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a  b  s  t  r  a  c  t

The  composition  of  birch  (Betula  pendula  Roth.)  and  eucalypt  (Eucalyptus  globulus  Labill.)  barks  was
studied  after  grinding  and  fractioning  into  different  particles  sizes.

There  was  a significant  difference  in  the  fractionation  of both  barks  in relation  to the  yield of  fines  (5.9%
and  28.3%  of  particles  under  0.450  for  birch  and  eucalypt,  respectively)  and  of  coarser  particles  over  2 mm
(70.7% and  41.4%).

The  chemical  composition  of birch  and  eucalypt  barks,  as  a mass  weighed  average  of  all  granulometric
fractions  was,  respectively:  ash  2.9%  and  12.1%;  total extractives  17.6%  and  6.5%  (hydrophilic  extractives
were  dominant),  lignin  27.9%  and  28.8%  and  holocellulose  49.8%  and  62.6%.  Birch  bark  contained  a  con-
siderable  amount  of suberin  (5.9%)  whereas  eucalypt  bark  contained  a very  small  amount  (<1%).  The
carbohydrate  composition  differed  between  birch  and  eucalypt  barks,  i.e.,  respectively,  glucose  47.0%
and  68.4%,  and  xylose  33.8%  and 23.2%  of  total  neutral  monosaccharides.

Ash  elemental  composition  was different  in both  species.  Birch  bark  contained  in relation  to eucalypt
bark,  in the 0.250–0.450  mm  fraction,  more  N (0.69%  vs. 0.26%)  and  P (0.075%  vs.  0.001%),  and  less  Ca

(0.39%  vs.  0.62%),  K (0.24%  vs.  0.31%)  and  Mg  (0.07%  vs.  0.15%).  High  concentration  of  Zn was  found  in
birch  bark  (217  mg/kg  vs.  11  mg/kg  in  eucalypt  bark).

After grinding  and  granulometric  separation,  extractives  were  present  preferentially  in the finest  frac-
tion with  an  enrichment  in  dichloromethane  and  ethanol  solubles  especially  in the  case  of  birch  bark.
Eucalypt  bark  had  a high  content  of cellulose  and  hemicelluloses  especially  in  the  coarser  fraction.  The
fibrous  character  of this  fraction  shows  its potential  as  a fiber  source.
. Introduction

Bark represents a substantial proportion of the aboveground
otal biomass of trees. During industrial processing for timber or for
ulping, bark is removed from the logs and constitutes an important
ill residual material that is usually burnt for energy production.

n addition to being considered a valuable solid biofuel, bark is
lso scrutinized for more added-value products that will consider
otential specific chemical composition or properties (Demirbas,
010).

Bark valorization, namely if envisaged within a biorefinery plat-
orm, therefore requires a careful examination of composition and
rocessing characteristics. Barks are usually rich in extractives,

ncluding organic solvent and water solubles, and in polypheno-

ics, and they also contain a high amount of inorganic material
Fengel and Wegener, 1984; Pereira et al., 2003). Structurally barks
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are complex tissues and their sampling, characterization and pro-
cessing have difficulties that are not found, e.g. in wood processing.

Hardwood species are presently the most important source of
wood for pulp production (Patt et al., 2006). White birch (Betula
pendula) is the dominant pulpwood species in Northern Euro-
pean countries (especially in Finland and Russia) and eucalypts
(mainly Eucalyptus globulus) are dominant in Portugal and Spain,
in Southern Europe. The pulpwood consumption in Europe in
2010 of birch and eucalypt was, respectively, 18 425 million m3 and
13 708 millions m3, corresponding to 12.5% and 9.3% of the total
pulpwood consumption (CEPI, 2010).

In both cases considerable amounts of bark are made available
from log debarking, and are separated in the mill as a residual
product and used as fuel.

In E. globulus trees at the age used for pulping (9–13 years in
temperate climates) bark has a thickness in the range of 3–16 mm
and corresponds to 7–20% of o.d. mass of the stem depending on

site and genetics (as compiled in Pereira et al., 2010).

