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Abstract

Two common wood flooring materials, taun (Pometia spp.) and cumaru (Dipteryx odorata), were used as investigated
objects and comparison was made between the two wood species for their density, microstructure, microfibril angle (MFA),
cellulose crystallinity and the main chemical composition. Results showed that the density of cumaru was 0.941 g-cm™,
significantly larger than that of taun, 0.737 g-cm™. The biggest difference of two wood species in microstructures was fiber
cells. Fiber cells of cumaru had dense cell walls, almost no cell lumens; while fiber cells of taun had relatively thin cell
walls, with apparent cell lumens. The thickness of fiber cell wall of cumaru and taun were 6.80 and 2.82 um, respectively,
and the former is about 2.5 times thicker than the latter. Measured data of MFA indicated that the average MFA of cumaru
was 11.7°, smaller than that of taun, 13.4°. The relative crystallinity of cumaru and taun were 54.0 and 50.8%, respectively.

The two wood species had the similar holocellulose contents, but the lignin content of cumaru was higher than that of taun,

especially that the content of extractive of cumaru was as twice as that of taun.
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Introduction

Solid wood flooring is processed directly from natural woods
and it is a kind of green flooring material. In recent years,
with the restriction on wood cutting, the total amount of
solid wood flooring raw materials is decreasing [1]. How to
effectively utilize the existing solid wood flooring timbers
and develop new wood species has become a hot topic. The
properties of woods are the basis for the development of
solid wood flooring and its utilization, while cell wall is a
basic element for load performance and modification pro-
cessing of solid wood flooring, and it is the main structural
factor that determines the wood properties. Therefore, stud-
ies on the chemical composition and structural characteristic
are of great significance.
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At first, Chinese solid wood floorings are mainly made of
domestic woods, but with the increasing demands of solid
wood flooring, the domestic supply of woods is insufficient.
Now more and more imported woods are used as solid wood
flooring, among of which, cumaru (Dipteryx odorata) from
South America and taun (Pometia spp.) from South East
Asia are common wood species of solid wood flooring avail-
able in the market. For the two kinds of woods, researches
had been carried out mainly on anatomical features [2],
physical and mechanical properties [3], shrinking and swell-
ing [4] and dimensional stability [S]. The research showed
that the physical and mechanical properties of cumaru
woods, which sold at a high price in the market, are better
than that of taun woods.

The solid material of woods is cell wall substance, so the
macroscopic physical and mechanical properties of woods
are mainly related to cell wall properties of woods, such as
microfibril angle (MFA), cellulose crystallinity and chemi-
cal composition [6—8]. However, most of previous studies
mainly investigated physical and mechanical properties of
cumaru and taun woods at the macroscopic level and the
measures for modification processing of the two kinds of
woods. Few studies had been conducted on the microstruc-
tures and chemical compositions of cell walls that decide
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the wood flooring properties. There are great differences in
macroscopic physical and mechanical properties between
cumaru and taun woods.

In this article, we investigated the microstructure, MFA,
cellulose crystallinity and chemical composition of the two
kinds of woods and revealed the structural features and
chemical compositions of cell walls, at the same time, the
air-dry density of the two kinds of woods also had been
tested for making sure the quantity of solid substances in
the cell walls. The purpose of this article was to reveal the
structural and chemical characteristics of the cell walls of
solid wood floorings, and provided an important scientific
theoretical basis for the development, utilization and modi-
fication of wood flooring, as well as for the design of com-
posite materials with imitating cell-wall structure.

Materials and methods
Materials

Two imported wood species: cumaru and taun were used
as investigated objects. The test materials were floor-
ing blanks purchased from Zhejiang Nanxun floor-
ing factory. Test materials were processed into test
samples with dimensions of 20 mm X 20 mm X 20 mm
(RXxTxL)and 10 mmXx 10 mmXx 15 mm (RXTXL) and
1.5 mmx 10 mmXx 45 mm (RXTXL), which were used
for measuring air-dry density and microstructure observa-
tion as well as MFA. At the same time, the test materials
were ground after air-drying, and wood powders with above
60—80 mesh sizes were used for determination of crystallin-
ity and cell wall chemical compositions.

