phlorotannines are derived from the Malonyl-CoA pathway produced by the phloroglucinol
building block while condensed tannins are derived by mixed biosynthesis from the above
two pathways that produce Flavan-3,4-diol (monomer units) which are then polymerized by
condensation (Stafford 1983).

Spectroscopy FTIR

Fig. 5 shows the infrared spectrum that corresponds to the catechin standard and that is
used to compare with the tannin extracts under study. In the spectrum it is observed that the
main signals correspond to slight displacements according to what was reported by Silverstein and
Bassler (1962), which is probably related to the presence of different types of phenols.
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Fig. 5: Infrared spectroscopy of catechin standard.
The spectrum of catechin where it can find a strong absorption around 3600, and 3000 cm™!

with a wide and strong band centered at 3317.9 cm! respectively. These bands are assigned to
the hydroxyl groups (OH) stretching vibrations and due to the wide variety of hydrogen bonding
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between OH. In this spectrum it can notice a sharp peak at 2929.43 cm associated with
the symmetric and antysimmetric -C-H- stretching vibrations of CH, and CHj; groups
respectively. Also it does not appear signals of free water molecules due there is no evidence
of bands at 2150 cm™ and 1650 cm™ (H-O-H bending vibrations), and at about 700 cm™.
The deformation vibration of the carbon-carbon bonds in the phenolic groups absorbs
in the region of 1600-1475 cm™. At 750 cm™ shows the result distortion vibration of C=C
in benzene rings. Around 1460 cm stretching vibrations of -C-C,. e groups appear

(Socrates 2001). Tab. 2 shows details of the peaks found by FTIR of the catechin standard.

Tab. 2: Main FTIR signals of the catechin standard and its comparison with those of the literature

(Socrates 2001).

F -1 . . .

( éz‘z::ﬂljiys(; ':: d.)) Signal type Chemical bond type Assignment

3317.19 Elongation O-HyN-H Hydroxyls and amines

2929.43 Asymmetric elongation C-H CH, saturation groups

2852.97 Asymmetric elongation C-H Hydrocarbons

1627.59 Eﬁf)r;rgzgical bending C=0 Ecli:gsonoid, lipids and amino

1520.83 Elongation . Flavonoids and aromatic

& Aromatic compounds rings
1371.81 Bending vibration C-H Flavonoid group CHjy
1284.81 Bending vibration (O-H)
: and asymmetric flexion O-H and C-CO Hydrocarbons

(C—Cé)
bending vibration (O-H)

1242.17 and asymmetric flexion C-H Flavonoid group CHjy
(C-CO)

1183.55 - Elongation vibration (C-C) | C-C and C-OH Flavonoids and second

1079.30 ongation vibration (C-C) | C-C and C- avonoids and secondary
and flexion (C-OH) alcohol groups
Elongation (=C-O-C), O » .

1048.02 Elongation (C-C) and =C-0-C,C-Cand C-OH Primary alcohols group
flexion (C-OH)

103021 Elongation vibration (C-C) | C-C and C-OH Flavonoids and second.

) and flexion (C-OH) alcohol groups

Symmetric stretching C-C-O0 Primary and

867.84 vibration secondary alcohols
Symmetric stretchin, Aromatic compounds Primary and secondary

818.48-525.94 ymm g P alcohols outside the flexion
vibration (C-H) plane

Fig. 6 shows the infrared spectra of tannins extracted with water from the bark of the four

timber species. An in-depth analysis by infrared micro spectroscopy indicates that the main
tannin-related bands are found in 1727, 1612, and 1513 cm, in these wave number ranges:
(1) Region carbonyl region 1800-1480 cm; including: carbonyl groups (ester, ketone, aldehyde,
amide I), amide II, carboxylate groups and aromatic groups, (ii) Region carbohydrate region

1190 - 850 cm; including all bands of carbohydrates n (C-O-C) (Silverstein and Bassler 1962).
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The spectra obtained here are found in the region 650—4000 cm™, recorded by L. Chupin
et al. (2013), for the bark of Pinus pinaster extracted with different conditions, where the band
at 3300 cm™! is assigned as OH stretch vibration in phenolic and aliphatic structures, in the same

way, Jablonski et al. (2015), assigned to the hydroxyl group stretching vibration a broad band at
~3300 cm™L. 1520
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Fig. 6: Infrared spectroscopy of the four types of bark.

Detailed information is listed in Tab. 3; these results are similar to those reported
in the literature for polyphenolic compounds as tannins, and tannic acid (Hillis 1964).

Tab. 3: Wave range limits and corresponding absorption bands for standardized integration method
applied to all FPA and synchrotron IR maps.

Integration region No. Mapped bands
1) 1705 -1570 cm! v (C=0); amide

v, (COO);

v (C=C); aromatic quadrant ring stretch
1) 1530 -1480 cm! v (C=C); aromatic semicircle ring stretch
1) 1260-1210 cm! v (C-C), v (C-0O) (lignin)
1v) 1180-950 cm! v (C-O-C) (carbohydrates)

CONCLUSIONS

Of the tree barks evaluated in this work and based on the Stiasny number,
the Arbutus xalapensis and Quercus laurina species contain a significant amount
of condensed tannins of 10.7% and 6.3%, respectively which can be exploited. Using
infrared spectroscopy, it was observed that the tannins do not show an important signal
of the carbonyl groups (aromatic esters) with respect to the high purity catechin. The band
of the hydroxyl group in tannins is less pronounced, because several hydroxyls are bonded. With
the extraction method used and the analytical method developed for the quantification of tannins
from the bark of trees, they show that the tannins of the tree species Prunus serotina and Quercus
crassifolia are around 83% approximately and these extracts show a high purity with respect
to the Catequina standard.

These results compared with the different extraction methods for tannins show a similar
performance in terms of extraction yields and amount of tannins extracted; the use of solvents
is low and economically feasible for future work.
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ABSTRACT

This paper presents an anticorrosive method to protect bamboo from the corrosion induced
by coating a layer of epoxy resin on the surface of bamboo slices. Four surface modifications
including heat treatment, alkali treatment, coupling treatment and acetylation treatment are
applied to bamboo slices. The results indicate that the ultimate tension of bamboo slices decreases
when corroded in solutions with different pH for different time, while epoxy resin protects
the bamboo slices from corrosion to maintain the tensile properties by coated on its surface.
The surface morphology indicates that four modifications have different degrees of influence
on the surface and material of bamboo slices, which can reduce the ultimate tension of bamboo
slices, but improve the interfacial combination between the surface of bamboo slices and epoxy
resin. Acetylation treatment was the most effective modification analysed by Fourier-transform

infrared spectroscopy (FT-IR) among them.

KEYWORDS: Bamboo slices, epoxy resin, corrosion, tensile properties, surface modifications,
interfacial combination.

INTRODUCTION

With the continuous deepening of the concept of green economy and sustainable development,
the application of ecological building materials, especially those used as reinforcement
in construction technology for reinforced soil, has been increasingly attended. Some natural
plant materials with high strength and favorable toughness, such as bamboo root, palm fiber and
wheat straw, when be used as reinforcement, can effectively improve the mechanical properties

of the reinforced soil (Hegde and Sitharam 2015, Li et al. 2012). Moreover, the tensile properties
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of the reinforcement are the most basic technical indicators for reinforced soil structural design,
which can directly affect the mechanical properties and service life of the reinforced soil (Shinoda
and Bathurst 2004, Wesseloo et al. 2004, Subaida et al. 2008). For example, slope soil maintains
its slope stability when reinforced with plant roots, and the tension of plant roots plays a leading
role in the stability of soil, which has been proved by the tensile test and the direct shear test
on roots-reinforced soil (Mclvor et al. 2008, Ghestem et al. 2011, Ma et al. 2018). Compared with
some synthetic materials, natural plant materials provide better reinforcement in construction
technology for reinforced soil. More importantly, they are degradable and environmentally
friendly, which have better economic and ecological benefits as traditional geopolymer
replacement for reinforcement engineering.

The recent progress of green building materials presents a great opportunity for
the application of bamboo in the reinforced soil. As a kind of natural reinforcement, bamboo
is recognized as a viable, sustainable and engineering alternative to other materials in many
areas worldwide (Ahmad and Kamke 2005, Yan et al. 2017). It possesses various applications in
the engineering field for its strong adaptability, regeneration and reproduction ability, and
can play a better role than other natural plant material in the reinforcement process (Khalil
et al. 2012, Luo et al. 2014, Trujillo et al. 2014). At present, there are many researches
on the mechanical properties of bamboo and its application in practical engineering. Tensile
strength of single bamboo fiber isolated chemically is 47.6% higher than that of isolated
mechanically, and the tensile strength and modulus of bamboo strips made from the outer portion
of the bamboo are higher than that of inner portion (Chen et al. 2015). The shear strength of soil
can be improved by reinforcing with bamboo slices, and the peak shear strength of bamboo root
reinforced soil increases with increasing soil-root volume ratio (Ma’ruf 2012).

However, the degradability of natural plants makes them prone to corrosion in acid and
alkali environment, which may affect their mechanical properties and makes them difficult
to chronically exert their reinforcing effect (Hsu et al. 2010). Notably, due to the influence
of civil engineering environment, the natural bamboo material will be corroded when be applied
as reinforcement in the soil (Qin et al. 2015), which will decrease the mechanical properties
of the reinforced soil. Therefore, to extend the service life of bamboo and maintain the mechanical
properties of reinforced soil, it is particularly important to conduct corrosion prevention
on bamboo (Shafizadeh and Kavanagh 2005). The anticorrosion of bamboo mainly include
physical and chemical methods. However, The validity of physical methods is short, and such
as heat treatment will decrease the mechanical properties of bamboo (Yun et al. 2016, Zhao
et al. 2019). Chemical method is to use preservatives to kill fungi and pests in bamboo, which
will easily pollute the environment and has been pointed out that preservatives are not evenly
distributed in bamboo (Qin et al. 2015). An effective and economic anti-corrosion method is
to coat the material with epoxy resin, a kind of polymer with good physical properties, corrosion
resistance, abrasion resistance, stability and low cost (Yang et al. 2014). However, the poor
adsorbability towards polymers, induced by the hydrophilicity of nature plant, makes adhesion
between the nature plant and polymer inadequate (Luft 1961, Antov et al. 2020). On the basis
of maintaining the form and strength of natural plant, the surface modification of natural plant
by physical or chemical methods can improve the interfacial compatibility between the surface
of natural plant and epoxy resin (Bledzki et al. 1996). Although there are many research articles
concerning the tensile properties of bamboo, the focus is seldom concentrated upon the bamboo
corrosion that occurs during application in the recent literature. And there are few studies on
the regularities of mechanical properties of bamboo slices under corrosion, the anticorrosion
effect of epoxy resin on bamboo slices, and the influences of surface modification in improving
the interfacial combination between epoxy resin and bamboo slices.
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To solve the above problems, in this paper, the mechanical properties of Moso bamboo slices
under different pH and corrosion time were studied, and the anti-corrosion effect of epoxy resin
on bamboo slices was investigated. And four surface modification treatments (heat treatment,
alkali treatment, coupling treatment and acetylation treatment) were conducted on the bamboo
slices. The regularities of mechanical properties of bamboo slices were illustrated by tensile tests
and surface morphology analysis of modified bamboo slices, and the surface modification effects
of different modification methods were characterized by Fourier-transform infrared spectroscopy
(FT-IR). The research can provide scientific guidance for the utilization of bamboo in civil
engineering and the epoxy resin in the anti-corrosion of natural plant

MATERIAL AND METHODS

According to the test methods for physical and mechanical properties of bamboo used
in building (Chen et al. 2015), five-year-old Moso bamboos obtained from Enshi, Hubei
Province in China were selected as objective materials. All pristine samples were selected from
the outer portion of the bamboo and the location between 4 - 5 m measured from the bottom
of the bamboo trunk, and were processed into slices with a uniform dimension of
200 mm (L) x 5 mm (W) x 1 mm (T). The physical and mechanical parameters of Moso bamboo
are listed in Tab. 1 according to relevant studies (Lakkad and Patel 1981, Jin et al. 2014).

Tab.1: Physical and mechanical parameters of Moso bamboo.

Parameter Value range
Density (grem™3) 0.6 ~1.1
Tensile strength (MPa) 140 ~ 800
Elastic modulus (GPa) 11~32
Ultimate elongation (%) 2.5~3.7
Acid and alkali resistance weak

Corrosion test

In order to study the influence of pH and corrosion time on the tensile properties of bamboo
slices, as well as the anticorrosion property of epoxy resin on bamboo slices, solutions with
different pH were prepared with a concentration of 35% HCI reagent and a concentration of 5%
NaOH reagent, and the coated samples were prepared by applying a layer of epoxy resin adhesive
(E7730) evenly on the surface of the pristine sample followed by curing at room temperature
for 24 h. Correspondingly, one set of pristine samples and coated samples were marinated
in the solutions with different pH in range 2 - 13 for 15 days, and the other set of pristine samples
and coated samples were impregnated in the solution of pH 4.0 and pH 10.0 for different time
1, 3, 5, 7, 15, 28 days), respectively. The mass lose induced by corrosion were measured after
soaked samples were washed with distilled water and followed by being stored under laboratory
temperature (20 = 2°C) and relative humidity (65 = 15%) for 2 days. Afterwards, their tensile
properties were measured.

Surface modification treatment of bamboo slices

The surface modification of bamboo slices consisted of following two physical
methods: heat treatment and alkali treatment, and two chemical methods: silane coupling
and acetylation coating: (1) Heat treated bamboo slices (HTBS). Bamboo slices were heated
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in a high- temperature test chamber (H/GDW]-500L) at 120°C for 4 h. When the slices were
cooled to room temperature, the mass loss rate was measured. (2) Alkali treated bamboo slices
(ATBS). Bamboo slices were immersed in a solution of 5% NaOH for 2 h at room temperature.
After being taken out, they were washed repeatedly with dilute acid solution until the washing
solution became neutral measured by pH meter, then they were dried in a high-temperature test
chamber at 80°C for 4 h. (3) Coupling agent treated bamboo slices (CTBS). Bamboo slices were
immersed in mixture solutions (six part 95% ethanol solution and four part 0.6% A-174 silane
coupling agent) with pH 4.0 adjusted by 50% acetic acid for 2 h, then removed and dried in
a high-temperature test chamber at 80°C for 4 h. (4) Acetylated bamboo slices (ALBS). Neutralize
the alkali-treated bamboo slices with dilute acid, then immersed them in 50% acetic acid for
2 h. After being taken out, they were washed with distilled water and dried in a high-temperature
test chamber at 80°C for 4 h.

After the modification, the surface morphology of all samples were observed by high-power
microscope. Meanwhile, to characterize the influence of modification on chemical functional
groups of the samples surface, Fourier transform infrared (FT-IR) spectra were measured
by infrared spectroscopy (Thermo Nicolet 6700). Afterwards, applying a layer of epoxy resin
(E7730) evenly on the surface of the modified samples. When the epoxy resin adhesive was
completed cured by stored at room temperature for 24 h, the ultimate tension of coated and
uncoated samples was measured

Tensile tests

The preparation and test method of the tensile properties of bamboo slices was in accordance
with the procedure described in testing methods for physical and mechanical properties
of bamboo used in building (Chen et al. 2015). The laboratory Max Test universal testing
machine (WDW-10E) was adopted for the tensile tests. A slice of polyethylene plastic with
10 mm length are glued by epoxy resin adhesive on each end of the testing sample to be fixed into
the fixtures without splitting. When loading, the tensile direction of the testing machine should
follow the longitudinal length direction of the bamboo slice. Only when the fracture location
is at least 10 mm away from the fixture, can experimental results be judged as valid data. The test
was terminated upon the sample was broken. The loading speed is uniformly 0.1 mm.min1, and
five effective replicates were conducted for each sample type

RESULTS AND DISCUSSION

Tensile tests
Effect of pH on ultimate tension of samples during laboratory

Fig. 1a shows that in the acidic environment, when UTBS were corroded in the solution
with pH 6.0 and pH 2.0 for 15 days, respectively, the mass loss rate increased from 2.5% to 5.2%,
and the corresponding ultimate tension decreased from 0.525 kN to 0.453 kN, which decreased
by 24.1% and 34.5% respectively compared with that of uncorroded UTBS (0.692 kN). Notably,
because the pH of bamboo was between 5.1 and 6.6 (Lo et al. 2012), the bamboo slices corroded
and the ultimate tension decreased by 0.163 kN (23.6%) even under the neutral environment
of pH 7.0 for 15 days. In alkaline environment of pH 8.0 and pH 13.0, the mass loss rate increased
from 1.34% to 5.3%, and the corresponding ultimate tension decreased by 16.4% (0.114 kN) and
55.6% (0.385 kN) compared with that of uncorroded UTBS, respectively. However, as shown
in Fig. 1b, when corroded for 15 days in both acidic and alkaline environments, the mass loss

rate of the ERBS was negative and changed only slightly (the maximum was -0.24% in pH 13),
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which was attributed to the water absorption of epoxy resin adhesive (Popineau et al. 2005).
Meanwhile, the ultimate tension of corroded ERBS only decreased slightly compared with that
of ERBS without corrosion (0.677 kN), and the maximum decrease was by 0.04% (0.027 kN)
when corroded at pH 12.0 for 15 days. It can be inferred that under the condition of constant
corrosion time, the tensile properties of bamboo slices decrease with the increase of corrosion
solution concentration, whereas epoxy resin can protect the tensile properties of bamboo slices
from the influence of pH
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Fig. 1: Regularities of mass loss rate and ultimate tension of (a) pristine samples (UTBS) and () samples
coated by epoxy resin adhesive (ERBS) under different pH.

Effect of corrosion time on ultimate tension of samples

As can be seen in Fig. 2a, with the increase of corrosion time, the mass loss rate of UTBS
increases and the ultimate tension decreases under the condition of constant pH. When UTBS
were corroded in the solution with pH 4.0 for 1 day and 28 days, respectively, the mass loss rate
increased from 1.9% to 3.4%, and the corresponding ultimate tension decreased from 0.678 kN
to 0.490 kN, which decreased by 2.0% and 29.2% respectively compared with that of uncorroded
UTBS (0.692 kN). The alkaline environment of pH 10.0 had a greater impact on the ultimate
tension of UTBS, which decreased by 9.0% (0.064kN) and 38.6% (0.243 kN) when be corroded
for 1 day and 28 days, respectively. As shown in Fig. 2b, the ultimate tension of corroded ERBS
only decreased slightly compared with that of uncorroded ERBS (0.677 kN), and the maximum
decrease was by 0.08% (0.046 kN) when corroded at pH 4.0 for 5 days, which means that
corrosion time had slightly effect on the ultimate tension of ERBS.
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Fig. 2: Regularities of mass loss rate and ultimate tension of (a) UTBS and (b) ERBS under different

corrosion time.
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The chemical composition of bamboo slices is mainly composed of cellulose, hemicellulose
and lignin (Chen et al. 2011). Cellulose mainly determines the longitudinal tensile properties
of plant cell walls, and the higher the cellulose content, the better the longitudinal tensile
properties of cells (Li and Shen 2011). Hemicellulose is closely related to cellulose and
lignin in the cell wall and mainly acts as an adhesive (Vanholme et al. 2010). Lignin has
the ability to increases the mechanical strength of cell walls, and to resist microbial erosion
(Boerjan et al. 2003). The HCI and the NaOH are capable of degrade the cellulose, hemicellulose
and lignin in the bamboo slices (Silverstein et al. 2007), which will further affect the tensile
properties of bamboo slices. Consequently, with the increase of concentration of HCI and
NaOH solution and corrosion time, the UTBS were prone to be affected by corrosion and tensile
properties significantly decreased. However, the epoxy resin adhesive with good anti-corrosion
performance, can work as a protective layer to protect the bamboo slices from corrosion induced
by contacting with HCI and NaOH solution, so as to maintain rather than improve the excellent
tensile mechanical properties of the bamboo slices. Therefore, the changes of pH and corrosion
time have little effect in the tensile properties of ERBS.

Tensile properties of surface modified bamboo slices

Surface modification can cause different degrees of damage to the bamboo slices. Only
when the improvement of the interface adhesion between the bamboo slices and the epoxy resin
exceeds the reduction in the strength of the bamboo slices, the surface modification is meaningful
(Liu et al. 2010).

Tab. 2: Ultimate tension of Moso bamboo slices treated with different surface modification.

. Ultimate tension (kIN)
Samples of bamboo slices Uncoated Conted
UTBS 0.692 0.677
HTBS 0.538 0.805
ATBS 0.456 0.789
CTBS 0.369 0.693
ALBS 0.402 0.847

Tab. 2 shows that surface modification reduced the ultimate tension of bamboo slices,
among which the maximal reduction is 0.323 kN (46.6%) of CTBS, and the minimum
reduction is 0.154 kN (22.3%) of HTBS. Due to the small amount of water contained in
the epoxy resin adhesive and the poor interface compatibility between the epoxy resin adhesive
and the surface of bamboo slices (Zheng et al. 2018), the epoxy resin cannot improve the tensile
properties of the bamboo slice when be coated on the surface of bamboo slice, and the ultimate
tension of coated UTBS (0.677 kN) is 0.015 kN (1.4%) less than that of uncoated UTBS
(0.692 kN). Moreover, compared with uncoated modified samples, the ultimate tension
of coated modified samples has been increased to different degrees. The maximal increase
is 0.445 kN (110.7%) of ALBS, the minimum increase is 0.267 kN (38.6%) of HTBS. And
compared with coated UTBS, the maximal increase of ultimate tension is by 0.170 kN (25.1%)
of ALBS. Owing to the damage of coupling agent treatment to the tensile properties of bamboo
slices, the minimum increase of ultimate tension is only by 0.016 kN (2.3%) of CTBS. Which
indicates that the four modifications improved the interfacial compatibility between the surface
of bamboo slices and the epoxy resin adhesive, the treatment of coupling agent in terms )
of improving the tensile properties of bamboo slices is not obvious, and the treatment of
acetylation is the most effective method among them.
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Surface morphology analysis of bamboo slices

The surface of UTBS (Fig. 3a) is relatively smooth and flat, with a few impurity particles.
In comparison, the surface of the physically modified bamboo slices (HTBS and ATBS) has
become rough and uneven to varying degrees, which can improve the interfacial combination
between the surface of bamboo slices and the epoxy resin adhesive. It can be clearly observed
that the surface of HTBS (Fig. 3b) is rougher, with many uneven potholes and the color becomes
darker. This is because the heat treatment removed the impurities on the surface of bamboo
slices, and made part of cellulose and hemicellulose in the bamboo thermal degradation and
carbonization (Kartal et al. 2008). Besides, the surface of ATBS (Fig. 3¢) becomes rough which
can be attributed to the removal of impurities and the dissolution of some lignin and hemicellulose
in bamboo slices by alkali treatment (Zhang et al. 1994). The surfaces of chemically modified
CTBS (Fig. 3d) and ALBS (Fig. 3¢) do not become evidently rough, but the materials become
relatively soft. And the improvement of interfacial compatibility between the surface of bamboo
slices and the epoxy resin adhesive, can be reasonably explained by the fact that silane coupling
agent can reduce the content of hydroxyl group, and acetyl group can replace the hydroxyl group
on the cell wall of the bamboo slices, as shown in Fig. 4. Both chemical modifications reduced
the water absorption of bamboo slices and made them malleable.

The interface layer which exists between epoxy resin and the bamboo slice plays a decisive
role in the mechanical properties of the epoxy resin-coated bamboo slice (Rong et al. 2001). All
the four modification methods can change the surface morphology of the bamboo slices, and
improve the interfacial combination between the surface of bamboo slices and the epoxy resin
adhesive, which confirms the conclusion that the ultimate tension of coated samples can be
enhanced by modification before the epoxy resin is coated

Fig. 3: Surface micrographs of (a) UTBS, (b) HTBS, (c) ATBS, (d) CTBS and (¢) ALBS.

Infrared spectroscopic analysis

FT-IR can be used to qualitatively analyze the change of surface functional groups of bamboo
slices caused by modification. As can be seen in Fig. 4, due to the dissolution of hemicellulose
in bamboo slices after acetylation treatment, the carbonyl functional group (C=0) at 1720 cm™1
of ALBS corresponding to hemicellulose disappeared. Which confirmed the conclusion that
the treatment of acetylation is the most effective method for improving the interfacial compatibility
between the surface of bamboo slices and the epoxy resin adhesive. Besides, the FT-IR
of the other three modified bamboo slices are almost the same with the untreated bamboo slice
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(UTBS), which can be attributed to the fact that the physical modification method does not cause
chemical changes on the surface of bamboo slices. Although silane coupling agent can reduce
the content of hydroxyl groups on the surface of bamboo fibers, the effect is not obvious.
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HTBS |
UTBS A

vﬁ
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Wavenumber (cm'l)
Fig. 4: FT-IR spectra of bamboo slices treated by different modifications.

CONCLUSIONS

(1) As an elastic material, Moso Bamboo has poor corrosion resistance, the acid and alkali
environment will cause corrosion to bamboo slices and affect their tensile properties. Moreover,
with the increase of acid and alkali solution concentration and marinating time, the ultimate
tension of bamboo slices gradually decreases. The maximum reduction is 0.385 kN (55.6%)
when be corroded in solution with pH 13.0 for 15 days, and 0.243 kN (38.6%) when be corroded
in solution with pH 10.0 for 28 days. Therefore, anticorrosive treatment or other protective
measures can be taken to protect the tensile properties and extend the service life of Moso bamboo.
(2) Coating the surface of bamboo slices with epoxy resin adhesive can protect them from
corrosion by acid and alkali environment. However, due to the poor interfacial compatibility
between the surface of bamboo slice and the epoxy resin adhesive, the epoxy resin adhesive can
only maintain but not improve the tensile mechanical properties of bamboo. Reasonable surface
modification can be taken to improve their interfacial compatibility. (3) Surface modification
will reduce the ultimate tension of bamboo slices. Among which the maximal reduction is 0.323
kN (46.6%) of bamboo slices treated by coupling agent, and the minimum reduction is 0.154 kN
(22.3%) of bamboo slices treated by heating. The surface morphology indicates that modification
can make the surface of bamboo slices become rough or the material become relatively soft, which
can improve the interfacial compatibility between the surface of bamboo slice and the epoxy resin
adhesive. Compared with the unmodified coated bamboo slice, the treatment of coupling agent
in terms of improving the tensile properties of bamboo slices is not obvious, only increases
by 0.016 kN (2.3%), and the treatment of acetylation is the most effective modification

by reacting with the carbonyl group, which ultimate tension has been increased by 25.1%
(0.170 kN).
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ABSTRACT

The aim of this study has been to investigate the suitability of Pannénia poplar
(Populus x euramericana cv. Pannénia) timber for structural purposes. Static and dynamic modulus
of elasticity (MOE) has been determined on samples of 4 different Hungarian plantation
origins. The results of the dynamic test showed the same range as the static test, showing a good
correlation of the two measurements. As result it can be stated that the domestic Hungarian
Pannénia poplar species have in average 11000 N-mm=2 modulus of elasticity. This exceeds
considerably the threshold limit value (7000 N-mm2) necessary for structural applications
according to Eurocode 5. Therefore Pannonia poplar is suitable for structural applications, and
are a good alternative of the widely used coniferous species in construction sector.

KEYWORDS: Pannénia poplar, modulus of elasticity (MOE), bending strength.

INTRODUCTION

The territory of Hungary is populated roughly in 10% by hybrid poplar species. Around
half of the hybrid poplar species consists of Pannénia poplar, which is planted on large areas,
as result of good cultivation experiences, high resistance against diseases, good radication vein
and favorable shape developed. In spite of these good properties, poplar is mostly used for paper
and stillage production in Hungary. Hungary needs to import coniferous species for the purpose
of wooden structural element production, whilst large stocks of straight, branch free, 30 year old,
50-70 cm diameter poplar trunks are available (Papp and Horvéth 2016). The aim of this study is
to investigate the suitability of the Pannénia polar for construction purposes, first of all for glulam
production. This prime material supply, with its annual 1 million m3 exploitation may contribute
to the reduction of the imported stocks (Rébai et al. 2020). In our study we put the accent
on the modulus of elasticity measured both with dynamic and static method, in order to define
the category of the EN 338 met by the values of the 4 sample groups, representing different
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territories of origin. In the past years other investigations of poplar hybrids also have been
performed. Pisztory et.al. (2017) investigated the development of physico-mechanical properties
of young Pannénia poplar during dry thermal treatment. According to these measurements
based on three point bending tests, the average modulus of elasticity of small size samples
(20 x 20 x 300 mm) didn’t reached 8000 N-mm2. International publications also point out
the remarkable properties of the poplar species (Beery et al. 1983, Bodig 1979, Pellicane and
Bodig 1981, Zhou 1989, Kruger and Wagenfuer 2020). The poplar mechanical properties are
very similar to coniferous wood species (Schniewind 1968, Schniewind 1972, Hoffmeyer and
Davidson 1989, Martins et al. 2019). Hodusek et al. (2017) investigated MOR of Mexican cedar
and Canadian poplar Populus x canadensis) with static and dynamic method. Testing 60 pieces
of 80 x 80 mm poplar samples, they have found 10000 N-mm=2 MOR, what considerably
exceeds 7000 N-mm2, required for structural applications. They also stated, that the MOR
values in case of poplar, obtained with 4 point bending test respectively with vibration, dynamic
method differed from each other only in 1-2%. Castro and Fragnelli (2006) stated as conclusion,
that poplar wood is suitable for load bearing purposes, especially for LVL (laminated
veneer lumber) beam production. Zhou (1990) had been successful with poplar in OSB
production. Basterra et al. (2012) investigated poplar wood material similar to Pannénia poplar.
The MOR values measured by him showed an average of 7700 N-mm2, whilst the average
bending strength used to be 67 N-mm2, thus the poplar wood tested, was found to be suitable for
load bearing purposes. These values could be raised with 50% by combining the boards with fiber
reinforcement. Mirzaei et al. (2018) tested glulam beams manufactured from hydrothermally
treated poplar lamellas and stated that both the MOE and the bending strength increased due
to the treatment. Cheng and Hu (2011) investigated the effect of carbon fiber reinforcement
on the static and dynamic MOE of polar samples. Their defect free samples showed
11500 N-mm=2 MOE, whilst with the model set up by them the effect of fiber reinforcement
could be clearly shown. Castro and Paganini (2003) investigated mechanical properties of poplar
and eucalypt wood with the purpose of glulam production. The investigated poplar samples
showed an average MOE of 9600 N-mm2, and bending strength of 44 N-mm2, complying thus
with the requirements set for structural use of the material. They were successful in combining
the eucalypt and poplar lamellas in order to improve with 50% the MOE of the beam solely
composed by polar lamellas. Roohnia et al. (2010) searched for a typical parameter by vibration
analysis, in order to enable the evaluation of the end cracking of beams. They stated that
the measure of cracking is associated with the difference between the GLy and GL. In case
of defect free beams these two values are mostly the same. The poplar samples tested by them
showed a MOE of 10000 N-mm-2. Based on these results we can state that poplar may be suitable
for structural purposes, or as massive wood, or as glulam, or as LVL, or as other materials like
OSB.