There are few studies on B. pendula bark content. Jensen (1948)
reported 3.4% outer bark in birch logs. Bhat (1982) referred that bark
thickness is strongly associated with stem diameter and reported

dx.doi.org/10.1016/j.indcrop.2012.04.024
http://www.sciencedirect.com/science/journal/09266690
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mailto:jgominho@isa.utl.pt
dx.doi.org/10.1016/j.indcrop.2012.04.024


3 ps an

a
a
a
r
a
t

(
2
a
b
T
a
b
e
i
a
(

t
d
b
t
i
f
p
t
v

2

2

L
a
t
a

2

w
v
s
(
o
s

2

f
h
c
m

2

o
a
w

00 I. Miranda et al. / Industrial Cro

 mean value of 16.6 mm for the double bark thickness of trees
ged 65–95 years. Repola (2008) reported a double bark thickness
t breast height between 2.5 and 38.7 cm in trees within an age
ange of 7 and 132 years. For young trees with 1–16 years of age
nd 0.3–24.0 cm stem diameter, Trockenbrodt (1991) reported bark
hickness values between 7.1 and 26.1 mm.

Some studies have characterized eucalypt bark anatomically
Quilhó et al., 1999, 2000) and chemically (Sakai, 2001; Bargatto,
010) as well as birch bark (Bhat, 1982; Trockenbrodt, 1991; Harkin
nd Rowe, 1971). However little is known on their fractioning
ehavior and on the chemical characteristics of different fractions.
he use of fractioning is usually involved in biomass processing
nd may  be used for selective enrichment of specific components
y taking advantage of the biomass chemical and structural het-
rogeneity (Miranda et al., 2012; Silva et al., 2011). However, this
s species specific and depends on the specific bark characteristics,
s recently shown for Picea abies, Pinus sylvestris and Quercus cerris
Miranda et al., 2012; Sen et al., 2010).

This paper studies the chemical composition of the barks of
hese two important European hardwoods, silver birch (B. pen-
ula) and Tasmanian blue gum (E. globulus), obtained as residual
y-products of commercial debarking in pulp mills, after fractiona-
ion into different particle sizes. Summative chemical analysis and
norganic composition were determined for each granulometric
raction, as well as bulk density. The objective is to analyze the
otential of triturating and particle fractioning as a biomass pre-
reatment step for a selective component enrichment within a bark
alorization chain for energy, composite materials and chemicals.

. Materials and methods

.1. Sampling

Barks from birch (B. pendula Roth) and eucalypt (E. globulus
abill.) were obtained by industrial stem debarking in pulp mills,
nd were provided by Södra (Sweden) and Celbi (Portugal), respec-
ively. The bulk bark samples were air-dried at ambient conditions
nd any visible wood chips were removed.

.2. Fractioning

The barks were fractionated using a knife mill (Retsch SM 2000)
ith an output sieve of 10 mm × 10 mm and screened using a

ibratory sieving apparatus (Retsch AS 200 basic). The following
ieve mesh sizes were used: 80 (0.180 mm),  60 (0.250 mm),  40
0.450 mm),  20 (0.850 m),  15 (1.0 mm)  and 10 (2.0 mm).  The mass
f the fraction retained on each sieve was weighed and the corre-
ponding seven mass fractions yields were determined.

.3. Bulk density

The bulk density of the granulated samples was  determined
or each sieve fraction using a cylindrical container (29.8 mm
eight × 28.1 mm diameter) as the ratio of the mass sample in the
ontainer to the volume of the container. The determination was
ade in triplicate samples.

.4. Microscopic observations
The different granulometric fractions of the bark samples were
bserved microscopically after cell dissociation by maceration in

 1:1 glacial acetic acid:hydrogen peroxide solution, and staining
ith astra blue.
d Products 41 (2013) 299– 305

2.5. Chemical characterization

Chemical summative analysis included determination of ash,
extractives soluble in dichloromethane, methanol, ethanol and
water, suberin, Klason and acid soluble lignin, and holocellulose,
as well as the monomeric composition of polysaccharides.

The granulometric fractions with particle size over 40 mesh
were carefully ground prior to chemical analysis in order to obtain
particles that passed through the 40 mesh sieve.