Air-dry density test

Small samples of the two kinds of woods with the size of
20 mm X 20 mm X 20 mm were placed in a constant tem-
perature and humidity chamber with the temperature of
20 °C and humidity of 65%, until the equilibrium moisture
content was reached. The dimensions of samples at vari-
ous directions were measured and the mass of samples were
weighed, finally the air-dry density of the two wood species
at the moisture content of 12% was calculated [9]. The 24
samples from each wood species were selected for testing
of air-dry density.

Microstructure observation
The three samples in each species were selected for micro-
structure observation. The cross-sectional sections with a

relatively complete structure can not be directly obtained
using a sliding microtome. Therefore, the cumaru and
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taun samples were softened, respectively. The taun sam-
ples were placed in hot water and soaked for 2 days. The
cumaru samples were placed in a 3% ethylenediamine
solution for 2 days, and then immersed in hot water for
1 day. After softening, the samples were cut into sec-
tions with 16 pm thickness using Leica SM2010R sliding
microtome, after safranin staining and gradient alcohol
dehydration and mounted by Canada balsam, the sections
containing a ring were placed under a ZEISS Al optical
microscope and the morphology and distribution of tissue
cells of two kinds of solid wood floorings were observed.
The double cell wall thickness of cross-sectional fibers
of each sample was measured by Axiovision image pro-
cessing software (Axiovision Release 4.6.3, Carl Zeiss,
Germany). The 50 fibers were selected for measurement
and the data were analyzed by Excel and SPSS software
(SPSS Statistics 19, IBM Company, America).

MFA measurements

The MFA of the two kinds of woods were determined by
X’pert PRO polymorphism X-ray diffractometer made by
Dutch PANalytical Company, with 25 samples for each
wood species. During testing, samples were placed on the
sample tray of X-ray diffractometer, and the tangential
section of samples was vertical to the direction of X-ray.
The basic parameters of diffractometer included diffraction
angle of 22.4°, rotation range of 0°-360°, rotation pace of
0.5°, tube voltage of 40 kV and tube current of 40 mA.
The diffraction patterns of the 002 surface were obtained
after rotation of samples by 360°, and the MFA of samples
were calculated by 0.6 T method, so as to finally obtain the
mean MFA of cumaru and taun [10].

Crystallinity determination

The 5 samples for each wood were chosen. The crystal-
linity of two woods was determined by X-ray diffractom-
eter (D/max-rB, Rigaku, Japan). When testing, powdery
samples were placed in a sample box, and radiated by
nickel foil filtered CuK,, with the voltage of radiant tube
at 40 kV, scanning range of 5°—40°, step size at 0.02°
and scanning speed at 4 °/min. After testing, according
to the diffraction patterns, the cellulose crystallinity of
various samples was calculated by the Segal empirical
method. When the maximum integral intensity of the
wood fiber diffraction intensity at 20 =22° was I, and the
minimum integral intensity at the valley of 20=18° was
I,, then the crystallinity was calculated by the formula
Cl=,—-1)/1,%x100%, ultimately the mean crystallinity
of cumaru and taun was obtained [11].
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Determination of chemical composition

The chemical composition contents of wood powder samples
of the two woods were determined by conventional national
standard method. The wood powder was uniformly mixed
from five flooring blanks of each species, and three repeated
tests were made for each sample. The main chemical com-
positions included holocellulose and a-cellulose, acid-insol-
uble lignin and extractive. The contents of all compositions
were determined according to Chinese national standards:
GB/T 2677.10-1995 Fibrous raw material- Determination
of holocellulose [12], GB/T 744-1989 Determination of
o-cellulose [13], GB/T 2677.8-1994 Determination of acid-
insoluble lignin [14], and GB/T 2677.6-1994 Determina-
tion of solvent extractive [15], respectively, and finally the
mean contents of holocellulose, a-cellulose, acid-insoluble
lignin and solvent extractive of cumaru and taun woods were
obtained.

