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Abstract In this work, densities and porosity parameters
are determined on domestic and overseas soft- and hard-
woods by application of pycnometric methods and mer-
cury intrusion porosimetry (MIP). Great variability was
found in bulk density, porosity and in the specific surface
area. According to the pore size distribution, four pore size
classes could be distinguished: macropores (radius 58—2 pm
and 2-0.5 pum), mesopores (500-80 nm), and micropores
(80-1.8 nm). The pore size distribution can vary even in
the case of comparable pore volumes. The hardwoods, par-
ticularly the European diffuse-porous ones, show a higher
amount of micropores, which represent the microvoids or
cell wall capillaries. A high cumulative pore volume can also
be the result of a high content of micropores with poorer
accessibility. The value of the total specific surface area
from MIP measurements is, generally, below those values
obtained by the water vapour adsorption technique. These
results can provide information for further investigations on
the sorption behaviour and the fluid intake as technological
characteristics in industrial processes of impregnation and
penetration of coating materials or adhesives.
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Bestimmung der Porositiit und Porengrofienverteilung
verschiedener Holzer mittels Quecksilberdruckporo-
simetrie

Zusammenfassung Im Rahmen der vorliegenden Arbeit
wurden an ausgewihlten einheimischen und iiberseeischen
Nadel- und Laubholzern mit pyknometrischen Methoden
und der Quecksilberdruckporosimetrie verschiedene Dichte-
und Porosititsparameter bestimmt. Grofle Unterschiede
wurden in der Normal-Rohdichte, der Porositidt und Poren-
groflenverteilung sowie in der spezifischen Oberfliche ge-
funden.

Anhand der Porengrofienverteilungskurven kénnen vier
Porenklassen unterschieden werden: Makroporen (Radius
58-2 pum und 2-0,5 um), Mesoporen (500-80 nm) sowie
Mikroporen (80—1,8 nm). Laubholzer, insbesondere die un-
tersuchten europiischen Zerstreutporigen, zeigen einen ho-
heren Anteil an Mikroporen. Auch bei vergleichbarem to-
talem Porenvolumen kann die Porengroflenverteilung va-
rileren. Ein vergleichsweise hohes kumulatives Porenvo-
lumen kann auch durch einen hohen Anteil an Mikropo-
ren mit niedrigerer Zuginglichkeit verursacht werden. Die
aus den Daten der Druckporosimetrie bestimmte spezifische
Oberflache ist im Allgemeinen kleiner als die mittels Was-
serdampfadsorption gemessene. Die vorgestellten Ergebnis-
se liefern Informationen fiir weitergehende Untersuchun-
gen zum Sorptions- und Eindringverhalten von Fliissigkei-
ten in industriellen Prozessen der Imprignierung, Beschich-
tung und Verklebung.

1 Introduction

Porosity and density of wood are important parameters that
significantly influence material properties such as flow, ad-
sorption and impregnability but also heat conductivity and
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tensile and bending strength. Porosity is defined as one mi-
nus the solid volume fraction and can therefore, also be cal-
culated from the normal bulk or oven-dry density p and the
specific (or cell wall) density of solid ps;. There are other
measuring techniques for determination of porosity of dif-
ferent accessibility. They are based on gas adsorption, e.g.,
water vapour, Ny or He, electron microscopical investiga-
tion, and mercury intrusion porosimetry (MIP) (Lowell et
al. 2004). Mercury has the advantage of not wetting most
substances and not penetrating pores by capillary action.
The MIP method uses pressure to force mercury into the
pores, where the volume of mercury that enters the pores is
related to the pore volume, and the pressure needed is re-
lated to the pore size. Measurements of the total intrusion
volume, the total pore surface area, the pore size and size
distribution and of the bulk and apparent specific (skele-
tal) density are all possible. Difficulties in the measurement
of the pore size hinge on the accessibility and connectivity
of the pores. Pores cannot be measured if they are closed
or less than 1.8 nm radius. Therefore, the sample geome-
try and the measurement procedure can influence the results
of pore size measurements. Mercury enters the cut cell lu-
mina easier than the uncut ones, where the mercury has to
penetrate through smaller pits at higher pressure. This can
lead to an underestimation of the proportion of larger pores
(cell lumina) and, consequently, an overestimation of the
portion of smaller pores (Schneider and Wagner 1974). To
consider this, small samples have to be used and the pres-
sure is applied either incrementally (equilibration method)
or in scanning mode continuously with a gradually increas-
ing rate. Advanced methods allow adjusting the pressure in-
crease rate to the pressure level and intrusion processes.