The unextracted bark samples were used to determine 1% NaOH
solubles.

Ash content was determined according to TAPPI Standard T 15
os-58 using 2.0 g samples as the residue of overnight incineration
at 450–500 ◦C.

The alkaline lixiviation with 1% NaOH was carried out in a
stirred glass reactor with reflux using 1.0 g of material with a 1:50
solid:liquid ratio, at 100 ◦C during 1 h.

Solvent extraction was  performed in a Soxtec extractor succes-
sively with dichloromethane, methanol, ethanol and water during
1.5 h with each solvent, and the extractives solubilized by each sol-
vent were determined using the mass difference from the mass of
the solid residue after drying at 105 ◦C and reported as a percentage
of the original samples.

Suberin content was  determined on 1.5 g of extractive-free
material by refluxing with 100 ml  of a 3% NaOCH3 solution in
CH3OH during 3 h (Pereira, 1988a).  The sample was  filtrated,
washed with methanol, again refluxed with 100 ml  CH3OH for
15 min  and filtrated. The combined filtrates were acidified to pH
6 with 2 M H2SO4 and evaporated to dryness. The residue was sus-
pended in 50 ml  water and the alcoholysis products recovered with
dichloromethane in three successive extractions, each with 50 ml
dichloromethane. The combined extracts were dried over anhy-
drous Na2SO4 and evaporated to dryness. The suberin extracts, that
include the fatty acid and fatty alcohol monomers of suberin, were
quantified gravimetrically, and the results expressed in percent of
the initial dry mass.

Klason and acid-soluble lignin, and carbohydrates contents
were determined on 0.35 g of extracted and desuberinized sam-
ples. Sulfuric acid (72%, 3.0 ml)  was  added to the sample and the
mixture placed in a water bath at 30 ◦C for 1 h after which the sam-
ple was  diluted to a concentration of 3% H2SO4 and hydrolyzed for
1 h at 120 ◦C. The sample was  vacuum-filtered through a crucible
and washed with boiling purified water. Klason lignin was deter-
mined as the mass of the solid residue after drying at 105 ◦C and
acid-soluble lignin was  determined on the filtrate by measuring
the absorbance at 206 nm using a UV/VIS spectrophotometer. Kla-
son lignin and acid-soluble lignin were reported as percentage of
the original sample and combined to give the total lignin content.

The polysaccharides were calculated based on the amount of the
neutral sugar monomers released by total hydrolysis, after deriva-
tization as alditol acetates and separation by gas chromatography
with a method adapted from Tappi 249 cm-00. The hydrolyzed car-
bohydrates were derivatized as alditol acetates and separated by GC
(HP 5890A gas chromatograph) equipped with a FID detector, using
helium as carrier gas (1 ml/min) and a fused silica capillary column
S2330 (30 m × 0.32 mm i.d. × 0.20 �m film thickness). The column
program temperature was  225–250 ◦C, with 5 ◦C/min heating gra-
dient, and the temperature of injector and detector was  250 ◦C. For
quantitative analysis the GC was calibrated with pure reference
compounds and inositol was  used as an internal standard in each
run.

The holocellulose content was determined on the extractive-

free samples by the chlorite method (Rowell, 2005): 1 g of sample
was placed in an Erlenmeyer flask (300 ml)  and 32 ml  of distilled
water was added. While slowly shaking, 0.750 g of NaClO2 and
0.3 ml  of acetic acid were added and the flask was covered with
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Table  1
Mass yields (% of total dry mass) of the different granulometric fractions after milling
of  barks.

Granulometric fraction, mm Mass  yield, %

Birch Eucalypt

<0.180 2.3 17.8
0.180–0.250 1.4 4.3
0.250–0.450 2.2 6.2
0.450–0.850 6.2 16.9

g
a
i
c
w
c
d
w

2

1
r
d
U
m
S
G

3

3

L
g

b
p
t
b
b
a

o
t
y

t
g
p
t

p
c
f
c
t
1
p
l
b

Fig. 1. Eucalypt (Eucalyptus globulus Labill.) bark. (a) Granulometric fraction with
0.850–2.00 17.1 13.6
>2.00  70.7 41.4

lass and boiled at 70–80 ◦C for 60 min. Again, 0.750 g of NaClO2
nd 0.3 ml  of acetic acid were added and boiled 3 times. After cool-
ng, the sample was filtered using a filter flask and washed with
old water and acetone 50% until free of acid. The insoluble portion
as dried at 105 ◦C for 4 h, cooled in a desiccator and weighed until

onstant weight. The ash content of the obtained holocellulose was
etermined by incineration and the ash-free holocellulose content
as calculated as percent of dry mass of the initial sample.