Results and discussion
Air-dry density analysis

Cumaru and taun woods are the preferred flooring materials
and commonly available in the markets. The price of cumaru
wood is much higher than that of taun wood. In addition
to the difference in appearance of the two kinds of woods,
the weight between them varies greatly, and the weight of
cumaru wood is greater than that of taun wood. The density
determines the weight of wood. The air-dry density of the
two kinds of woods was measured. The results are shown in
Table 1. The mean air-dry density of cumaru and taun was
0.941 and 0.737 g-cm™>, respectively. The air-dry density
of cumaru wood was significantly higher than that of taun
wood and the one-way analysis of variance showed that the
difference in air-dry density between the two kinds of woods
was statically significantly different, as shown in Table 2.

Table 1 The mean values and

o . Wood species Air-dry density/  Fiber thickness/ MFA?Y/° Crystallinity/%
deviations of density, MFA and -3
. gcm um
crystallinity of cumaru and taun
woods cumaru
Mean value 0.941 6.80 11.7 54.0
Standard deviation 0.051 1.31 0.622 0.01
Coefficient of variation/% 5.47 0.193 5.32 1.78
taun
Mean value 0.737 2.82 13.4 50.8
Standard deviation 0.035 0.349 1.16 0.014
Coefficient of variation/% 4.71 0.125 8.66 2.84
“Microfibril angle
jl'able‘Z.‘ The Vaﬁiance ) Impact factor Deviation resource  Degree of Sum of Mean sum F F0.05
analyms. O,f density, MFA and freedom deviation of square
crystallinity of cumaru and taun s
quare
woods
Air-dry density Inter-group 1 0.346 0.346 17.6  4.04
Intra-group 47 0.943 0.020
Total 48 1.29
Thickness of fiber cell wall  Inter-group 1 400 400 431 394
Intra-group 99 91.8 0.927
Total 100 491
MFA? Inter-group 1 34.8 34.8 44.8 4.04
Intra-group 49 38.1 0.777
Total 50 72.9
Crystallinity Inter-group 45.4 45.4 37.8 532
Intra-group 9 9.61 1.20
Total 10 55.0

*Microfibril angle
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Wood density is a major factor for the evaluation of
wood quality [16]. In general, woods of high density have
more cell wall substances and better physical properties and
mechanical strength. Wang et al. found that shrinkage rate
of volume (8.46%), static bending (144 MPa), and modulus
of elasticity of bending (19.0 GPa) of camura were superior
than that (10.6%, 125 MPa, 16.5 GPa) of taun [3]. Cumaru
wood flooring has a high density and is one of important
reasons why it has better physical and mechanical properties
and a higher price in market than taun wood flooring.

Microstructure analysis

Before observing microstructures of cumaru and taun floor-
ing woods, we observed the appearance of the two kinds of
solid wood floorings. It was found that the surface textures
of the two kinds of woods were different, and the cumaru
solid wood flooring which sell at higher price, had a dense
surface, with beautiful patterns like dragon and phoenix,
so it is called as Freijo. The surface of the taun solid wood
flooring had no obvious patterns and its surface color was
not uniform, as shown in Fig. 1. The surface morphology
of solid wood flooring is determined by its microstructure

2cm

Fig. 1 The appearance images of solid wood floorings. a cumaru; b taun
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characteristics. Therefore, observation was done toward the
microstructures of the two kinds of solid wood floorings.
The cross-sectional microstructure images from middle
parts in a ring, early wood parts, of cumaru and taun woods
were obtained by conventional section method, as shown
in Fig. 2.Their vessel morphology was not different, domi-
nated by solitary pores and containing a small number of
multiple pores. The axial parenchymas of cumaru take on
appearances of aliform shape, confluent shape and terminal
shape, while that of taun is uniform distribution around their
vessels. The biggest difference in microstructures between
the two woods existed in their fiber cells. As shown from the
enlarged figures b and d in Fig. 2, the fibers of cumaru had
thick wall and small lumen, and the whole cell showed dense
cell wall, almost no cell lumen. Comparing with cumaru,
fiber cells from taun wood had larger lumen and thinner
wall, and cell lumens could be seen obviously (Fig. 2, d).
By measuring the wall thickness of fiber cells of the two
solid wood floorings, 6.80 um was obtained for the mean
single wall thickness of cumaru fiber cells, while 2.82 pm
was discovered for the mean single wall thickness of taun, as
shown in Table 1. The thickness of the former was about 2.5
times of that of later. The analysis on the microstructures of
the two solid wood floorings revealed that the cumaru wood
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Fig.2 Cross-section microstructure of cumaru and taun woods. a cumaru microstructure, b enlarged view of cumaru fiber cells, ¢ taun micro-

structure, d enlarged view of taun fiber cells

had more cell wall substances. That is why it has a larger
air-dry density than that of taun wood.