In the followings we search for an answer whether the strength values of the Hungarian
Pannoénia poplar wood material reach the level suitable for structural application, as large stocks
of this material are available. Furthermore also needs to be investigated whether is there a relevant
influence of the territory of origin on the properties of the wood material growing on different
sites.

MATERIAL AND METHODS

Four groups of samples have been prepared for investigation, each being collected on
representative Hungarian sites Gydr, Kapuvir, Solt and Ujrénafs (Tab. 1). From the trunks
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collected on four different plantation sites. The 25 mm thick boards have been prepared, kiln
dried, planed, cut to size 2200 x 70 x 20 mm (grain x tangential x radial) and conditioned at
20°C and 65% relative humidity (RH). The moisture content of the sample batches has been
determined as average of 3 measurements per lamella. The equilibrium moisture content (MC)
has been 12% + 1%. A total of 146 knot free samples have been investigated.

Tab. 1: The characteristics of the plantation sites and wood samples according to the forest registry.

Height Age of Average | Average
Plantation site above sea Character of the site trees heightof | diameter

level (m) (years) trees (m) | BH (cm)
Gydr 5408 <150 m |lowland not flood basin 25 26 27
Kapuvir 35A <150 m |lowland not flood basin 28 30 36
Solt 3A <150 m |lowland flood basin 28 20 24
Ujrénaf6 11G <150 m |lowland not flood basin 25 27 32

When deciding on the length of samples, a second phase of investigation has been taken
into consideration, where 5 layer glued laminated beams are foreseen to be tested. Choosing this
length the ratio of length/cross section meets the requirements of the standard, being 18-20. This
value makes possible the effect of the shear strength to be ignored at bending tests and in the
same time when measuring the static MOE of the lamellas, this ratio allowed a 400 mm span.
The distance between the two upper crossheads has been 120 mm, during the four point bending
test. The length of lamellas made possible three measurements to be performed, on three different
portions of the sample, on one lamella. As consequence, the MOE of each lamella is calculated as
average of three measurements. Beside the mechanical tests reported here, other complex material
science investigations are in progress at the University of Sopron, regarding these hybrids. In
the frame of those investigations the density of these samples originating from three different
plantations of the KAEG Ltd has been measured and reported: Kapuvir 35A, Gydr 540B and
Ujronafs 11G showed 409.6 kgm3, 420.3 kgm3, and 459.6 kg-m™3 (Farkas and Horvéth 2018).
Based on these values can be stated, that even the lowest average densities reach the value of
410 kg'm3, typical for class C22, and are far higher than the value of 350 kg-m3, typical for
C14, being the lowest density class allowed for structural uses. MOE of samples originating
from different plantations has been determined with two different methods: on one side by
sound velocity measurements performed with the Fakopp-PLG nondestructive timber grading
instrument (Divos and Tanaka 1997), and on the other side by static four point bending tests as
per EN 408. After the measurements the results of the static and the dynamic tests have been
compared in order to check the reliability of the dynamic tester when measuring Pannénia poplar
timber also, as those measurements are easy to be performed even on site. For bending strength
measurements 18 samples from each plantation have been collected, according to EN 408.

! microphone
[ Tumber I E

balance

D amplifier
apport balanee

soclket

Fig. 1: Fakopp-PLG measuring instrument.
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Fakopp-PLG is a dynamic MOE measuring instrument which provides data on the bending
strength upon calculation. The measuring principle of the instrument is based on the detection
with a microphone of the longitudinal sound frequency emitted by a hammer (Fig. 1).

During the measurement, the investigated sample was placed on a balance and its weight
was measured. Based on a length measurement, performed with laser distance meter and the size
of the cross section, the software calculated the density of the sample using Eq. 1 taking into
account the difference in MC at the time of measurement and in the laboratory:

_ m
p= l*w*h*(1+%) (1)

where: m — mass (kg), | — length (m), w — width (m), h — thickness, u (%) — difference in MC
between at the time of measurement and in the laboratory.

The measuring method defines the dynamic MOE based on equation Eq 2:
MOEmean = ﬁ * (2[f)2*0’92*(1+U/50) (2)

where: f — the frequency of the longitudinal wave.

The instrument provides the characteristic value of the sample based on the determined
average MOE, and associates the strength class (Divos and Tanaka 2000), taking into account
the values of Eurocode 5.

RESULTS AND DISCUSSION

The average static and dynamic MOE values of the different plantations are shown on Fig. 2.
Comparing the results of the static tests to the dynamic ones, we can state that in case of samples
from Gyér, Kapuvir and Solt the dynamic measurements resulted 1%, 6% and 7% higher values
than the static measurements, respectively.

14000,0 73955
11770,6 11890,7 12138,8

12000,0 I 10969,0 I
10335,6 98763

10000,0 9149,7
8000,0
6000,0

4000,0

Modulus of elasticity N/mm2

2000,0

0,0
Gyér 5408 Kapuwvar 354 Solt3A Ujronaf611G
E static EN 408 M E dynamic Fakopp

Plantations

Fig. 2: Comparison of the static and dynamic MOE.
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In case of samples from [jjrénafc’i, the dynamic tests resulted 2% lower values relative to the
static test values. The samples from Gyér and Ujrénaf6 originated from younger trunks than
the two others, and whilst they showed mostly similar MOE, compared to the samples from
the other plantations their modulus of elasticity used to be significantly higher. Comparing the
absolute value of the averages measured/calculated with the two different methods, 4% difference
has been found, thus the much faster dynamic method is considered a suitable method for the
approximation of the expected modulus of elasticity in practice. The main parameters of the
samples are shown in Tab. 2.

Tab. 2: Static and dynamic MOE of Panndnia poplar samples from four different sites.

Plantation ID | Number of | MOE stat Std MOE dyn Std Difference
samples EN408 (N/mm?2) Fakopp (N-mm~2) (%)
Stat/Dyn | (N-mm-2) (N-mm~2) Dyn/Stat
Gyér 540B 135/45 11770.6 1288.7 (11%) 11890.7 977.4 (8%) 1.01
Kapuvir 35A 165/55 10335.6 1267.5 (12%) 10969.0 1166.7 (11%) 5.77
Solt 3A 114/38 9149.7 1248.5 (14%) 9876.3 1353.5 (14%) 7.36
Ujronafs 11G 24/8 12398.5 768.8 (6%) 12138.8 919.7 (8%) 2.14

* Values in brackets are the standard deviation (%).

The difference between the number of samples of the static and dynamic tests is due to the
measuring techniques, as during the dynamic measurements the boards have been measured once,
whilst during the static test the length of the board allowed three measurements per board. This
way the static MOE of each board has been calculated as average of three measurements.

The lowest average MOE has been measured in case of Solt3A samples, whilst the highest in
case of Ujrénaf6 11G samples, and the difference between these two has been 26% in case of static
tests, whilst 17% in case of dynamic tests. The samples originating from flood basins (Solt3A)
resulted the lowest MOE, showing that the soil conditions are with negative influence not only on
the mass increase/diameter of the trunk, but on the mechanical properties also, such as the MOE.
As Tab. 2 shows, the standard deviations both in case of static and dynamic tests approximate
10%, which can be considered a conveniently low value, taking into account that remains under
20%, which is typical to wood, as biological material (Kdnndr 2014, Kdnnir et. all. 2019, Galuppi
and Royer 2014, Yue et al. 2019, Lang et al. 2003). Considering all the tested samples the static
MOE has been calculated 10 914 N-mm2, whilst the dynamic MOE has been 11 219 N-mm2,
which means that in average the results of the dynamic tests have been 2.8% higher, and this has
been considered a good correlation. The differences between static and dynamic MOE values
are shown in the last column of Tab. 3. Based on these results can be stated that the dynamic
tests result in general about 4% higher values than the static test. The only exception are the
values measured in case of Ujrénaf6 samples, in this case the static measurements resulted higher
values than the dynamic ones, but has to be mentioned, that in this case the number of tested
samples has been significantly lower, which may be the reason of the deviation. The relatively
small difference between the two measuring technics leads to the conclusion, that the dynamic
method is also suitable for the calculation and prediction of the MOE. In order to authenticate
the measurements, 18 randomly chosen samples have been selected for bending strength tests,
according to EN 408. Result are shown in Tab. 3.
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Tab. 3: Static and dynamic strength of Panndnia poplar samples of different origin.

Plantation ID | Number of samples Strength class according EN 338 Average static
Dyn/Stat estimated by Fakopp-PLG bending strength
(N-mm?2)
Gyér 540B 45/3 C30 67.22
Kapuvir 35A 55/3 C27 76.61
Solt 3A 38/11 C22 68.12
Ujrénafs 11G 8/3 C30 87.54

The reason of the relative small number of samples and the random test used to be, that after
being tested for bending strength, the boards/lamellas went for further processing: 5 layer glued,
laminated beams have been produced and tested.

The third column of Tab. 3 shows the average estimated bending strength class, the value
of which is characteristic, meaning that its 5% quantile’s value gives the value of the expected
bending strength in N-mm2. Thus the strength class gives the expected value of the bending
strength with high reliability, from 100 cases only 5 case it can be expected to get lower values.
The values recorded by measurement exceed considerably the estimated bending strength values,
thus suit with high reliability to the design values calculated from the strength class.

We would like to mention in the same time, that the tested samples have been all defect
and knot free, thus probably manifested somewhat higher bending strength than unselected,
common boards would show. As conclusion can be stated that the investigated Pannénia poplar
populations possess in average 11 000 N-mm2 MOE. The expected strength associated with
this elasticity characteristic not only reaches, but exceeds the threshold limit value 7 000 N-mm-2
prescribed for structural applications, respectively the 14 N-mm2 bending strength of class C14.
Based upon these data can be confirmed that the investigated plantation sites provide Pannénia
poplar timber suitable for structural applications, and can replace the widely used coniferous
species in construction sector.

CONCLUSIONS

In frame of this research the main question used to be the suitability of the harvestable,
mature, 0.5 mil'm3 Pannénia poplar timber of different Hungarian plantations, for structural
applications. Four plantation sites have been involved in the research, a total of 146 samples
of 2240 x 70 x 20 mm dimension have been tested both by static and dynamic MOE test.
Beside performing static measurements according to EN 408 in the laboratory, the suitability
of the Fakopp instrument, which measures dynamic MOE has been also evaluated and
compared to the static measurement. However it is more efficient applicable in industrial
environment and makes possible even on site measurement and adjudication of the MOE.
Comparing the average MOE of the different sites, they showed a maximum of 26%
deviation in case of static measurements, whilst only 17% in case of dynamic measurements,
which means that the conditions of the different sites have a major influence on the modulus
of elasticity of the wood material. The most unfavorable results have been measured in case
of flood area samples. The standard deviation of both static and dynamic measurements remained
under 10%, which is much lower than the 20%, considered minor for wood as inhomogeneous
biological material. The static MOE in average of all tested samples resulted 10 914 N-mm=2,
whilst the dynamic one 11 219 N-mm=. Considering all samples, the dynamic tests MOE have
been 2.8% higher than the one measured by static method, which means that the dynamic one

200



Vol. 66 (2): 2021

is also suitable for MOE testing. In conclusion can be stated that that the investigated plantation
sites provide Pannénia poplar timber with average MOE of 11 000 N-mm2. This exceeds
considerably the threshold limit value necessary for structural applications. Therefore poplars of
these sites are suitable for structural applications, and are a good alternative of the widely used
coniferous species in construction sector.
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ABSTRACT

The pine stems were cut from three different polluted environments — Ist trees degradation
degree (weak pollution), IInd trees degradation degree (strong pollution) and 1111 trees degradation
degree (connected with very strong pollution). On the basis of obtained results it was stated
that environmental pollution caused changes in late wood participation, as well as distribution
of cellulose on the stem cross- and longitudinal section. It also changed cellulose content
in bark from the butt-end section, which was about 26% regardless the degradation degree.
The environmental pollution caused also an increase of viscometric average polymerization
degree of cellulose in heartwood in relation to heartwood adjacent sapwood and sapwood from
butt-end section. Regardless the degradation degree, cellulose polymerization degree in heartwood
adjacent sapwood from the middle part of the stem was higher in comparison to sapwood and
heartwood. Moreover, the environmental pollution caused the increase of viscometric average
polymerization degree of cellulose in bark. The polymerization degree of cellulose in bark from
the butt-end section of IIId degradation degree stems was 22% and 23% higher in comparison
to the Ist and IInd degradation degree.

KEYWORDS: Pine, sapwood, sapwood adjacent heartwood, cellulose, polymerization degree.

INTRODUCTION

Trees are a good archive of changes in the ecosystem in which they are grown. They are
exposed to climate change and pollution. Changes in the ecosystem can affect the chemical
structure of the wood (Sensula et al. 2015, Waliszewska et al. 2019). Pine wood is the basic
raw material for pulp production and more, that is why the studies of holocellulose, o-cellulose
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and cellulose on the cross- and longitudinal section of pine stem is an important factor studied
by many researchers (Harwood 1971, Uprichard 1971, Krutul 1994, Fengel and Wegener
2003, Willfor et al. 2005, Waliszewska et al. 2015, Antczak et al. 2016, Zawadzki et. al. 2016,
Fundaetal. 2020). According to Krutul (1994), cellulose contentin 110-year-old pine stemsincreases
from pith perimeter, regardless the stem height. Differences in cellulose content between sapwood
and heartwood are the most significant in butt-end section and up to the height of 20 m. Whereas,
at higher level these contents differ only by about 15%.

Depending on environmental pollution degree, higher of lower changes in content and
distribution of mineral substances and extractives may be observed, as well as structural
components on the cross- and longitudinal section. Changes caused by the environmental pollution
are related to decrease of annual increments width and the increase of late wood participation in
comparison to unpolluted wood (Sensuta et al. 2017, Cindoruk et al. 2020). According to Krutul
(1994), in 110-year-old pine wood, gained from the unpolluted environment, higher correlation
coefficient between cellulose content and late wood participation may be found for samples from
cross-sections from the height of 6 and 10 m (correspondingly 0.8466 and 0.9130) in relation to
samples gained from 2 m height (0.5874). The dependence between cellulose content and late
wood participation along the stem occurs in the group of annual increments 15t — 10th ( from the
perimeter), with the correlation coefficient of 0.81 (Krutul 1994).

Krutul et al. (2006) performed studies on the influence of the heat and power plant
on the cellulose content in wood, branches, roots and bark of Scots pine. Samples for the analysis
were collected 1 and 21 km far from the emission source. It was stated that cellulose content is
lower in pith adjacent wood in relation to sapwood both in butt-end and middle section, as well
as in the top of the stem. Such a distribution was also denoted in former paper of Krutul (1994),
concerning pine trees growing in the environment unpolluted with any industrial emissions.
According to Krutul et al. (2006) cellulose content in bark from trees growing in the distance
of 1 and 21 km from the heat and power plant equals 21.9% and 23.0% correspondingly, and does
not much differ from the literature data (23.1% - Fengel and Wegener 2003, 22.2% - Riisinen
and Athanassiadis 2013, 20.2% - Rowell 2005). Industrial emissions caused by heat and power
plants also did not influence the cellulose content in pine wood in relation to results obtained for
samples obtained from unpolluted environment (Krutul et al. 2006).

Polymerization degree is the important parameter of cellulose and it may be examined
with different methods including viscometry. According to Zawadzki et al. (2006), viscometric
average polymerization degree of cellulose isolated from Scots pine sapwood is in the range
of 549-553 (isolated with Cross-Bevan method), 497-502 (Kiirschner-Hoffer method) and
471-482 (Seifert method). It means that isolation with Seifert method causes higher degree
degradation in comparison to other methods. That is why viscometric average polymerization
degree of cellulose may be the indicator testifying of its degradation under the influence
of physical, chemical and mechanical factors. The highest percent difference in the viscometric
average polymerization degree was denoted for sapwood adjacent heartwood and in sapwood in
relation to the pith adjacent sapwood. It equals correspondingly 27% to 45% and 35% to 48%
(Krutul 1988). However, it must be emphasized that viscometric average polymerization degree
may be the best parameter for comparisons.

The aim of this paper is to examine the influence of the pollution caused by “Kedzierzyn”
Nitrogen Industrial Plant on the cellulose content and its viscometric average polymerization
degree on the cross- and longitudinal section of Scots pine stems. Nitrogen Industrial Plant
“Kedzierzyn” has performed production of ammonia, nitric acid and nitrogenous fertilizers since
1954. Phthalic acid anhydride waxes and fatty acids were additional products. Heat and power
station was also built in the area. Since the beginning of 80’s, condition of the environment has
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begun to improve because of eco-policy. For example, the emission of the ammonia in Nitrogen

Industrial Plant in 1991 was 4000 tons and in 2005 about 500 tons.

MATERIAL AND METHODS

The research material of Scots pine stems were collected from Vth Silesian region in
December. Three about 80-year-old trees were cut from each environments — characterized
with IIIrd trees degradation degree (connected with very strong pollution), IInd trees degradation
degree (strong pollution) and Ist trees degradation degree (weak pollution). The degree
of trees degradation in studied zones was defined and related to the distance between the trees
and the Nitrogen Industrial Plant “Kedzierzyn”. Trees from the Ist zone were within 25 km
of the Nitrogen Industrial Plant, from the IInd zone were within 15 km of the Nitrogen Industrial
Plant and trees from the I1I'd zone were within 1 km of the Nitrogen Industrial Plant.

The 300 mm thick disks were cut from each analyzed stem (from butt-end section, half-
height and top part). Following zones were distinguished on disks cross-section: sapwood,
heartwood adjacent sapwood and heartwood. In the top part of the disk diameter only sapwood
and heartwood were distinguished. In butt-end and middle sections bark was collected too.
Width measurement of the annual rings and the proportion of late wood were made according
to the standard PN-55/D-04110. Samples were extracted before further analysis in the ethanol-
benzene mixture (1:1) in the Soxhlet apparatus. Cellulose was isolated by Kiirschner-Hoffer
method (Saeman et al. 1954, Krutul 2002).

Viscometric average polymerization degree of the Kiirschner-Hoffer cellulose was
determined with Ubbelohde method (Zawadzki et al. 2006). Viscometer with the capillary
no. I was used, CuEN (cupriethylendiamine hydroxide) was applied as the cellulose solvent.
The value of the viscometric average polymerization degree was calculated on the basis
of Immergut equation Pv0905 = 0.75[n]. Experiments were performed at the temperature
of 25°C. The Viscoclock timer was used for time measurements. Three experiments of each
sample were done and standard deviation were calculated.

RESULTS AND DISCUSSION

The rings width showed large fluctuations depending on the habitat and growth conditions
of the tree (Matulewski et al. 2019). The annual rings width is a criterion that allows assessment
of the wood technical properties. It is assumed that wood with an annual ring width less than
3 mm is narrow-grained. In high-quality wood, the annual rings narrow gradually and evenly
from the pith to the bark of the trunk. Based on the data presented in Figs. lab,c, it can
be concluded that the tested pine wood was narrow-grained. The width of annual rings
did not exceed 3 mm, regardless of the environmental contamination. Sapwood and sapwood
adjacent heartwood was characterized by narrower annual rings than heartwood, regardless
of the environmental contamination and the height. Sapwood annual rings in Scots pine from
very strong polluted area were from 40% to 60% narrower than sapwood annual rings in Scots
pine from strong and weak polluted areas. Annual rings in sapwood adjacent heartwood from
middle section were characterized from 40% to 60% smaller width than annual rings in sapwood
and about two time smaller than annual rings in heartwood. Heartwood from the top section
of the Scots pine trunks were characterized from 40% to 90% wider annual rings than sapwood
from the same trunk section, regardless of the environmental contamination (Fig. 1).
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Fig.1:  Annual increments participation in analyzed samples of Scots pine wood
(PinussylvestrisL.); a-Istdegradation degree (weakpollution), b—IInddegradation degree (strong pollution),
¢ Ilrd degradation degree (very strong pollution).

Wood density as well as compression strength and other strength parameters are
proportionally related with the participation of late wood. As it arises from data presented
in the Fig. 2, late wood participation in the butt-end section from the stem of I1Itd degradation
degree was 35% and 30% higher in sapwood in relation to correspondingly Ist and IInd degradation
degree stems. This value in the heartwood adjacent sapwood and heartwood from middle stem
section was lower in III'd degradation degree stems in comparison to Ist and IInd degradation
degree stems. Late wood participation was similar for all degradation degrees in the top part
of the stem. The results obtained are consistent with the data of Krutul (1994). According to these
literature data, in 110-year-old pine trees, late wood participation increases from pith to bark.
The largest proportion of late wood was characterized by wood at a height of 2 m from the base
of the trunk. In sapwood from the Scots pine trunks from weak and strong polluted areas late
wood participation was similar in the all height zones. Whereas, in the Scots pine trunks from
very strong polluted areas, sapwood was characterized about 20% less late wood participation in
top part of trunk compared to butt-end and middle part of trunk. The heartwood from top part
of trunks was characterized less late wood participation than in the middle and butt-end parts
of trunk, regardless of the environmental contamination (Fig. 2).
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Fig.2: Late wood participation in analyzed samples of Scott pine wood (Pinus sylvestris L.);
a- Ist degradation degree (weak pollution), b — IInd degradation degree (strong pollution), c- Illrd
degradation degree (very strong pollution).
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Fig. 3 presents cellulose content in analyzed samples of wood and bark. Cellulose content
in sapwood was higher than in heartwood, regardless the height and degradation degree.
Cellulose content in sapwood from the butt-end section was 5% higher in relation to heartwood
(Ist degradation degree) or 6% higher (IInd and I1I*d degradation degree). Butt-end section from
I111d degradation degree stem contained more cellulose and late wood in relation to Ist and IInd
degradation degree samples. Sapwood from the middle part of the ITI*d degradation degree stem
contained more late wood and about 20% more cellulose in relation to samples of Ist degradation
degree. Moreover sapwood from the middle part of the I1Ird degradation degree stem contained
almost similar to samples of I1nd degradation degree late wood participation, but cellulose content
was higher in comparison to other degradation degrees samples. Heartwood contained similar
late wood and cellulose content regardless the degradation degree. Late wood participation from
the sapwood from the top part of IInd degradation degree stem was similar and cellulose content
was about 5% lower in relation to samples from Ist and IIId degradation degree. Heartwood,
regardless the degradation degree, contained similar late wood and cellulose.

a

cellulose content [%]

butt-end middle top butt-end middle top
part of the tree trunk part of the tree trunk

@sapwood
msapwood adjacent heartwood
Bheartwood

obark

celldose contert [%]

top
part of the tree trunk

Fig.3: Cellulose content in wood and bark of analyzed samples of Scots pine stems
(Pinus sylvestris L.); a- Ist degradation degree (weak pollution), b — IInd degradation degree
(strong pollution), c- IIIrd degradation degree (very strong pollution).

Summarizing it may be stated that the environmental pollution did not influence
the distribution of cellulose on the stem cross-section, what is consistent with Krutul (1994).
It was denoted that cellulose content in 110-year-old Scots pine increased in the direction
from the pith to perimeter, regardless the height. However, environmental pollution could
influenced the content and distribution of cellulose on the longitudinal section and late wood
participation. Cellulose content in bark from the butt-end section was similar regardless the
degradation degree. It equals 26.8%, 26.0% and 26.2% for correspondingly Ist, IInd and IIIrd
degradation degree. Cellulose content in bark was about 50% lower in relation to wood, regardless
the environmental pollution. According to Krutul et al. (2006), cellulose content in Scots pine
stems collected in the distance 1 and 21 km from the heat and power plant was on the level
21.8% and 23.0% respectively. Riisinen and Athanassiadis (2013) denoted that Scots pine bark
contains 22.2% of cellulose, while Fengel and Wegener (2003) determined this value to be 23.1%.
The environmental pollution could also influenced the cellulose content in bark which was
about 15% higher in relation to Riisinen and Athanassiadis (2013) data and about 12% higher
in comparison to values denoted by Fengel and Wegener (2003).
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Fig. 4: Viscometric average polymerization degree of cellulose in analyzed pine stem zone;
a- I degradation degree (weak pollution), b — I degradation degree (strong pollution),
- I1I"? degradation degree (very strong pollution).

Fig. 4 presents values of the cellulose polymerization degree in analyzed pine stem
zones. This value for the cellulose from the IIIrd degradation degree wood collected from
the butt-end section was higher in relation to other degradation degrees regardless the analyzed
zone. In sapwood, heartwood adjacent sapwood and heartwood, the increase of cellulose average
polymerization degree from the I1I*d degradation degree samples equaled 17.5%, 16.0% and 5.0%
in relation to Ist degradation degree samples, and 30.0%, 19.0% and 16.0% in relation to IInd
degradation degree samples, correspondingly. In butt-end section, heartwood, the environmental
pollution probably caused the increase of the average polymerization degree in relation
to heartwood adjacent sapwood and sapwood.

In the middle part of the stem, regardless the degradation degree, cellulose polymerization
degree in heartwood adjacent sapwood was higher in comparison to sapwood and heartwood.
In IInd degradation degree samples the cellulose polymerization degree was higher than value
obtained for other degradation degrees. For the Ist and III*d degradation degree cellulose
polymerization degree in heartwood was higher in relation to sapwood, while in IInd
degradation degree samples values for heartwood and sapwood were similar. It must be stated,
that environmental pollution probably influenced the viscometric average polymerization degree
of cellulose on the wood cross-section. Average polymerization degree of cellulose in sapwood
from the top part of the stem was from 2% to 7% higher in relation to heartwood in case of Ist
and I1Itd degradation degree. These values for heartwood and sapwood from IInd degradation
degree stem were similar again.

Polymerization degree of cellulose in bark collected from the butt-end section of IIIrd
degradation degree stems was 22% and 23% higher in comparison to the Ist and IInd degradation
degree, correspondingly (Fig. 4). It shows that the environmental pollution probably caused
the increase of cellulose viscometric average polymerization degree in bark.

CONCLUSIONS

Obtained results lead to following statements: (Z) The environmental pollution which
originate from the Nitrogen Industrial Plant “Kedzierzyn” could caused changes of late wood
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participation. The distribution of cellulose on the cross- and longitudinal section of stems was
also could be dependent on the environmental pollution. It also probably caused an increase of
viscometric average polymerization degree of cellulose in heartwood in relation to heartwood
adjacent sapwood and sapwood from butt-end section. (2) Regardless the degradation degree,
cellulose polymerization degree in heartwood adjacent sapwood from the middle part of the stem
was higher in comparison to sapwood and heartwood. Also in bark, cellulose polymerization
degree probably increased as the result of the environmental pollution.
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PREPARATION THE ROSE-LIKE HYDROPHOBIC SURFACE
OF WOOD BASED MATERIALS BY SOFT LITHOGRAPHY

ZEYU ZHANG, BiNGrU SHAO, FAPENG WANG, JiuvIN PanG, Line Su
Bernua UNIVERSITY
CHINA

(RECEIVED JUNE 2020)

ABSTRACT

To prepare hydrophobic wood with rose-like hydrophobic surface and avoid moisture
damage to wood. In this paper, With polyvinyl alcohol (PVA) as the elastic mold,
the microstructure of the rose petals was replicated on the wood surfaces by soft lithography.
The soft lithography technique was used to modify the wood sur-face, transferring over it
a rose-like topography, based on a micro/nano hierarchical structure using fresh rose as
the template. The surface of poplar coated with polystyrene was reconstructed twice using 1, 3, 5,
8 and 10% PVA as templates, respectively. The results show that the average contact angle of poplar
surface coated with polystyrene is more than 130°, that of fresh rose surface is about 140°, and
that of untreated wood is about 60°. Therefore, the wood surface with polystyrene has obtained
a similar structure to that of rose surface and has a certain hydrophobicity. In addition,
the microstructures observed by means of SEM, showing rough surface structures with
micro-nanopapillate hills on wood surfaces. Water droplets could easily roll down on such wood
surfaces, exhibiting super-hydrophobic and low adhesion properties. The successful fabrication
of rose-like wood provided a new direction for researches on the super-hydrophobic of wood,
which could effectively prevent the damage of moisture to wood.

KEYWORDS: Hydrophobic wood, polyvinyl alcohol, polystyrene, soft lithography, rose petals.

INTRODUCTION

The surface of wood contains a large number of hydrophilic groups and pore structures,
which will cause decay, cracking, and mildew in a long-term humid environment (Liu et al.
2015, Liu and Wang 2016, Lahtela and Karki 2015). The preparation of a hydrophobic wood
can effectively avoid the damage of water to the wood (Ma 2018, Liu and Cao 2018), thereby
increasing the service life of wood. The water droplets are not completely spread out on a smooth
and flat ideal uniform solid surface but at a certain angle, as shown in Fig. 1a (Wang 2018).
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Fig. 1: The contact model of water drop on different rough surfaces.

But in fact, the surface has a certain roughness. The roughness affects the wettability
of the material and determines the size of the contact angle. The wettability mainly depends

on the surface energy and surface structure of the material (Wang et al. 2011, Jirous-Rajkovi¢
et al. 2007, Kudela 2014). However, after hundreds of millions of years of evolution in nature,
the special structure in the organism gives the living body a special function (Yang et al. 2016,
Gao 2014), such as superhydrophobicity (Hou and Fang 2016, Wozniak et al. 2018), self-cleaning
(Ma et al. 2013), hydrophilic (Wang et al. 2017a,b, Senarathna et al. 2020), low adhesion (Hou
et al. 2019), etc. depending on the state of the water droplets on the superhydrophobic surface.
The part where the droplet contacts the rough solid surface may be completely wetted, or it may
contact the surface in a non-wetting mode with lower adhesion, or a transition state of the two,
as shown in Figs. 1b-d. The rose surface is a surface with high adhesion and hydrophobicity
(Ebert and Bhushan 2012). The petal surface has a dense micropapillary array with nano-folds.
These regular micro-nano structures provide sufficient roughness for the hydrophobic effect
(Zhang et al. 2018). According to the hydrophobic phenomenon existing in nature, it is bionic
through chemical reagents to obtain a polymer film with multi-functional characteristics, which
is covered on the surface of wood, so that the wood has a micro-nano surface with the same
structure as rose petals, thus having the same as rose petal. The hydrophobic characteristics
of the wood solve the defect of wood hydrophilicity, thus expanding the application range of
wood.

Peng et al. (2013) adopted the template printing method, using fresh taro leaves as the mother
board, so as to construct a structure with fine cavities on the surface, and then modified by dip
coating method, and finally by poly-n-octadecylsiloxane The modification and modification
of the nanosheets proved that the experimental results obtained significantly improved
the hydrophobic properties. Lee et al. (2004) used hot pressing method to press polystyrene
into porous alumina and waited for cooling to remove the alumina template, thus obtaining
a hydrophobic polystyrene surface. Zhao et al. (2019) used chemical vapor deposition to obtain
a hydrophobic film, but the cost of this method is relatively high and cannot be widely used in
production.