.6. Ash composition

Nitrogen was determined by the Kjeldahl method (Jackson,
958) in a Tecator equipment (Herdon, VA, USA). After a hydrochlo-
ic digestion of the ash (Marti and Muñoz, 1957), phosphorus was
etermined by molecular absorption spectrometry in a Hitachi
-2000 VIS/UV equipment, and all the other minerals were deter-
ined by atomic absorption spectrophotometer in a Pye Unicam

P-9 apparatus (Cambridge, UK) equipped with a graphite furnace
F95.

. Results and discussion

.1. Bark fractioning

The barks of birch (B. pendula Roth.) and eucalypt (E. globulus
abill.) were milled and the mass yields obtained for the different
ranulometric fractions are summarized in Table 1.

There was a significant difference in the fractionation of both
arks. For birch bark the yield of fines was low, i.e. only 5.9% were
articles under 0.450 mm,  and the major fraction corresponded to
he largest particles, i.e. 70.7% of particles over 2 mm.  This grinding
ehavior with little formation of fines was also found for conifer
arks of Pinus pinaster (Vázquez et al., 1987), P. sylvestris and P.
bies (Miranda et al., 2012).

On the contrary, in the case of eucalypt bark a significant amount
f fines was obtained with 17.8% of particles under 0.180 mm and
he fractions with the larger particles showed comparatively lower
ields (e.g. 41% for particles over 2 mm).

These results show that the milling process applies differently
o different barks and the bark structural features influence the
rinding behavior. Barks are made up of different tissues – phloem,
eriderm and rhytidome – in varying extent and cellular charac-
eristics.

In the case of eucalypt bark, there is no rhytidome, since older
eriderms are shedded out by the tree and only a thin periderm
overs the phloem (Quilhó et al., 2000). The phloem is rather uni-
orm and is characterized by tangential layers of axial parenchyma
ells that are interspersed by regions of fibers, representing, respec-
ively, 50% and 28% of the total cross-sectional area (Quilhó et al.,

999, 2000). It is therefore understandable that fracture occurs
referentially by the fragile and thin walled parenchyma regions,

eaving the fibrous bundles in the coarser fractions. This could
e tracked macroscopically since the >2 mm fraction had a clear
>2  mm particles, observed under the magnifying glass; (b) microscopic observations
of dissociated cells obtained from the 1 to 2 mm granulometric fraction.

fibrous aspect (Fig. 1a) which was further observed microscopically
by analyzing the cell types after dissociation (Fig. 1b).

Birch bark is markedly different in structure. It is composed
of two  distinct zones, the phloem and an important outer bark
(rhytidome) consisting of numerous tightly packed periderms that
include phellem layers of thick and thin-walled cork cells (Bhat,
1982). The phloem has a great proportion of scelenchyma and the
proportion of sclereids predominates over that of fibers. In conse-
quence the coarser fraction of birch differed macroscopically from
that of eucalypt bark showing an aspect of irregularly more or less
cubic particles of phloem and of flakes shaped particles from the
rhytidome (Fig. 2a). Microscopically, aggregates of sclerified cells
and of the phellem tissue could be observed (Fig. 2b).

3.2. Bulk density

Table 2 gives the bulk density of the different bark granulomet-
ric fractions. Both barks differed significantly in density, with mean
values of 277 kg/m3 and 169 kg/m3 for birch and eucalypt, respec-
tively. In the case of birch bark there is a clear trend of increasing
bulk density with the decrease of particle dimension in agreement
with the overall idea that small particles may be better compacted

than larger particles.

The eucalypt bark granulates did not show a clear trend of
density variation with particle size and the differences in density
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Table 3
Ash content (% of total dry mass) of the different granulometric fractions after milling
of  barks.