Cell wall MFA analysis

MFA is a microscopic characterization of wood cell wall
structure. It is an important factor influencing the physical
and mechanical properties of woods [17, 18]. The X-ray dif-
fraction patterns of samples from the two solid wood floor-
ings are shown in Fig. 3. As shown in Fig. 3, the MFA of
taun was different from that of cumaru. The MFA of all
samples of the two kinds of woods were calculated by the
0.6 T method, and 11.7° was obtained for the mean MFA
of cumaru and 13.4° for the mean MFA of taun. Variance
analysis in Table 2 showed that the MFA of taun was sig-
nificantly different from that of cumaru at the level of 0.05.
In addition to a larger MFA of cumaru wood than taun
wood, the range of variation of MFA values of all samples
of cumaru was smaller than that of taun. The standard devia-
tion of MFA of taun was about twice of that of cumaru, and
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Fig.3 X-ray diffraction spectrum during MFA test of cumaru and
taun woods (representative spectrum from 25 samples, respectively)
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its coefficient of variation was larger than that of cumaru,
as shown in Table 1. Therefore, it can be concluded that the
texture of solid cumaru wood flooring is more uniform than
that of taun wood flooring.

MFA is one of the most important factors affecting wood
air-shrinkage and mechanical properties. The axial shrink-
age of wood is positively correlated with MFA [19, 20]. The
MFA of cumaru was smaller than that of taun, indicating that
its shrinkage was smaller than that of taun, the dimensional
stability of cumaru wood flooring was better than that of
taun, not prone to off-seam or warpage deformation. Studies
on the macroscopic mechanical properties of the same batch
of solid woods [3] showed that taun wood flooring with large
cell wall MFA had low mechanical properties, while the
cumaru wood flooring with superior mechanical properties
had low cell wall MFA. Thus, it could be concluded that the
cell wall MFA of the two wood floorings was negatively cor-
related with their macroscopic mechanical properties, which
were consistent with the previous results that the smaller the
MFA is, the better the longitudinal mechanical properties
are [21].

The cellulose crystallinity analysis

Cellulose, as the wood cell wall skeleton material, is mainly
divided into crystalline region and non-crystalline region. The
crystallinity is a characterization of the proportion of crystal-
line regions of cellulose. The X-ray diffraction patterns of the
taun and cumaru wood samples obtained by X-ray diffrac-
tometry are shown in Fig. 4. As seen from the figure, there
were 3 diffraction peaks at 26 of 16°, 22.5° and 35° for the 2
wood floorings, corresponding to the (101), (002) and (040)
crystal faces, respectively. There was a maximum peak value
of (002) diffraction at 260=22.5°, and a minimum peak value

(002) cumaru
taun
(101)
2
0
c
]
=
(040)
1 1 1 1 1 1
5 10 15 20 25 30 35 40
20(°)

Fig.4 X-ray diffraction chart of cumaru and taun woods (representa-
tive spectrum from 5 samples, respectively)

@ Springer

at 260=18°. The X-ray diffraction patterns of taun and cumaru
were basically similar, indicating that the unit cell of the crys-
talline part of cellulose of two wood species was the same, but
the peak intensity of cumaru at the peak position 26 =22.5°
was significantly higher than that of taun, indicating that the
degree of crystallinity of cell wall cellulose of cumaru wood
was greater than that of taun wood. In this paper, by calcula-
tion with the empirical method presented by Segal et al. [11],
the relative crystallinity of cumaru wood was 54.0%, while
the relative crystallinity of taun was 50.8%. The analysis of
variance showed that crystallinity of taun was significantly
different from that of cumaru at the level of 0.05, as shown in
Tables 1 and 2.