Mercury intrusion porosimetry has developed into a pow-
erful technique to determine the pore volume and pore size
distribution in many porous materials, e.g. in wood (Stay-
ton and Hart 1965; Schneider and Wagner 1974; Schneider
1979, 1983; Hosli and Orfila 1985; Junghans et al. 2005;
Pfriem et al. 2009).

Schneider (1979) investigated the pore size distribution
of 30 different domestic and overseas wood species with
MIP. The pore radii were classified in the ranges < 0.1 pm
(diameter of margo capillaries 0.1-0.7 pm), 0.1-5 pm and
>5 pum (lumen radii). The pit openings can occur in all of
these radii classes. This classification was also limited by
the technical capabilities of the device used (max pressure
200 MPa; min pore radius 4 nm). The investigated soft-
woods show only small differences in the pore size dis-
tribution mainly with pores with a radius >0.1 pm and a
characteristic pore radius (average pore radius at half of
the cumulative pore volume) between 1.5 and 6.0 um. The
ring-porous hardwoods mostly had pores with a radius of
0.1-5 ym and a higher ratio of small pores <0.1 um than
large pores >5 um (e.g. Robinia 59.2%). Consequently, the
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average pore radius is much smaller (0.05-0.35 um) as in
softwoods. The pore size distributions of the diffuse-porous
woods show wide variations but are mostly dominated by
pores in the range of 0.1-5 um. In the overseas diffuse-
porous species, the characteristic pore radius is smaller than
in domestic species. The lowest values (0.03 um) were
determined for Azobé and Ebony, which have the great-
est quantity of small pores <0.1 um (55.8% and 73.3%).
Both woods have the highest bulk dry density (1.12-1.20
g/cm3). However, the Doussié also has a high content of
small pores <0.1 pm (60.0%) and consequently a small
characteristic pore radius but still a bulk dry density of
0.837 g/em3. Sapwoods of larch, pine and willow, in com-
parison to their heartwoods, show a higher porosity and
quantity of pores <5 um. For densified solid wood (Lignos-
tone, density 1.363 g/cm®) and compression wood, a signif-
icantly reduced total porosity, due to fewer large pores, was
found for beech (Schneider and Wagner 1974) and spruce
(Schneider 1979).

Despite the importance of porosity in wood applications,
there are only few systematic investigations on the poros-
ity and pore size distribution of a wide range of different
woods. Most of the studies are focused on investigating the
average effective capillary radius and their effects on pene-
tration behaviour and on the changes of the porosity of spe-
cial wood types during different chemical and thermal treat-
ments (Junghans et al. 2005; Pfriem et al. 2009). Dieste et al.
(2009) investigated the pore structure of chemically (DMD-
HEU) modified beech with differential scanning calorime-
try.

Taxonomies according to macroscopical and microscop-
ical anatomic characteristics include the orientation and dis-
tribution of pores as well as a rough size classification
(Beckwith 1997; Schoch et al. 2004). Stamm (1964) dis-
cusses the microscopic structure of wood and gives like
Siau (1995), Kollmann (1987) and Wagenfiihr (2007) an
overview of the pore structure of different woods. For soft-
wood, the typical diameters of tracheids are between 10 and
50 pum. The almost always clogged resin ducts are in the
diameter range 30-150 um. The microvoids in the dry cell
wall are found to have typical diameters of 0.3—60 nm. The
effective diameter of pit openings for softwoods have been
found between 0.02—4 um. The gross structure of hardwoods
is more complicated. They contain vessels with diameters in
the ranges of 50400 pum (early spring wood) and 20-50 pum
(latewood). Due to these large vessel diameter the effective
pore opening diameter is larger for hardwoods (5-170 um)
The lumen are in the diameter range of 1-30 um. However,
they contain also pits that are much smaller than the pits of
softwoods but they are numerous and can act as alternative
flow paths.

The presented work focuses on the analysis of the pore
size distribution for a wide range of different wood types in
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order to derive conclusions for further investigations on the
sorption behaviour and the fluid intake during impregnation.
The main objective is to broaden the knowledge of the pore
structure.

2 Materials and methods
2.1 Wood

A series of 24 different wood types was analyzed including
diffuse- and ring-porous hardwood as well as softwood (see
Table 1).

Pieces were cut perpendicular to the grain in different
dimensions according to the measurement needs. Each test
was carried out at least in duplicate.