Granulometric fraction, mm Ash, % of total dry mass

Birch Eucalypt

<0.180 3.4 23.1
0.180–0.250 4.5 14.7
0.250–0.450 2.5 15.9
0.450–0.850 2.6 7.9
0.850–2.00 2.1 6.7
ig. 2. Birch (Betula pendula Roth.) bark. (a) Granulometric fraction with >2 mm
articles, observed under the magnifying glass; (b) microscopic observations of
issociated cells obtained from the 0.180 to 0.250 mm granulometric fraction.

etween fractions were smaller. The elongated form of the eucalypt
ark fractions does not allow an easy compaction of particles.

Very little information exists on bark bulk density. Similarly
o the difference found here for eucalypt and birch barks, a bulk
ensity of 250 kg/m3 was reported for 0.120–0.50 mm sized bark
articles of E. globulus (Sarin and Pant, 2006).

It is obvious that bulk densities of granulated barks are much

ower than the corresponding particle density. Birch and eucalypt
arks have basic densities ranging, respectively, from 452 kg/m3 to
59 kg/m3 (Bhat, 1982; Lamb and Marden, 1968), and from 374 to
54 kg/m3 (Quilhó and Pereira, 2001). This difference between the

able 2
ulk density (kg/m3) for the different granulometric fractions of the birch and euca-

ypt barks.

Granulometric fraction, mm Bulk density, kg/m3

Birch Eucalypt

<0.180 311.3 160.8
0.180–0.250 305.1 155.5
0.250–0.450 300.7 189.9
0.450–0.850 271.0 192.1
0.850–2.00 255.6 153.2
>2.00 239.0 181.2

Mean 276.9 ± 28.9 169.4 ± 18.5
>2.00 2.2 4.3

Mean 2.9 ± 0.9 12.1 ± 7.1

solid density of both barks is in accordance with their correspond-
ing structural features, as discussed previously.

3.3. Ash content and composition

The ash content of the birch and eucalypt bark samples col-
lected at the mill after milling and separation into the different
granulometric fractions is reported in Table 3. The whole biomass
of birch and eucalypt barks had an ash content of 2.9% and 12.1%,
respectively, determined as a mass weighed average of all fractions.

For B. pendula bark, Werkelin et al. (2005) reported a similar ash
content of 3.8% and Saarela et al. (2005) reported values between
1.0% and 1.9%. Ash content for other birch species was  reported as
1.7% for Betula alleghaniensis and 1.8% for Betula papyrifera (Corder,
1976).

The birch bark fractions showed higher ash content in the finer
particles (4.5% in the 0.180–0.250 mm fraction and 2.2% in the
>2 mm fraction). It is known that ash tends to accumulate in the
finer sized fraction during biomass processing due to the small size
and brittleness of inorganic material (Bridgeman et al., 2007; Liu
and Bi, 2011). However the extent of mineral accumulation in bark
fractions depends on the species (Miranda et al., 2012).

The ash content of E. globulus bark was  reported as 4.7% (Vázquez
et al., 2008) and 4.5% (Akyuz et al.,  2003) and in the range of 1.6–3.5%
(Pereira, 1988b).  The present eucalypt bark sample had a much
higher mineral content which shows that the bark obtained in the
mill contained considerable contamination with soil particles and
other extraneous fine material. The amount of incrustated sand
granules was notorious by a direct macroscopic observation of the
sample. Due to their small size, these particles were retained in
the finer granulometric fractions after the milling and screening.
As shown by Table 3, this occurred especially in the finest particles
(e.g. 23.1% ash content in particles size below 0.180 mm)  while the
larger dimension particles showed an ash content similar to the
values reported in the literature for eucalypt bark (4.3% in >2 mm
particles).

A similar occurrence of substantial accumulation of minerals
was also found for pine bark obtained at the mill (Miranda et al.,
2012). This clearly shows the importance of bark cleaning during
field and mill handling in order to avoid unsuitable contaminations
during subsequent bark valorization steps.

