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a b s t r a c t
Norway spruce (Picea abies) is an important raw material for the forest industry in Nordic countries. The
chemical composition and hot water extraction of spruce bark was studied to ﬁnd out its potential as
an industrial source of condensed tannins. Industrial bark was found to contain a high amount of wood
(up to 21%), a sufﬁcient amount of tannin for industrial extraction (10.7% of wood-free bark), and a high
amount of non-cellulosic glucose, varying according to the felling season (7.7–11.5% of wood-free bark).
Temperature had a major effect on the overall extraction yield. Selective extraction of only tannins or
water-extractable carbohydrates was not possible. The extraction was scaled up to pilot-scale and an
extract was produced having a promising 50% tannin content. Glycome proﬁling performed on bark and
hot water extracts showed the presence of xyloglucan, pectic polysaccharides and arabinogalactan in
bark. In addition the extracts were characterized using size exclusion chromatography and 31 P nuclear
magnetic resonance spectroscopy. Spruce bark appears to be a promising new source of tannins, however
the high content of free, glycosidic, and polymeric sugars in the raw extract may need to be tackled prior
to use in applications.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Increasing energy consumption, depletion of fossil fuel reservoirs, and mitigation of climate change motivate to seek
alternatives for petroleum-based chemical industry and transport
fuel production. Lignocellulose is the most abundant renewable
biomass resource on earth and could offer a sustainable alternative
for fuel and chemical production. Softwood bark, especially spruce
bark, is regaining interest as a readily available source of valuable
precursors and biochemicals. In the past softwood bark was actually used as a tanning agent in e.g. Russia and Poland (Surmiński,
2007). The Finnish forest industry uses on average 23 Mm3 spruce
logs per year producing ca. 0.9–1.3 Mt/a of dry spruce bark calculated with bulk density of 380 kg/m3 and 10–15% volumetric
bark content in logs (Anonymous, 2012). This volume of bark, now
being combusted for energy, could provide components suitable for
upgrading to higher value products, for instance adhesives, resins
and plastics, before being combusted in the end of their life-cycle.
The availability and cost of biomass are of essence when designing feasible bioreﬁnery concepts. The unique composition of the
biomass utilized in the particular applications is also important.
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Interesting opportunities arise when an existing industry is looking for new raw material sources to expand its market portfolio.
The tannin industry is currently facing this situation. Tannins are
polyphenolic compounds based either on ﬂavan-3-ol monomers
(condensed tannins, also called proanthocyanidins), or on gallic or hexahydroxydiphenic acid esters linked to a sugar moiety
(hydrolysable tannins). Tannins have molecular weight from 500
to 3000 Da (Bate-Smith and Swain, 1962). Annual production of
tannins is ca. 200,000 t out of which condensed tannins cover 90%
(Pizzi, 2006). The main use for tannins through the past centuries
and still today is leather production, where tannins are used to
bind the collagen proteins in animal hides making the leather more
ﬂexible and less susceptible to microbial attack (Haslam, 1989).
Because of their phenolic nature, tannins can be used to replace
fossil-based phenol in many applications such as insulating foams
and adhesives (Pizzi, 2006; Tondi et al., 2009). Current main industrial sources of tannin, acacia, quebracho, hemlock, tara, chestnut
and sumach species are not abundant enough to provide tannin outside the current markets covering leather tanning, wine industry,
animal nutrition, and some industrial uses such as mineral ﬂotation,
and oil drilling (Pizzi, 2006). The leather industry is not only looking for collagen binding, but also for the colour of the ﬁnal tanned
leather. On the other hand, the new expanding market of natural
polymers is looking for optimal chemical reactivity and physical properties. The tannin industry in general, is looking for new
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inexpensive feedstocks to produce tannin extracts of various qualities for the expanding markets.
The dominant industrial tannin production is based on hot water
extraction. The method is also suitable for the extraction of spruce
bark tannins, but unlike most current feedstocks, spruce bark has