2.2 Density determination

The mass of air-dried (normal conditions 20°C/65% relative
humidity) samples divided by their volume gives the nor-
mal bulk density p. The volume of the samples was deter-
mined by simply measuring the sample dimensions. Speci-
mens of about 0.5 g weight and dimensions 20 x 6 x 6 mm
were used. In the case of irregularly formed samples, the
volume was determined using a pycnometer (GeoPyc 1360,
MICROMERITICS) with displacement of a medium that
did not intrude into the sample pores under normal pressure
conditions and thus did not cause any swelling (so-called
DryFlo medium, a silica nano powder).

Using the AccuPyc 1330 helium pycnometer (MICRO-
MERITICS), the true specific gravity or cell wall density
of solid ps; was determined. The displaced medium (helium
gas) is able to fill all but the smallest micropores, thereby as-
suring maximum accuracy. For these measurements sawdust
(size fraction 0.1-1 mm) was used to open all pores to the at-
mosphere. After drying the specimens (105°C), helium gas
filled the sample chamber and the pressure was measured.
The density is calculated with the measured volume and the
known weight of the sample.

2.3 Porosity

From the oven-dry bulk density p and the specific solid den-
sity ps, the porosity n in percent (x 100) can be calculated
as follows:
n=1-— £

Ps
This porosity n includes all pores (open and closed). The
porosity determined with mercury intrusion porosimetry
only determines the percentage of open pores that are Hg-
accessible. Mercury intrusion porosimetry (MIP) was car-
ried out with a combined instrument (Pascal 140 + 440,

POROTEC) for measuring macro- and mesopores in the
range 58000-1.8 nm. Small isomorphous samples were
used to avoid the effect of uncut pores and to eliminate
anisotropic effects that may result from the cutting direc-
tion. Samples of about 0.3 g were cut perpendicular in the
dimensions 5(1) x 6 (r) x 6 (t) mm. Sample sections of about
5 mm cause flow almost entirely through cut fibre cavities
(Stamm 1964). First, the air dry specimens were evacuated
for one hour to dry. Then the measurements were conducted
by incrementing the pressure up to 400 MPa on a sample
immersed in the non-wetting mercury. Hereby, the rate of
pressure increase was automatically adjusted in an advanced
procedure with lower rates at lower pressure levels and dur-
ing measured intrusion processes. With increasing pressure,
mercury intrudes into progressively smaller voids. The pore
volume can be derived from the quantity of intruded mer-
cury. The pore size distribution can be determined accord-
ing to the Washburn equation, which gives a relationship
between pressure and pore size (Washburn 1921).

2y cos®
p
r = pore radius, p = pressure, y = surface tension of mer-

cury = 0.48 N/m, ® = wetting angle of mercury (141°,
Junghans et al. 2005)

r =

3 Results and discussion

In Table 1 the values of the normal bulk density p and
the specific (cell wall) density p; are shown. The measured
specific cell wall density averages 1.493 g/cm? and, thus,
is in good agreement with the commonly used value of
1.5 g/lem3. The variation between all investigated different
wood types is small with a minimum value of 1.458 g/cm?
for Opepe and a maximum value of 1.528 g/cm? for oak.
The normal bulk density is on average 0.692 g/cm?. How-
ever, there is a significant difference between softwoods and
hardwoods, with an approximately 30% lower value for soft-
woods (Fig. 1). The lowest bulk density was found for Eu-
ropean spruce (0.401 g/cm?®) and the highest for Macassar
ebony (1.156 g/cm?). The diffuse-porous hardwoods show
a higher variation in the bulk density. There is no obvi-
ous correlation between the normal bulk density and the
cell wall density of the different wood types as claimed by
Raczkowski and Stempien (1967).

The total porosity n decreases with increasing normal
bulk density (Fig. 2). A possible compression of the sam-
ples due to the applied high pressure during the MIP mea-
surements would influence the measured pore volumes. The
instrument adds the compressed sample volume to the to-
tal pore volume. The practical agreement of the total poros-
ity n with the total porosity from MIP is a sign that all the
pores are open and that the pore structure did not change
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Abb. 1 Verteilung von Normal-Rohdichte und Reindichte getrennt
nach Nadelholz, sowie ring- und zerstreutporiges Laubholz. Die Bal-
ken kennzeichnen die Minimal- und Maximalwerte
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Fig. 2 Decreasing total porosity with increasing normal bulk density;
agreement of the total porosity n with the total porosity from MIP (ex-
cept for Idigbo, White Lauan and Zebrano)

Abb. 2 Mit zunehmender Rohdichte abnehmende Gesamtporositit

during the MIP measurement (Schneider and Wagner 1974).
A further check of the possible falsifying sample compres-
sion is to calculate the difference of the bulk volume (in-
verse of bulk density) and the solid volume (inverse of the
specific cell wall density) and relate this pore volume to the
measured pore volume. A higher pore volume means sam-
ple compression. The measured wood samples showed only
in some cases (white lauan, Afzelia, Macassar ebony, Ga-
boon, beech, False acacia, Ramin, and yew) a very weak
sample compression <5% of the measured cumulative pore
volume.