The occasional problem of excessive sand and soil in the
eucalypt stem raw-material for the pulping industry is already
identified, depending on the care taken by contractors during field
tree harvesting and handling since the soft and moist eucalypt bark
allows easy incrustation of the mineral particles.

Two of the bark granulometric fractions (0.250–0.450 mm  and
<0.180 mm)  were characterized in relation to mineral composition,

as shown in Table 4.

The concentrations of the major elements were different in both
species. Birch bark contained in relation to eucalypt bark in the
0.250–0.450 mm fraction more N (0.69% vs. 0.26%) and P (0.075%
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Table  4
Elemental concentrations in bark samples of birch and eucalypt determined in the
0.250–0.450 mm and <0.180 mm granulometric fractions.

Birch Eucalypt

0.250–0.450 mm <0.180 mm 0.250–0.450 mm <0.180 mm

N (%) 0.69 0.50 0.26 0.19
Ca (%) 0.393 0.303 0.623 0.181
Mg  (%) 0.072 0.049 0.154 0.120
Na (%) 0.013 0.011 0.070 0.080
K  (%) 0.242 0.169 0.308 0.230
P  (%) 0.075 0.022 0.001 0.001
Cu (mg/1000 g) 3.37 1.86 4.70 4.08
Zn (mg/1000 g) 216.77 152.58 11.39 6.45
Ni (mg/1000 g) 1.77 1.65 5.37 3.68
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Table 5
Summative chemical composition (% o.d. material) of the birch and eucalypt barks,
calculated as mass weighed average of all granulometric fractions.

Birch Eucalypt

Ash 2.9 12.1
Extractives 17.6 6.5

Dichloromethane 5.1 0.9
Methanol 0.5 0.2
Ethanol 5.5 1.3
Water 5.2 4.1

Suberin 5.9 0.98a

Lignin 27.9 34.1
Klason 26.4 26.6
Acid soluble 1.5 7.5

glucose with 70.4% and an important content of xylose of 20.8%
with 3.6% of galactose, 3.7% of arabinose and 1.4% of mannose.
Bargatto (2010) reported also the carbohydrate composition of E.
grandis × urophylla and E. grandis barks, respectively, for glucose

Table 6
Carbohydrate composition of the different barks in % of total neutral monosaccha-
rides (40–60 mesh granulometric fraction).

Monosaccharide Birch Eucalypt

Glucose 47.0 68.4
Mannose 4.1 1.9
Cr (mg/1000 g) 2.18 1.72 9.38 3.01
Pb (mg/1000 g) 2.15 1.43 2.02 1.47

s. 0.001%), but less Ca (0.39% vs. 0.62%), K (0.24% vs. 0.31%) and Mg
0.07% vs. 0.15%).

High concentration of Zn was found in the ashes of birch bark
ith 217 mg/kg in comparison with 11 mg/kg in eucalypt bark.

There were only small differences in the mineral composition
f both fractions (Table 4) with the exception of Ca concentra-
ion which decreased substantially in the finest fraction of eucalypt
ark.

The values are in the range of those reported for birch barks
y Werkelin et al. (2005), Saarela et al. (2005) and Reimann et al.
2007) and for eucalypt barks by Pereira (1988b) and Damin da Silva
t al. (1983).

.4. Alkaline extraction

Alkaline extraction with 1% NaOH solubilized 51.7% of birch
ark and 43.3% of eucalypt bark. These results are in the range
ound recently for the alkaline extraction of spruce and pine barks
Miranda et al., 2012) but are higher than the 1% NaOH extractives
eported for E. globulus bark by Vázquez et al. (2008) and by Pereira
1988b), respectively, at 26.6% and 20.4–30.6%. Harkin and Rowe
1971) also reported for B. alleghaniensis and B. papyrifera 28.4%
nd 25.1%, respectively.

The higher amounts of substances removed by alkaline lixivi-
tion of birch bark in comparison to eucalypt bark are in relation
ith the presence of higher amounts of extractives and suberin as
ell as of hemicelluloses. Such compounds are present in higher

ontents in the birch bark, as discussed below.

.5. Summative chemical composition

The birch and eucalypt barks were chemically characterized and
he composition calculated as a mass weighed average of all gran-
lometric fractions is shown in Table 5.