a high content of water soluble extractives other than condensed
tannins (Roffael et al., 2000). Up to 33% of spruce bark solids may
be extracted with sequential pressurized water extractions (Le
Normand et al., 2012). The tannin-rich extract also contains considerable amounts of stilbenes, ash, and sugars in various forms.
Optimizing the extraction procedure and understanding the effect
of extraction parameters on the component yields is essential when
developing applications for tannin. The analysis of the chemical
composition of the extract is also highly important since this type
of information is lacking in the current literature.
This study describes in detail the composition of spruce bark
collected in winter and in summer from an industrially relevant
source. We report the effect of the main parameters on the extraction yield, scale up the tannin extraction process from bench-scale
to pilot-scale, and report the chemical composition and glycome
proﬁle of the barks and the extracts.
2. Materials and methods
2.1. Collection of spruce bark
Two batches of industrial Norway Spruce (Picea abies) bark were
collected from the debarking unit of Metsä Wood Kertopuu plant
(Lohja, Finland). The debarking unit processes fresh moist logs and
employs dry debarking technology in the process. The ﬁrst batch
of bark termed as winter bark was collected in February 2012, and
larger wood chips were removed manually. The typical felling time
is only 1–3 months before debarking, thus the logs were felled
between November 2011 and January 2012. Dry matter content
of the bark was 39%. The average temperature in January–February
2012 was ca. −6 ◦ C.
The second bark batch termed as summer bark was collected
from the same place in August 2012 after a relatively cold summer (ca. 16 ◦ C average temperature in June–August). Dry matter
content of the bark was 51%. The trees were felled maximum of
three weeks before debarking which was done in the morning of
the collection day. No manual separation of wood was carried out
except for a small amount (1 kg) for analytical purposes to analyze
the composition of the wood-free part of the material.
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sodium carbonate), and turbulent circulation with ca. 50 L/min ﬂow
rate was started together with heating. Extraction time of 120 min
was started when the temperature of the circulation water reached
75 ◦ C. The average solids content of bark in the extractions was 8.8%.
Primary extract was let out of the reactor and the wet extracted
bark was washed with ca. 160 L hot (ca. 55 ◦ C) tap water for
5 min. The washing water was let out of the reactor, combined
with the primary extract, and concentrated by vacuum evaporation (150 mbar, 50 ◦ C, 200 kg/h evaporation rate). The concentrated
extract was spray-dried (210–220 mbar, 175 ◦ C inlet and 75 ◦ C outlet temperature) producing 10.0 kg crude tannin powder with a 6%
moisture content. Crude tannin powder was stored in dry conditions in room temperature.
2.4. Yield calculations
Extraction yields related to bench-scale extraction experiments
were calculated on mass basis by multiplying the concentration of
the compound in the extract sample by the whole mass of water in
the system consisting of added water and the moisture contained
in the bark. Thus, we assumed that the concentration of dissolved
compounds was the same everywhere in the system. The mass of
the extracted compound was then divided either by the mass of
the original dry bark (yield given as % of bark dry matter) or by the
mass of the same compound in the original dry bark (yield given as
% of theoretical).
Dry matter and tannin yields for pilot-scale extraction were
calculated as above (theoretical extraction yields), but also actual
yields were calculated from the amount of the extract that was
recovered from the system. The actual yields take into account
the losses of solubilized compounds that remain bound to the wet
residual bark after extraction.
2.5. Chemical analysis
2.5.1. Extractives and lignin
The content of lipophilic extractives in bark was determined
gravimetrically by Soxhlet extraction with heptane from 3 g milled
dry bark (extraction time 5 h). The acid insoluble lignin content was
determined after the removal of extractives using two-step sulfuric
acid hydrolysis (NREL Laboratory Analytical Procedure #003) with
minor modiﬁcations (60 min incubation in the ﬁrst step). The acid
soluble lignin content was determined according to Goldschmid
(1971). The ash content of the samples was measured gravimetrically after combustion in a furnace at 550 ◦ C.