In this paper, the template printing method is used to prepare the micro-nano structure
of the rose-like surface on the wood surface using polyvinyl alcohol and polystyrene (Feng and
Dou 2015, Pu et al. 2010). PS itself can reduce the surface energy of the substance to achieve
a better hydrophobic effect on the wood surface (Lin et al. 2013, Cheng et al. 2014). The results

show that using water contact angle, chemical analysis and other analysis methods to determine
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that the surface of the wood has the shape of a rose surface can effectively prevent moisture from
entering the internal pores, thereby extending the service life of the wood and opening up new

areas.

MATERIAL AND METHODS

Fresh rose petals, poplar specimens (purchased from Jilin City, Jilin Province, China),
polyvinyl alcohol (PVA) reagents in different concentrations (the concentrations are 1, 3, 5, 8 and
10%), self-made polystyrene (PS) were used for the experiment. Vacuum drying box: DZ-1BC
was used for obtain the negative form of rose petals. Scanning electron microscope (SEM) was
used for detect the surface morphology of poplar. The contact angle meter was used to measure
the contact angle of the wood surface; the Energy Spectrometer: X-MaxN was used for elemental
analysis ;the electric heating constant temperature water bath was used to heat the reagent.

Preparation of polystyrene

Take modification of polyoxyethylene alkylphenol ether by succinic acid (OS) and sodium
lauryl sulfate (SLS) and dissolve them in a three-necked bottle, then drop styrene to obtain
emulsifier (PE). At the same time, the temperature of the water bath was controlled at 75°C,
the PE that had already been prepared is added, and the potassium persulfate (APS) aqueous
solution and Benzoyl peroxide (BPO) are added dropwise until the blue color disappeared,

that is, PS emulsion is obtained.

Mass fractions of PVA configuration

The PVA powders of certain quality were separately taken into three bottles and placed in
a water bath pot. The temperature was controlled between 88 and 95°C. The solution with 1, 3,
5, 8 and 10% mass fraction could be prepared by stirring until the PVA solution was clarified.

Poplar samples were prepared by PVA/PS on the surface of rose petals

First, trim the rose petals to a suitable size, and then stick them on the glass plate with milky
glue, add the previously prepared PVA solution evenly on the surface of the rose flower, remove
the air bubbles, and dry it in a vacuum drying oven at 60°C for about 2 hours (Fig.2) .
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Fig. 2: The flow chart of the biomimetic preparation of rose structure surfaces.

213



WOOD RESEARCH

Take out and gently tear off the PVA soft film to get the negative type of rose petals. Then,
the prepared PS was evenly coated on the poplar veneer with a glass rod, and then the PVA soft
film was pasted on the poplar sample under a certain pressure, and put it at room temperature for
12 hours, peel off the PVA soft film, that is to say. A positive shape of rose petals was obtained
on the surface of the poplar. Finally, the contact angle of water droplets on the poplar surface was
measured by the contact angle tester, and the surface morphology of poplar was detected by the
scanning electron microscope.

In the experiment, PVA has good film-forming properties and the mechanical properties
of the film are excellent. PVA is covered on the rose petals to make it form a film opposite
to the micro-nano structure of rose petals. PS has good corrosion resistance, and its solution is
white liquid. Coating polystyrene on wood can solve the problem of dyeing white wood.

Characterization of wood materials and treated wood surfaces

The surface morphology of wood material and treated wood was observed by scanning
electron microscopy (SEM). The microscopic image of a sample was obtained by enlarging
the observation at different locations. The wettability of wood and treated wood was measured
by OCA20 contact angle meter (German Dataphysics) at room temperature. The average value
of contact angle was calculated and the final contact angle was obtained.

RESULTS AND DISCUSSION

Morphology of water droplets on different sample surfaces

Fig. 3a is a macro photo of water droplets on the surface of rose petals. It can be clearly seen
that the water droplets are in a spherical state on the surface of the rose flower, which can explain
that the surface of the rose petals has extremely strong hydrophobic properties.

:&‘eﬂ& T2
Fig. 3: Morphology of droplets on the surface of rose and wood specimen.

Fig. 3b is a macro picture of water beads on the wood surface. The water beads are obviously
wetted on the wood surface, and the contact angle is about 15.7°, which fully reflects that
the wood is a hydrophilic material with a large number of hydroxyl groups and its hydrophobic
performance is poor. Fig. 3¢ is a macro photo of water beads on wood coated with polyvinyl
alcohol (PVA). The water beads are infiltrated on the surface, and the contact angle is about
73.24°, showing strong hydrophilic properties. Fig. 3d is a picture of water drops on the surface
of the bionic rose petals. The water drops are in a spherical state, and their contact angle is about
135.5°, which fully exhibits strong hydrophobic properties. It can be seen that after the wood is
bionic, its contact angle has increased from 15.7° to 135.5°, indicating that the surface of the wood
after bionics has hydrophobic properties similar to rose petals.
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Effect of different concentration of PVA solution on contact angle

In Fig. 4a the contact angle of water droplets on the surface of wood material is only 15.7°,
showing a hydrophilic state. In Fig. 4b the contact angle of water droplets on wood surface treated
by template method with 1% PVA film as master plate is 121.5°. The hydrophobicity of water
droplets is improved obviously, which shows that this method has certain effect on improving
the hydrophobicity of wood surface. Figs. 4c-e show the contact angle of wood surface treated
with the concentration of 3%, 5% and 8% of PVA film as water droplets. The contact angle
shows a slow upward trend, but the difference is small, and the hydrophobic performance is
relatively stable. Fig. 4f shows that the contact angle of the wood surface treated with 10% PVA
as template is 135.5°. The water droplets are plump and round, showing super hydrophobicity and
low adhesion, and the hydrophobicity is further improved. Fig. 4g shows that the contact angle
of rose surface is 143.5°".
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Fig. 4: Microscopic and macroscopic images of wood surface treated with water drops at different
concentrations of PVA: (a) wood material surface, (b) 1% PVA film, (c) 3% PVA film, (d) 5% PVA film,
(e) 8% PVA film, (f) 10% PVA film, (g) rose surface.

It is also obvious from Fig. 5 that the effectiveness of PVA addition, and with the increase
of PVA concentration, the contact angle of PS-coated wood surface increases gradually, and

the 10% PVA contact angle is closest to the rose surface, showing better hydrophobic effect.
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Fig. 5: Wood material, different concentrations of PVA film for the master treatment of wood and rose
surface contact angle change trend.
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Itis proved that the template printing method using PVA as template has made the same kind
on the wood surface coated with PS. The surface structure of rose has similar hydrophobic effect
with that of rose. Effect of wood surface hydrophobization caused using soft lithography was
also reported by Ebert and Bhushan (2012), and surfaces exhibiting the so-called “petal effect”
(super hydrophobicity with high droplet adhesion). Results obtained indicated that the micro
and nano structures on the surface of roses were prepared by ZnO nanoparticles. The results
showed that different concentrations of nanoparticles had different contact angles of high and
low adhesion states, which proved that the hydrophobic performance of the experimental results
was significantly improved.

In Figs. 6a,b can be seen that there are many porous holes on the surface of wood. The cell
wall is composed of microcrystals, microfibrils and fibrils. These microcrystals and microcrystals,
microfibrils and microfibrils, fibrils and fibrils are connected with each other and form
a microcapillary system. Their inner surface is huge, so they have strong water absorption. Fig. 6¢
is a micrograph of PVA film obtained by template printing for the first time. The surface of PVA
film has regular micro-nanostructure, which is the reverse of rose surface. Fig. 6d is the result
of secondary replica of the hydrophobic surface of rose-like wood. The surface is uneven, contrary
to the PVA film, but it also has regular micro-nanostructure, which provides a certain roughness
on the wood surface and improves the hydrophobic performance. However, compared with
roses, the hydrophobicity of the surface similar to roses needs to be improved. This may be due
to the partial relaxation of the applied stress in the PS film under a transient external load might
also be responsible for some bit of smoothening of the replicated patterns.

Fig. 6: SEM images of (a) and (b) wood surface, (c) PVA film, (d) a second replicated rose-like wood

surface, (e) rose surface.

He et al. (2017) used soft printing technology to prepare the structural surface of similar
Chinese rose on the surface of bamboo material. The bamboo material has relatively smooth
surface microstructure, and the fiber texture is clearly visible. The bionic Chinese rose petal
bamboo structure protruded outward, showing hemispherical shape, and arranged tightly with
papillae of different sizes. The above evidence proves that biomimetic modification can improve
the stability of bamboo, which also provides a reference for this paper.
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Fig. 7: The Energy dispersive spectrometer (EDS) spectrum of (a) wood surface, and (b) rose-like surface.

Figs. 7a,c are surface energy spectrum of wood. It can be seen that there are carbon, oxygen
and a small amount of potassium, calcium and sodium on the surface of wood (gold and palladium
come from coatings). The energy spectrum of the wood on the surface of rosette-like flowers in
Figs. 7b,d show that there are only a large number of carbon and gold elements, a small amount
of oxygen elements and no other elements, which indicates that the elements on the surface
of rosette-like flowers come from wood and PS are not roses, confirming that the hydrophobic
structure was effectively replicated on the rose-like wood surface.

CONCLUSIONS

Inspired by biology, this study successfully simulated the rough structure of rose surface
on wood surface by template printing (soft printing technology) using rose as template and PVA
of different concentration, which effectively prevented wood from damp damage. The study
found that: (7) Two complex structures and their different surfaces can be observed by scanning
electron microscopy (SEM). The first complex produces a structure opposite to that of a rose,
while the second complex produces a rose-like structure on the surface of wood. (2) The water
contact angle of the wood on the rose-like surface prepared by template printing is about 135.5°
very close to the contact angle of the rose surface. 1% PVA has very good hydrophobic effect.
The contact angle of the wood surface is raised from 69 degrees to 121.5°, and with the increase
of PVA concentration, the contact angle is also increasing. The experimental results show
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that 10% PVA has the best hydrophobic effect. Contact angle closest to rose surface. (3) EDS
can prove that the elements of wood on the surface of rose-like flowers come from wood
rather than roses. (4) The successful preparation of rose-like hydrophobic wood surface proves
that the hydrophobic properties of wood surface and other hydrophilic materials can be achieved
by nanotechnology, which provides a new research direction for hydrophobic modification.
(5) This study not only deepens the understanding of the hydrophobic mechanism of plant leaves
in nature, but also provides a new direction for the study of water resistance and anti-corrosion
of wood surface. Successful preparation of biomimetic hydrophobic wood can prolong the service
life of wood, and broaden the application fields and prospects of wood industry.
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ABSTRACT

The article presents results of the elimination of sticky impurities from recovered paper
in laboratory flotation of three pulp suspensions with different whiteness, obtained directly from
the production line before entering flotation. A combination of commercial agents releasing
undesirable substances from recovered paper and means for regulation and stabilization of froth
and modified micronized bentonit was used. In the flotation purification of pulp suspension
with a whiteness of 53%, the combination of Prodeink Extra, Prodeink AS10 and Hydrocol
OT reduced the macrostickies content by 58%, the ash content decreased from 18.5% to 4.5%,
the whiteness increased from 53% to 56.4% and the residual color content was reduced from
385 ppmto 294 ppm. The pulp suspension with a whiteness of 64% showed a reduction in the content
of macrostickies by 66%, a reduction in the ash content by 23.2%, an increase in whiteness
by 1.4% and a reduction in the residual color content from 245 ppm to 194 ppm. The pulp
suspension with a whiteness of 68.3% showed a decrease in the content of macrostickies by 58.1%,
the ash content decreased from 35.7% to 6.3%, the whiteness increased by 1.1% and the content
of residual color decreased from 157 ppm to 117 ppm.

KEYWORDS: Macrostickies, flotation, bentonit, whiteness, residual color, ash content,
recovered paper, pulp suspension.
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INTRODUCTION

New environmental challenges arise in paper industry in recent years and new solutions
must be applied, as: retention systems (Kuna et al. 2016, Mayr et al. 2017), decarbonization
(Griffin 2018) and heat recovery systems (Pazitny et al. 2015, 2017), upgraded alkaline cooking
processes (Balbercak et al. 2017, 2018), processing of wasted materials (Ihndt et al. 2020,
Magura et al. 2019), etc. The use of recycled fibers has been growing rapidly. Methods
of their reuse are also developing (Russ et al. 2013) but they are difficult to put into practice.

In waste paper processing, handling processes of recycled fiber are more complex than
the primary fiber processing because waste paper consists of a mixture of different types
of fibers or types of paper. Another reason is the presence of pollutants and harmful substances
that can contribute to the formation of sticky impurities (Pulz 2000). In order to meet the quality
requirements, the pollutants must be removed. The term "purity" is commonly used with respect
to optical, chemical, colloidal, microbiological and processing aspects (Holik 2000). Impurities
and contaminants are gradually removed using various separation criteria, such as particle size,
shape and deformability, density and surface properties of particles. Sequence of operations
depends mainly on properties of the raw material and the required properties of the final product
(Engstrand and Johansson 2009). In processing of recovered paper, there are two main ways
of handling stickies: removal and/or elimination of stickies in the process of sorting, cleaning,
flotation, and bleaching (Sarja et al. 2007, Kuia et al. 2018) and prevention against deposit
formation through dispersion, fixation and stickiness removal

Flotation

Flotation is one way of separating undesirable parts from waste paper. Numerous approaches
which define usable flotation models are defined in the literature. Mixed models of the flotation
process try to combine the ideas used in the so-called chemical kinetic models with probabilistic
models. One generally accepted model describes the ability of a dye to float, as the change
in a dye particle per unit time in a given volume. Such a change depends on the number
of collisions between the particle and the bubble in a unit volume per unit time (represented
by z, n,, ny,, where z is the rate constant, and n, and nj are numbers of parts and bubbles), and
on the already mentioned individual probabilities of interaction Py, P(ay, and Pgy:

dn,/dt=-z.-n,n, Py Py Pry (- @

where: P(¢) depends on particle and bubble size as well as on hydrodynamic conditions; P4y
depends on the ratio of colored particle and bubble size, hydrophobicity and contact time;
and Py depends on particle weight, contact angle, consistency and flow hydrodynamics.

Efficiency of the flotation process is depended on the surface and colloidal chemistry
of the system, as well as on the types of equipment used for air dispersion, mixing and foam
separation.

Flotation in deinking process

In flotation, a large range of particles is distributed based on their surface properties
(Amand 1997, Engstrand 2005). Flotation provides a high fiber yield but poor physical properties
of the fiber due to the fines content of the fibers (Shammas 2010). During flotation, air
is introduced into the low consistency pulp (0.8% -1.5%) and the hydrophobic particles
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are brought to the top surface after connection to the air bubbles. The pigment-containing
froth that has formed in the process is mechanically removed at the top of the flotation cell,
by overflow or vacuum (Lassus 2000). As mentioned, flotation is based on the surface properties
of the particles. It removes larger hydrophobic particles as opposed to washing, which removes
hydrophilic particles.

Several partial surface chemical processes take place during flotation decolorization.
The separation of the ink from the fibers, its agglomeration, flotation and foaming are
the main steps. Re-bonding of the ink to the fiber is undesirable, but it occurs and is particularly
a problem for water-based inks. Agglomeration of paint particles is necessary to achieve flotation
because small particles do not bind to bubbles due to hydrodynamic forces. Ability of moving
of the small particles is too low and these will follow the flow line around the bubble, while
the larger particles collide with it and, under favorable conditions, interact and bond with
each other. Collectors, often calcium fatty acid soaps, are used to achieve agglomeration and
further improve the chemical interactions between the paint particles and the air bubbles
(Engstrand 2005).

Theoretically, flotation should contribute to the efficient removal of micro stickies, due
to their hydrophobicity, which facilitates the attachment of sticky particles to air bubbles in
a manner similar to paint particles. In addition, unwanted particles are removed in the size
range (10-100 pm) due to sorting (Engstrand 2005). Amount of 81% of the micro stickies are
removed in the first flotation stage. Post-flotation is able to remove both macro and micro stickies
(Lassus 2000, Delagoutte 2008).

Most micro stickies that have been introduced into the process in the sorting step after
dispersion are removed in post-flotation (Delagoutte 2008). However, certain conditions
during flotation may result in reduction of hydrophobicity of the adhesive particles, leading
to lower separation efficiency. This may be due to the time dependence of the surface tension
of the adhesive particles, which leads to a reduction of surface tension of the stickies after
the addition of the chemicals used in the decolorization in the flotation stage. Another reason
may be the adsorption of surfactants on the surface of stickies (Holik 2000). Poor removal
of stickies in a favorable size range can also occur due to the disk structure of adherent particles
that are not removed by air bubbles (Holik 2000).

MATERIAL AND METHODS

Three suspensions of pulp (VL5, VL1 and VLO0) were prepared for combinations of three
chemicals (Prodeink Extra, Prodeink AS10 a Hydrocol OT/Bentonit 4). Chemical charges
(kg.t'1) are shown in Tabs. 1-3. Composition of recovered paper of the suspensions was: () VL5
suspension — 92.5% mix of newspapers and magazines + 7.5% broke from paper machine, (2) VL1
suspension — 13% mix of newspapers and magazines + 79.5% white office waste + 7.5% broke
from paper machine, and (3) VLO suspension —2,5% mix of newspapers and magazines + 90%
white office waste + 7,5% broke from paper machine. Two mixtures of surfactants and two types
of bentonites were used for laboratory flotation as: (z) Prodeink Extra (Makokem d.o.0., Zagreb,
Croatia) — a mixture of surfactants to release unwanted substances from the recovered paper,
(4) Prodeink AS10 (Makokem d.o.0., Zagreb, Croatia) —a mixture of surfactants to control
the froth during flotation, (¢) Hydrocol OT (HOT) (Siid Chemie AG, Moosburg, Germany)
- alkalized micronized bentonit with an average particle size of 4 pm, and (#) Bentonit 4(B4) -
alkalized micronized bentonit with an average particle size of 6 um.
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Laboratory flotation

Laboratory flotation tests were performed in the flotation cell shown in Fig. 1, according
to the procedure below. The basic suspensions, at a concentration of 1.2%, were homogenized
by stirring for 1 min. Chemical 1 (Prodeink EXTRA) was added to the homogenized suspension.
The sample was mixed and the chemical was allowed to act for 30 min. The required amount
of chemical 2 (Prodeink AS10) was added. The sample was mixed again and the chemical
was allowed to act for 10 min. The required amount of chemical 3 (Hydrocol OT) was added,
after mixing the chemical was allowed to act for 10 min. A total of 2.6 liters of sample was taken
and transferred to a flotation device. After starting the flotation device, in addition to mixing,
the air supply was switched on. The amount of air was adjusted to bubble gently. The floated froth
was removed continuously. After 10 min of flotation, both stirring and air supply were stopped.
Laboratory sheets were made from the floated suspension, from which the required parameters
were determined.

bubbles

aqua

hydrophobic particles
hydrophilic particles

Fig. 1: Laboratory flotation machine (Petrovskaya 2007): (1) flotation machine, (2) support, (3) rotor,
(4) air inlet, (5) stator, (6) feed inlet, (7) froth discharging area, (8) release of tailings.

Determination of stickies

For the determination of sticky impurities, a sample of 30 g was used, which was sorted
in a laboratory sorter Sommerville on a 150 pm slice plate under constant rinsing. Sorting time
was 20 min. The material captured on the sorting plate was quantitatively transferred using
a Rapid-Kothen sheet-cutter to a filter paper of 220 mm diameter so that it is distributed evenly
over its entire surface. Filter paper with the sorted substance was allowed to dry freely in the air.
Sheets of sorted and dried material were placed between two clean filter sheets with a diameter of
220 mm. They were pressed in a press with heated plates at a temperature of 160°C and a pressure
of 2.5 MPa for 4 min. After pressing and cooling, the sheets were separated from each other and
impurities greater than 0.1 mm? are counted, which were compressed or bonded to the filter
paper. Evaluation of the number of sticky impurities is given in pcs.kg™! substances.

Determination of ash content, whiteness and residual color in pulp suspensions

Whiteness and residual color were determined according to STN ISO 2470-1, ISO 3688,

resp. Determination of ash content in pulp suspensions was performed according to ISO 1762.
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RESULTS AND DISCUSSION

During laboratory tests of flotation cleaning of recovered paper we applied a combination of
three types of chemicals in order to improve its paper forming properties. The agent for releasing
undesirable substances from the recovered paper Prodeink Extra, the agent for agglomerating
undesirable substances and improving the sorting efficiency of Hydrocol OT, bentonit B4 and
the agent for regulating the froth during flotation Prodeink AS.

Laboratory tests were performed on three types of pulp suspensions: the suspension
VL5 with whiteness of 53% prepared from dark types of recovered paper, the suspension VL1
with whiteness of 64% prepared from mix of dark and bright types of recovered paper and
the suspension VLO with whiteness of 68% prepared from bright types of recovered paper.
In addition to determining the content of macrostickies, the ash content, whiteness and residual
color in individual water bodies was determined as part of the evaluation of the quality of flotation
procedures. The results of laboratory research, applications of flotation in the elimination
of macrostickies, are presented in Tabs. 1-3 and in Figs. 2-5

Tab.1: The effect of flotation on the properties of VL5 suspension with whiteness 53%.

Sample P(ro E)_(}ra Pro A_SlO Bento_nit Macrostickies Ash (%) Whi ISO | Residual color
Ige) | (gl | (ge) | (peperky) %) (ppm)

Primary* 0 0 0 450 18.5 53 385
FO 0 0 0 428 8.3 54.8 369
F1 2 0 0 412 5.1 55.2 351
F2 2 0.5 0 390 4.8 56 318
F3 2 1 0 316 4.6 56.1 306
F4 2 0.5 2 190 4.5 56.4 294
F5 1 0 0 420 5.6 54.8 369
F6 1 0.5 0 398 4.8 55.5 345
F7 1 1 0 326 4.6 56.3 307
F8 1 0.5 2 299 4.4 56 313
F9 1 0.5 4 230 4.6 56.5 287
F10 1 1 2 285 4.7 56.3 295
F11 1 1 4 224 52 55.8 321

* The sample without flotation.

Tab.2: The effect of flotation on the properties of VL1 suspension with whiteness 64%.

Sample P(m E)f}ra Pro A§10 Bent({nit Macrostickies (pcs Ash(%) Whiteness ISO | Residual color
kg.t1) (kg.t'1) (kg.t1) perkg) (%) (ppm)

Primary* 0 0 0 900 293 64.0 245

FO 1 0 0 860 7.9 64.1 242

F1 1 0.5 0 620 7.3 64.5 227

F2 1 1 0 550 6.9 64.6 225

F3 1 0.5 2HOT 445 6.1 64.6 223

F4 1 0.5 4HOT 500 6.2 65.3 225

F5 1 1 2HOT 305 6.1 65.2 194

F6 1 1 4HOT 319 6.2 65.2 197
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F7 1 0.5 2B4 483 6.1 64.7 223
F8 1 0.5 4B4 480 6.4 64.7 224
F9 1 1 2B4 310 6.2 65.1 195
F10 1 1 4B4 318 6.3 65.0 198
* The sample without flotation.
Tub.3: The effect of flotation on the properties of VLO suspension with whiteness 68.3%.
Sample Pro E}_(tra Pro A_SlO Bento_nit Macrostickies Ash Whiteness | Residual color
(kg.t1) | (kg.t1) | (kg.t?) (pes per kg) (%) I1SO (%) (ppm)
Primary* 0 0 0 1230 35.7 68.3 157
FO 1 0 0 1180 8.5 68.5 153
F1 1 0.5 0 845 7.3 68.8 137
2 1 1 0 720 6.9 69.0 132
F3 1 0.5 2HOT 680 6.3 69.3 127
F4 1 0.5 4HOT 680 6.2 69.3 130
F5 1 2HOT 520 6.3 69.5 117
F6 1 1 4HOT 515 6.3 69.4 117
F7 1 0.5 2B4 695 6.3 69.2 120
F8 1 0.5 4B4 680 6.4 69.2 121
F9 1 1 2B4 540 6.1 69.2 119
F10 1 1 4B4 530 6.2 69.2 120

* The sample without flotation.

The effect of flotation procedures on the content of macrostickies

The best results of the elimination of macrostickies on the VLS5 suspension were obtained
by the F4 flotation procedure (Tab. 1). By applying this procedure, the content of macrostickies
was reduced from 450 to 190 pcs.kg™, which represents a decrease by 58%. For the VL1
suspension, the best results in the elimination of macrostickies were obtained by the F5 procedure
(Tab. 2). With this combination of chemicals a reduction in the content of macrostickies
by 66% (decrease from 900 pcs.kg? to 305 pes.kg™?) was achieved. With the VLO suspension,
the best macrostickies elimination results were obtained with the F6 combination (Tab. 3).
This combination of chemicals reduced the content of macrostickies by 58.1% (decrease from
1230 pes.kg? to 515 pes.kgl). The results obtained are consistent with the results (Lassus
2000 and Delagoutte 2008), which achieved flotation efficiency of up to 81% in eliminating

macrostickies.

Fig. 2: The effect of flotation procedures on the content of macrostickies.
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The effect of flotation procedures on whiteness

By applying the best working procedures for individual types of suspensions (Tabs. 1-3),
an increase of whiteness by 3.4% was achieved for the VL5 suspension, by 1.3% for the VL1
suspension, and by 1.1% in the VLO suspension, as stated and (Fig. 3). The optical properties
(whiteness or yellowness) of recycled paper are the focus of several authors (Juri¢ et al. 2018, Tutus
et al. 2013). Bleaching agents are present in suspensions for this purpose.

o 68,3

65 -
60 56,4

= Prima
55 - 2B i
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50 -

45 -
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VL5 Vi VLo

Fig. 3: Effect of flotation procedures on whiteness.

The effect of flotation procedures on ash content

The ash in pulp consists of several different components, which can be mineral substances
from the wood raw material, metallic residues from pipes and machinery parts or residues from
chemicals used in the pulping process. Often the ash content is related to the filler content
(e.g. calcium carbonate, clay) in pulp (Kirilova and Lindberg 2012). The effect of flotation on ash
content in the suspensions are shown in Fig. 4. Using the best working procedures according to
Tabs.1-3, a reduction of the ash content was achieved for the VL5 suspension by 14.0%, for the
VL1 suspension by 23.2%, and for the VLO suspension by 29.4% (Fig. 4).

40

35

203
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25 4

- 18,5 = Primary

®Thebest
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10 1 3
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Fig. 4: The effect of flotation procedures on ash content.
The effect of flotation procedures on residual color content

The best working practices for individual suspensions (Tabs.1-3) allowed to reduce the
residual color content from 385 ppm to 294 ppm for VLS5 suspension, from 245 ppm to 194 ppm
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for VL1 suspension and from 157 ppm to 117 ppm for VLO suspension, as it is shown in (Fig. 5).
According to some authors, it is possible to achieve up to 50% efficiency in flotation in reducing
residual color (Xiansheng et al. 1998, Imamoglu et al. 2013).
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Fig. 5: The effect of flotation procedures on residual color content.

CONCLUSIONS

By a suitable combination of paper agents in the processing of recovered paper, it is possible
to increase the efficiency of flotation while eliminating macrostickies. The combination
of Prodeink Extra intended to improve the release of undesirable substances from recovered
paper, Hydrocol OT intended for agglomeration of stickies and Prodeink AS10 intended
for stabilization of flotation froth, a reduction of macrostickies contents in pulp suspensions VL5
by 58%, in VL1 by 66% and in VL0 by 58.1% was achieved. The application of suitable chemicals
has increased the flotation efficiency in reducing the ash content, increasing the whiteness of pulp
and reducing the residual color content, as well. Better quality of pulp suspension after flotation
creates better conditions at its quality in a line of recovered paper processing which has a positive
effect on paper production as a whole.
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ABSTRACT

The research consisted in testing Polish sawn timber dedicated for construction applications
made of pines (Pinus sylvestris L.) that grew in the Silesian Forestry Region, taking into account
three parts of the log: butt, middle and top. The boards had the same cross section, a nominal
thickness of 40 mm and width of 138 mm, typical for Polish structural timber. The mean nominal
length of the boards under research amounted to 3500 mm. Each set was composed of 70 boards.
Before the tests, boards were dried in an industrial drier until reaching the moisture content
of 12%, and they were planed on 4 sides. First of all, the sawn timber was graded into strength
classes, and their dynamic modulus of elasticity (MOE_dyn) was tested with a non-destructive
method, with the use of a portable MTG device. The next step consisted in a bending test with
four points of support, according to the EN 408 standard, and with the use of the TiraTest 2300
machine, in order to determine the global modulus of elasticity (MOE_EN-408) and the static
bending strength, also referred to as modulus of rupture (MOR). Finally, the average growth
ring width was determined for each board (PN-D-94021), as well as wood density according
to EN-408. The hereby paper presents the test results for all the tested sawn timber boards,
taking into account the part of log that each board came from: butt, middle or top. The hereby
paper presents the influence of density on the mechanical properties of wood, taking into account
the location on the round timber. The analysis does not include the influence of the width of
annual growth rings and the proportion of latewood on the wood properties under research.

KEYWORDS: MOE, MOR, pine sawn timber, butt, middle and top.
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INTRODUCTION

In accordance with the requirements binding in the European Union, sawn timber dedicated
to construction application has to be strength graded. There are two methods of strength grading
of coniferous timber for construction applications: visual and machine-assisted strength grading.
Strength grading based on visual inspection consists in examining every piece of timber carefully
and classifying it within the appropriate strength class on the basis of visible defects of wood
structure, shape and processing. As a result of strength grading based on visual inspection,
the timber is classified into different grades. Most EU member state have their own, national
standards for the visual strength grading of timber. The only common requirement that has
to be fulfilled by the national standards of visual strength grading is that they have to comply
with EN 14081-1.

Strength grading machines measure specific wood properties that can be verified in
a non-destructive way and that are directly correlated with wood's bending strength. The
higher the correlation between the property tested by the machine and the bending strength,
the more reliable will be the results of strength grading performed by that machine. In Europe,
many different kinds of devices were developed and introduced at an industrial scale, and have
been described by many researchers (Glos 1982, Denzler et al. 2005, Krzosek 2005 and 2009,
Karlsson 2009, Krzosek and Bacher 2011). Strength grading machines can be based on measuring
the density and modulus of elasticity of the tested timber. The modulus of elasticity
can be measured in bending (static modulus of elasticity) or with the use of ultrasounds
or frequency of own vibrations (dynamic modulus of elasticity). The density of the tested timber
can be determined with a stereometric method or with the use of X-rays (Bucur 2003).

Krzosek and Grzeskiewicz (2008) compared the results of visual and machine strength
grading done for the same batch of timber with the use of MTG. As a result of the conducted
tests, concluded that the use of the device causes a higher efficiency in better strength grades,
comparing to the results of the visual strength grading method, with less pieces being rejected.
Similar results have been obtained by Krzosek (2009), who tested a batch of pine timber
(766 pieces). Comparative research was also conducted for the modulus of elasticity of pine
timber from Lithuania (3006 x 90 x 35 mm). In this study, the result of static bending strength in
four-point flexural test achieved with the use of a Metriguard device was slightly higher (modulus
of elasticity in static bending 11323 MPa, dynamic modulus of elasticity 10351 MPa). Higher
values of density of the wood under research went together with bigger differences between
the MOE values obtained with different methods. The relation between MOR and MOE
measured with different methods (MTG, using Metriguard machine by passing specimens
flat-wise through it, flatwise bending test equipment Long Span) was similar (Miseikyte et al.
2008, Baltrugaitis and Miseikyté 2011).