Table 2 shows results of the MIP measurements. The cu-
mulative pore volume is on average 821 mm?>/g. In accor-
dance to the normal bulk density, there is a significant dif-
ference between softwood and hardwood. The hardwoods
have on average 60% of the pore volume of softwoods
(Fig. 3). However, there are high variations in the val-
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Fig. 3 Cumulative pore volume, separated in softwood and rp and dp
hardwood

Abb. 3 Gesamtporenvolumen in mm?>/g getrennt nach Nadelholz, so-
wie ring- und zerstreutporigem Laubholz
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Fig. 4 Total specific surface from tested wood species, separated in
softwood and rp and dp hardwood

Abb. 4 Spezifische Gesamtoberfliche der gepriiften Holzarten, ge-
trennt nach Nadelholz sowie ring- und zerstreutporigem Laubholz

ues. For diffuse-porous hardwoods pore volumes between
203 mm?/g (Macassar ebony) and 1416 mm?3/g (Sycamore
maple) were measured. The same is true for the total specific
surface area (Fig. 4). The values vary greatly, but are gener-
ally below those that were determined with water vapour ad-
sorption measurements using the Hailwood-Horrobin model
(e.g., spruce 205 g/m?, pine 203 g/m?, and larch 224 m/g?;
Popper and Niemz 2009). This is due to the accessibility of
water vapour in pores even smaller than 1.8 nm. Accord-
ing to the shape of the Volume-Pressure-Curves of the MIP
(not shown) the pores in the investigated woods correspond
to the spherical model (sometimes called ink bottle pores).
Larger pore volumes are connected by very narrow pores.
After reaching their “breakthrough pressure” the whole vol-
ume is filled very slowly. This breakthrough diameter has a
direct practical meaning in impregnation processes. To avoid
a shift of the measured pore radius to lower values during
the measurements, the rate of pressure increase was auto-
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Fig. 5 Cumulative pore volume and histogram of relative pore vol-
ume as a function of the pore radius of European boxwood, Danta and
Sycamore maple as examples of the different distribution types of Eu-
ropean diffuse-porous hardwood

Abb.5 Kumulatives Porenvolumen und Porengrofienverteilungshisto-
gramm von Buchsbaum, Kotibé und Feldahorn als Beispiele der unter-
schiedlichen Typen in européischen zerstreutporigen Laubholzern

matically adjusted to very low rates at lower pressure lev-
els and during such measured intrusion processes. Whereas
the intrusion curves were rather steep, the extrusion curves
were more or less flat lines because the samples retain al-
most completely the mercury inside the pores. The calcu-
lated surface area (Table 2) depends in this case on the pore
volume only.

Figures 5-7 show examples of the different types of
cumulative pore volume and pore size distributions be-
tween 1.8 nm and 58 um. Because of technical restric-
tion the measurement of the large tracheids with diam-
eters >58 um is excluded. Those pores are on the one
hand important openings in impregnation but on the other
hand easily accessible already without or with low ap-
plied pressures. The diffuse-porous hardwoods (Figs. 5, 6)
have a bimodal pore size distribution with two clearly sep-
arated maxima. Sycamore maple has both maxima above
500 nm and conclusively the highest pore volume in hard-
wood. Wengé shows, like Ekki, both maxima below 500 nm
and conclusively a low cumulative pore volume. Only for
the overseas diffuse-porous hardwood, pores in the range
of approximately 100 nm could be measured. The low-
est cumulative pore volume was measured for Macas-
sar ebony, which has only one smeared pore maxima
at approximately 30 nm. The ring-porous hardwoods are
characterised by pore maxima at approximately 10 nm,
200 nm and a weaker maximum at 3 um. The semi-ring-
porous beech shows a very similar distribution. The pore

Pore Radius (Nanometer)

Fig. 6 Cumulative pore volume and histogram of relative pore vol-
ume as a function of the pore radius of Gaboon, Wengé and Idigbo,
illustrating the different distribution types of overseas diffuse-porous
hardwood