2.2. Bench-scale extraction
A set of 10 extractions was performed for winter bark in a 15 L
pressure cooker rotating 2.3 rpm. The total mass in the extraction
was 8 kg out of which 5, 10 or 15% (w/w) was bark (on dry basis).
Tap water was heated up to 60, 75 or 90 ◦ C in the reactor, after
which warm bark was added into the cooker and timing started. In
one experiment 2% of sodium bisulﬁte and 0.5% sodium carbonate
were dosed as percentage of bark dry weight. Extract samples were
collected from the reactor after 10, 30, 60, 90 and 120 min and centrifuged for 10 min at 3000 rpm to remove solids. The centrifuged
extract samples were stored at −18 ◦ C.
2.3. Pilot-scale extractions
A total of 114 kg of summer bark (on dry basis) was extracted
in six separate batches. Extraction was carried out in a 250 L vessel
with forced circulation. The bark was placed in 10 m polypropylene ﬁlter bags, which were closed with a cable tie, and the bags were
placed in the reactor. The reactor was ﬁlled with hot tap water containing the extraction chemicals (2% of sodium bisulﬁte and 0.5%
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2.5.2. Carbohydrates
The carbohydrate content of bark was analyzed using two methods. Neutral sugars were quantiﬁed after the previously described
two-step acid hydrolysis using high-performance anion exchange
chromatography with pulsed amperometric detection (HPAECPAD). HPAEC was run with Dionex ICS-3000 liquid chromatograph
(Dionex Corp., Sunnyvale, CA) according to Tenkanen and Siika-aho
(2000) with minor modiﬁcations (equilibration with 15 mM NaOH,
isocratic elution with water). Because acidic sugars degrade in
acid hydrolysis, they were quantiﬁed by gas chromatography after
methanolysis of the sample and silylation of the sugar monomers
according to Sundberg et al. (1996). Non-cellulosic glucose content was determined as the glucose released in methanolysis.
Cellulosic glucose was determined as the total glucose released in
the acid hydrolysis subtracted by the non-cellulosic glucose. Bark
carbohydrate content was expressed as anhydrous polymeric carbohydrates.
Soluble free neutral and acidic monosaccharides in the extracts
were quantiﬁed using the HPAEC-PAD method as described above.
The total content of soluble neutral carbohydrates in the extracts
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was analyzed by performing a mild acid hydrolysis with 1 part of
72% sulphuric acid and 20 parts of the extract. The mixture was
autoclaved at 121 ◦ C for 60 min, and the released neutral monosaccharides were quantiﬁed as described above. The total content
of soluble acidic carbohydrates was quantiﬁed using methanolysis and gas chromatography as described above. The content
of bound sugars in the extract was calculated by subtracting
the amount of free monosaccharides from the amount of total
carbohydrates.
Total starch and -glucan content of the bark were analyzed
using Megazyme’s (Ireland) total starch (amyloglucosidase/amylase method) and mixed-linkage -glucan (McCleary method)
kits, respectively, according to the manufacturer’s instructions.
2.5.3. Tannin and total phenolic content
Tannin content of the summer bark and the dried pilot-scale
extract was analyzed according to ISO14088:2012, the so-called
hide powder method, which is a quantitative analysis of tanning
agents. According to the standard 30 g of dry and ground solid bark
sample was extracted 5 times with boiling distilled water collecting
in total 1 L of analytical extract. The dried pilot-scale extract containing tannin was dissolved ﬁrst in water at 4 g/l. A sample (90 mL)
of the extracts in water was passed through 7 g of standardized
partially chrome-tanned hide powder, which has known reactivity
towards polyphenols. Tannin was deﬁned as the dry substance that
remained ﬁxed with the hide powder.
Tannin content of the bench- and pilot-scale extracts was analyzed using the acid butanol assay as described by Gessner and
Steiner (2005). Commercial solvent puriﬁed quebracho tannin
product Tannin QS-SOL (Silvateam, Italy) was used to establish the
standard curve. Total phenolic content of the extracts was analyzed
by using the Folin-Ciocalteu method (Waterhouse, 2003).
2.6. 31 P nuclear magnetic resonance (NMR) analysis and
molecular size distribution
31 P NMR analysis was based on the method developed by
Granata and Argyropoulos (1995) and carried out according to
Rahikainen et al. (2013). The size exclusion chromatography was
carried out according to Rahikainen et al. (2013) using an HPLC system (Waters Corp., MA, USA) equipped with 1000 and 100,000 Å
columns (MCX, Polymer Standard Services, Germany) and an UV
detector (detection at 280 nm). Results were calculated relative
to polystyrene sulphonate sodium salt standard using Waters
Empower 2 software.