A comparison of non-destructive and destructive tests of spruce (and oak) wood, with
the use of the Fakopp ultrasound sensor, longitudinal vibration method and static bending test
were presented by Oberhofnerovi et al. (2016). The correlation between the modulus of elasticity
determined with dynamic and static method in line with CSN 49 0116 amounted to R = 0.71.
The MOE determined with the dynamic method was by over 60% higher than the MOE
determined with the static method.

Tests of spruce wood (35 x 70 x 2700 mm) were carried out by Posta (Posta et al. 2016).
In this study, the values of dynamic modulus of elasticity determined with the use of Timber
Grader MTG, Sylvatest and Fakopp, were compared to the values obtained with bending methods.
The researchers obtained high coefficients of determination for the modulus of elasticity
determined with Sylvatest and the modulus of elasticity obtained with the static method in bending
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R2 = 0.94. Similarly, the coefficient of determination obtained for the modulus of elasticity with
the Fakopp device amounted to R2 = 0.95, and for MTG R2 = 0.97).

A comparison of properties of Douglas fir wood and spruce from forest lands and
post-agricultural lands was presented by Zeidler for wood from the Czech Republic (Zeidler and
Bortvka 2017). The density was similar (spruce 460 kg:m-3, Douglas fir 570 kg'm3), spruce wood
from permanent forest land had a slightly higher MOE than wood from forested agricultural
land (7541 MPa / 7744 MPa), and the difference was higher for Douglas fir (9783 MPa /
8940 MPa). A comparative study of pine wood from forestand post-agricultural lands was conducted
by Jelonek et al. (2009). For wood from a fresh coniferous stand growing in a forest area,
the density of wood amounted to 452 kg'm3, and in post-agricultural lands it amounted
to 470 kg-m-3.

Another important matter is knowledge related to the usability of different kinds of logs
(butt, middle and top) for the production of structural timber. Studies aimed at verifying
the influence of log type on the mechanical properties of structural timber obtained from them
were carried out in various countries. Glos et al. 1999, tested spruce wood from two different
habitats in Bavaria. The timber was strength graded with a visual method and with a machine
method, taking into account the place of origin of timber from different logs. The highest
efficiency of the strength grade S13 (DIN 4074-1): 79%, was achieved for butt logs; while in case
of middle logs the efficiency reached 40%. As a result of machine strength grading of the same
timber batch, the efficiency of the MS13 class (DIN 4074-4) amounted to 81% for butt logs and
71% for middle logs.

In Austria, within the framework of the XXL-Wood project (Teischinger and Patzelt 2006),
an extensive study of spruce was conducted, taking into account the origin of wood, the conditions
of growth, the quality class and the type of logs (butt, middle, top) from which the tested timber
was obtained. The timber obtained from the logs was strength graded with the machine method,
the dynamic modulus of elasticity was determined by measuring the frequency of own vibrations,
and afterwards, the modulus of elasticity in stretching, the average width of growth rings, density
and fibre twist were tested. The test results permitted to conclude that the mechanical properties
of wood remain stable up to the height of 12-15 m.

Stéd et al. (2016) conducted research related to the determination of MOE and MOR for
pine wood from Finnish forests. The tested wood from different regions, with quite diverse
density between 474 kgm= and 546 kg'm=3, and mechanical properties: MOR (42.7 MPa,
65.8 MPa), MOE (11.4 GPa, 14.9 GPa). Moreover, they tested the properties of wood
from the first and second thinning, as well as the final logging, and also the influence
of the log part (butt, middle or top) on the properties of timber acquired from them. The results
of that research revealed most of the timber that was classified within the highest resistance
grades (C30 and C35) was acquired during the 2nd thinning. For structural timber obtained
from the final logging, it turned out that there is no statistically significant difference between
the main density of timber obtained from middle and top logs. The MOR of timber obtained
from butt, middle and top logs amounted to, respectively: 56.1 MPa, 39.7 MPa and 36.4 MPa;
and the MOE values: 13.5 GPa, 11.7 GPa and 10.2 GPa.

Ranta-Maunus et al. (2009, 2011) prepared extensive reports from research conducted
on timber from Europe and Russia. The timber was tested using non-destructive methods,
with the use of various devices that are used in Europe (GoldenEye 706, Escan, MTG,
Combiscan, Triomatic) and also with a destructive method, in line with EN 408. This research
did not take into account the type of log that timber was obtained from. According to the report,
non-destructive methods used to determine the modulus of elasticity tend to give higher values
than the modulus of elasticity determined with the destructive method.
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MATERIAL AND METHODS

Material

The material investigated within the research described in the hereby paper originated
from the Silesian Region. The timber was obtained from a mixed, young forest located
in the Regional National Forest Directorate of Katowice (Nadlesnictwo Olesno, Lesnictwo
Sternalice department 14d, geographical coordinates: 50.898629, 18.423915). The boards used
in the research came from three types of logs: butt, middle and top.

Tree trunks were cut into 3 logs, each 3.5 m long: first, 1 m adjacent to the ground was cut
off to remove the root deformations. Later, the butt log was obtained. A section for small samples,
0.5 m long, was cut between the butt log and the middle log. Later, the middle log was cut.
The top log was obtained as follows: the diameter of d = 14 cm was found in the top part
of the trunk (diameter on the thinner end, according to PN 93-D-02002) and 3.5 m were
measured from that point (Fig.1).

0.5m
d=14 cm

) -—
(_ L ﬁ Middle | s
I 35m - 3.5m ! .

Fig. 1: Diagram presenting divisions of the trunk into logs.

Subsequently, 70 board pieces were sawn from each kind of logs (butt, middle and top).
The boards were dried in an industrial drier until reaching the moisture content of ca. 12%, and
then they were planed on four sides. The nominal cross sections of the boards had the dimensions
40 x 138 mm, and the length of 3500 mm.

Methods

The moisture content of wood, before testing its mechanical properties, was determined
with the help of a resistance moisture meter Tanel, model HIT5, with measurement precision
of 0.1%. During the moisture content measurements, the nominal density of pine wood as well
as the temperature of the air-conditioned room, where the tests took place, were both taken into
account. The density of each board was determined with the stereometric method.

The dynamic modulus of elasticity of individual boards (MOE_dyn) and their strength
grade C, were specified with the help of a Mobile Timber Grader (MTG) by the Brookhuis
MicroElectronics Company (Brookhuis Applied Technologies, Enschede, The Netherlands).
In case of boards with low modulus of elasticity and high amount of defects, the MTG rejected
such piece of timber. In case of roughly cut board ends, the MTG device displayed the error
message, informing that the strength grading (determination of modulus of elasticity and
strength grade C) for this piece of wood was not possible.

The global modulus of elasticity (MOE_EN-408) and modulus of rupture (MOR) were
determined during a bending test with four points of support, using a universal testing machine
- the TIRA Test 2300, in line with the EN 408 standard Timber structures — Structural timber
and glued laminated timber — Determination of some physical and mechanical properties.
The crosshead speed in the test amounted to 3 mm-minl. The degree of bending of the
boards was measured with an inductive sensor of the Novotechnik company, type TRS 75,
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with the precision of 0.01 mm. During the test, the value of the bending strength and the degree
of bending were recorded.

To determine the significance of differences between the average values, the t-Student
(with a confidence level of 0.95) Statistica v.13.3 software was used.

RESULTS AND DISCUSSION

The results of moisture content and density tests for the structural timber sawn from butt,
middle and top logs, have been presented in Tab. 1. If we assume an average density of boards
sawn from butt logs at the level of 592 kg-m to be 100%, then the average density of boards
from middle logs would amount to 92%, and from top logs: 85% of the reference density. The
differences in density between timber from different kinds of logs are statistically significant.
The average density value for all timber pieces amounted to 547 kg'm-3, and moisture content to
11.6%.

Tab. 1: Characteristics of the tested structural timber (boards). Moisture content (MC), density, strength
class (from C18 to C40) graded with the help of an MTG device.

Boards cut from

butt logs middle logs top logs
Number of boards 70 70 70
Average MC (%) 12.4 11.3 11.0
SD (%) 1 1 1
COV (%) 9 12 11
Average density (kgm3) 592 545 503
SD (kg:m3) 55 52 43
COoV 9 10 9
Number of boards C18 class 2 4 9
Number of boards C24 class 2 21 40
Number of boards C30 class 18 23 17
Number of boards C35 class 28 16 3
Number of boards C40 class 16 5
Reject 1 1 1
Error 3
Average density in failure zone (kg-m-3) 583 527 483
SD (kg:m™3) 65 60 45
COoVv 11 11 9
Width of annual rings (mm) 1.7 1.8 1.9

The density differences between boards sawn from different kinds of logs (butt, middle
and top) translate into different shares of the highest quality grades (C40 and C35) in each of
the three timber groups. The number of timber pieces classified in the grades C40 or C35 for
butt, middle and top log timber groups, amounted to, respectively: 44, 21 and 3 pieces. In case
of the lowest quality grade - C18 - the number of timber pieces in each of the groups (butt,
middle and top logs) amounted to 2, 4 and 9, respectively. A lower density, and as a result, lower
values of other mechanical properties of wood from the top logs, can be caused by a lower share
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of heartwood in this section of wood, and also by the presence of juvenile wood.

Three pieces from the butt log group could not be strength graded, because
the non-destructive strength grading device displayed the ERROR message. Visual inspection
of those pieces revealed strongly twisted fibres in two of them, exceeding the permitted value for
the lowest strength grade according to the visual strength grading method. The third board had
a low modulus of elasticity during bending.

As a consequence of the significant differences in density of boards sawn from butt, middle
and top logs, the wood elasticity moduli determined with the non-destructive MOE_dyn
and destructive MOE_EN-408 methods were very diverse. The differences were statistically
significant. If we assume that the average value of MOE_dyn at the level of 15039 MPa for
butt logs corresponds to 100%, then the MOE_dyn of boards from middle logs would amount
to 86%, and top logs, 76%. In case of the global modulus of elasticity MOE_EN-408, butt logs
had a modulus of elasticity of 13740 MPa, which would correspond to 100%, while for middle
and top logs it amounted to 85% and 75% of the reference modulus, respectively. All of the tested
log groups (butt, middle and top) had higher values of MOE_dyn than MOE_EN-408 (Fig. 2).

20000
15039
15000 13740 12982
— = 11725 11376
< = 10258
2. 10000
g mMOE_dyn
= BMOE_EN-408
5000
0
butt middle top
Logtype

Fig. 2: Modulus of elasticity of boards made of butt, middle and top logs determined using the Mobile
Timber Grader (MOE_dyn) and according to EN 408 (MOE_EN-408).

In case of all the three sets of timber under research, the ratio between MOE_dyn and
MOE_EN-408 was similar, around 1.1. Therefore, the values of MOE_dyn were by about
10% higher than the values of MOE_EN-408 for the tested timber sets. The correlation between
those two moduli (Fig. 3) is very high (coefficient of determination R2 between 0.84 and 0.89),
and it has the highest value for butt logs - R2=0.89. A similarly high correlation R = 0.92
(R2 =0.85) was quoted by Krzosek (2009) in his research.

Correlations between the dynamic and static moduli of elasticity for small control samples
of pine wood without defects were also specified by Rautkari et al. (2014). They obtained
coefficient of determination values at the level of 0.80. The dynamic and static moduli of
elasticity for pine sapwood, whose density amounted to ca. 490 kg-m3, were 17.0 GPa and
16.3 GPa, respectively. These results of modulus of elasticity were much higher due to the
fact that the wood under research had no defects. Polish-grown pine timber for construction
applications, originating from five different forestry regions, was tested by Krzosek et al. (2008)
and Krzosek (2009).

236



Vol. 66 (2): 2021

20000
O o
— 4 g
& 15000 o Skl
E o
@
(=]
; 10000
& S o butt =079 + 19954
' 8 P u R2= 0,89
o : =079 + 15247
= 5000 ° amiddle Ri= 085
y=099x 9257
otop Re=0,84
0
5000 10000 15000 20000
MOE_dyn [MPa]

Fig. 3: Correlations between the modulus of elasticity of boards made of butt, middle and top logs
determined using the Mobile Timber Grader (MOE_dyn) and according to EN 408 (MOE_EN-408).

His research revealed that wood from the regions of Pomerania and Kujawy-Pomerania had
an average density of 525 kg.m™ and 522 kg.m™ - similarly to the density of wood from middle
logs, while the values of global modulus of elasticity during bending, that is MOE_EN-408,
amounted to 11183 MPa and 11683 MPa, and were similar to the modulus of elasticity values
for middle logs. Moreover, we can find data about Polish-grown pine timber in the work of
Stapel et al. (2014). Timber with the density of 515 kg.m3, has a bending strength at the level of
39.0 MPaand MOE _dyn: 12500 MPa. The wood density values determined with the stereometric
method near the failure zone of a piece of timber during the destructive test were lower than for
the entire board. This phenomenon results from the lack of knots in small samples. The growth
ring width (annual growth) in butt, middle and top logs was quite similar and amounted to
1.7 mm, 1.8 mm and 1.9 mm, respectively (Tab. 1). The performed tests revealed a high
correlation between the values of global modulus of elasticity (MOE_EN-408) and density (R2 =
0.55) for all the timber pieces under research from the groups of butt, middle and top logs (Fig. 4).
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Fig. 4: Correlations between the global modulus of elasticity and density of all boards made of butt, middle
and top logs determined according to EN 408 (MOE_EN-408).

The analysis of correlations of the global modulus of elasticity and density of individual
groups of timber (from butt, middle and top logs) revealed weaker correlations (Fig. 5)
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(R2 = 0.36; R2 = 0.42; R2 = 0.30, for timber cut from butt, middle and top logs, respectively).
Higher correlations in similar kind of research (not taking into account the location of wood

within the trunk) were obtained for pine wood R2= 0.72 (Baltrusaitis and Miseikyté 2011).
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Fig. 5: Correlations between the global modulus of elasticity and density of separate board sets made
of butt, middle and top logs, determined according to EN 408 (MOE_EN-408).

The analysis of results of the timber bending strength test (MOR) for timber sets made
of butt, middle and top logs (Fig. 6) show that the highest average value was obtained for butt logs
(61 MPa). If we assume that this value corresponds to 100%, then the resistance of timber made
of middle logs would amount to 69%, and top logs only 61% of the strength measured for boards
cut from butt logs. The differences between the average values calculated for each of the timber
groups are statistically significant, according to the t Student programme. A comparison of these
strength values with the differences observed for the global modulus of elasticity during bending,
we can see that they are higher in case of the bending strength..
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Fig. 6: Modulus of rupture (MOR) for boards made of butt, middle and top logs determined according
to EN 408.

Polish-grown pine timber for construction applications, originating from the forestry regions
of Pomerania and Kujawy-Pomerania was studied by Krzosek et al. (2008); and the obtained
results of average density were 525 kgm= and 522 kgm3, similar to the density of middle
logs; MOR values received by them amounted to 42 MPa and 45 MPa, which also indicates
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mechanical properties similar to the value for middle logs. The results obtained for a larger
set of pine timber obtained from five different Polish forestry regions (Krzosek 2009),
were as follows: average timber density 510 kg-m™ and average bending strength 36 MPa.

The results of tests described in the hereby paper indicate a lower correlation between
the modulus of rupture (MOR) and wood density (Fig. 7) for all the structural timber pieces
made of butt, middle and top logs (coefficient of determination, R2 = 0.23) than for the modulus
of elasticity during bending (MOE_EN_408)

MOR [MPa]

y=0,13x-314
R2= 023

700 800

density [kg m?]

Fig. 7: Correlations between MOR and density for all tested boards made of butt, middle and top logs,
determined according to EN 408.

For individual sets of structural timber made of butt, middle and top logs, MOR - density
correlations are weaker and the coefficients of determination amount to R2 = 0.15; R2 = 0.02
and R2 = 0.01, respectively. The highest correlation between MOR and density was determined
for butt logs (Fig. 8).
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Fig. 8: Correlations between MOR and density of separate board sets made of butt, middle and top logs,
determined according to EN 408.
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CONCLUSIONS

(7) The MOE _dyn, MOE_EN-408, and MOR for pine timber acquired from butt logs are
higher than those for middle and top logs. We observed greater differences between the timber
made of top and butt logs in case of MOR than MOE-dyn and MOE_EN-408. (2) MOE_dyn
was by 10% higher than MOE_EN-408 for all the groups of timber: butt, middle and top.
(3) The correlations between the global modulus of elasticity (MOE_EN-408) and wood density
are stronger than the correlations between bending strength (MOR) and density. The above is
true for all the sets of timber: butt, middle and top.
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ABSTRACT

Scots pine (Pinus sylvestris L.) and Sessile oak (Quercus petraca L.) wood were thermally
treated in an oven at the temperatures of 160°C, and 200°C under atmospheric pressure in
the presence of air for 3 and 9 hrs. The mass loss and gross calorific value were determined.
Non-treated wood samples achieved a gross calorific value of 22 193 J-g1 for pine wood and
19 277 J-g! for oak wood. Whereas the calorific value of pine wood with increasing severity
of treatment decreased, in the case of oak it increased. The mass loss increased with increasing
treatment severity by both wood species. Mentioned differences in pine and oak wood behaviour
using ATR-FTIR spectroscopy were explained. In the case of pine wood with increasing
temperature and time of exposure a decrease of resin acids was observed. This may be contributed
to decrease in GCV. In the case of oak wood, mainly at temperature of 200°C the degradation
of hemicelluloses was observed that results in relative increasing in the lignin content with
followed increase in the GCV.

KEYWORDS: Gross calorific value, mass loss, pine, oak, thermal treatment, FTIR.

INTRODUCTION

Thermal treatment is a very effective way of improving the most important properties
of wood. As a result of thermally induced chemical changes in the macromolecular constituents,
the physical and biological properties of the wood are altered. Its ability to absorb water will
be greatly reduced therefore it is particularly suitable for the production of wooden items
that are used in humid environments. Moreover, its dimensional stability and the resistance
to microbiological attack will be enhanced. Thermally treated wood does not need any coating
or chemical preservatives. During treatment it becomes discolored to darker shades similar
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to tropical woods. Thanks to its improved properties it is increasingly used in a wide variety
of areas (Hill 2006, Vybohova et al. 2018, Kudela and Andor 2018, Esteves and Pereira 2009,
Candelier 2016, Cademartori 2015, Dzurenda 2018, Dubey et al. 2012, Martinka et al. 2013).
Various thermal treatment processes have been used on the present, which differences in
the process conditions (temperature, duration, open or closed system, oxygen or nitrogen
atmosphere, wet or dry process, use of oils, etc.) (Militz 2002, Bazyar 2012).

The heat treatment causes chemical changes in the wood. The changes due to heating depend
on the duration and temperature of the treatment. Hemicelluloses are the most thermally labile
of the wood polymeric components. At the beginning of treatment their depolymerization occurs
whereby oligosaccharides and monosaccharides are formed. During their degradation methanol,
acetic acid and various volatile heterocyclic compounds are produced. Because the presence
of acetyl groups is a significant factor in the thermal degradation of hemicelluloses, hardwoods
are less thermally stable than softwoods. Cellulose degradation occurs at a higher temperature
than degradation of hemicelluloses, and begins in its amorphous regions. First, its degree
of polymerization decreases, and subsequently carbonyl and carboxylic groups due to oxidation
of the cellulosic -OH groups are produced. The degradation of polysaccharides results in
an increase in the lignin content (Vybohova et al. 2018, Cabalovi et al. 2018). It is generally
accepted that lignin is the most thermally stable component of the cell wall. Nevertheless, some
degradation of lignin can occurs at relatively low temperatures. The cleavage of B-O-4 linkages
and a decrease in methoxyl content leads to auto-condensation of lignin to a more condensed
structure (Hill 2006, Esteves and Pereira 2009, Wikberg and Maunu 2004, Chen et al. 2012,
Brebu and Vasile 2010). As regards extractives, the most volatile compounds leave the wood,
while others are degraded. Nevertheless, some authors (Vybohové et al. 2018, Esteves et al.
2011, Wang et al. 2015, Severo 2016) found, that the content of extractives due to heating
increased. That can be caused by the release of degradation products of lignin and saccharides in
the extraction mixture, or by their condensation reactions with the extractives originally present
in untreated wood.

Gross calorific value (GCV) is the absolute value of the specific energy combustion, in joules
for unit mass of a solid fuel burned in oxygen in a calorimetric bomb under specified conditions.
It can be defined as the total heat liberated by the complete combustion of the fuel. GCV assumes
that the water of combustion is entirely condensed. Value of GCV depends on the chemical
composition of materials (Dietenberger and Hasburgh 2016). GCV is an important characteristic
not only from energetic but also fire protection and safety (Majlingova et al. 2019). Based on this
value, the net calorific value is calculated, which serves as a parameter to calculate the fire loading
when planning the fire protection of buildings.

The content of wood components and their elemental composition play an important
role for its calorific value. Lignin is richer in carbon and hydrogen than polysaccharides.
Because these elements produce heat by burning, the calorific value of lignin is higher than
of carbohydrates that are richer in oxygen. Moreover, in hardwood lignins is due to higher
amount of methoxyl groups higher oxygen content than that in softwood lignins, therefore
their calorific values are lower (Hill 2006, Fengel and Wegener 1984, Hon and Shiraishi 2001,
Santos et al. 2012). Although the extractives are a minor component of wood, they raise its
calorific values. Out of all wood constituents, for extractives have been determined the highest
GCV values (Dietenberger and Hasburgh 2016). Inorganic elements present in wood play also
certain role. These elements will remain after burning as ash, whose content in wood ranges
between 0.08 to 2.30%. High content of inorganic elements in the fuel generally reduces its
calorific value (Telmo and Lousada 2011, Dzurenda and Paakovi¢ 2016, Dzurenda et al. 2013).
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Several authors (Kddela and Andor 2018, Cabalovi et al. 2018, Wang et al. 2015,
Andor and Lagana 2018, Bubenikovd et al. 2018, Esteves et al. 2013, Barcik et al. 2015,
Percin et al. 2016) studied the effect of thermal treatment on color, biological resistance, chemical
and mechanical properties of wood. However, it can be assumed that changes in the ratio of main
wood components caused by heating affected also the calorific value of thermally treated wood.
Nevertheless, these features of thermally treated wood have seldom been studied.

In our research effect of thermal treatment under various process conditions (temperature
and time) on the gross calorific value of treated wood was studied. Softwood and hardwood,
Scots pine (Pinus sylvestris 1) and Sessile oak (Quercus petraea 1..), were examined. Both
wood species are an important raw material in building and wood processing industry
(Klement et al. 2010). GCV using oxygen bomb calorimeter was determined. Chemical changes
in wood due to thermal treatment using Fourier transform infrared (FTIR) spectroscopy were
studied.

MATERIAL AND METHODS

Materials

In the experiments the samples of softwood (Pinus sylvestris L.) and hardwood
(Quercus petraea L) were used. Both trees were logged from altitude of 300 m above sea level,
in Kremenny Jarok locality in the Slovak Republic. The timber logging activities were performed
in summer period. The average stand age was 110 years. The stem breast height diameter
of the Scots pine was of 36 cm, timber moisture content of 30%. The stem breast height diameter
of the Sessile oak was of 45 cm and timber moisture content of 30%, too.For Scots pine 654 kgm-3
and for Sessile oak wood 695 kg:m™3 density at 0% moisture content was determined.

The samples were cut from the core part of the stem in longitudinal sections to dimensions
of 10 x 1 x 2 cm and oven dried at temperature of 103 + 2°C until the weight of the samples
was not stabilized and they reached 0% moisture content. Further, the samples were modified
by the thermal treatment in the oven (Memmert UFP 500) at atmospheric pressure in the presence
of air at temperatures of 160°C and 200°C for 3 hours and 9 hours. The treated samples were
placed in a desiccator to eliminate the effect of moisture. Introduction of the test samples is shown
in Tab. 1 and in Fig. 1.

Tab. 1: Data on the test samples.

Tree species Latin name Identifications of the sample Thermal treatment
P no thermal treatment
P160/3 160°C, 3 hrs.
Scots pine Pinus sylvestris L. P160/9 160°C, 9 hrs.
P200/3 200°C, 3 hrs.
P200/9 200°C, 9 hrs.
O no thermal treatment
0160/3 160°C, 3 hrs.
Sessile oak Quercus petraea L. 0160/9 160°C, 9 hrs.
0200/3 200°C, 3 hrs.
0200/9 200°C, 9 hrs.
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P P160/3 P160/9 P200/3 P200/9
O 0160/3 0160/9 0200/3 0200/9

Fig. 1: Samples of Scots pine (Pinus sylvestris L.) and Sessile oak (Quercus petraea L.) wood before and

after thermal treatment.

In the research, we first investigated the difference in weight of pine and oak samples after
thermal treatment at temperatures of 160 and 200°C, taking into consideration the duration
of thermal treatment (3 and 9 hrs). The mass loss was determined gravimetrically on the basis
of the sample weights before and after the thermal treatment.

The gross calorific value was determined using a fully automatic calorimeter
IKA C 5000 control (IKA-WERKE GMBH) under adiabatic conditions, in a setting without
titration. Calculations correspond to the applicable standards ISO 1928 for gross calorific value
determination.

The principle of the determination of the GCV consists of the complete combustion
of the sample in oxygen at a pressure of 3 MPa in a calorimetric pressure vessel, in measuring
the temperature rise in the calorimetric vessel and the determination of heat corrections.
The weight of the samples was about 0.80 g. The samples were tested at 0% moisture content.
From each set of samples, the GCV was determined by min 3 measurements. The GCV values for
pre-defined samples moisture content of 8% were calculated according to the ISO 1928 standard.

Fourier transform-infrared (FTIR) spectra of the wood samples were recorded using
the Nicolet iS10 FTIR spectrometer equipped with Smart iTR attenuated total reflectance
(ATR) sampling accessory with diamond crystal (Thermo Fisher Scientific, Madison,
WI, USA). Wood samples were disintegrated into sawdust and the average samples were
analyzed. Spectra were measured in the wavenumber range from 4000 to 650 cm1. A resolution
of 4 cm™1 and 32 scans per sample were used. Measurements were performed on four replicates
per sample and average spectra were created and evaluated. The OMNIC 8.0 software
(Thermo Fisher Scientific, Madison, WI, USA) was used to evaluate the spectra.

RESULTS AND DISCUSSION

Mass loss

When wood is modified by thermal treatment, there is a significant change in the
color of the wood, in the chemical composition of wood and also mass loss. The change
in mass loss is one of the most important features in the thermal treatment of wood,
and is commonly referred to as an indicator of quality (Esteves and Pereira 2009). The
results of mass loss due to sample thermal treatment are shown in Fig. 2. From the
Fig. 2, we can see substantial changes in mass loss of samples. In both species, the
mass loss increased with increasing temperature and thermal treatment duration, although
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at temperature of 160°C the mass loss was higher for Scots pine wood, while at temperature
of 200°C the mass loss was higher for Sessile oak wood regardless of the treatment duration.
Different behaviour of Scots pine and Sessile oak wood is caused by different chemical
composition of investigated wood species. Scots pine wood is characterized by a high proportion
of volatile extractives, which are largely released from wood at a lower thermal treatment
temperature (Ekeberg 2006, Traoré 2018).

12.00 11.18

10.00

8.00 -

6.00
M Pine

Mass loss (%)

4.00 m Oak

2.00 1.18

0.00 -

160/3 160/9 200/3 200/9
Samples

Fig. 2: Mass loss of samples after thermal treatment.

Another significant factor is the different content and composition of hemicelluloses
in Scots pine and Sessile oak wood. In comparison to Scots pine, Sessile oak wood contains
higher proportion of hemicelluloses, higher proportion of pentosanes and more acetyl groups in
hemicellulose polysaccharides. At a temperature near 200°C, glycosidic linkages are ruptured
as well as some C-C bonds of pyranose rings (Fengel and Wegener 1984). Also Vybohovi et al.
(2018) found that the degradation of hardwood hemicelluloses is more pronounced at 200°C than
at 160°C. That is why we observed higher mass loss at temperature 200°C in the case of Sessile
oak wood compared to Scots pine wood.

The mass loss during the thermal treatment depends on the wood species, biotope,
the temperature and the duration of the thermal treatment (Luptikovd and Kacik 2018).
However, it is sometimes difficult to compare data published by different authors, as individual
experiments often differ in thermal treatment conditions. In the literature (Gonzalez-Pena and
Curling 2009) there are published changes in Scots pine wood during thermal modification
at temperatures ranging from 190°C to 245°C using different exposure duration, i.e. 0.33 hour,
1 hour, 4 hours, 8 hours and 16 hours. In the case of Scots pine wood, the mass loss was of
0.6% (exposure duration of 0.33 hour) and 4.5% (exposure duration of 16 hours) at temperature
0f 190°C. At temperature of 245°C, it ranged between 5.6% (exposure duration of 0.33 hour) and
21.5% (exposure of 16 hours). The authors conclude that the mass loss of wood is more affected
by the temperature of exposure than the duration of exposure and wood species.
Mazela et al. (2003) treated Scots pine wood at temperatures of 160°C, 190°C, and 220°C during
6 hours and 24 hours in both air and water vapor. They found that in both environments the mass
loss was similar when exposed to thermal treatment for 6 hours. But when exposed to thermal
treatment for 24 hours, the mass loss was higher in air, especially at treatment temperatures
of 190°C and 220°C.
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Gross calorific value

The GCV values of the test samples of thermally treated Scots pine wood and Sessile oak
wood compared to the non-treated samples are shown in Fig. 3. The results of the determination
of the GCV show different values between the non-treated samples of both wood species
as well as the effect of duration and temperature of the thermal treatment. Higher GCV value was
obtained for non-treated sample of Scots pine wood compared to Sessile oak wood. The difference
between these values was of 2916 J-g'l and it was caused by a different chemical composition
of investigated wood species. It was found that energy content of different wood components
varied depending on its elemental composition (Dietenberger and Hasburgh 2016, Geffertova
2009, Tillman 1978, White 1986). Lignin that is rich in carbon and hydrogen has a gross calorific
value about 23.2 - 27.4 MJ'kgl. For holocellulose that has higher oxygen content the GCV
in the range 17.5 - 18.8 MJ kg1 was found. The highest GCV values (about 32 — 37 MJkg™)
were found in extractives. In general, hardwoods contain more hemicelluloses than softwoods but
less lignin (Baeza and Freer 2001). Therefore the GCV of Sessile oak wood might be lower than
Scots pine wood. In addition, Scots pine wood is characterized by a high resin content, which also
increases its GCV. Other authors reported GCV values for Sessile oak of 19685 J-g1 and Scots
pine of 22360 J-g'! (Nosek and Holub¢ik 2016, Alakangas 2005).
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Fig. 3: Gross calorific value of Scots pine and Sessile oak wood.