Studies have shown that the crystallinity can reflect the
physical and mechanical properties of woods to some extent.
The larger the crystallinity of wood, the better the wood
dimensional stability, mainly because the greater the crystal-
line crystallinity and the crystalline region, the closer the bind-
ing between the fibers, the harder for the water molecules to
enter the cellulose molecular chains, and the larger crystalline
region is more tightly constrained on the amorphous region,
reducing their capacity of dry shrinkage and wet expansion
and increasing the dimensional stability [22]. The larger the
crystallinity of the wood, the better the mechanical properties
of the wood, because highly ordered crystalline structure can
improve the longitudinal strength and rigidity of wood, that
is, the larger the cellulose crystallinity and crystalline region,
the higher the modulus of rupture of cellulose and fiber tensile
strength [23, 24]. Studies have shown that the dimensional sta-
bility and mechanical properties of cumaru solid wood floor-
ing are better than that of taun solid wood flooring [3, 4], and
the crystallinity of cumaru woods is higher than that of taun
woods, which indicates that the cell wall cellulose crystallin-
ity is another important factor influencing the physical and
mechanical properties.

Cell wall chemical composition analysis

Wood cell wall is mainly composed of three kinds of poly-
mers: cellulose, hemicellulose and lignin. In addition, wood
also contains a small amount of extractive deposited on the
cell wall or filled in the cell lumens. The chemical compo-
sitions of the cell walls of cumaru and taun wood floorings
were tested according to Chinese national standards, and
the results are shown in Table 3. As seen from the table, the
chemical compositions of the cell walls of cumaru and taun

Table 3 Chemical compositions of cumaru and taun woods

Species Extractive/% Lignin/%  Holocellulose/% a-cellulose/%

cumaru 7.85+0.38
taun 3.94+0.66

23.4+1.07 64.3+0.21
22.0+£0.37 64.8+0.37

53.0+0.32
48.2+0.16
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were different. The holocellulose contents of cumaru and
taun were 64.3 and 64.8%, respectively, without great differ-
ence. But cumaru had a content of a-cellulose of 53.0% and
a lignin content of 23.4%, both slightly higher than those of
taun (content of a-cellulose of 48.2% and lignin content of
22.0%, respectively). In addition, the biggest difference in the
cell wall chemical compositions between them was the content
of extractive. With high content of extractive for cumaru (up to
7.85%) and lower content of extractive for taun (only 3.94%),
the content of extractive of the former was about twice of that
of the latter.

The content of chemical compositions and structural
features of cell wall will affect the physical and mechani-
cal properties of woods [25]. For example, the extractive
deposited on the cell wall or filled in cell lumen will pro-
duce a significant effect on wood strength and permeability
[18]. By comparing the chemical compositions of cumaru
and taun wood floorings, it can be concluded that the holo-
cellulose does not produce a decisive role in their physical
and mechanical properties. The contents of a-cellulose and
lignin of cell walls of cumaru woods are higher than those
of taun woods, especially for its higher content of extractive.
They both may jointly affect the physical and mechanical
properties of cumaru. Studies have shown that, the lignin,
located between cellulose fibers, mainly play a role of com-
pression resistance, and its content has the greatest impact
on the hardness of woods [25]. The studies on Sequoia sem-
pervirens, Robinia pseudoacacia and other woods showed
that, the impact strength and bending strength parallel to
grain of wood increased with the increase in extractive con-
tent [18]. The content of extractive of cumaru is twice as that
of taun, so it is inferred that the high content of extractive of
cumaru is one of the important factors that its compression
strength, bending strength, and impact strength are higher
than those of taun [3].

Conclusions

In this paper, comparison was performed between imported
cumaru and taun woods for their air-dry density, microstruc-
ture, MFA, crystallinity and cell wall chemical composi-
tion. The two kinds of woods both are used to manufacture
solid wood floorings, and there is distinct difference in their
mechanical properties. Results showed that the cumaru
with better mechanical properties had larger air-dry den-
sity, thicker cell wall with almost no cell lumen, smaller
MFA, larger cellulose crystallinity and higher contents of
a-cellulose, lignin and extractive. However, compared with
the cumaru wood floorings, the taun wood flooring with
poor mechanical properties had lower air-dry density, thin-
ner cell wall and greater cell lumen, larger MFA, lower crys-
tallinity and slightly lower contents of a-cellulose and lignin

and extractive. These results revealed the cell wall structures
and chemical compositions that influence the mechanical
properties of the two solid wood floorings at the levels of
tissue cell and cell wall.
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