2.7. Glycome proﬁling
Glycome proﬁling of the winter bark was carried out according
to Pattathil et al. (2012, 2010). Alcohol insoluble residue (AIR) was
prepared from ground dry bark and subsequently extracted with
50 mM ammonium oxalate, 50 mM sodium carbonate (containing
0.5% sodium borohydride), 1 M potassium hydroxide (containing
1% sodium borohydride), 4 M potassium hydroxide (containing 1%
sodium borohydride), acidic sodium chlorite at 70 ◦ C and ﬁnally
again to 4 M potassium hydroxide (containing 1% sodium borohydride). All potassium hydroxide extracts were neutralized with
glacial acetic acid. The extracts were dialyzed using 3500 Da
molecular weight cut-off tubing and lyophilized prior to subjecting them to enzyme-linked immunosorbent assay (ELISA). The
bench- and pilot scale extracts were extracted with 80% ethanol
overnight. The insoluble residue was washed, dried, dialyzed and
lyophilized similarly to the other extracts according to Pattathil
et al. (2012).
Plant cell wall glycan-directed monoclonal antibodies (McAbs)
were obtained from laboratory stocks (CCRC, JIM and MAC series)

at the Complex Carbohydrate Research Center (available through
CarboSource Services; http://www.carbosource.net) or from
BioSupplies (Australia) (BG1, LAMP). Details of the McAbs
used can be seen in the Supporting Information, Supplement
Table 1.

3. Results and discussion
3.1. Composition of spruce bark
Relatively little is published about detailed chemical composition of spruce bark and of its seasonal variation. Here we studied
the composition of industrial spruce bark from one Finnish wood
products plant collected at two different times of the year: in winter
after the growth season and in summer during the growth season.
Winter bark in Table 1 refers to bark collected from the plant
in February, out of which the most of residual wood was removed
manually. Summer bark collected in August was extracted in pilotscale without the removal of wood. For analytical purposes a small
fraction was manually sorted, and the composition of the bark
(79%, w/w) and the wood fractions (21%) were analyzed separately.
Based on the gravimetric tannin analysis method used by the tannin industry, the tannin content of summer bark was 10.7%, and the
tannin content of the mixture of bark and wood was 8.3%. For comparison the tannin content in current tannin industry raw materials
quebracho heartwood and chestnut wood is 25% and 14%, respectively (authors’ industrial knowledge). Although the tannin content
in spruce bark is not as high as in the currently used tannin raw
materials, it may be sufﬁcient for feasible industrial tannin production because of the low price of the bark and its residual nature.
Krogell et al. (2012) reported 6% concentration of tannins in inner
and 4% in outer fresh spruce bark, whereas Zhang and Gellerstedt
(2008) reported 1.7–1.9% of tannins in inner bark and 7.9–8.0%
in outer bark. Peltonen, 1981 detected 9.0% of condensed tannins
in spruce bark. A wide variety of analysis methods is available
for tannin quantiﬁcation. Contrary to the other recently reported
methods, we used a gravimetric analysis in use in the tannin industry.
The carbohydrate proﬁles of the two wood-free bark fractions
were relatively similar, but had a signiﬁcant difference in the
amount of non-cellulosic glucose. The amount of non-cellulosic glucose in general was quite high compared to other hemicellulosic
and pectic sugars. In this study more non-cellulosic glucose was
found from bark collected after the growth season in winter compared to bark collected during the growth season in summer. It has
been reported that some of the non-cellulosic glucose is present
in the bark in the form of starch (Painter and Purves, 1960; Le
Normand et al., 2012) and callose, which is a type of -1,3-d-glucan
found at least in Scots pine bark (Fu et al., 1972). However, we
found that the total starch content was only 0.08% in winter bark
and 0.69% in summer bark. The -glucan contents were 0.41% and
0.05% in winter and summer bark respectively. These two storage
polysaccharides could not explain the high non-cellulosic glucose
content of spruce bark. It is evident that some glucose is bound
as glucosides to stilbenes and other similar bark extractives. Stilbene glucoside content of spruce bark may be as high as 5–10%
(Krogell et al., 2012; Kylliäinen and Holmbom, 2004; Mannila and
Talvitie, 1992; Zhang and Gellerstedt, 2008). As glucose accounts for
40–45% of the molar mass of stilbene glucosides, the glucose bound
to stilbenes may explain a major part of the non-cellulosic glucose
found in bark. Non-cellulosic glucose may also be present in the
bark as free monosaccharides. Schaberg et al. (2000) found that free
monosaccharide content of red spruce stems and needles was the
highest in winter, whereas the starch content reached its maximum
in late spring. We saw a similar trend here as the non-cellulosic
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Table 1
Chemical composition of industrial spruce bark.
Winter bark, % (w/w)