Changes in GCV of Scots pine and Sessile oak wood caused by thermal treatment have
an opposite trend. During the thermal treatment of the Scots pine wood a downward trend
in GCV values with increasing temperature and treatment duration was observed. For sample
P160/3, the GCV decreased by 0.35%, for sample P160/9 by 1.30%, for sample P200/3 by 1.53%,
and for sample P200/9 by 2.93%, compared to non-treated Scots pine sample. On other hand,
the GCV values increase with increasing temperature and thermal treatment duration in
the case of Sessile oak wood. The GCV increase by 0.95% for sample O160/3, by 1.06% for
sample 0160/9, by 2.78% for sample O200/3 and by 4.61% for sample O200/9, compared
to non-treated Sessile oak wood.

The GCV values shown in Fig. 3 were determined at 0% moisture content. We chose these
conditions to make the results comparable to each other and not to be affected by the moisture
content factor. This is the worst scenario in terms of fire protection. In general, the GCV values
decrease with increasing moisture content. In practice, each wood product has a certain moisture
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content, which also applies to thermo-wood, but in the case of thermally treated wood, there
can be found the decrease in its equilibrium moisture content and consequently also decrease
in its swelling and drying. Compared to non-treated wood, thermally treated wood absorbs
significantly less moisture in the form of water vapor. The hygroscopic equilibrium moisture
of thermally treated wood is about 30-50% lower than any of other wood, including impregnated
wood. At a temperature of about 20°C, when the relative humidity of the air is about 60-70%,
the equilibrium moisture content of the thermally treated wood is about 6-7%. If the air relative
humidity rises to 80%, the equilibrium wood moisture content is about 8%. Thus, the moisture
content of thermally treated wood is about 6-8% (Reinprecht and Vidholdové 2011). Tab. 2 shows
the values of gross calorific value calculated to 8% moisture content.

Tab. 2 Resulting GCV at 8 % moisture content.

Sample Gross calorific value (J-g1)
P 20 418 +80.21
P160/3 20344 +93.83
P160/9 20153 +46.20
P200/3 20105 +85.54
P200/9 19 820 +73.65
O 17735 +42.57
0160/3 17910 +52.72
0160/9 17928 +18.66
0200/3 18 228 +91.10
0200/9 18 553 +28.38

It is known that chemical composition of wood varied due to its thermal treatment.
In our experiments chemical changes using ATR-FTIR spectroscopy were studied
(see Fig. 4 and Fig. 5).

In the Scots pine wood spectra, a decrease in the intensity of the typical absorption band
for resin acids at 1693 cm™ can be observed with increasing temperature and treatment duration.
Also, a decrease in peak intensity in the range of 3000-2800 cm, which is attributed to
the stretch vibrations of -CH in the -CH, and -CHj groups, may also be caused by the release
of resin acids from wood. Many authors (Ekeberg 2006, Traoré 2018) found that resin acids
are notable components in pine wood extractives. Furthermore, at the temperature of 200°C
and treatment time 9 h the decrease in intensity of characteristic peaks for aromatic skeletal
vibrations at wavenumber 1510 cm™ can be observed. This might be caused by degradation of
lignin and aromatic extractives. Although lignin is considered to be the most thermally stable
component of wood, some thermal degradation of lignin can occur at relatively low temperatures
(Hill 2006, Brebu and Vasile 2010). From aromatic extractives pine wood contains mainly
phenolic compounds, which cause darkening of wood in the light and have been implicated in
the decay resistance of pine wood and also stilbenes, especially pinosylvin (Fengel and Wegener
1984, Ekeberg et al. 2006). The decomposition of extractives due to thermal treatment contributes
to the mass loss. Because extractives have a highest GCV values from all wood components, their
decomposition and release from wood decreases the calorific value of thermally treated wood
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Fig. 4: FTIR spectra of non-treated and thermally treated Scots pine (Pinus sylvestris L.) wood.
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Fig. 5: FTIR spectra of non-treated and thermally treated Sessile oak (Quercus petraea L.) wood.

In the FTIR spectra of oak wood, the carbonyl peak at 1732 cm™ initially at the temperature
0f 160°C and the time 3 hrs mildly decreased. The decrease at the beginning of the heat treatment
might be due to the breaking of acetyl or acetoxy groups in xylan. However, at longer treatment
time and at the temperature of 200°C it markedly increased. Heating in air causes oxidation
of the hydroxyl groups resulting in an increase of carbonyl and subsequently of carboxyl
groups (Fengel and Wegener 1984). Furthermore, with increasing treatment severity, the shift
in a maximum from 1732 cm™ to 1720 cm™ was observed. This appearance also suggested that in
the wood components new carbonyl or carboxyl groups are formed (Esteves et al. 2013).

In the non-treated Sessile oak wood spectra the characteristic peak for aromatic ring
at 1505 cm™ can be observed. The maximum of mentioned peak shifts to 1514 cm
with increasing temperature and treatment duration. A similar trend was observed also

by Geffert et al. (2019) in the case of oak wood steaming. According to Faix (1991), this band
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has maximum at about 1505 cm for hardwood lignin and at about 1510 cm for softwood
lignin. Shifting the maximum of this peak to higher wavenumber can be due to the decrease
of the methoxyl groups in lignin which would lead to a lignin more similar to softwood or
to the loss of syringyl units. Syringyl monomers are generally less condensed by C-C bonds than
guaiacyl monomers and are more liable to be released by a thermal degradation (Faix et al. 1990).

The decrease in the intensity of absorption band at 1243 cm™ in spectra of oak wood suggests
that mainly at the temperature of 200°C the degradation of more labile hemicelluloses occurred.
The process begins with the partial degradation of long hemicellulose chains into shorter
ones and then follows with their decomposition through monosaccharides to volatile products
(Hill 2006). In accordance with the findings of other authors (Vybohova et al. 2018, Cabalové
et al. 2018) it can be assumed that the earlier degradation of hemicelluloses increases
the proportion of lignin in Sessile oak wood relatively. According to Sun et al. (2019) increase
of the relative content of lignin and extractives after degradation of hemicelluloses
by thermovacuum treatment of eucalyptus wood results in decrease in O/C ratio. Because
hemicelluloses have a low calorific value and lignin, on the other hand, a high calorific value,
GCYV values of Sessile oak wood increase due to degradation of hemicelluloses with increasing
temperature and time of thermal treatment.

CONCLUSIONS

The effect of thermal treatment under various process conditions (at temperatures
0f 160 and 200°C, duration of 3 and 9 hrs) on the gross calorific value of Scots pine (Pinus sylvestris
L.) and Sessile oak (Quercus petraca L.) wood were studied. The value of GCV of untreated Scots
pine wood was higher than in the case of Sessile oak wood. It is because softwoods contain more
lignin and resins than hardwoods and just these components increase the calorific value of wood.
The different composition of Scots pine and Sessile oak wood also influences their behaviour
during thermal treatment. With increasing temperature and thermal treatment duration,
the mass loss of both tree species increased but at 160°C the mass loss was higher for Scots
pine samples, while at 200°C for Sessile oak samples. Whereas the calorific value of Scots pine
wood with increased severity of treatment decreased, in the case of Sessile oak it increased.
Mentioned differences in Scots pine and Sessile oak wood behaviour using ATR-FTIR
spectroscopy were explained. In the case of Scots pine wood with increasing temperature and
time of exposure a decrease of resin acids was observed. The decomposition of these compounds
contributes to decrease in GCV. In the case of Sessile oak wood, mainly at temperature of 200°C
the degradation of hemicelluloses was observed that results in higher mass loss at this temperature.
Reducing the hemicelluloses content of the wood, the lignin content increases relatively, resulting
in an increase in the GCV.
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ABSTRACT

Bamboo filaments were treated with boric acid and borax (the mass ratio of 1:1,
the concentration of 20%) with four different treatment methods including atmospheric
immersion, cold and hot bath immersion, vacuum impregnation and vacuum-pressure
impregnation. The different treatment methods on the boron loading were analyzed and
the corresponding flame resistance of bamboo filaments were evaluated by the cone analysis.
The results showed that suitable treatment method with optimized processing indexes,
such as hot and cold bath immersion in the condition of 100°C/2 h and 20°C/2 h with 3 cycles,
was more credible to accelerate the percentages of boron loading in the bamboo filaments,
and the lowest result was found in the samples with vacuum impregnation. Compared to the
untreated samples, the heat and smoke release would be decreased significantly, especially for the
samples with the promising hot and cold treatment, and promising pressure treatment, attributed
to the more stable boron fixed in the bamboo filaments.

KEYWORDS: Bamboo, flame resistance, boron loading, flame-retardant treatment,
combustibility.

INTRODUCTION

As one of the most important substitutes for wood, bamboo has been widely used
in the fields of decoration, furniture and building materials due to its excellent mechanical
properties, short growth cycle, strong regeneration ability, longer fiber length, good elasticity
and superior carbon fixation ability (Verma et al. 2012, Subekti et al. 2018, Zhu et al. 2019).
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However, as one of the flammable substances, the combustibility of bamboo has become
the major obstacle for its utilization (Du et al. 2014, Zhou et al. 2018), for examples, once
the bamboo was ignited, the flame and toxic gases would fill in the whole room within
5 to 10 minutes (Zheng et al. 2019). As the result, it is critical to perform suitable flame-retardant
treatment to guarantee the application safety of bamboo-based materials (Zheng et al. 2016,
Li et al. 2018, Fang et al. 2020). However, the permeability of bamboo is very poor, which
is attributed to the vertical penetration mainly depending on the tube and screen (Kucerovd
2012, Yu et al. 2016), as the result, it is difficult to be treated with the flame retardants to reach
the suitable retention (Yong et al. 2013, Wen 2017). Many researches involving in the sample
pre-treatments and the flame-retardant treatment methods have been performed to improve
the retention in bamboo. The pre-treatments such as reducing the thickness of the samples,
selecting the suitable indexes of the flame retardants including the active ingredients, pH,
concentration, have obtained some promising results in some researches (Shu 2010, Li et al.
2011). Additionally, some other researchers have paid more attentions to modify the permeability
of bamboo by many physical and chemical measures, such as microwave treatment, pressure
treatment, freeze-drying treatment, extraction, etc. (Guan et al. 2013, Haase et al. 2018).
Xu et al. (2018) found that vacuum freeze-drying increased the porosity of bamboo to 73%,
and it had no obvious effect on the mechanical properties of bamboo. The ultrasonic treatment
of bleached and carbonized bamboo increased the surface free energy and improved the wettability
and permeability of bamboo (Huang 2017). In addition, hydrochloric acid (2%) hydrolysis and
ethanol extraction could also effectively improve the permeability of bamboo (Rao et al. 2013).

The direct and effective means to increase the flame-retardant retention are to perform
suitable flame-retardant treatment methods with appropriate processing indexes. Recently,
the widely used flame retardant treatment methods of bamboo in the industry could be
summarized as immersion and surface coating. The most commonly used immersion methods
include atmospheric immersion, hot and cold bath immersion and vacuum/and pressure
impregnation (Du et al. 2016, Yu et al. 2017). Surface coating is another convenient method for
bamboo flame retardant treatment. The flame retardant or flame-retardant coating is directly
sprayed or painted on the surface of bamboo materials or bamboo products to form a thinner
film, which can effectively obstruct the heat and oxygen from bamboo. However, the coating
film was so thin that the active flame-retardant gradients were limited, and it was vulnerable
to be damaged by mechanical force (Jin et al. 2015, Li et al. 2018).

In order to clarify the difference in the flame resistance of bamboo performed with
different treatment methods, four frequently used flame retardant treatment methods
including atmospheric immersion, cold and hot bath immersion, vacuum impregnation and
vacuum-pressure immersion were performed in this research, and based on the results, it was
conducted to determine the correlation between boron loading and flame resistance with different
treatment conditions as well as to obtain the suitable processing indexes with the promising
treatment method.

MATERIAL AND METHODS

Samples

Moso bamboo (Phyllostachys edulis (Carr.) H.de Lehaie) was taken from Hubei Province,
China. After air-drying, the moso bamboo was cut along the direction of the fiber to obtain the
bamboo splits, then to cut into the bamboo filaments. The filaments were stuck together with
non-woven fabric by a polyvinyl acetate adhesive and cut into small pieces with dimensions of
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100 mm (tangential) x 100 mm (longitudinal) x 1.5 mm (radial). Bamboo filaments with similar
weights were selected as the test samples. The mass fraction of boric acid and borax fire retardant
was 20%, and the ratio between boric acid and borax was 1:1.

Flame retardant treatments

Bamboo filaments were dried to constant weight in a drying oven at 60°C. Then bamboo
filaments were taken out and cooled to weight and recorded. Bamboo filaments were treated
with four different flame-retardant treatments including atmospheric immersion, cold and
hot bath immersion, vacuum impregnation and vacuum-pressure impregnation with different
processing indexes as showed in Tab. 1, and six repeated specimens were set in each treatment.
In the atmospheric immersion treatments, the bamboo filaments were immersed into the flame
retardant at 20, 60, and 100°C, respectively. In the cold and hot bath immersion treatments,
the bamboo filaments were first immersed in hot flame retardant at 100°C for 0.5, 1, and
2 h, respectively, and then replaced them into the cold flame retardant for 0.5, 1, and 2 h,
respectively. In the vacuum impregnation, the bamboo filaments were put into a beaker and
the flame retardant was introduced into the beaker to immerse the samples at room temperature
by the vacuum pressure (-0.1 MPa). In the vacuum-pressure impregnation, the bamboo filaments
were put in a closed vacuum pressurized tank, which was vacuumed to -0.1 MPa for 30 min, and
introduced the flame retardant to the tank, then pressurized to 0.8 MPa for 1 h. After different
flame-retardant treatments, then bamboo filaments were dried to constant weight in a drying
oven at 60°C. The specimens would be treated with the same recycle for 1 to 4 cycles.

Tab. 1: Fire retardant immersion conditions for bamboo filament.

Treatment method Temperature Treatment Vacuum Pressure Treatment
{: C) duration (h) (MPa) (MPa) cycles

Atmospheric immersion 20, 60, 100 2

Cold and hot bath immersion 20,100 0.5,1,2 1234

Vacuum impregnation 20 1 -0.1 e

Vacuum-pressure impregnation 20 1 -0.1 0.8

Percentages of boron loading (BL) in the samples were calculated using Eq. 1:

w,-w,
BL =—2—1x100% 1)
W
where: W1 and W2 are the weights of each specimen before and after the flame-retardant
treatment.

Combustibility by cone calorimeter

After different flame-retardant treatments, the bamboo filaments were dried to constant
weight in a drying oven at 60°C. The combustibility of the samples with the highest boron
loading in each flame-retardant treatment method were selected and evaluated by a cone
calorimeter according to ISO 5660 (2002). Six specimens with the same treatment condition were
prepared with dimensions of 100 x 100 x 1.5 mm, and placed horizontally under a cone heater
with a heat flux of 50 kW-m2. A stainless-steel cover with an opening of 0.0088 m?2 on the upper
part was attached. The data was recorded by a computer on a second basis.
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RESULTS AND DISCUSSION

Effects of different treatment methods on boron loading
Atmospheric immersion

As showed in Fig. 1, the immersion temperature played a significant effect on the percentages
of boron loading in the bamboo filament. At ambient temperature (about 20°C), the percentages
of boron loading were less than 8%, however, when the temperature was up to 100°C, it could
reach more than 14% in all the samples with different treatment cycles.

18 Olcycle DO2cycles DO3cycles B4 cycles
16 _I_

u f T B i En
12
10

Percentage of boron loading%

S L Bk O »

100°C

20°C 60°C
Temperature/°C

Fig. 1: Effect of different atmospheric immersion treatments on the boron loading of bamboo filaments.

Additionally, the treatment cycles of the flame-retardant treatments also had a certain effect
on the boron loading. However, it was not the more, the better, and the maximum boron loading
was observed in the samples with 2 cycles of immersion treatments, which was attributed to that
too many treatments would increase the leaching risk of the flame retardants during treatment.
In the atmospheric immersion, the maximum percentage of boron loading was observed in
the samples treated at 100°C for 2 h with 2 cycles of treatments, and it could reach 15.72%.

Hot and cold bath immersion

As showed in Fig. 2, hot and cold bath immersion was more favorable to increase the boron
loading of bamboo filaments than atmospheric immersion, and the percentages of boron loading
of all the samples were above 14%. In the hot and cold bath immersion, the processing duration
and the cycles of cold and hot bath immersion played significant effects on the boron loading
of bamboo filaments. The similar results could be observed that the increase of treatment cycles
was not always conducive to improve the boron loading of bamboo filament, and the boron
loading in all the samples with four cycles of treatments began to decrease. In cold and hot bath
treatment, the better results were observed in the samples treated with twice or three cycles
of treatments. The maximum percentages of boron loading in the same treatment condition with
different treatment cycles were showed in Tab. 2. It could be seen that the duration of hot bath
immersion was not as obvious as cold bath immersion on the boron loading of bamboo filaments,
and the percentages of boron loading changed slightly as the hot bath immersion increased in
the same cold bath immersion. The results indicated that the extension of cold bath immersion
was the key factor to increase the boron loading of bamboo filaments in the cold and hot bath
immersion, because during the hot bath immersion, the thinner bamboo filaments could remove
the internal air in a very short time to achieve the vacuum state, as the result, the samples could
quickly become saturated with the flame retardant. The boron loading of bamboo filament
increased obviously with the extension of the cold bath immersion, which was due to the slow
absorption rate of the cold flame-retardant immersion.
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Fig. 2: Effect of different cold and hot bath immersion treatments on the boron loading of bamboo
Sfilaments.

The maximum percentages of boron loading in the same treatment condition with different
treatment cycles were showed in Tab. 2. It could be seen that the duration of hot bath immersion
was not as obvious as cold bath immersion on the boron loading of bamboo filaments, and
the percentages of boron loading changed slightly as the hot bath immersion increased
in the same cold bath immersion. The results indicated that the extension of cold bath immersion
was the key factor to increase the boron loading of bamboo filaments in the cold and hot bath
immersion, because during the hot bath immersion, the thinner bamboo filaments could remove
the internal air in a very short time to achieve the vacuum state, as the result, the samples could
quickly become saturated with the flame retardant. The boron loading of bamboo filament
increased obviously with the extension of the cold bath immersion, which was due to the slow
absorption rate of the cold flame-retardant immersion.

Tab. 2: Effects of different cold and hot bath immersion treatments on the maximum boron loading of the
bamboo filaments.

20°C
Treatment conditions 05h b 2h
0.5h 16.21 (0.95) 17.35 (0.72) 18.55 (1.29)
100°C 1h 15.45 (1.02) 17.45 (1.99) 17.36 (1.27)
2h 16.73 (1.53) 17.37 (1.27) 19.16 (0.78)

Vacuum impregnation

Percentages of boron loading in the bamboo filaments with vacuum impregnation were
showed in Fig. 3. It can be seen that the treatment cycles played an obvious role in the vacuum
impregnation. The percentage of boron loading of bamboo filaments with two cycles were
the highest and it could reach 10.54%, which was significantly lower than those with cold and

hot bath immersions. The reason was mainly caused by the lower negative pressure generated
by the vacuum.
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Fig. 3: Effect of different vacuum impregnation cycles on the boron loading of bamboo filaments.

Pressure impregnation

Due to the limitation of pressure equipment, only the effect of different flame-retardant
impregnation cycles on the boron loading of bamboo filaments were investigated in this study. As
shown in Fig. 4, the percentages of boron loading were increased insignificantly with the flame-
retardant cycles increased, and it could be up to 15.52% in the samples with 4 cycles of pressure
impregnation. The result demonstrated that the flame retardant could have more opportunities
to penetrated into bamboo filaments with the favor of higher pressure.
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Fig. 4: Effect of different pressure impregnation cycles on the boron loading of bamboo filaments.

Combustibility analysis
Heat release analysis

The heat release rates (HRR) and the total amounts of heat release (THR) for the bamboo
filaments with different flame-retardant treatments are shown in Figs. 5a,b.

Compared with untreated samples, different flame-retardant treatments could effectively
reduce the HRR during the whole combustion process, which indicated that boric acid/borax
could effectively block heat and oxygen by the thin layer of melting primevally to reduce
the rate of heat release during combustion process, which was similar with other research that
boron based complexes had excellent flame retardant performance (Li et al. 2018). However,
the difference in the samples treated with these four flame retardant treatment methods
respectively were very obvious. At 0-35 s, the HRR of bamboo filaments treated by cold and hot
bath were the lowest among all the samples, while at 35-45 s, the HRR of bamboo filaments
treated by pressure decreased sharply. The results that the samples with higher boron loading
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or/and suitable treatment were both important to reduce the heat release during combustion
process, which was also proved by the results observed in the whole process of combustion
that the samples with the vacuum treatment had the worst flame retardance, while the HRR
in the samples with hot and cold bath immersion and pressure impregnation were decreased
significantly.
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(a) Heat release rate. (b) Total heat release.

Fig. 5: HRR curves of bamboo filaments with different treatments.

As observed from Fig. 5b, the process of bamboo filament combustion can be divided
into three stages according to the change of heat release: early stage of combustion (0-25 s),
middle stage of combustion (25-45 s) and final stage of combustion (45-75 s). In the early stage,
the THR of all the treated samples were lower than those in the untreated samples, but the difference
in THR among different flame-retardant treatments could be negligible. In the middle stage,
the flame-retardant treatments had a significant different effect on the THR of bamboo
filaments, which seemed that the best flame resistance were observed in the samples with hot
and cold immersion, followed by pressure impregnation. At the final stage, the THR of all
the bamboo filaments increased gently. From the whole combustion process, the bamboo
filament treated by immersion, cold and hot bath, vacuum and pressure flame retardant decreased
by 36.94%, 44.01%, 31.67% and 40.65%, respectively, which also demonstrated that cold and
hot bath immersion and pressure impregnation were suitable treatment methods for bamboo
filaments.

Smoke release analysis

The total smoke release (T'SP) of bamboo filaments treated with different flame-retardant
treatments was showed in Fig. 6. It can be seen that the TSP in all the treated bamboo
filaments was significantly reduced. Compared to the untreated samples, TSP in the bamboo
filaments treated with immersion, cold and hot bath, vacuum and pressure flame retardant
could decreased by 91.30%, 89.49%, 83.93% and 89.67%, respectively. Except for the slightly
higher smoke emission of vacuum treated bamboo filaments, the other flame-retardant treated
bamboo filaments had excellent smoke inhibition, while the difference among different treatment
methods were very slight. This result further proved that the reasonable flame retardant was
essential to reduce the smoke emission caused by the combustion of bamboo.
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Fig. 6: TSP-time curves of bamboo filament with different treatments.

The average amount of smoke release from per mass (ASEA) and the toxic gases of
CO and CO, yield in the bamboo filaments during the combustion process were showed in
Tab. 3. As observed, compared to the untreated samples, different flame-retardant treatments
could significantly reduce the ASEA value of all the treated samples. Bamboo filaments
treated by immersion, cold and hot bath, vacuum and pressure flame retardant would decrease
by 86.90%, 73.66%, 65.68% and 77.21%, respectively. The results indicated different flame
retardants would change the thermal decomposition process of bamboo filaments and affect
the visible smoke production of bamboo filaments, and just as other researchers showed the smoke
release were changed to some flame-retardant gases such as NH; and CO, (Wang et al. 2004,
Zhang et al. 2018).

Tab. 3: Smoke production parameters with different flame-retardant treatments.

o Atmospheric Cold and hot Vacuum Pressure
Smoke emission parameter Untreated . . . . . .
immersion bath impregnation immersion
ASEA/ (m2+kg1) 85.84 11.25 22.61 29.46 19.57
Average CO yield / (kgekg!) 0.1455 0.0527 0.0715 0.0667 0.0669
Average CO, yield / (kgekg'!) 3.6101 2.0914 1.9516 1.6827 2.2654

As Tab. 3 showed, compared to the untreated samples, bamboo filaments treated with
different flame-retardant treatments had significantly reduced the CO and CO, production
rates, which was mainly due to the fact that during the dehydration reaction, the volatile products
during the combustion contained less CO, and more water. It seemed that different flame-
retardant treatment methods had slight effect on the CO and CO, yield compared with the value
of ASEA.

CONCLUSIONS

Because of the poor permeability of bamboo, it is essential to perform some modifications
to improve the flame retardant of bamboo. Different flame-retardant treatments including
atmospheric immersion, cold and hot bath immersion, vacuum impregnation and vacuum-
pressure impregnation had obvious difference in the boron loading of bamboo filaments
attributed to the permeability modification difference. Suitable treatment method with
optimized processing indexes including treatment duration, temperature and cycles was more
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propitious to increase the percentages of boron loading in the bamboo filaments, which was also
demonstrated the reasonable conditions for improving the permeability of bamboo. Compared
to the untreated samples, the indexes of heat and smoke were reduced dramatically in all the
boron-treated bamboo filaments during the combustion process, and would be affected by the
flame treatment methods. These improvements were attributed to the permeability of the flame
retardants into bamboo. Generally, the samples with the vacuum treatment had the worst heat
suppressibility, while the samples with hot and cold bath immersion and pressure impregnation
had better performance, which was also attributed to the significant permeability difference
of flame retardants into bamboo. The similar results were also observed in the ASEA values,
however the effects of different treatment methods on the CO and CO, yield were not obvious.
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ABSTRACT

This research aimed to characterize the wood species Goiabdo (Planchonella pachycarpa),
following the precepts set forth in the Brazilian standard ABNT NBR 7190, as well as to
evaluate the possibility of estimating physical and mechanical properties, using the analysis
of variance (ANOVA) as a function of apparent density, and also to estimate the stiffness
properties as a function of the respective strength property. The physical and mechanical
properties were considered adequate for the use of this wood for structural purposes, being
classified in class C40. According to the results of the regression models, it is possible to estimate
the tensile strength parallel to the fibers as a function of the apparent density. It was also possible
to estimate the longitudinal elastic modulus in the compression parallel to the fibers as a function
of the compressive strength parallel to the fibers.

KEYWORDS: Planchonella pachycarpa, apparent density, regression models, analysis of variance
(ANOVA).

INTRODUCTION

Considering that wood is a natural material, subject to different edaphoclimatic conditions
(Lahr et al. 2016c, Silva et al. 2018, Morando et al. 2019) and that Brazil is the country
with the largest number of tree species (Beech et al. 2017, Steege et al. 2016, ter Steege et al.
2019). The characterization of new species of wood must also be carried out so that there is no
predatory use of known species, which can lead them to extinction (Cardoso et al. 2012, Couto et
al. 2018, Nogueira et al. 2019). Thus, the species Planchonella pachycarpa can be an alternative for
use with structural purposes. This species is present in the Brazilian states of Para, Mato Grosso,
Amazonas (Lorenzi 1998).

In Brazil, the characterization of wood species for structural use, as well as the requirements
for dimensioning and classification of wood are recommended by the Brazilian standard ABNT
NBR 7190 (ABNT 1997), on specimens with no defects. The characterization tests are analogous
to those recommended in the international standard ISO 13061 (2017). An alternative to estimate
physical and mechanical properties in a simple and effective way with the use of mathematical
methods is to use the apparent density, defined as the ratio between mass and apparent volume
at 12% moisture content, a property of easy experimental determination (Christoforo et al. 2017,
Couto et al. 2018, Dias and Lahr 2004, Lahr et al. 2016¢, Lobio et al. 2004).

In the design of wooden structures, such as bridges, roofs, walkways and residences, rigidity
properties are used, as well as strength properties. How obtaining those properties requires
a higher level of complexity in the equipment compared to obtaining the strength properties
(Dadzie and Amoah 2015, Komariah et al. 2015, Logsdon et al. 2005, Machado et al. 2014,
Ruelle et al. 2011), it is important to evaluate the possibility of estimating the stiffness properties
as a function of the respective strength property.

Thus, this work aimed to present the physical and mechanical characterization of the wood
species Planchonella pachycarpa, a wood species in which there are no studies in the literature.
In addition to characterizing, this study aimed to evaluate the possibility of estimating
physical and mechanical properties as a function of apparent density, rigidity properties as
a function of the respective strength property, as well as evaluating the relationships between
the strength properties and comparing with the arranged relationships in the Brazilian standard

ABNT NBR 7190 (ABNT 1997).
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MATERIAL AND METHODS

The samples of Planchonella pachycarpa wood were properly stored, which resulted
in equilibrium moisture content close to 12% according to ABNT NBR 7190 (1997). The tests
were performed at the Laboratory of Wood and Wood Structures (LaMEM), Department
of Structural Engineering (SET), Sio Carlos School of Engineering (EESC), University
of Sio Paulo (USP). The physical and mechanical properties were obtained in accordance
with the requirements of the Brazilian standard ABNT NBR 7190 (1997), set out in its
Annex B, determining the following physical and mechanical properties: apparent density
(pap’u%), total radial shrinkage (TRR), total tangential shrinkage (T'TR), compressive strength
parallel to the grain (fy), tensile strength parallel to fibers (f,y), tensile strength normal
tothegrain(f,g(), shearstrengthparalleltothegrain(f,), splittingstrength (f;,), conventionalstrength
on static bending test (f,,), modulus of elasticity in parallel directions to the grain (Ey), modulus
of elasticity in tension parallel to the grain (E), conventional modulus of elasticity on static
bending test (E ), hardness parallel to the grain (ffo), hardness normal to the grain (fiy9,) and
toughness (W). On Fig. 1, it is described the dimensions of wood specimens.

i
60 60
Fig. 1: Dimension of wood specimens and description of their extraction on timber (Dimension in mm).

Source: Morando et al. (2019).

It should be noted that 15 values for each one of its physical (3) and mechanical properties
(12) were investigated, resulting in 225 experimental values obtained. Planchonella pachycarpa
wood was classified in the appropriate strength class (ABNT 1997) according to the characteristic
value of the compressive strength parallel to the fibers (fCO,k)'

The classification of Peltophorum wvogelianum wood in the strength classes for wood
of the dicotyledon group was made using Eq. 1, where f} is the characteristic strength value and
n is the number of test pieces used. It should be noted from Eq. 1 that the results of strength
should be placed in ascending order f; < f, < ... < f, ignoring the highest value if the number of
specimens is odd, and not taking f} below f; nor 0.70 of the average value:

Nt Lttt S
(n12)—1

Jeok :(2 _fn/ZJ'l'lo (D
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Regression models (Egs. 2-5) based on analysis of variance (ANOVA) were used to estimate
the strength and stiffness properties as a function of the apparent density of the wood and also
the stiffness as a function of strength, with Y being the estimated property (variable dependent),
X the independent variable and b and the parameters adjusted by the Least squares method:

Y=a+b-X [Lin - linear] .
b

Y=a-¢ X [Exp - exponential] ®

Y=a+ ZZ -Ln(X) [Log - logarithmic] @

Y=a X [Geo - geometric] ®

By the ANOVA of the regression models, it is considered at the level of 5% of significance
(), the null hypothesis formulated consisted of the non-representativeness of the tested models
(Hy B = 0) and in the representativeness as an alternative hypothesis. P-value higher than
the significance level implies the acceptance of H, (the model is not representative - the variations
of the independent variable are not able to explain the variations in the estimated properties),
refuting it otherwise (the tested model is representative). The determination coefficient (R?)
was used to assess the quality of the adjustments obtained, making it possible to choose the best
precision for each evaluated relationship. It should be noted that 56 regression models were used
for density as an estimator of the fourteen other variables (including physical properties TRR
and TTR), and 16 other models for strength properties as estimators of stiffness, which resulted
in 72 equations in all.