Abb. 6 Kumulatives Porenvolumen und Porengrofenverteilungshisto-
gramm von Okoumé, Wengé und Framiré als Beispiele der unter-
schiedlichen Typen in iiberseeischen zerstreutporigen Laubhdlzern
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Fig.7 Cumulative pore volume and histogram of relative pore volume
as a function of the pore radius of Oak and Robinia, illustrating the
different distribution types of ring-porous hardwood

Abb.7 Kumulatives Porenvolumen und Porengroenverteilungshisto-
gramm von Eiche und Robinie als Beispiele der unterschiedlichen Ty-
pen in ringporigen Laubholzern

size distribution of softwoods is widely variable between
20 pm down to 2 nm radius and shows mainly one or two
maxima above 100 nm. The maximum at approximately
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20 nm radius is very weak compared to the one of hard-
woods.

Based on the different distribution curves, the pores are
classified as micropores with a radius <80 nm, mesopores
with a radius size between 500-80 nm and macropores sum-
marising the class of pore size with a radius between 2—
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Fig.8 Cumulative pore volume and histogram of relative pore volume
as a function of the pore radius of Yew, European spruce and Scots
pine, illustrating the different distribution types of softwood

Abb. 8 Kumulatives Porenvolumen und Porengrofienverteilungshisto-
gramm von Eibe, Fichte und Kiefer als Beispiele der unterschiedlichen
Typen von Nadelholzern

Fig. 9 Distribution of macro,
micro and mesopores, separated
for softwood, and rp and dp

0.5 ym and >2 pm (Table 2). The micropores represent
the microvoids or cell wall capillaries. The macropores in-
clude the lumen as well as some smaller tracheid openings.
Pit openings can occur in the mesopore as well as in the
macropore range. The ratio of these pore classes normal-
ized to 100% is shown in Fig. 9. All investigated woods are
distributed in the field below 50% of mesopores. The soft-
woods are situated in the ternary diagram at the side with
a low relative content of micropores (maximum 16%; Eu-
ropean larch). However, even with a comparable and high
cumulative pore volume of Norway spruce and Scots pine,
there is great variability in the relative content of macrop-
ores with lower values for yew and Norway spruce (45%)
and a higher value for Scots pine (79%). The latter shows
the highest content of macropores with a great maximum
in the largest pores at approximately 12 pm radius (Fig. 8,
Table 2).

Higher amounts of large pores were also found in diffuse-
porous hardwoods (White alder 79%, common birch 86%,
and Sycamore maple 90%). These three hardwoods are sim-
ilarly characterised by two maxima in pore size distribu-
tion at approximately 700 nm and 7 um. Ramin also has a
comparable amount of macropores (71%), this is the result
of a large percentage of one type of pore with a radius of
400 nm. These mentioned hardwoods are characterised by a
higher cumulative pore volume. A comparable high cumula-
tive pore volume was also measured for Gaboon and Opepe.
However, this higher cuamulative pore volume is caused by a
high content of micropores with poorer accessibility, e.g. in
impregnation processes. In the left corner of the ternary dia-
gram with a low amount of macro and mesopores, Macassar

X hardwood diffus-porous
O hardwood ring-porous

hardwood A softwood
Abb. 9 Verteilung von Makro,
Mikro und Mesoporen getrennt
nach Nadelholz sowie ring- und
zerstreutporigem Laubholz R 2
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ebony and European Boxwood can be found with the highest
relative content of micropores. These two woods possess the
highest normal bulk densities. Only Robinia, a ring-porous
hardwood, has a lower content of macropores but with a
higher content of mesopores.

4 Conclusion

Porosity and density are important parameters that signifi-
cantly influence properties of wood such as flow, adsorption
and impregnability but also thermal conductivity and tensile
and bending strength. The measurements of these parame-
ters from a wide range of different wood types show sig-
nificant differences in bulk density and porosity, but nearly
no variations in the common value of 1.5 g/cm? for the cell
wall density. A correlation between the normal bulk den-
sity and the cell wall density was not found. From the pore
size distribution curves, four pore size ranges could be dis-
tinguished. Even at comparable cumulative pore volumes,
there are differences in the relative amount of different pore
sizes, particularly in the ratio of micropores and macrop-
ores. High cumulative pore volumes can also be caused by a
high content of micropores, which have poorer accessibility.
The value of the total specific surface area from MIP mea-
surements is, generally, below those values achieved using
the water vapour adsorption technique due to the accessibil-
ity of water vapour in pores even smaller than 1.8 nm. The
results of pore size distribution can provide useful informa-
tion, particularly on the fluid intake, and supply technolog-
ical characteristics in industrial processes of impregnation
and penetration of coating materials or adhesives.
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