Summer bark, % (w/w)

Component

Bark fraction

Bark fraction

Wood fraction

Mixture

Carbohydrates (anhydrous)
Cellulosic glucose
Non-cellulosic glucose
Arabinose
Galactose
Xylose
Mannose
Rhamnose
Galacturonic acid
Glucuronic acid
O-4-methyl glucuronic acid
Apparent lignin
Acid insoluble
Acid soluble
Tannin
Ash
Lipophilic extractives

51.3
19.0
11.5
3.7
2.2
2.8
3.1
0.5
7.4
0.3
0.9
33.8
31.1
2.7

47.6
20.0
7.7
4.5
2.1
3.5
2.2
0.6
6.0
0.4
0.5
36.8
33.5
3.3
10.7
3.1
2.4

60.1
35.3
3.7
0.9
1.3
3.8
11.6
0.2
1.6
0.8
1.0
29.3
29.1
0.3
0.0
0.4
1.0

50.2
23.2
6.9
3.7
2.0
3.5
4.2
0.5
5.1
0.5
0.6
35.2
32.6
2.7
8.3
2.6
2.1

3.1
2.9

carbohydrate content was higher suggesting a higher amount of
free monosaccharides, and starch content lower in the winter bark.
According to the carbohydrate analysis there were large amounts
of pectic polysaccharides containing galacturonic acid in bark as
also conﬁrmed by others studies (Krogell et al., 2012; Le Normand
et al., 2012). The amount of mannose-containing polysaccharides
found abundantly in spruce stem wood was noticeably smaller in
bark.
The analysis of lignin content in spruce bark is challenging
because water soluble high molecular weight tannins, suberin, and
stilbene glucosides precipitate in acidic conditions and show up
as acid insoluble material, i.e. Klason lignin (Krogell et al., 2012;
Laks, 1991). For example Le Normand et al. (2012) analyzed high
amounts of Klason lignin in hot water (100–160 ◦ C) extracts of
spruce bark although true lignin is not soluble in water in the
extraction conditions. In this study, the bark was pre-extracted
only with heptane before lignin analysis. Aqueous acetone and
water extractions probably would have decreased the perceived
lignin content as described by Krogell et al. (2012). Miranda et al.
(2012) analyzed the Klason lignin content of spruce bark after successive extraction with dichloromethane, methanol, ethanol and
water. Their analysis result of 26.8% is probably a better estimation of the real lignin content in Picea abies bark. The lipophilic
extractives content extracted with heptane was higher in our study
compared to hexane extractives content of 1.2–2.4% by Krogell
et al. (2012). Ash content of spruce bark was considerably higher
compared to the ash content of spruce stem wood but on the
same level as reported by Miranda et al. (2012). According to
them spruce bark ash is composed mainly of nitrogen, calcium and
potassium.