There are considerable differences between birch and eucalypt
arks in relation to extractives, suberin and holocellulose contents.
ucalypt bark contains less extractives than birch bark but more
ellulose and hemicelluloses expressed as holocellulose.

As regards the total extractives content, birch bark has
pproximately three times more extractives than eucalypt bark
respectively, 17.6% and 6.5%). Polar compounds extracted by
thanol and water, which include especially phenolics and
olyphenolics, corresponded to a significant proportion of the total
ontent (60.8% in birch and 83.0% in eucalypt of the total extrac-
ives). Waxes and other non-polar compounds that are soluble

n dichloromethane and methanol make up the remaining bark
xtractives, representing 31.8% of the total extractives in birch bark,
nd 16.9% in eucalypt bark.
Holocellulose 49.8 62.6

a Suberin content determined in 40–60 mesh fraction.

Appreciable differences are also found in the content of suberin.
The birch bark sample contained a considerable amount of suberin
(5.9%) whereas the eucalypt bark contained a very small amount
(less than 1%). This is in direct relation with the differences in
the anatomical structure of both barks, i.e. with the absence of a
rhytidome with suberized phellem tissues in eucalypt bark.

The birch and eucalypt bark samples showed similar cell wall
lignification but there was  a striking chemical difference between
both barks in relation to holocellulose content: eucalypt bark had
much higher holocellulose (62.6% vs. 49.8%).

There are few published references on the chemical composi-
tion of hardwood barks. For the birch barks of B. alleghaniensis and
B. papyrifera,  Harkin and Rowe (1971) reported, respectively, total
extractives 17.4% and 22.4%, and lignin 40.6% and 37.8%.

For E. globulus bark, Yadav et al. (2002) reported 7.2% alcohol
extractives, 15.5% water extractives, 28.0% lignin and 62.2% total
carbohydrates. Vázquez et al. (2008) reported 19.2% lignin and
Sakai (2001) 18.6% lignin, 43.2% cellulose and 19.6% pentosans.
Pereira (1988b) referred 6.3–8.5% extractives, 16.7–21.1% Klason
lignin, 48.2–54.9% cellulose and 7.0–19.6% pentosans.

The carbohydrate composition is given by Table 6 in relation to
the proportion of neutral monosaccharides. There are also consid-
erable differences between birch and eucalypt barks especially in
relation to glucose and xylose contents. Glucose represented 68.4%
and 47.0% of total neutral monosaccharides, respectively, in euca-
lypt and birch barks and xylose 23.2% and 33.8%, respectively. This
is clearly indicative of a different proportion of cellulose and hemi-
celluloses in eucalypt and birch bark. Taking roughly the ratio of
glucose to xylose as indicative of cellulose to hemicelluloses, there
is a striking difference: 2.96 in eucalypt bark and 1.39 in birch bark.
The chemical composition of the xylans also differs between the
species: the ratio of arabinose to xylose was  0.12 in eucalypt bark
and 0.31 in birch bark.

Vázquez et al. (2008) reported similar monomeric composi-
tion of polysaccharides for E. globulus bark: a predominance of
Galactose 3.8 3.3
Rhamnose 1.1 0.4
Xylose 33.8 23.2
Arabinose 10.3 2.7
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Table  7
Chemical composition (% of total dry mass) of the different granulometric fractions
after milling of birch and eucalypt barks.

Birch bark Eucalypt bark

F M C F M C

Extractives 24.0 15.6 12.0 11.0 6.2 5.5
Dichloromethane 7.5 4.2 3.1 2.6 0.9 0.6
Methanol 0.5 0.5 0.2 0.4 0.3 0.2
Ethanol 8.8 5.1 4.3 1.9 1.2 1.1
Water 6.3 5.7 4.4 6.2 4.0 3.6

Suberin 7.3 6.0 7.2 – – –
Lignin 27.1 28.5 27.1 29.0 29.2 22.1

Klason 26.0 27.2 25.1 26.6 26.1 18.9
Acid soluble 1.1 1.4 2.0 2.4 3.1 3.1

Holocellulose 38.0 56.3 55.1 64.3 53.4 70.0
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Jensen, W.,  1948. Om ytskiktsavfallet vid framställning avbörkfaner (About the sur-
ranulometric fractions: fine (F, <0.180 mm),  medium (M,  0.250–0.450 mm)  and
oarse (C, >2 mm).