RESULTS AND DISCUSSION

Tab. 1 presents the average values (X,,), coefficients of variation (C,), maximum values
(Max) and minimum values (Min), the confidence interval of the mean (CI - 95% reliability)
of the physical and mechanical properties of the wood. of Goiabdo wood species, as well as
the characteristic values of the mechanical properties.

Tab. 1: Descriptive statistics of experimentally obtained values for wood species Planchonella pachycarpa.

Property X Min Max CV (%) CI -
P lgem™) | 0.93 7.00 0.80 7.00 0.88;0.97 -
TRR (%) 8.90 15.00 6.90 15.00 8.08;9.71 -
TTR (%) 18.84 9.00 15.60 9.00 17.81; 19.86 -
£,y (MPa) 48.40 12.00 41.00 12.00 44.58;52.21 43.10
fo (MPa) 119.33 30.00 66.00 30.00 97.10; 141.57 70.13
f.90 (MPa) 870 | 2200 | 5.0 22.00 7.49;9.91 5.79
f,0 (MPa) 14.00 15.00 11.00 15.00 12.72;15.27 12.14
fg (MPa) 1.16 26.00 0.90 26.00 0.97;1.35 1.01
i (MPa) 106.50 12.00 84.00 12.00 99.14; 113.85 91.12
E., (MPa) 18716 15.00 13501 15.00 16982; 20449 -
E,, (MPa) 18267 17.00 11468 17.00 16294; 20240 -
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Ey (MPa) 18367 16.00 14361 16.00 16488; 20245 -
fiyo (MPa) 109.67 6.00 93.00 6.00 105.86; 113.48 114.56
fi190 (MPa) 100.00 8.00 81.00 8.00 94.91; 105.09 104.04
W (N-m) 21.09 20.00 12.90 20.00 18.48; 23.69 -

Considering the characteristic value of the compressive strength parallel to the f
(43 MPa) fibers of Planchonella pachycarpa wood, this wood is classified as C40 of dicotyledons, the
same class of wood species Erisma uncinatum (Almeida et al. 2019), Vataireopsis araroba (Almeida
et al. 2016), Vatairea sp. (Lahr et al. 2016a), Mimosa caesalpiniacfolia (Nascimento et al. 2018)
and Copaifera sp. (Aquino et al. 2018a), wood species used for structural purposes (ABNT 1997).
Considering the data in the literature, the value of compressive strength parallel to Goiabdo
fibers is close to that found by Dias and Lahr (49 MPa) (Dias and Lahr 2004), a value close
to that found in the present work. The Goiabio wood species can be considered very heavy
(pap,lz% = 092 g.cm3) (Dias and Lahr 2004), with density similar to the species
Manilkara huberi and Mezilaurus itauba (Silveira et al. 2013).

Evaluating the values of the coefficients of variation, the Brazilian standard
ABNT NBR 7190 (ABNT 1997) establishes that the maximum value of the coefficient
of variation for the characterization if considered adequate, that is, to have statistical significance
without further analysis, must be 18% for normal efforts and 28% for tangential efforts.
The tensile strength parallel to the grain (f;) property presented a value above that allowed
by norm. This may occur due to the inherent variability in the tensile strength test parallel
to the fibers (Christoforo et al. 2020, Pertuzzatti et al. 2018), as well as the shape of
the rupture, in which it is fragile, as well as the rupture plane in the tested specimen, which can
be explained by internal anatomical structure, which demands more studies on such a rupture
(Morando et al. 2019). Tab. 2 presents the best adjustments obtained using regression models for
the apparent density in the estimation of the other properties, underlining the models considered

significant by ANOVA (5% significance).

Tab. 2: Regression models based on apparent density as an estimator of the other properties.

Property | Regression model (ANOVA) P-value a b R2 (%)
TRR Logarithmic 0.4200 8.61 -4.35 6.60
TTR Linear 0.7518 21.03 -2.34 1.05
foo Exponential 0.2584 26.80 0.62 12.55
fio Exponential 0.0001 2.83 3.93 81.21
fiog Logarithmic 0.3558 9.18 7.20 8.57
f.0 Geometric 0.3696 13.31 -0.59 8.11
o Linear 0.2681 -0.24 1.49 12.09
fu Geometric 0.2604 109.91 0.58 12.46
fho Linear 0.8716 105.29 4.65 0.27
{90 Geometric 0.6216 98.50 -0.18 2.53
w Exponential 0.3653 46.49 - 0.86 8.25
Eo Geometric 0.2345 19459.84 0.74 13.80
Ey Geometric 0.0136 20118.27 1.68 47.14
Eum Geometric 0.0801 19453.19 1.02 27.48

The apparent density was considered significant only in the estimate of the tensile strength
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parallel to the fibers (f,,) (R* = 81.21%) and longitudinal elastic modulus in the tensile parallel
to the fibers (E,,) (R* = 47.14%), with the exponential and geometric models of best fit for
these properties, respectively. Fig. 2 illustrates the two regression models considered significant.
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(a) (b)

Fig. 2: Graph of the density models as an estimation of the tensile strength (a) and of the longitudinal

elastic modulus in the tension (b).

Observing the adjustments considered significant shown in Tab. 3, it can be considered
that it is possible to use the apparent density as an estimator of the tensile strength parallel
to the fibers due to the high value of the coefficient of determination, with good quality
in the adjustment (R? > 70%). However, for the tensile modulus it is not possible due
to the poor quality of the fit. In several works in the literature it was not possible
to find significant relationships between physical and mechanical density and property
(Aquino et al. 2018b, Christoforo et al. 2019, Lahr et al. 2016b, Montgomery 2012,
Morando et al. 2019, Nogueira et al. 2019).

Tab. 3 illustrates the best adjustments obtained in the estimation of the stiffness properties
as a function of the respective strength property.

Tab. 3: Regression models for estimating stiffness properties as a function of strength properties.

Property| Regression model (ANOVA) | P-value a b Expression R2 (%)

E,  [Logarithmic 0.0001 |-57362| 19644 |E o =a+b-In(f,)) | 7913
b

E, Geometric 00179 | 2638 | 040 |E, 9 =a- fro 44.41

Ey  [Logarithmic 0.6964 | 4600 | 2954 |Ey, =a+b-In(f,)| 159

Considering the data in Tab. 3, it appears that the models using the modules of longitudinal
elasticity to parallel compression and parallel traction were significant. Based on the quality
of the fit, the resistance to parallel compression can be used to estimate the elasticity module
to compression parallel to the fibers (R* > 70%). As for the longitudinal elastic modulus
in traction, this is not possible due to the poor quality of the fit. In the literature, Guarucaia
wood specie did not present significant models for estimating the rigidity property as a function
of the respective strength (Christoforo et al. 2019). Fig. 3 shows the models considered significant.
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Fig. 3: Graph of the strength (compression and tension parallel to the grain) models as an estimation
of the longitudinal elastic modulus on compression (a) and of the longitudinal elastic modulus in the
tension (b).

CONCLUSIONS

Based on the results presented in the present research, it is concluded that the characterization
of the species Planchonella pachycarpa was adequate, following the precepts presented
in the Brazilian standard ABNT NBR 7190. The Goiabdo species was classified in class
C40 of the hardwoods, based on the characteristic value of the compressive strength parallel
to the fibers (ABNT 1997). This classification indicates the possibility of using Goiabio wood
species for structural purposes. Evaluating the significant regression models, the apparent
density can be used to estimate the tensile strength parallel to the fibers as well as to estimate
the longitudinal elasticity module to the compression parallel to the fibers as a function
of the compressive strength parallel to the fibers. The models showed good quality in the fit,
which shows the possibility of use.
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ABSTRACT

The porosity and pore size distribution of recent and ancient buried Phocbe zhennan
are studied in this paper by means of mercury intrusion porosimetry. The results show that
the micropore and mesopore diameters of recent and buried wood are mainly distributed
in range of 40.3 nm and 183.1 nm respectively, while the macropore in 45276.6 nm and
3503.9 nm separately. For both samples, the pores with diameters below 349.9 nm account for
about 60% of the total intrusion volume, and contribute more than 98% of the surface area. The
cumulative pore area of recent wood is slightly greater and the pore diameter ranges from 50.3 nm
to 349.9 nm. While the cumulative pore area of buried wood is significantly larger than and
the pore diameter ranges until 50.3 nm. These results can provide information for further
investigations on the sorption behaviour and the liquid permeability of ancient buried wood.

KEYWORDS: Porosity, pore structure, Phoebe zhennan, ancient buried wood, mercury intrusion
porosimetry.

INTRODUCTION

Buried wood refers to dead wood that is more than 50% buried by soil, garbage or ground
vegetation through natural disasters such as landslides and river deposits or through excessive
growth of ground vegetation (Jianyi et al. 2019, Moroni et al. 2015). The buried wood often
persists many centuries (Boutelje and Bravery1968, Kim 1987, 1990) or even thousands of
years (Hedges et al. 1985, Hoffmann et al. 1986, Liyama et al. 1988, Meyers et al. 1980).
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The process of wood burial appears to occur mainly through two mechanisms (Moroni 2015),
rapid burial through catastrophic events such as landslides and fluvial deposition (Eden 1967)
or gradual burial of downed deadwood through litter deposition and overgrowth by ground
vegetation (Dynesius et al. 2010, Hagemann et al. 2010a, Moroni et al. 2010). Buried wood
has different physical and chemical property from that of recently cut wood. The effect of time
on the buried wood caused hemicelluloses degradation and a decrease in the crystallinity index and
the crystallite length, resulting in an increase in the proportion of amorphous zones (Esteban
et al. 2006). Because of this, the equilibrium moisture contents of the buried wood are higher
than of the recent wood, both in adsorption and desorption (Esteban et al. 2008). In terms
of the thermodynamic properties, the heat involved is greater in the buried wood than
in the recent wood (Esteban et al. 2009).

Buried Phoebe zhennan (family: Lauraceae, category: Phoebe) wood is precious for its
beautiful color and pattern, light fragrance, and is widely used in costly furniture manufacturing,
handicraft carving and other fields. However, the ancient buried P. zhennan wood is hard
to dry and easy to crack, which affects its processing and utilization. The deformation and drying
characteristics of buried wood are related to its internal structural characteristics, especially
the porosity and pore size distribution. At present, the researches on pore size distribution of wood
and wood-based products by mercury intrusion porosimetry are studied (Zauer et al. 2014, Pfriem
et al. 2009, Plotze and Niemz 2011, Gigac et al. 2017). But the study on the pore characteristics
of ancient buried wood is rarely reported. The aim of this research is to study porosity and pore
size distribution of recent and ancient buried P. zhennan, which can provide useful information,
particularly on the liquid permeability, and supply technological characteristics in its industrial
processing.

MATERIAL AND METHODS

Recent and ancient buried P. zhennan were both provided by a wood company located
in Chengdu, Sichuan Province, China. The samples were obtained from an 80-year old P.
zhennan tree that had been buried for approximately 1500 years, dating by means of conventional
radiocarbon, Carbon-14 (14C), radiocarbon dating. Recent samples were obtained from an
86-year old living tree. Both wood samples were placed in room temperature about 20°C
conditions for air drying.

Mercury intrusion porosimetry

Porosity and pore size distribution of wood were tested by mercury injection apparatus
(AutoPore IV 9500). The samples, with dimensions of 20 x 10 x 10 mm (longitudinal x tangential
x radial), were cut by scroll saw from both woods.

Samples were immersed in non-wetting mercury, and measurements were then conducted
by two processes of low and high pressure to increase the pressure steadily from 0 to 400 MPa.
Mercury progressively intruded into smaller voids under the increased pressure. The pore volume
could then be derived from the quantity of the intruded mercury. The pore size distribution can
be determined according to Eq. 1 (Washburn 1921):

de- 4ycos 6 O

p

where: d - pore diameter, p - pressure, y - surface tension of mercury (0.48 N.m-1), 0 - wetting

angle of mercury (141°) (Junghans et al. 2005).
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RESULTS AND DISCUSSION

The results of the mercury intrusion porosimetry measurements for recent and ancient buried
P. zhennan samples are showed in Tab. 1.

Tab. 1: Mercury intrusion porosimetry fest results of recent and ancient buried P. zhennan samples.

Phoebe zhennan Total Total | Median | Median | Average | Bulk | Porosity
intrusion | pore area | pore pore pore |densityat| (%)
volume | (m2g?1) | diameter | diameter | diameter | 0.43 psia
(mL-g 1) (volume) | (area) (4V/A) | (g.cm™3)
(nm) (nm) (nm)
Ancient buried P zhennan 1.0909 65.44 113.7 34.7 66.7 0.521 56.812
Recent P, zhennan 0.9678 25.95 255.2 55.2 149.2 0.577 55.841

The bulk density (at 0.43 psia) of the buried wood is lower than that of the recent, which
may be due to the degradation of cellulose and hemicellulose, so the porosity and total intrusion
volume of buried wood are larger (Schniewind 1990). However, the median pore diameter
(volume), median pore diameter (area), average pore diameter (4 V/A) of the buried wood are
significant lower, indicating that most of the pore in the buried wood is smaller, which caused
the total pore area of buried wood is more than 2.5 times larger than that of the recent wood.

Log differential intrusion versus pore diameter of recent and ancient buried P. zhennan
are showed in Fig. 1. According to the pore size distribution, four pore size classes could be
distinguished: macropores (58 pm - 0.5 pm), mesopores (500 nm - 80 nm), and micropores
(80 nm - 1.8 nm) (Pl6tze and Niemz 2011). There are two obvious peaks of recent P. zhennan,
and the corresponding pore diameter of the two peaks are 45376.6 nm and 183.1 nm. The pore
structure of vary structural in hardwoods are showed in Tab. 2 (Butterfield 2006, Stamm 1972,
Stamm 1967). It can be seen from the data in the Tab. 2, the pore with diameter of 45376.6 nm
is mainly from vessels, while the pore with diameter of 183.1 nm are mainly from pit membranes
of bordered pits. Compared with recent P. zhennan, the peak of ancient buried P. zhennan
moves in the direction of small pore diameter and the corresponding pore diameter of vessels are
3503.9 nm and 7244.9 nm, which due to the cell wall of buried wood were obviously compressed
and more natural mineral deposits were deposited inside the vessels cavities of the buried wood
(Jianyi et al. 2019). The pore diameter of ancient buried P. zhennan microcapillary (vessels, cavities
of fibers, pit chamber apertures, pit apertures) are smaller than that of the recent P. zhennan,
which reduces the gas and liquid permeability of the ancient buried P. zhennan, and results
in water movement, adhesive penetration in ancient buried P. zhennan wood difficult.
The corresponding pore diameter of pit membranes is 40.3 nm, which due to pit membranes were
blocked by natural mineral deposits adhered in cell wall of the buried wood.

Tab. 2: Pore structure in hardwoods.

Structural elements Diameter Pore shape

Vessels 20 ~ 400 pm Tubular

Cavities of fibers 10 ~ 15 pm Tubular

Pit chamber apertures of bordered pits 4 ~ 30 pm Ink bottle-like

Pit apertures of bordered pits 400 nm ~ 6 pm Tubular

Pit membranes of bordered pits 10 nm ~ 8 pm Polygonous spaces

Cell wall (dried) 2 ~100 nm Slite-like, cylindric, slite-like and cylindric
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Fig. 1: Log differential intrusion versus pore diameter of recent and ancient buried P. zhennan.

Fig. 2 and Fig. 3 show the cumulative pore volume (CPV) and percentage of intrusion
volume (PIV) versus pore diameter of recent and ancient buried P. zhennan. Fig. 2 indicates
that the CPV and PIV of recent P. zhennan is greater than that of ancient buried P. zhennan
in the pore diameter range from 3224.5 nm to 60385.8 nm, which are mainly from vessels,
cavities of fibers, pit chamber apertures, pit apertures from the data shown in Tab. 1, and it shows
a similar phenomenon in Fig. 3 for the increase of percentage of intrusion volume.

Fig. 2: Cumulative pore volume versus pore diameter of recent and ancient buried P. zhennan.

Fig. 3: Percentage of intrusion volume versus pore diameter of recent and ancient buried P. zhennan.
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The reason is the cell wall of buried wood were obviously compressed and more natural
mineral deposits were deposited inside the vessels and fibers cavities of the buried wood,
blocking the vessels, cavities of fibers, pit chamber apertures and pit apertures (Jianyi et al. 2019).
The compression of cell wall and deposition of the natural mineral lead to the pore diameter
range from 349.9 nm to 3224.5 nm of ancient buried P. zhennan is more than that of the recent
P. zhennan, so the CPV and PIV of recent P. zhennan is less than that of ancient buried
P. zhennan in the pore diameter range from 349.9 nm to 3224.5 nm. The pore diameters range
from 40.3 nm to 349.9 nm are mainly from pit membranes, the pit membranes of ancient buried
P. zhennan were blocked by natural mineral deposits, so the CPV and PIV of ancient buried
P. zhennan in this pore diameter range is less than that of recent P. zhennan. The pore diameters
less than 40.3 nm are micropores in cell wall, the CPV and PIV of recent P. zhennan is more
than that of ancient buried P. zhennan in this pore diameter range. This due to the microstructure
of buried wood is destroyed after the transformation of the natural environment, causing a small
amount of cellulose or hemicellulose to be degraded, which leads to the micropores in the cell wall
of buried wood is more than that of the recent one (Jianyi et al. 2019).
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Fig. 4: Cumulative pore area versus pore diameter of recent and ancient buried P. zhennan.

Fig. 4 shows the cumulative pore area versus pore diameter of recent and ancient buried
P. zhennan. It can be known from Fig. 3 and Fig. 4, for both recent ancient buried P. zhennan
samples, the pores with diameters below 349.9 nm account for about 60% of the total intrusion
volume, and contribute more than 98% of the surface area, while the pores with diameters above
349.9 nm account for about 40% of the total intrusion volume, and contribute less than 2%
of the surface area. This can be explained by the surface area of micropores is much larger than
that of macropores with the same volume. According to the log differential intrusion versus pore
diameter of recent and ancient buried P. zhennan in Fig. 1, the micropore diameter of recent and
ancient buried P. zhennan are distributed in 40.3 nm and 183.1 nm respectively, so the cumulative
pore area of recent P. zhennan is slightly greater than that of ancient buried P. zhennan in the
pore diameter range from 50.3 nm to 349.9 nm, while the cumulative pore area of ancient buried
P. zhennan is significantly larger than that of recent P. zhennan in the pore diameter range
blew 50.3 nm, which proved that the degradation of cellulose or hemicellulose leading
to the micropores in the cell wall of buried wood is more than that of the recent one.
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CONCLUSIONS

The bulk density (at 0.43 psia) of the ancient buried Phoebe zhennan is slightly lower than
that of the recent P. zhennan, while the porosity and total intrusion volume of ancient buried
P. zhennan are a little larger. However, the median pore diameter (volume), median pore diameter
(area), average pore diameter (4V/A) of the ancient buried P. zhennan are significantly lower than
that of the recent P. zhennan, which caused the total pore area of ancient buried P. zhennan is
more than 2.5 times than that of the recent P. zhennan. The micropore diameter of recent and
ancient buried P. zhennan are main distributed in 40.3 nm and 183.1 nm respectively, while the
macropore are main distributed in 45276.6 nm and 3503.9 nm separately. The pore diameter of
ancient buried P. zhennan macrocapillary is smaller than the that of the recent P. zhennan, while
pore diameter of ancient buried P. zhennan microcapillary is bigger than that of the recent P.
zhennan. For both recent and ancient buried P. zhennan samples, the pores with diameters below
349.9 nm account for about 60% of the total intrusion volume, and contribute more than 98%
of the surface area. The cumulative pore area of recent P. zhennan is slightly greater than
that of ancient buried P. zbennan in the pore diameter range from 50.3 nm to 349.9 nm, while
the cumulative pore area of ancient buried P. zhennan is significantly larger than that of recent
P. zhennan in the pore diameter range blew 50.3 nm.
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ABSTRACT

The influence of lignin content on reclaimed rubber (RR)/natural rubber (NR) blend
composite properties has successfully been studied. Scanning electron microscopy (SEM) were
used to understand morphology. Fourier-transform infrared spectroscopy (FTIR) for the possible
chemical interaction, whereas thermogravimetric analysis (TGA) and tensile tester were used
to predict strength and elongation for possible practical applications. The results indicated that
the presence of lignin forms cavities which seemed to arise from complex interactions of the blend
with the lignin. Those cavities dominated tensile fractured surface and the increase in lignin
indicated inconsistencies of interfacial interactions. Lignin RR/NR blend composites revealed
a drop in tensile strength and shift in glass transition temperature, except for the highest lignin
containing blend composite. More active interactive constituent of the blend appeared to be NR.
The interaction has not favored the thermal stability and crosslinking density.

KEYWORDS: Blend composites, polymer composites, lignin, biomass, lignin-polymer

composites.

INTRODUCTION

Recently, there has been renewed interests in the utilization of lignocellulosic components
such as cellulose lignin and hemicellulose to advance green applications of materials
(Mohomane et al. 2017, Sibiya et al. 2018). Some researchers compared modified characteristics
of celluloses from different sources (Linganiso et al. 2019), whereas some tested potential
of the modified surfaces in different polymeric matrices (Sibiya et al. 2018). Of more interest
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is the employment of lignin, a complex, amorphous-thermoplastic material as a filler, modifier
and reinforce in polymeric materials such as rubbers and plastics. Due to its abundance and
versatility compared to inorganic fillers, lignin has gained a lot of attention (Datta et al. 2017,
Frigerio et al. 2014, Yu et al. 2015, Liu et al. 2015, Botros et al. 2005, Barana et al. 2016,
Sen et al. 2015). Lignin has been reported to have interesting properties which include flame
retardant abilities, antioxidative characteristics, biodegradability, antimicrobial behaviour and
adhesive capabilities. Furthermore, the structure of lignin contains a variety of chemical
functional groups that positively influence its reactivity, making it able to meet the needs
of most rubber industries (Sen et al. 2015, Setua et al. 2000, Jiang et al. 2014, Kosikova et al.
2007, Kosikova et al. 2005, Gregorovi et al. 2006, Kumaran et al. 1978).

A lot of research has been done on the incorporation cellulose to formulate composites that
could be applied industrially. For instance, Che et al. (2018) utilized a water-soluble copolymer
for wood modification, while Furuno et al. (2004), Klippel and Mai (2013), Yu et al. (2011) small
molecular sizes, low molecular weight urea formaldehyde and phenol formaldehyde resins. Those
materials can effectively penetrate through wood micropores and grafting and/or crosslinking
with wood cells to enhance the dimensional stability and other properties of wood. Lignin is
one component of lignocellulosic material which also received fair attention as a filler in polymer
blends. For instance, as a filler in natural rubber (NR) Yu et al. (2015), Setua et al. (2000), Jiang et
al. (2014) and Kosikovid et al. (2005, 2007) studied NR composites filled with sulphur-free lignin
under sulphur vulcanization. The addition of lignin up to 30 phr into the NR rubber composites
resulted inimproved physico-mechanical properties such as 100% increment in modulus, elongation
at break and tensile strength. It was also reported that lignin influenced the cure characteristics
(increased scorch time and decreased optimum cure time) of the NR compounds. They further
demonstrated that the significant improvement in the study was observed when the NR was
filled with 20 phr lignin. This observed positive effect on the mechanical properties of NR
vulcanizates was attributed to the relatively low molecular mass and polydispersity of the lignin
which allowed for a good lignin-NR miscibility. Similar results were observed by Gregorovd
etal. (2006). They argued that the lignin influences the retention of physico-mechanical properties
of non-aged natural rubber system in the small concentrations. Setua et al. (2000) also showed
that reinforcing nitrile rubber with modified lignin resulted in better thermal stability when
compared against phenolic resins or carbon black. It was shown that lignin is a more capable
replacement to the costlier petroleum derived carbon black and phenolics subsequently imparting
on the lignin-rubber composite superior oil resistance. Kosikova et al. (2007) has demonstrated
through SEM micrographs, the morphological properties of NR vulcanizates with and without
lignin which showed that lignin enhanced the dispersion of other compounding ingredients
in the mix.

There is little or/and no information regarding the influence of lignin on the blend
of reclaimed rubber (RR)/ natural rubber (NR). The novelty of this study is based on systematic
incorporation of lignin in the blend. The blend composites were analyzed by scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) thermogravimetric analysis

(TGA) and tensile tester.

MATERIAL AND METHODS

Materials
Kraft (alkali) lignin in the form of brown powder, was obtained from Sigma Aldrich,
South Africa. It has average molecular weight of about 10 000. Reclaimed rubber was obtained
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from EnvanDe Rubber, Pietermaritzburg, South Africa. It has specific gravity of 1.15, tensile
strength of and elongation at break of natural rubber (SMR 20) was obtained from S&N Rubber,
Port Elizabeth, South Africa.

Preparation of blends and composites

All samples were prepared by twin roll mill at room temperature for 15 min before hydraulic
pressing into sheets. The blend homogeneity was achieved at about 15 min prior lignin addition,
at which the time counting of mixing blend composites was started. Preliminary results
recommend 90:10 ratio due to homogeneity as confirmed in literature (Sen et al. 2015, Kumaran
et al. 1978, Tibenham et al. 1954). A mixture design was used to formulate the different blend
composites as shown in Tab. 1 below.

Tab. 1: Formulations used in preparation of lignin-rubber blends and composites by mixed design.

Abbreviations Reclaimed rubber (g) Natural rubber(g) Lignin (%)
RR/NR blend 90 10 0
10 pphr 90 10 10
20 pphr o 90 10 20
30 pphr 90 10 30

Scanning electron microscopy (SEM)

Morphological analysis of the composites was characterised by SEM. The micrographs were
taken using an FEI Quanta 200 (FEI Co., Eindhoven, the Netherlands) electron microscope
operated at an accelerating voltage of 15 kV. All samples were fractured in liquid nitrogen,
sputter-coated with gold and allowed to dry before taking images.

Fourier-transform infrared spectroscopy (FTIR)

The FTIR spectra were collected by using a Perkin Elmer FTIR spectrometer in the diffuse
reflectance mode. The samples were analysed in the spectral region between 4000 and 400 cm-1
with a 4 cm™! resolution.

Thermogravimetric analysis (TGA)

Thermogravimetric analyses were performed using TGA analyser unit (Perkin Elmer),
under flowing nitrogen atmosphere at flow rate of 20 ml'minl. Approximately 10-15 mg of
sample was heated from 30°C to 700°C at a heating rate of 10°C min-1.

Dynamic mechanical analysis (DMA)

The dynamic mechanical analysis (DMA) Q800 of the PP and composites were investigated
from 40 to 180°C by 3-point bending mode with 15 mm sample size at a heating rate of
5°C-min and a frequency of 1 Hz.

Tensile testing

Measurements of tensile strength were carried out on three dumb-bell shaped samples, width
of 1 mm using a Universal Testing Machine QC 505 with a crosshead speed of 500 mm'min and
a 500 N load cell. Median values of at least 5 samples per test were used for data analysis

Swelling experiments
Swelling was studied in toluene according to ASTM D 471-79. A sorption—desorption
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method was used to determine the swelling behavior of the rubber samples; this being
demonstrated as the mole percent uptake of toluene by a gram of rubber at room temperature.
The rubber sample was cut into 20 x 20 mm for measuring and calculation of swelling percentage.

RESULTS AND DISCUSSION

Scanning electron microscopy (SEM)

SEM micrographs of the tensile fractured surface of lignin RR/NR blend composites are
shown in Fig. 1. The 10 pphr (Fig. 1a) of lignin in the blend composite generally showed smaller
pore sizes, compared to 20 pphr (Fig. 1b) and 30 pphr ( Fig. 1c), ranging from approximately
50 to 173 pum. Whereas 20 pphr lignin indicated pore sizes ranging from approximately
70 to 400 pm. Surprisingly the pores generally seemed to reduce (most are smaller from
50 to 294 pm) in sizes for the 30 pphr blend composites and the surface appeared rougher. In fact,
there are clear potholes or pits in Figs. 1b,c which maybe an indication of a departure of a material
during fracturing. There is a limited information on a study involving lignin blend with reclaimed
rubber, however Ramarad et al. (2015) studied lignin reinforced rubber composites. Formation
of pits, large cavities and grooves were dominating their tensile fractured surface. They related
the observation to the interaction of alcohol and phenolic groups in lignin with mostly
unvulcanised part of the rubber. The same explanation is highly possible in the current study,
however the natural rubber seemed to be more interactive with lignin than the reclaimed rubber.
In fact, this is logical because reclaiming rubber is known for reducing molecular weight and
promotes a partial degradation that limit pendent groups for more interactions (Barana et al.
2016, Gregorovi et al. 2006, Asrul et al. 2014). Therefore, some of pores may have resulted from
an escape of natural rubber when interacting with the lignin.
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Fig. 1: SEM image of lignin RR/NR blend composites containing: a) 10 pphr, &) 20 pphr, and
¢) 30 pphr of lignin.
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Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of RR/NR blend and blend composites are presented in Fig. 2. The
blend exhibited peaks at 3100-3000 cm, 1596-1680 cm, and 1384-1000 cm™ and a hump
at 3400 cm?® which are known for CH, C=C, C-C and N-H vibrations respectively
(Ramarad et al. 2015, Yu et al. 2015, Liu et al. 2010, Botros et al. 2005). The peaks are
typical in literature for a blend of the two rubbers (Ismail et al. 2002). The presence of lignin
in the blend generally led to inconsistent effect. For instance, 10 pphr exhibited a suppression
of C=C vibrations that seemed to resurrect at highest lignin content. In fact, there are virtually
double peaks at approximately 1384 cm for all except for 10 pphr containing blend composite.
Nonetheless it could be convincing to consider the inconsistencies as the elements of interfacial
interaction that promoted pores as seen from SEM.
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Fig. 2: FTIR spectra of RR/NR blend and lignin RR/NR blend composites.

Thermal gravimetric analysis (TGA)
Fig. 3 shows the TGA and DTG graphs of lignin RR/NR blend composites. The presence
of lignin generally decreased the thermal stability of the composites.

A ————— RR/NRblend
10 pphr

RR/NR blend
———— 10pphr

20 pphr
30 pphr

20 pphr 08 B
30 pphr

Weight (%)
Deriv. Weight (%/°C)

250 EJ o EJ

Temperature ('C) Temperature (°C)

Fig. 3: TGA(A) and DTG (B) graphs of the lignin RR/NR blend composites.