6.4% and 77.6%, xylose 18.9% and 16.9%, galactose 1.8% and 2.3%,
rabinose 2.0% and 2.2%, ramnose 0.6% and 0.7%.

Harkin and Rowe (1971) reported for B. alleghaniensis and B.
apyrifera, respectively: glucose 54% and 53%, galactose 3% and 2%,
annose 1%, xylose 32% and 36%, arabinose 8% and 6%.
It is interesting also to notice that the chemical difference in

olysaccharide composition between the B. pendula and E. globulus
arks also occurs in the corresponding woods: xylose and glucose
ontents (% of total neutral monosaccharides) represent, respec-
ively, 32.6%, and 61.4% in B. pendula wood and 20.0% and 75.3% in
. globulus wood (Pinto et al., 2005).

.6. Effect of particle size on bark chemical composition

Table 7 summarizes the results obtained for the chemical com-
osition of the fractions of <0.180 mm  (fine), 0.250–0.450 mm
medium) and >2 mm (coarse) of the milled birch and eucalypt
arks.

A particle size effect was observed on the content and compo-
ition of extractives of birch and eucalypt bark. Extractives were
resent preferentially in the finest fraction due to enrichment in
on polar and polar compounds. The extractives content was high-
st in the fine fraction, i.e. 24.0% in comparison with 12.0% for
he coarser fraction in the case of birch bark and 11.0% vs. 5.5%
n eucalypt bark. As regards composition of extractives there was
n enrichment in dichloromethane and ethanol solubles in the fine
raction especially in the case of birch bark.

For the structural components, the observed differences were
ither of small magnitude or without a consistent pattern of varia-
ion for birch bark. For instance, suberin content was  similar in the
hree birch bark fractions. However, consideration of the chem-
cal composition based on extractive-free material (as could be
btained after extraction of the bark) points out that suberin con-
ent increases in the finer fraction: respectively, 9.6%, 7.1% and 8.1%
f extractive-free material in the fine, medium and coarse fractions.

In eucalypt bark the lignin content was highest in the fine frac-
ion, i.e. 29.0% in comparison with 22.1% for the coarser fraction
hile holocellulose content was highest in the coarse fraction.

The differences in the chemical composition of the bark fractions
re due to the different anatomical tissues that condition the dis-
ribution of sizes after grinding (Vázquez et al., 2001). Bridgeman
t al. (2007) reported that cellulose, hemicelluloses and lignin tend
o remain in the larger particle sized fraction. Tamaki and Mazza
2010) and Chundawat et al. (2007) also reported compositional

hanges with particle size: with increasing particle size extractives
ontent tend to decrease and hemicelluloses and glucan content to
ncrease while lignin content did not show clear trends.
d Products 41 (2013) 299– 305

The results showed that grinding and fractionation by parti-
cle size are unit operations that may be used to selective enrich
fractions in soluble materials (the finest fractions) for both barks.
Coarser fractions tend to have a higher holocellulose content and
will be therefore more suitable for carbohydrate related uses.

4. Conclusions

Structural and anatomical features are important characteristics
that influence bark processing, namely their grinding behav-
ior and particle fractioning. Accordingly the barks of birch and
eucalypt showed different size reduction pattern and particle char-
acteristics. Therefore biomass pre-treatments such as milling and
fractioning have to be adapted to the specific biomass source.

Birch and eucalypt barks substantially differed in their chemical
composition, leading to different potential valorization routes.

Birch bark has a high content of extractives and an appreciable
amount of suberin that allow considering their use. Fractionation
by size is adequate for a selective enrichment in these components
in the finer fractions.

Eucalypt bark has a high content of cellulose and hemicelluloses
that is enriched in the coarser fraction. The fibrous character of this
fraction shows its potential as a fiber source.

The results also showed the importance of a careful field han-
dling of stems in order to avoid excessive contamination with
minerals.
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