This observation is not extraordinary in literature as a presence of lignin in natural fibres
is known for diminishing thermal stability of the fibres. In most cases researchers centralised
the rational to phenolic content, low molecular weight and the origin of lignin thereof (Datta
et al. 2017, Frigerio et al. 2014, Yu et al. 2015, Liu et al. 2010, Botros et al. 2005, Barana et
al. 2016). But in our case, the interfacial interaction appeared to be promoted by compatibility
of the lignin and the major phase (see SEM results Fig. 1b,c). That could account for the observed
drop in thermal stability. There seems to be no clear order of the lignin content against thermal

stability of the blend composites, nonetheless the 30 pphr lignin RR/NR blend composite has
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shown lowest thermal stability and char content than the rest. It is worth noting that lignin has
a potential to increase char content of the blend composites to almost equal that of the pure blend.
In fact, irregular pore sizes and complex interfacial interaction of lignin and reclaimed rubber
as confirmed by SEM and FTIR could account for the lack of order in both thermal stability and
residual content.

Mechanical properties

The mechanical properties of the blend composites such as tensile strength, elongation
at break and modulus were investigated. Fig. 4 shows that with increasing amount of lignin
RR/NR blend composites revealed a drop in tensile strength, except for the highest lignin
containing blend composite which has shown increased tensile strength that is even higher than
of the pure blend composite by almost 40%.
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Fig. 4: Mechanical properties of the lignin RR/NR blend composites.

Almost the similar trend was also observed in the case of elongation at break, nonetheless
in opposite direction for each content. For instance, the elongation at break of the clean
blend composite decreased by more than 50% compared to 10 and 20 pphr and almost 45%
for 30 pphr lignin containing blend composites. Moduli were measured at 100%, 200%, and
300%, elongation. There was no much changes in modulus at 100% elongation, but at 300%
elongation there was a surprise decrease in modulus of 30 pphr blend composites compared
to the clean blend. This could be the results of inconsistencies as the elements of interfacial
interaction and formation of pores as confirmed by SEM and FTIR. In fact, such defects are
known for promoting lowering molecular weight of NR to shorter segments for a reduced
tensile strength in RR/NR blend composites (Premachandra et al. 2011, Datta et al. 2017,
Frigerio et al. 2014, Yu et al. 2015, Liu et al. 2010). Therefore, it may be virtually fair in this study
to regard lignin as a contributing agent that lowered molecular weight of NR to render reduced
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mechanical properties of the blend composites. Furthermore, SEM suggested the formation
of the pores which are known for lowering a load transfer within the rubber matrix. In fact,
Kumaran et al. (1978) explain it as a reduced elastic behavior of the elastomer by the addition
of lignin.

Dynamic mechanical analysis (DMA)

The DMA analysis was used to characterize the dynamic mechanical behaviour of the
prepared lignin rubber composites. The variation of tangent delta (tan 3) and storage modulus
(E’) as a function of temperature are reported in Fig. 5.
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Fig. 5: Storage modulus and Tan & curves of RR-NR-LG composites.

The figure shows the influence of lignin on the storage modulus and damping of RR-NR
blends. The addition of lignin resulted in the increase in storage modulus and that can be
explained by reduced chain mobility due to the lignin addition. This is in agreement with
the mechanical properties particularly the highest containing lignin composite that indicated
increased storage modulus. As shown in Fig. 4, the tan § curves revealed that the RR-NR-LG
composites exhibit two glass transition temperatures. One occurring at low temperatures is
associated to RR-NR blends and the second at high temperatures corresponds to the lignin. Both
the T,s slightly shifted to higher temperatures with increasing lignin loading. Furthermore, it can
be observed that the tan 3 peak values decreased each by approximately 10% with the increase in
lignin content, suggesting a continuous decrease in rubber chain mobility and this is due to the
strong interaction between the lignin and RR-NR matrix.

Crosslink density
Fig. 6 represents blend and lignin blend composites. The presence of lignin generally
increased the crosslinking density except for the highest lignin containing blend composite.
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Fig. 6: Crosslinking density of the lignin RR/NR blend composites.
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There was no much change in crosslinking density, nonetheless 30pphr blend composite
revealed a decrease in the density by almost 40%. For 20 pphr, the observed slight increase
in crosslinking density could have emanated from the complex interaction of lignin
with the crosslinking sites. This is could be confirmed by suppression of C=C vibrations that
seemed to revive at highest lignin content and disappearance of a peak observed from FTIR
and/or cavities from SEM. It is recorded in literature that a material with a higher crosslinking
density could have high thermal stability apparently due to crosslinking sites which delay a chain
mobility (Ismail et al. 2002, Rattanasom et al. 2005, Yahya et al. 2011, Kosikova et al. 2007).
The explanation clarifies somehow TGA results in this study because it has the similar trend
to crosslinking density. By the way modulus also has shown decline at 30 pphr. Perhaps lowering
molecular weight of NR to shorter segments also confirms the loss of crosslinking site which
rendered lower density ultimately.

CONCLUSIONS

The effect of the lignin on properties of reclaimed rubber/natural rubber blend composites
were successfully prepared and investigated. SEM revealed clear pores which varied in sizes
which according to FTIR emanated from the presence of the symmetric aromatic skeletal
vibration by lignin macromolecules. Of course, the pores resulted into the general decrease
in mechanical properties to almost 50% and crosslinking density of reclaimed rubber/natural
rubber blend composites. On the other hand, the observation is a resilient proposal that the lignin
could be a potential foam agent in the blend without a blowing agent. The presence of lignin has
also resulted in a general decrease in thermal stability. In fact, is worth noting that lignin has
a potential to increase char content of the blend composites significantly. The observed char
content trend provokes some applications for flame retardants material.
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ABSTRACT

In the study, part of degraded wooden components of Danxia Temple ancient architectures
in China were indentified through the bright field microscope, and chemical compositions in
cell walls were observed using polarized and fluorescence lights, respectively. The results showed
that samples were belonged to Quercus spp., Ulmus spp., Salix spp., and Populus spp., respectively.
Cellulose composition in Quercus spp. was seriously consumed by brown decay fungi, cellulose
and lignin compositions in Ulmus spp. were consumed by white decay fungi under polarized
and fluorescence light observations. All of these four kind of tree species themselves were easily
vulnerable to be attacked by insects.

KEYWORDS: Danxia Temple ancient architectures, wooden components, wood identification,
analysis of damage by fungi and insects, polarized light, fluorescence.
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INTRODUCTION

Danxia Temple, founded in AD 824 and located at Liushan town, Nanzhao county,
Nanyang city, Henan province, China, is listed as the national key cultural relic conservation unit.
At present, part of the wooden components have been damaged by fungi and insects. Normally,
the damage of harmful organisms would cause changes of anatomical structure (Wilcox 1970,
Highley et al. 1987, Koyani et al. 2014, Wang et al. 2017, Bari et al. 2019), and degradations
of chemical composition (Ferraz et al. 1995, Arias et al. 2010, Witomski et al. 2012, Witomski
et al. 2013, Karami et al. 2013, Bari et al. 2019), thereby decrease the quality of its physical and
mechanical properties (Ferraz et al. 1995, Choi et al. 2006, Arias et al. 2010, Koyani et al. 2014,
Wang et al. 2017, Bari et al. 2019, Li et al. 2019, Brischke et al. 2019, Gao et al. 2019, Chang
et al. 2020). These changes eventually decrease the residual mechanical strength of wooden
components and affect the quality and life span of ancient architectures. Studying on wood
identification and analysis of damage reasons can provide reference and guidance for the future
maintenance and reinforcement of the degraded wooden components of the Danxia Temple.

In the present study, the microscopic structures of the wooden components in the Danxia
Temple ancient architectures were observed through a bright field microscope to identify the tree
species. The extent of damage of these wooden components were observed using polarized light
and fluorescence microscopes, respectively. In general, the higher the brightness of the crystalline
cellulose birefringence is, the higher the cellulose content is (Zhai et al. 2014, Kanbayashi 2016,
Cui et al. 2016b, Yang et al. 2020), and the greater the brightness of green fluorescence intensity
is, the higher the lignin density and concentration is (Xu et al. 2009, Yoshizawa et al. 2000,
Ma et al. 2011, Wang et al. 2012, Nakagawa et al. 2012, Ma et al. 2013, Cui et al. 2016a,b,
Liu et al. 2017a,b, Kiyoto et al. 2018, Yang et al. 2020). Such observations of cellulose and
lignin contents and their distributions in the cell walls would provide important data support
and theoretical basis for cause analysis of damage, and the maintenance and reinforcement of
the Danxia Temple ancient architectures in the future.

MATERIAL AND METHODS

Materials

The samples were collected from the wooden components of the Danxia Temple ancient
architectures in Nanzhao County, Nanyang City, Henan Province, China. All the wooden
component samples, Nos. 3-1, to 3-12, were obtained from the surface of twelve wooden
column’ roots, respectively. Due to the dark black color of these wooden components, detailed
observations of the macroscopic structural characteristics was not possible. Therefore, only the
microscopic structural characteristics could be observed and described in detail.

Treatment of the sample

For air exhausting the small samples were placed into the vacuum dryer to drain the
air within the wood samples. For infiltration the samples were immersed into 20%, 40%,
60%, 80%, and 100% polyethylene glycol (PEG) aqueous solution successively (molecular
weight = 2000). The process was conducted in an oven at 60°C for 48 h every gradient, in which
100% PEG aqueous solution was infiltrated twice. For PEG embedding the samples were
placed at the bottom of the embedding mold. Then, 100% PEG aqueous solution was added
to the samples, and the set-up was covered with a plastic embedding box. The embedding box was
placed inside the freezer for about 10 min.
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Sample slicing

The embedded samples were sliced with microtome (SM2000R, Laika company).
Each slice was about 10 pm in thickness and included the transverse, radial, and tangential
sections. The slices were placed inside a baking machine at 60°C for about 60 min in order
to remove the extra water. The slices were dehydrated in 50%, 75%, 95%, and 100% ethanol
solution; each concentration treatment lasted for 10 min. Then the slices were defatted
in dimethylbenzene solution for 3 min and neutral gum was used to seal the slices after all
the treatments. To avoid the effect of dye on polarized light and fluorescence, all slices were not

dyed with red O dye.

Observations via bright-field microscopy

The prepared slices were observed and photographed under a biological digital microscope
(ECLIPSE 801, Nikon Company). To complete the identification of these wood components,
their microscopic characteristics were recorded according to the Chinese Timber Records
(Cheng et al. 1992) and the IAWA list of microscopic features for hardwood identification
(TAWA Committee 1989).

Observation via polarized light and fluorescence microscopy

The prepared slices were observed and photographed under a polarizing and fluorescent
microscope (ECLIPSE 80i, Nikon Company). The cell wall deformations of these wood
components was analyzed using a bright-field light microscope. Meanwhile, the cellulose
distribution and content in the wooden components were analyzed using a polarized light
microscope. The lignin distribution and content in wood components were analyzed using
a fluorescence microscope (the blue light excitation with 515 nm to 560 nm) to determine

the degree of decay of the wooden components (Cui et al. 2016b).

RESULTS AND DISCUSSION

Wood identification and analysis of damage of samples Nos. 3-1, 3-2, and 3-6

Fig. 1 shows the microstructures of sample Nos. 3-1, 3-2, and 3-6. Based on these
microstructures, the distribution of vessels with circular and oval circles on the transverse section
was that of ring-porous wood, the arrangement of late wood vessels was stream-shape radial
pattern, and the combination was mainly exclusively solitary (90% or more). There were almost no
or few of tyloses and gums in vessels. The type of perforations was simple perforation plate, and
the type of intervessel pits was alternate. No helical thickening of vessels was found throughout
the body of vessel elements. Vasicentric tracheids were abundant. An abundance of apotracheal
axial parenchymas consisted of diffuse, diffuse-in-aggregates, and narrow bands or lines up to
three cells wide with prismatic crystals of more than 15 cells were found. The cell walls of the
wood fibers, which were fibrous tracheid with distinctly bordered pits, ranged from thin to thick.
Wood rays were non-storied and had rays of two distinct sizes. These rays consisted exclusively
of uniseriate rays and larger rays commonly > 10-seriate, the height of which could exceed the
range of slices. All ray cells were procumbent cells, and no special cells were found in ray cells.
Moreover, no axial and radial intercellular canals was found in these woods. These findings were
in good agreement with the microstructures of red oak presented by Yang et al. (2020).

On the basis of the microstructure observations (Figs. 1a,b,c), we concluded that sample

Nos. 3-1, 3-2, and 3-6 belonged to red oak wood (Quercus spp.) (Fagaceae) (Cheng et al. 1992).
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(a) Transverse section (4x).  (b) Radial section (4x). (c) Tangential section (4x).

(d) Transverse section (4x).  (e) Transverse section (4x). (f) Transverse section (40x).

Fig. 1: Microstructures of sample Nos. 3-1, 3-2 and 3-6: (a),(b),(c) under bright-field light, (d) under
polarized light, (¢) and (f) under fluorescence light.

Red oak woods have many excellent characteristics, such as, straight grain, heavy basic
density (about 0.70 g.cm™), high hard, strength and impact toughness, but contain high
shrinkage, and low resistance to decay fungi compared to white oak wood (Cheng et al. 1992).
Under polarized light (Fig. 1d), the brightness of crystalline cellulose birefringence of vessel and
wood fiber cell walls was almost not observed both in the early wood and the late wood, indicating
that the cellulose composition was severely consumed by decay fungi. Under fluorescence light
(Figs. 1e,f), the brightness of fluorescence of vessel and wood fiber cell walls was evident both
in early wood and late wood, indicating an abundant amount of lignin composition retained
in vessels and wood fibers. Moreover, the fluorescence in the micro-area distribution of lignins
was still stronger in the cell corner layer (CC layer) than that in the compound middle lamellar
layer (CML layer) and the secondary wall layer (S layer) of fiber cell walls (Fig. 1f). This finding
is consistent with the micro-area distribution of lignin in other researches (Yoshizawa et al.
2000, Xu et al. 2009, Ma et al. 2011, Nakagawa et al. 2012, Wang et al. 2012, Ma et al. 2013,
Cui et al. 2016a, Liu et al. 2017a, Liu et al. 2017b, Kiyoto et al. 2018). According
to the observations, we speculated that cellulose composition was seriously consumed by brown
decay fungi which they preferred to assume cellulose composition and retain lignin composition
(Guo et al. 2015).

One of the important reasons for the serious decay of red oak wooden components
is closely related to the lack of protection of tyloses in vessels. Due to the existence of an abundant
of tyloses in white oak woods, these woods have excellent anti-decay, anti-insect, and water
resistance properties (Cheng et al. 1992) and are often used as red wine barrel, architecture, and
furniture materials. In comparison, red oak woods are not used in these aspects. In addition
to vulnerability to decay fungi, red oak woods are especially vulnerable to be attacked by insects,
such as domestic longhorn beetles (Stromatium longicorne) (Cerambycidae) and powder-pest beetle
(Minthea rugicollis) (Lyctidae) etc. (Cheng et al. 1992). However, almost no difference
has been found in their macro-and micro-structures except for tylose between red oak and white
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oak woods. Thus, the ancient architects of Nanyang could not provide an accurate distinction
when selecting materials to be used in Danxia Temple ancient architectures, thus leading
to the serious decay and damage by insects several years later.

Wood identification and analysis of damage of samples Nos. 3-4, and 3-9

Fig. 2 shows the microstructures of sample Nos. 3-4, and 3-9 of the wooden components.
As shown in these microstructures, the distribution of vessels was that of ring-porous wood.
Early vessels with one to three cells of width were circular, oval circle, and orbicular-ovate
on the transverse section, and tyloses were contained in many vessels. The arrangement of late
vessels was tangential wary bands, and the combinations were mainly clusters common, and
a few of exclusively solitary and radial multiples. The type of perforations was simple perforation
plate, and the type of intervessel pits was alternate. Helical thickening of late vessels was found
throughout the body of vessel elements. Many paratracheal axial parenchymas were found, and
these were vasicentric, diffuse-in-aggregates, and wavy banded parenchyma that were more than
three cells of width. Wood rays with 2-6 cells of width were non-storied , All ray cells were
procumbent cells, and no special cells were found in ray cells. Moreover, no axial and radial
intercellular canals was found in these woods.

On the basis of the microstructure observations (Figs. 2a,b,c), we concluded that sample Nos.
3-4, and 3-9 belonged to elm wood (Ulmus spp.) (Ulmaceae) (Cheng et al. 1992).

(d) Transverse section (4x). (e) Transverse section (4x). (f) Transverse section (40x).

Fig. 2: Microstructures of sample No. 3-4, and 3-9: (a),(b),(c) under bright-field light, (d) under
polarized light, (e) and (f) under fluorescence light.

Elm woods have many excellent characteristics, such as, straight grain, medium structure,
medium shrinkage, beautiful pattern, but contain low basic density (about 0.45 g-cm3),
low strength, easy to crack, and low resistance to decay fungi and insects (Cheng et al. 1992).
Under polarized light (Fig. 2d), the brightness of crystalline cellulose birefringence of vessel
and wood fiber cell walls was evidently observed except for that in part of late wood fibers,
indicating that part of cellulose composition were consumed by decay fungi. Under fluorescence
light (Figs. 2e,f), the brightness of fluorescence in part of wood fiber cell walls was also
not evident, indicating that part of lignin composition was consumed. Moreover, the fluorescence
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in the micro-area distribution of lignins was still stronger in the CC layer than that
in the CML layer and the S layer of fiber cell walls (Fig. 2f). This finding is consistent with
the micro-area distribution of lignin in red oak wood in this research and in other researches
(Yoshizawa et al. 2000, Xu et al. 2009, Ma et al. 2011, Nakagawa et al. 2012, Wang et al. 2012,
Ma et al. 2013, Cui et al. 2016 a, Liu et al. 2017 a, Liu et al. 2017b, Kiyoto et al. 2018). According
to the observations, we speculated that cellulose and lignin compositions were consumed by white
decay fungi which they consumed not only cellulose and hemicellulose compositions but also
lignin composition (Guo et al. 2015).

Elm woods are suitable for furniture due to beautiful pattern. Because elms are native
tree species, taking into account the principle of proximity, they were widely used in ancient
architectures by ancient architects of Nanyang city. The property of low resistance to decay fungi
and insects leaded to the serious damage after several years later

Wood identification and analysis of damage of samples Nos. 3-3, 3-7, 3-8, and 3-12

Fig. 3 shows the microstructures of sample Nos. 3-3, 3-7, 3-8, and 3-12 of the wooden
components. As shown in these microstructures, the distribution of vessels with orbicular-
ovate and oval circle on the transverse section was that of diffuse-porous wood, whereas
the arrangement of vessels was diffuse. Furthermore, the combinations of vessels were mainly
exclusively solitary and a few of radial multiples of two to four cells. No tyloses and gums were
found in the vessels. No helical thickening of vessels was found throughout the body of vessel
elements. The type of perforation was simple perforation plate. The type of intervessel pits was
alternate. A few of marginal and diffuse-in-aggregates axial parenchymas were found. The cell
walls of wood fibers with distinctly simple pits were thin. Wood rays were non-storied, ray cells
with one cell of width was upright and procumbent. No special cells and gums were found in
the ray cells. No axial and radial intercellular canal was found in these woods.

On the basis of the microstructure observations (Figs. 3a,b,c), we concluded that sample

Nos. 3-3, 3-7, 3-8, and 3-12 belonged to willow wood (Sa/ix spp.) (Salicaceae) (Cheng et al. 1992).

L,

(c) Tangential section (10x).

2:”(({.3

4 3
X £ § W

(a) Transverse section (10x).

(d) Transverse section (20x). (e) Transverse section (20x). (f) Transverse section (40x).
Fig. 3: Microstructures of sample No. 3-3, 3-7, 3-8, and 3-12: (a),(b),(c) under bright-field light,
(d) under polarized light, (¢) and (f) under fluorescence light.
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Willows grow fast, and are highly absorbent. The living standing willows are not resistant
to decay fungi and insects, so hollow phenomenon occur common. The willow woods have
many excellent characteristics, such as, straight grain, fine and smooth structure, low shrinkage,
but contain low basic density (about 0.40 gcm3) and strength, low resistance to decay fungi
and insects (Cheng et al. 1992). Under polarized light (Fig. 3d), the brightness of crystalline
cellulose birefringence of vessel and wood fiber cell walls was evidently observed, indicating
that the cellulose composition still retained in vessels and wood fibers. Under fluorescence light
(Figs. 3e,f), the brightness of fluorescence of the cell walls of vessels and wood fibers was also
evident, indicating that an abundant of lignin composition existed in vessels and wood fibers.
Moreover, the fluorescence in the micro-area distribution of lignins was still stronger in the CC
layer than that in the CML layer and the S layer of fiber cell walls. This finding is consistent
with the micro-area distribution of lignin in red oak and elm woods in this research and in other
researches (Yoshizawa et al. 2000, Xu et al. 2009, Ma et al. 2011, Nakagawa et al. 2012, Wang
et al. 2012, Ma et al. 2013, Cui et al. 2016a, Liu et al. 2017a,b, Kiyoto et al. 2018). According
to the observation, we speculated that cellulose and lignin compositions were not consumed
by decay fungi.

Because willows are native tree species, taking into account the principle of proximity, they
were widely used in ancient architectures by the ancient architects of Nanyang city. The property
of low resistance to insects was an important internal cause of serious damage.

Wood identification and analysis of damage of samples Nos. 3-5, 3-10, and 3-11

Fig. 4 shows the microstructures of sample Nos. 3-5, 3-10, and 3-11 of the wooden
components. As shown in these microstructures, the distribution of vessels with orbicular-ovate
and oval circle on the transverse section was that of diffuse-porous wood or semi-ring-porous,
whereas the arrangement of vessels was radial pattern. Furthermore, the combinations of vessels
were mainly radial multiples of two to four cells and a few of solitary. No tyloses and gums were
found in the vessels. No helical thickening of vessels was found throughout the body of vessel
elements. The type of perforation was simple perforation plate. The type of intervessel pits was
alternate. A few of marginal and diffuse-in-aggregates axial parenchymas were found. The cell
walls of wood fibers with distinctly simple pits was thin. Wood rays were non-storied, all ray cells
was procumbent and one cell of width. No special cells and gums were found in the ray cells.
No axial and radial intercellular canal was found in these woods.

On the basis of the microstructure observations (Figs. 4 a,b,c), we concluded that sample
Nos. 3-5, 3-10, and 3-11 belonged to poplar wood (Populus spp.) (Salicaceae) (Cheng et al. 1992).
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B | 1a h

d) Transverse section (20x).

Fig. 4: Microstructures of sample No. 3-5, 3-10, and 3-11: (a),(b),(c) under brightfield light, (d) under
polarized light, (¢) and (f) under fluorescence light.

Poplars grow fast, the moisture content of raw woods are quite high, the wet heartwood
phenomena are especially obvious almost in all poplar trees. And the living standing poplars are
not resistant to decay fungi and insects. Especially in spring, we can always hear woodpeckers
pecking at insects on poplar trees. The poplar woods have many excellent characteristics, such
as, straight grain, fine and smooth structure, low shrinkage, but contain low basic density
(about 0.35 grem3), low strength and impact toughness, and low resistance to decay fungi
and insects (Cheng et al. 1992). Under polarized light (Fig. 4d), the brightness of crystalline
cellulose birefringence of vessel and wood fiber cell walls was evidently observed, indicating that
the cellulose composition still retained in vessels and wood fibers. Under fluorescence light
(Figs. 4e,f), the brightness of fluorescence of vessel and wood fiber the cell walls of was also
evident, indicating that an abundant of lignin composition existed in vessels and wood fibers.
Moreover, the fluorescence in the micro-area distribution of lignins was still stronger in
the CC layer than that in the CML layer and the S layer of fiber cell walls. This finding is
consistent with the micro-area distribution of lignin in red oak, elm and willow woods in this
research and in other researches (Yoshizawa et al. 2000, Xu et al. 2009, Ma et al. 2011, Nakagawa
et al. 2012, Wang et al. 2012, Ma et al. 2013, Cui et al. 2016a, Liu et al. 2017a,b, Kiyoto et al.
2018). According to the observation, we speculated that cellulose and lignin compositions were
not consumed by decay fungi. Poplar woods are suitable for pulp, fibreboard, particleboard,
packing box, toothpick and so on, but not suitable for buildings. Because poplars are native tree
species, taking into account the principle of proximity, they were widely used in ancient buildings
by the ancient architects of Nanyang city. The property of low resistance to insects resulted
in the serious damage after several years later.

Different tree species have different ability to resist decay, some have high ability to resist
decay such as, white oak woods, softwoods, etc.; others are low, such as, red oak, elm, willow,
poplar woods in this paper. In addition to vulnerability to decay fungi and insects themselves,
an important reason might be that these wooden components did not be treated with preservative
and insect-resist agents prior to use, thus leading to the serious decay and damage by insects
several years later.

CONCLUSIONS

Sample Nos. 1-12 from the wood components of the Danxia Temple ancient architecture
were identified and the reason of damage by fungi and insects were analysed. The conclusions
are as follows: (7) On the basis of the microstructure observations, we concluded that sample
Nos. 3-1, 3-2, and 3-6 belonged to Quercus spp. According to the observations under polarized

304



Vol. 66 (2): 2021

light and fluorescence light, we speculated that the cellulose composition was seriously consumed
by brown decay fungi. In additional, red oak woods themselves are easily vulnerable to be
attacked by insects. (2) On the basis of the microstructure observations, we concluded that sample
Nos. 3-4, and 3-9 belonged to Ulmus spp. According to the observations under polarized light
and fluorescence light, we speculated that cellulose and lignin compositions were consumed
by white decay fungi. In additional, elm woods themselves are easily vulnerable to be attacked
by insects. (3) On the basis of the microstructure observations, we concluded that sample
Nos. 3-3, 3-7, 3-8, and 3-12 belonged to Salix spp. According to the observations under
polarized light and fluorescence light, we speculated that cellulose and lignin compositions were
not consumed by decay fungi, but were attacted by insects due to its themselves vulnerability
to insects. (4) On the basis of the microstructure observations, we concluded that sample
Nos. 3-5, 3-10, and 3-11 belonged to Populus spp. According to the observations under
polarized light and fluorescence light, we speculated that cellulose and lignin compositions were
not consumed by decay fungi, but were attacted by insects due to Willow woods themselves are
easily vulnerable to be attacked by insects due to its themselves vulnerability to insects
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ABSTRACT

The aim of this study was to determine the 4-point bending strength and modulus
of elasticity in bending of Black pine wood laminated materials reinforced with aramid fiber was
bonded using epoxy or polyurethane glues separately. The samples were prepared in accordance
with the T'S 5497 EN 408 (2006). The results of the study determined that the highest value
for static bending strength was found in the laminated wood samples (83.94 N-mm) that were
prepared using inter-layer aramid fiber reinforced polymer (AFRP) and epoxy glue. The highest
value of modulus of elasticity in bending was found in the samples prepared with inter-layer
epoxy and AFRP (10311.62 N-mm2). It was observed that the samples parallel to the glue line
of the laminated material showed higher performance compared to those perpendicular
to the glue line. The data obtained as a result of this study demonstrated that aramid fiber
reinforced Black pine wood laminated materials can be used in the building industry as building
materials.

KEYWORDS: Wood laminate, bending strength, modulus of elasticity, aramid fiber fabric,
Black pine wood.
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INTRODUCTION

Wood as a natural material is vulnerable to attack by biotic agents, such as fungi or insects,
and abiotic agents such as fire. The damage caused by these conditions, or new load or design
alternations, can require an increase in the load-carrying capacity of the structure (Arriaga et al.
2002) which weaken its mechanical properties. To overcome the inferior mechanical properties
of wood elements, fiber reinforced polymer (FRP) composite can be one of the solutions (Johns
et al. 2000). Recently, FRP applications have started to be used in strengthening wooden
structures, as in strengthening steel and reinforced concrete structures. In wooden structures,
the element is sized according to the type of joining. The advantage of using high performance
jointing systems is to use less volume of material with the same durability. Over time, wooden
structures need to be strengthened due to reasons such as eliminating the damage caused
by external factors and earthquakes, increasing the load bearing capacity of the building
by restoration, preventing the early fatigue and breaks that may occur as a result of design
mistakes (Alsheghri et al. 2019).

There are various strengthening methods applied during the production of laminated wood
material. Metal materials as well as synthetic fibers are also used for strengthening purposes.
According to Laufenberg et al. (1984), the first trials on strengthening wood or wood-based
composite materials were conducted in the 1960s. Strengthening wood with synthetic fibers
was first carried out by Wangaard (1964) and Biblis (1965). Among the studies in the literature
regarding strengthening the majority have been conducted on polymer composites reinforced
with glass fibers, carbon fibers and aramid fibers of wood materials.

The commonly utilized FRP composites as reinforcement for wood beams are carbon fiber
reinforced polymer (CFRP), E-glass reinforced polymer (GFRP) and aramid fiber reinforced
polymer (AFRP) (Tautanji 1999, Johns et al. 2000, Fiorelli et al. 2003, Lopez et al. 2003,
Fiorelli et al. 2006, Dempsey et al. 2006, Fiorelli et al. 2011, Yahyaei et al. 2011, Alshurafa
et al. 2012, Abu-Talib 2012, Osmannezhad et al. 2014, Yerlikaya 2014, Morales et al. 2015,
Glisovic et al. 2016, Song et al. 2017, Yerlikaya 2019). Various experimental studies have shown
that the reinforcement of wood material provides a wide range of improvement of load bearing
capacity, elasticity and ductility (Amy et al. 2004, Buell et al. 2005, Li et al. 2009, Fiorelli
et al. 2011, Koman et al. 2013, Nowak et al. 2013, Kdnndr et al. 2014, Fedyukov et al. 2017,
Essert et al. 2018, Krisztidn et al. 2020).

Recently, the appearance on the market of new products such as carbon fiber or aramid
and basalt fibers have increased the number of researches works on their implementation
as reinforcement materials in timber elements (Romani et al. 2001, Borri et al. 2005). Aramid
fiber is a well-known synthetic organic polymer fibre with the lowest specific gravity and highest
tensile strength - to weight ratio of all reinforcing fibres. As such, aramid fibres are widely used
in industry, especially in military and aerospace applications (Mallick 1993). Aramid fiber is one
of the common fiber types used to hybridize carbon/epoxy composite due to its low density, high
stiffness, high deformability, and high resistance to impact damage (Yayun et al. 2017). Aramid
fibers have also been used to hybridize glass fiber and carbon fiber-reinforced epoxy composites
for maintaining or improving stiffness and impact damage resistance (Gustin et al. 2005, Valenca
et al. 2015, Priyanka et al. 2017).

The current research was outlined to address the creep response of solid wood and AFRP
composites under constant load and environmental conditions, individually and in a combined
mode (Plevris et al. 1995). A study by Yahyaei-Moayyed and Taheri (2011), defined the elasticity
performance of Southern Scots pine and Douglas fir lumber beams strengthened with one-sided
aramid fiber-reinforced polymer (AFRP) boards with short-term experimental and numerical
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research. The effect of the strengthening on the resistance of elasticity for the strengthened
beams was also explained. An increase in AFRP-strengthened wood beams increased both
the resistance and the hardness and effectively decreased the elastic deterioration of wooden
beams (Yahyaei-Moayyed and Taheri 2011). Zhou et al. (2020), studied bond integrity of aramid,
basalt and carbon fiber reinforced polymer bonded wood composites at elevated temperature.
Cheon et al. (2020) studied on the stab resistance mechanism and performance of the carbon,
glass and aramid fiber reinforced polymer and hybrid composites.

In the present study, aramid fiber reinforced polymer (AFRP), which is used to strengthen
hose plastic and ballistic materials, was used in hydraulic systems that showed resistance under
the influence of external forces. This study aimed to determine the four-point bending strength
of Black pine (Pinus nigra) laminated wood materials reinforced with AFRP and the modulus
of elasticity in bending. The utilization of AFRP in strengthening the Black pine laminated wood
material constitutes to the originality of this study.

MATERIAL AND METHODS

The Black pine wood (Pinus nigra) used to prepare the test samples, was obtained randomly
from timber enterprises in the Karabuk, Turkey. Careful attention was paid to the fact that the
wood material used in experimental studies was not subjected to physical damage, mechanical
impacts or biological harm.

Aramid fiber reinforced polymer (AFRP) was purchased from a private manufacturer (Dost
Chemistry Tuzla, Istanbul) in Turkey. The aramid fibers are a class of heat-resistant and strong
synthetic fibers and used in aerospace and military applications, for ballistic-rated body armor
fabric and ballistic composites, marine hull reinforcement, and as an asbestos substitute. Aramid
fibers possess a unique combination of high strength and modulus with low density and high
elongation that results in improved impact resistance of the respective composites. Aramid fibers
are the dominant reinforcement in fiber-reinforced polymers (FRP) for demanding applications
in aerospace industry where excellent mechanical properties per unit weight are required
(Denchev and Dencheva 2012). The density of the AFRP, which is a material that has high
resistance to abrasion, impact, fracture, increased temperatures and low density, was 1.4 g-cm™3
(Dost Chemistry Tuzla, Istanbul)

Romabond polyurethane adhesive (Starwood Building Market, Usak, Turkey) was used.
This polyurethane adhesive is a one component, fast curing, polyurethane based wood adhesive.
Easy to apply, low viscosity and high bonding strength, water resistant. The technical properties
of the glue are as follows: density 1.1+ 0.02 g-cm™3, viscosity (25°C) 4500 = 500 cp, pH value 3,
gluing time 20°C, 30 min in 65% relative humidity conditions (Romabond, 2018). Epoxy glue
(L160/H160) is a two-component adhesive that provides great adhesion to wood materials and
is an epoxide that reaches the desired mechanical strength extremely quickly. The technical
properties of the glue are as follows: density 0.96-1.0 gem3, viscosity (25°C) 10-50 MPa, refractor
index 1.520, gluing time 25°C, 45 min in 65% relative humidity conditions, as recommended by
the manufacturer (Dost Chemistry, Tuzla, Istanbul) in Turkey.

Preparation of the test samples

5 x 70 x 1000 mm slats were acquired from Black pine timber using the mowing method
in a circular saw machine. After being stacked, the slats were kept in an air-conditioned room
of 20 + 2°C temperatures and 65 * 5% relative humidity conditions until they reached
12% humidity. The test samples were prepared in accordance with the TS 5497 EN 408 (2006).
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For the preparation of the sample’s polyurethane (PU-D4) and epoxy resin (L160/H160) were
used. AFRP was placed between the slats. To produce the control samples without reinforcement,
the glue was applied to both surfaces of the wood slats in amount of 180-200 gm2. To create
the AFRP reinforced test samples, the glue solution was applied to the solid bonding surfaces
with a brush in amount of 180-200 gm=2. The surfaces were glued and left to rest for
5-6 min (open time) and then pressed at 1.2 N-mm2 for 8 hours (closed time). For the cold press
lamination process the materials were cold pressed in a press machine with a pressure gauge
suitable for both hot and cold press at 1.2 N-mm=. The laminated wood material obtained
after the pressing process was prepared with a wood processing machines in accordance with
the dimensions specified in the standard (Fig. 1).

5
Pinws nigra < Pinus rigra <

Aramid Fiber
Reinforced Polymer <
(AFRP)

Giue Line o L0000 LLLLL, Ghue Line 4

k‘” L !

Fig. 1: General configuration of laminated wood material with (a) AFRP reinforced laminated wood (b)

glue laminated wood (dimension mm,).

In total 80 samples were prepared, 10 replicates for each parameter. Prior to testing, all
specimens were stored in a conditioning room maintained at 20 + 2°C and 65% RH until moisture
equilibrium was achieved.

The four-point bending strength test

The universal test device with a capacity of 50 kN was applied to the prepared samples with
static load parallel and perpendicular to the glue line. Static loading was determined with the
four-point bending apparatus (Fig. 2).

40 150 150 150 40

T %F/Z %FIZ
|
| |zo
'
. 20
F/§£ 530 &zm

Fig. 2: Configuration of a four-point bending strength test (dimension mm).

In this study, the TS 5497 EN 408 (2006) was taken into consideration. The test machine
had a loading speed of 5 mm-min-l. The four-point bending strength, modulus of elasticity in
bending and load bearing capacity were determined for the samples placed in such a way that the
fulcrum point span was 360 mm. The bending strength and modulus of elasticity were calculated

according to the following equations:

Bending strength (N.mm-2) — Fmax.L W
bhZ
A2 (F—F2) 3a at 2
Modulus of elasticity (N.mm-2) = ———— [{— ] — = @
byhi(Wo—W,) | \44
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where: Fmax is the maximum force at the time of rupture (N), L is the span between supports
(mm), b is the width of the specimens (mm), and d is the thickness of the specimens (mm),
A - measured length for determination of elasticity modulus (mm), 47 - sample width (cm)
(tangent measure), 47 - sample height (cm) (radial measure), a - distance between loading point
and nearest bearing (mm), F2 —F7 - increase of the load ratio on the straight line of the load
deflection curve (N), Difference in deformation corresponding to W2 -W1=F2 -F1 (mm).

The statistical results, namely the arithmetic mean and standard deviation were calculated
from the data acquired from the experiments. To determine the results of the experiments, multiple
analysis of variance (ANOVA) was used to determine the effects of the factors on the values
obtained for all the sample groups. Duncan’s test was used to indicate the degree of significance
if the interaction of the mutual strength of the factors was significant with a margin of error
of (p < 0.05) 5%.

RESULTS AND DISCUSSION

Bending strength
Tab. 1 shows the statistical evaluation of the bending strength of both the control samples
and the Black pine laminated wood. Tab. 2 and Tab. 3 show the results of the mean comparisons.

Tab. 1: Summary of mean bending strength values of laminated wood.

Bending strength (N.mm-2)
Parallel to the glue line | Perpendicular to the glue line
Adhesive type
Epoxy Polyurethane Epoxy Polyurethane
Mean Std. Mean Std. Mean. Std. Mean Std.
Control sample 79.06 3.6 75.92 3.4 75.02 2.2 73.03 1.7
Reinforced sample 88.21 3.7 79.66 6.7 76.86 3.2 75.73 2.5

When the bending strength values of the samples parallel to the glue line were examined
it was found that the bending strength of the samples produced using epoxy glue without
reinforcement was 79.06 N-mm-2, while the bending strength of the AFRP reinforced samples
was 88.21 N-mm=2. On the other hand, it was observed that the bending strength of the samples
produced using polyurethane glue without using the reinforcement was 75.92 N-mm=, while
the bending strength of the samples reinforced with AFRP was 79.66 N-mm=2. The evaluation
of the bending strength values of the samples perpendicular to the glue line determined that
the bending strength of the samples produced using epoxy glue without reinforcement was
75.02 N-mm~2 while the bending strength of the AFRP reinforced samples was 76.86 N-mm™2.
It was determined that the bending strength of the samples produced using polyurethane glue
without reinforcement was 73.03 N-mm and the bending strength of AFRP reinforced samples
was 75.73 N-mm=2. According to Tab. 2, the applied load differed depending on the position
of the laminated wood material. It was found that the bending strength values of the samples
parallel to the glue line were higher than those perpendicular to the glue line.

Tab. 2: Mean comparison of bending strength values in laminated wood materials.

Bending strength (N.mm-2)
Parallel to the glue line Perpendicular to the glue line
Reinforced sample (83.94) A (76.29) A
Control sample (77.49) B (74.03) B
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According to Tab. 3, the lowest bending strength value was obtained from the laminated
wood samples produced without using the supporting material, and the highest bending strength
value was obtained from the AFRP samples.

Tab. 3: Mean comparison of bending strength values of adhesive type in laminated wood materials.

Bending strength (N.mm2)
Adhesive type
Parallel to the glue line Perpendicular to the glue line
Epoxy glue (82.54) A (75.94) A
PU-D4 (77.04) B (74.38) B

Various experimental studies show that the reinforcement of timber structures yields
the improvement of load-bearing capacity, stiffness, and ductility, in a wide range, most likely
owing to the organic nature of wood. Most studies report an increase of capacity 20% to 50%
(Gentile et al. 2002, Triantafillou et al. 1992) or sometimes higher (Li et al. 2009, Borri
et al. 2005, Nowak et al. 2013), a negligible increase of stiffness (Amy et al. 2004, Buell
et al 2005) or occasionally much higher (Borri et al. 2005, Fiorelli et al. 2011), and a general
improvement of ductility.

AFRP reinforcement was successfully used for flexural strengthening of timbers;
(I) the maximum load-carrying capacity of reinforced timber was dominant with the shear
capacity of the AFRP layer/wood bond interface; (III) the flexural strength of southern yellow
pine (SYP) and Douglas-fir (DF) wood species were improved by an average amount of 74% and
31% (Yahyaei-Moayyed and Taheri 2011).

Modulus of elasticity in bending

The statistical evaluation of the results on modulus of elasticity in bending of the laminated
wood materials, laminated stratified composite materials and solid wood materials are given
in Tab. 4 and the results of the mean comparisons are given in Tab. 5 and Tab. 6. According
to Tab. 4, when the modulus of elasticity in bending parallel to the glue line values are compared,
it can be seen that the samples created using epoxy glue and AFRP gave maximum value, while
those that used polyurethane glue and no reinforcement gave minimum value. It was observed
that the elasticity values in bending perpendicular to the glue line were similar in the direction
of the support with the reinforcement and AFRP.

Tab. 4: Summary of mean modulus of elasticity in bending values of laminated wood materials.

Modulus of elasticity in bending strength (N-mm-2)
Parallel to the glue line ‘ Perpendicular to the glue line
Adhesive type
Epoxy glue PU-D4 Epoxy glue PU-D4
Mean Std. Mean. Std. Mean. Std. Mean. Std.
Control sample 9101 197.2 8761 433.6 8604 224.6 8303 210.9
Reinforced sample | 10311 532.6 9116 723.1 9201 527.3 8756 606.1

The difference between the groups in terms of the effects of variance sources on the elasticity
modulus parallel and perpendicular to the glue line was found to be statistically significant
in terms of material type (p < 0.05). While glue variety was effective on the elasticity modulus
of the samples parallel to the glue line, it was observed that there was no difference
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on the elasticity modulus of the samples perpendicular to the glue line. Furthermore, it was
found that the binary interaction of material type and glue type, both perpendicular and parallel
to the glue line, did not differ on the modulus of elasticity in bending. The results of the Duncan’s
test applied to determine the difference between the groups are given in Tab. 5 according
to supporting material type and in Tab. 6 according to glue type.

Tab. 5: Mean comparison of modulus of elasticity in bending of supporting material type in laminated
wood materials.

Modulus of elasticity in bending strength (N.mm2)

Parallel to the glue line Perpendicular to the glue line
Reinforced sample (9714) A (8979) A
Control sample (8931) B (8454) B

The results of the comparative Duncan’s homogeneity test (Tab. 5), which was conducted
to determine the significance of the type of supporting material on the modulus of elasticity
in bending of the reinforced laminated wooden construction elements parallel and perpendicular
to the glue line, the lowest value of the modulus of elasticity in bending both parallel to the glue
line and perpendicular to the glue line was found in the laminated wooden construction elements
produced without the reinforcement and the highest value in the samples in which AFRP
was used. The homogeneity test results showed that the highest modulus of elasticity value in
bending for samples parallel and perpendicular to the glue line was obtained in the laminated
wood construction elements produced with epoxy glue, while the lowest value was found
in the laminated wood construction elements produced with polyurethane glue (Tab. 6).

Consequently, several researchers considered the use of FRP an effective reinforcing
agent for wood structural components. Wangard (1964) and Biblis (1965) studied the effect of
bonding unidirectional fiberglass/epoxy-reinforced plastic to the compression and tension faces
of wood cores of various species. Increases in modulus of elasticity (MOE) ranging from 20%
to 50% using only 10% reinforcement by volume were reported. Osmannezhad et al. (2014)
studied the behavior of glued laminated timbers and swan timbers for two different species
(beech and poplar) was investigated under three-point bending. The results of MOR and MOE
in three-point bending test, of the reinforced glulams with GFRP layers showed a slightly higher
bending and shear capacities than the non-reinforced glue-laminated and sawn timbers. The
best results were for reinforced glulam with four GFRP layers. It was expected increasing layers
of GFRP layers improve mechanical properties.

Tab. 6: Mean comparison of modulus of elasticity in bending of adhesive type in laminated wood

materials.

Modulus of elasticity in bending strength (N.mm2)
Adhesive type
Parallel to the glue line Perpendicular to the glue line
Epoxy glue (9707) A (8903) A
PU-D4 (89379) B (8530) B
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Fracture types

The use of supporting materials between the layers of the produced reinforced laminated
wood construction elements increased the bending strength both parallel to the glue line and
perpendicular to the glue line. It can be said that using AFRP between layers as a supporting
material reduced the brittleness between the layers due to glue, which in turn resulted in a more
ductile structure, thus damping some of the energy that was generated as a result of loading.
Furthermore, as shown in Fig. 3, it was determined that AFRP prevented the layers from
separating from each other. As a result of the loading applied perpendicular to the glue line,
the beginning of a breakage occurred in the wood material, and deformation developed in the glue
layer and AFRP, and these deformations occurred between the layers. In the parallel applications
to the glue line, deformations developed with the wood material glue layer and ARFP material
and the fractures were in the form of zigzags. It was seen that the deformation zone formed
in the loading perpendicular to the glue line covered more space in the loading parallel to the glue
line. Fig. 4 shows the fractures caused by the loading parallel to the glue line.

Fig. 3: Fracture types for bending ftest to perpendicular to the glue line; (a) Epoxy glue+No SMT;
Epoxy+AFRP (), PU-D4+ No SMT and () PU-D4+AFRP.

Fig. 4: Fracture types for bending test to parallel to the glue line; (e) Epoxy glue+No SMT Epoxy+AFRP
(1), PU-D4 glue+No SMT and (h) PU-D4+AFRP.
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CONCLUSIONS

This study investigated, the modulus of elasticity in bending and four-point bending of wood
laminated material reinforced by AFRP. Within this scope, AFRP was placed between four layers
of slat prepared from Black pine (Pinus nigra) wood, which is extensively used in the manufacturing
of furniture and building materials in Turkey, and epoxy and polyurethane glues were used to glue
the layers. The control samples and samples supported with AFRP were statistically evaluated
according to support material type, glue type and load application type. In terms of glue type,
the highest bending strength value parallel to the glue line and perpendicular to the glue line
was obtained from the epoxy glue, while the lowest bending strength value was obtained from
the polyurethane glue. Additionally, the highest modulus of elasticity in bending value parallel
to the glue line and perpendicular to the glue line was determined in the epoxy glue and the lowest
in the polyurethane glue.

According to the evaluations made in terms of glue type, it was determined that using
epoxy glue influenced increasing bending strength perpendicular to the glue line and parallel
to the glue line. This could be explained by the fact that epoxy glue has a stronger chemical bond
between wood lamellae than polyurethane glue. In spite of this, for the best results in terms
of bending strength in applications parallel to the glue line and perpendicular to the glue line,
it was determined that the laminated elements produced using epoxy glue reinforced with AFRP
showed an increase in bending strength compared to the laminated elements produced without
the reinforcement. The highest bending strength value parallel to the glue line and perpendicular
to the glue line in terms of support material type was obtained from the AFRP support material,
while the lowest bending strength value was obtained from the laminated elements produced
without the reinforcement. In terms of glue line, the highest modulus of elasticity in bending
value parallel and perpendicular to the glue line was determined in the AFRP material and
the lowest value was determined in the laminated elements produced without the reinforcement.
The reinforcement between the layers of the produced reinforced laminated wood construction
elements increased the bending strength parallel and perpendicular to the glue line. It can be
said that using AFRP between the layers reduced the brittleness caused by the glue between
the layers, resulting in a more ductile structure, thus damping some of the energy that emerged
as a result of the loading. This damping was found to be more in the applications perpendicular
to the glue line. According to the experimental results in bending strength and modulus
of elasticity in bending the AFRP supporting material increased strength of laminated wood
material. As there were significant increases in the resistance properties of the material used as
the intermediate filling material in the laminated wood materials, it is suggested that furniture
and construction materials should have high strength properties.
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ABSTRACT

The effect of tenon length and tenon width on withdrawal load capacity of mortise and
tenon (M-T) joint was studied based on the finite element method (FEM), and the relationship
of withdrawal load capacity relating to tenon length and tenon width was regressed using
response surface method. The results showed that the tenon length and tenon width had
remarkable effects on withdrawal load capacity of M-T joint T-shaped sample. The effect of
tenon length on withdrawal load capacity was greater than tenon width. The regression equation
used to predict the withdrawal load capacity was capable of optimizing the tenon sizes of M-T
joint with R-square of 0.926. Using FEM can get more knowledge of M-T joint visually, and

reduce the costs of materials and time of experiments.

KEYWORDS: Withdrawal load capacity, finite element method, tenon size effect, mortise and
tenon joint.

INTRODUCTION

Mortise and tenon (M-T) is a traditional joint type commonly used in wood structures
and wood products, which dominates the strength of the whole framework. Withdrawal load
capacity is a common load type imposed on M-T joint. Many studies have investigated the
factors influencing the withdrawal resistance of M-T joint, such as wood species, adhesive
type, tenon geometry etc. (Zaborsky et al. 2017, Zhao et al. 2019). Diler et al. (2017) studied
the withdrawal resistance of T-shaped joint made from heat-treated pine (Pinus sibirica) and
common ash (Fraxinus excelsior) and iroko (Chlorophora excelsa) wood. The results showed
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that the withdrawal resistances of joints constructed from common ash and iroko wood were
higher than the joint made from heat-treated wood. Heat-treated wood reduced the withdrawal
resistance of joint by 25%. Renbutsu and Koizumi (2018) used greenwood shrinkage as a clamping
pressure to increase the withdrawal resistance. The results showed that proposed shrink-fitted
glued round M-T joint exhibited sufficient withdrawal strength, and after applying four humidity
cycles to simulate seasonal variations in moisture content, withdrawal strength did not decrease
significantly. In addition, Eckelman et al. (2004) studied the withdrawal resistance of pined and
unpinned round M-T joint. The results showed that cross-pined round M-T joints enhanced
the withdrawal resistance, which would be usable in the construction of furniture where adhesives
were unobtainable. Derikvand et al. (2013) studied the effect of wood species and loose tenon
length on the withdrawal force capacity of M-T joint T-shaped sample. The results showed that
the gluing in length of the tenon exerted a significant influence on the withdrawal force capacity
of the joints. Tenon sizes, length and width, are basic parameters of M-T joint, which affect
the strength of M-T joint directly. A huge amount of experimental tests were conducted
to investigate the tenon sizes on bending moment strength of M-T joint (Wilczyniski and
Warmbier 2003, Edirl et al. 2005, Likos et al. 2012, Oktaee et al. 2014, Kasal et al. 2016),
and tenon shoulder on strength of M-T joint (Eckelman and Haviarova 2006, DZinci¢ 2016).
However, the effect of tenon sizes on withdrawal load capacity of M-T joint was rarely studied.

Finite element method (FEM) has been confirmed as an effective method commonly used
in wood engineering (Zhou et al. 2017, Liu et al. 2018, Hu et al. 2019, Xi et al. 2020). Previous
studies also proved that the FEM can be used to analyse the M-T joint (Smardzewski 2008,
Silvana and Smardzewski 2010, Colakoglu and Apay 2012, Zhou 2018, Kilic et al. 2018, Chen
2019). Therefore, in this study, the effect of tenon sizes (length and width) on withdrawal
load capacity of M-T joint was investigated numerically based on FEM, and the relationship
of withdrawal load capacity relating to tenon length and tenon width was regressed using response
surface method. This study will contribute to reduce the costs of experiments through using FEM
and response surface method.

MATERIAL AND METHODS

Material properties of wood

The wood used to prepare the T-shaped specimens was beech (Fagus orientalis Lipsky)
(Nanjing Wood Lumber, Nanjing, China). The physical and mechanical properties of beech
wood were measured in the authors’ previous study (Hu and Guan 2017a). The specific gravity of
beech averaged 0.69, and the moisture content was 10.8%. Tab. 1 shows the mechanical properties
of beech wood which are basic parameters used in the finite element model, including elastic
moduli, Poisson’s ratios, shear moduli, yield strengths and ultimate strengths.

Tub. 1: Mechanical properties of beech wood (Hu and Guan 2017a).

Modulus of elasticity (MPa) Poisson’s ratio
E;f Er Ep VLR vir VRT VIR VIL VRL
12205 1858 774 0.502 0.705 0.526 0.373 0.038 0.078
Shear modulus (MPa) Yield strength (MPa) Ultimate strength (MPa)
Gir Grr G L R T L R T
899 595 195 53.62 12 6.23 59.20 48.88 23.82

Note:* E is elastic modulus (MPa); v is Poisson’s ratio; G is shear modulus (MPa); L, R, and T refer to the longitudinal,
radial, and tangential directions of beech wood, respectively.
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Dimensions of M-T joint specimens

Fig. 1 shows the configurations of T-shaped specimen evaluated in this study. The
dimensions of the post leg were 200 x 40 x 40 mm (length x width x thickness). The stretcher
measured 160 mm long x 30 mm wide x 30 mm thick. The dimensions of tenon length and
tenon width were variables studied in this study, while the tenon thickness was a constant. The
fit between tenon width and mortise height was 0.2 interference fit, and 0.2 mm clearance fit
was applied between tenon thickness and mortise width according to common wood M-T joint
technique. The polyvinyl acetate (PVA) was used to connect mortise and tenon, and the bonding
strengths of M-T joint were shown in Tab. 2.

20,40 Mortise Tenon
r
E e
! A= i
30
+
o % Right view
= Stretcher Thickness
160 Sl | ==
ost o N 3
leg 2 [ ——— -
40 4
N L4
Top view
() (b)

Fig. 1: Dimensions of specimen: (a) T-shaped sample, (b) mortise and tenon joint (unit mm,).

Tab. 2: Bonding strength of mortise and tenon joint (Hu and Guan 2019).

Bonding strength (MPa)
Shear strength Gy Shear strength Gy Internal bonding strength
3.49 2.45 1.23

Finite element model

Fig. 2 shows the finite element model of the M-T joint T-shaped sample subjected
to withdrawal load established using finite element software (ABAQUS 6.14-1, Dassult,
Providence, RI, USA). The mode considered the orthotropic properties of wood. The
mechanical properties used in this model were shown in Tab. 1. In this study, ductile damage was
used in the finite element model to judge the failure of elements with the parameters of fracture
strain 0.00833, stress triaxiality 0.33, strain rate 0.01 and displacement at failure 0.6452 mm.
Local coordinates were used to define the grain orientations of the leg and the stretcher, i.e., x, y,
and z corresponded to the longitudinal, radial, and tangential directions, respectively. The oval
M-T joint model was regarded as a semi-rigid joint. The interactions of the mortise and tenon
were surface-to-surface contact. For the curve contact surfaces of the M-T joint, the penalty
friction formulation was specified with a friction coefficient of 0.54 (Hu and Guan 2017b)
to simulate the friction behaviour between the mortise and tenon with a 0.2 mm interference
fit. For the flat contact surfaces of the M-T joint, Traction-Separation law was used as criterion
to simulate the cohesive bonding behaviour, and the parameters needed in ABAQUS were
bonding strengths of glue joint in different directions shown in Tab. 2. The loading conditions
was that a displacement load applied at the loading point at the end of the stretcher to get the force
(F) shown in Fig. 2. The mesh of the model is also shown in Fig. 2, and the sizes of most elements
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were approximately 5 mm. For contact parts, the sizes of elements were about 2 mm. The element
type was C3D8, an 8-node linear brick element that was assigned to the T-shaped sample.

20
10:: j<— Constraints
Loading
point
140
10:: <«—— Constraints
20

Fig. 2: Finite element models of T-shaped mortise and tenon joint subjected to withdrawal load.

Tab. 3: Combinations of tenon width and tenon length evaluated in this study.

Tenon size (mm) Width (W)

Length (L) 15 20 25

10 L10-W15 L10-W20 L10-W25
20 L20-W15 L20-W20 L20-W25
30 L30-W15 L30-W20 L30-W25
40 L40-W15 L40-W20 L40-W25

Statistical analysis

All data were analyzed by Design expert (Version 8.06, Stat-Ease, Inc. Minneapolis,
MN, USA) using the response surface method, and the model terms were statistically analyzed
by analysis of variance (ANOVA).

RESULTS AND DISCUSSION

Stress distributions of M-T joint

Fig. 3 shows stress distributions of a typical T-shaped M-T joint (L10-W15) during
withdrawal process. Most simulation results were in the same trend. Figs. 3a-d suggested the
initial state, interference fit, half-tenon withdrawal and complete withdrawal states, respectively.
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Fig. 3: Stress distributions of M-T joint T-shaped specimen subjected to withdrawal load: (a) initial state,
(b) interference fit state, (c) half~tenon withdrawal state and (d) complete withdrawal state.

Withdrawal load capacity of M-T joints

Fig. 4 shows the withdrawal load and displacement curves of all M-T joint T-shaped
finite element models. Most curves were in the same trend that the withdrawal load increased
linearly until reaching the peak value, and then dropped linearly until the tenon completely
pulled out. These curves reflected the process of tenon pulled out the mortise smoothly and
the most materials of tenon were in elastic stage. However, the curves of L30-W15, L40-W15 and
L40-W20 had different trends at the dropped stage of curves, which caused by different failure
modes of M-T joint.
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Fig. 4: Withdrawal load-displacement curves of T-shaped specimens with different tenon sizes.

Fig. 5a-c show the failure modes of M-T joint with the tenon sizes of L30-W15, L40-W15
and L40-W20, respectively. In case of Fig. 5b, the tenon damaged before pulled out, so the
withdrawal load decreased once reaching the peak value. In case of Fig. 5a and 5S¢, in the dropped
stage of curves, the withdrawal load decreased nonlinearly, since most materials of tenon were in
plastic stage, especially for M-T joint with tenon sizes of L30-W15. It can be inferred that when
the tenon length is twice bigger than or equal to tenon width, the materials of tenon have the risk
of suffering plasticity or fracture. Therefore, it is recommended that the tenon length is greater
than tenon width and smaller than twice tenon width in designing the tenon sizes of M-T joint
of wood products especially subjected to withdrawal load.
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Fig. 5: Stress distributions and failure modes of T-shaped specimens subjected to withdrawal load:
(a) 30-mm tenon length by 15-mm tenon width (L30-W15), (b) 40-mm tenon length by 15-mm tenon
width (L40-W15) and (c) 40-mm tenon length by 20-mm tenon width (unit MPa).

Fig. 6 shows the simulation results of withdrawal load capacities of M-T joint with
different tenon sizes. Apart from the tenon sizes of L.40-W15, when the tenon width is fixed
at a certain value, the withdrawal load capacities increased remarkably with increase of tenon
length (Derikvand et al. 2013). However, when the tenon length kept at a certain constant, the
withdrawal load increased or decreased slightly with the tenon width increasing. All of above
results indicated that the tenon length affected the withdrawal load capacity greater than tenon

width.

12000

1000

4=

Withdrway load(n)

Fig. 6: Withdrawal load capacities of mortise and tenon joint with different tenon sizes.

Modelling of withdrawal load capacity
In this model, the result of M-T joint with dimensions of L40-W15 was eliminated from the

data for its failure mode (Fig. 5b) different from others. Therefore, the response surface model
was regressed based on 11 runs. Fig. 7 shows the 3D surface of the model, and the corresponding

response surface model equation was shown in Eq. 1:

F=4720.9 + 834.5x A - 650.8 x B+ 8.8 x AB - 34.2 x A? + 11.1 x B? + 0.44 x A3 (1)

where: F is withdrawal load capacity (N);
A and B are tenon length and tenon width (mm), respectively.
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Fig. 7: 3D surface of response surface model of withdrawal capacity of mortise and tenon joint relating to
tenon length and tenon width.

Tab. 4 shows that analysis of variation (ANOVA) of the response surface reduced cubic
model. The F-value of 61.29 implies the model is significant. There is only a 0.07% chance
that a F-Value this large could occur due to noise. The F-value of length was much bigger than
the one of width indicating that the effect of tenon length on withdrawal load capacity was greater
than tenon width, which was consistent with the results of simulation (Fig. 6).

Tab. 4: ANOVA of response surface reduced cubic model.

Source F-value  p-value
Model 61.29 0.0007
Length (A) 10.33 0.0325
Width (B) 0.15 0.7165
AB 6.03 0.0700
A2 0.80 0.4219

B2 1.01 0.3720

A3 5.56 0.0779

The p-values less than 0.05 indicate model terms are significant. The p-values greater
than 0.1 indicate the model terms are not significant. The p-values between 0.05 and 0.1 are
moderately significant Therefore, 4 is significant model terms, 4B and A3 are moderately
significant, and B, 42 and B2 are not significant. In addition, the "Pred R-Squared" of 0.9261 is
in reasonable agreement with the "Adj R-Squared" of 0.9731. Therefore, this model can be used
to predict the withdrawal capacity of M-T joint.
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CONCLUSIONS

In this study, the effects of tenon sizes, length and width, on withdrawal load capacity
of M-T joint were studied numerically using FEM combining with response surface model.
Following conclusions were drawn: (Z) The tenon sizes have remarkable effect on withdrawal
load capacity of M-T joint. (2) The effect of tenon length on withdrawal load capacity of M-T
joint is greater than the one of tenon width. (3) It is recommended that the tenon length is greater
than tenon width and smaller than twice tenon width in designing the tenon sizes of M-T joint
especially subjected to withdrawal load. (4) The method of combining FEM and response surface
method is an efficient way to optimize the tenon sizes, which can help researchers and engineers,
know more about the details of wood structures visually and reduce the costs of time and materials
used to conduct experiments.

Further studies can focus on numerically and experimentally optimizing the tenon sizes
of M-T joint considering the tenon length, tenon width and tenon thickness together when
subjected to bending and withdrawal loads.
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