3.2. Hot water extraction of spruce bark in bench-scale
A set of 10 bench-scale extractions were conducted to determine
the effect of the main parameters (temperature, solids content, the
use of chemicals) on the total extraction yield and on the solubilization of the main components in the extract, condensed tannins
and sugars. The extractions were carried out for the winter bark. Up
to 20.9% of the bark could be solubilized in 120 min of extraction
time. Temperature response was evident, as extraction at 90 ◦ C solubilized 19.6–20.9% of bark, whereas extraction at 60 ◦ C solubilized
only 14.6–16.1% of bark dry matter. The given yields correspond
to the yields obtained in the highest (15%) and the lowest (5%)
solids content indicating that the effect of the solids content on
the total mass yield was less signiﬁcant compared to the effect of
the temperature. The use of sodium bisulphite and sodium carbonate in the extraction did not increase the total mass yield (18.6%
yield with chemicals compared to 19.0% yield without chemicals).
Based on the extraction curves showing the time dependency of the
extraction yield (data not shown) the total mass yield could have
increased a few more percentage points with a prolonged extraction time. Sequential acetone–water and pressurized hot water
extractions at 100–160 ◦ C have been reported to dissolve up to
42% of spruce bark dry matter (Le Normand et al., 2012) suggesting that only a part of the hydrophilic compounds in spruce bark
were extracted in our experiments. On the other hand Kylliäinen
and Holmbom (2004) solubilized 12% of fresh spruce bark at 30 ◦ C
within 1 h indicating that a substantial portion of the hydrophilic
bark components are already released at low temperatures.
Fig. 1 presents the tannin extraction curves as the amount of
solubilized tannin divided by the mass of the bark at the beginning

Fig. 1. Extraction yield of tannin from winter bark in bench-scale at varying solids content (A: 5%, B: 10%, C: 15%) and temperature with or without extraction chemicals.
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whereas the solids content had practically no effect on the yield of
bound sugars. Extraction chemicals reduced the solubilization of
bound sugars considerably. It appears that there is a certain fraction of free monosaccharides in bark, the release of which was not
affected by the changes in the extraction parameters within the
tested limits.
Comparison of the extraction yields of individual sugars gives
more insight into the type and structure of the bark hemicelluloses and pectins. Table 2 presents the results from the winter
bark extraction carried out at 75 ◦ C and 10% solids content using
the extraction chemicals. Non-cellulosic glucose was released in
the highest amounts from winter bark followed by galactose, glucuronic acid and rhamnose. Only traces of mannose and xylose were
released in the extraction suggesting that the polysaccharides containing mannose and xylose are tightly bound in the bark cell wall.
Majority of all individual sugars were in bound state in the extract,
although a signiﬁcant part of glucose (39.2%) and galacturonic acid
(16.3%) was present as monosaccharides. Some other sugars such as
mannose were present as monosaccharides as well, but their total
amount in the extract and thus their concentration was very small.
Le Normand et al. (2012) studied the extraction of non-cellulosic
polysaccharides from bark collected from a sawmill in southern
Sweden in May. They were able to extract up to 82% of spruce
bark non-cellulosic polysaccharides by pressurized sequential hot
water extraction at 100–160 ◦ C, whereas in this study 24–30% of
non-cellulosic sugars from the bark were extracted. Mannose and
xylose were released least efﬁciently similarly to our results.

Fig. 2. Extraction yield of sugars from winter bark as free monosaccharides and
bound sugars in bench-scale extractions at varying solids content (5–15%) and temperature with or without chemicals.

of the experiment. Considering an approximate 11% tannin content
in spruce bark, up to 90% of bark tannins could be extracted without
chemicals in 5% solid content at 90 ◦ C (5.0 g/l tannins in the extract)
or with chemicals in 10% solids content at 75 ◦ C (10.5 g/l tannins in
the extract). However, the tannin yield value reported here is not
precise but an estimation, as the tannin analysis method for bark
and the extracts were different. Acid butanol method allows fast
comparison of the liquid extract samples, whereas the gravimetric
method used for dry bark is more time and material consuming and
requires drying of the extract. Temperature had a strong effect on
tannin extraction yield increasing it 3.5–4.2 percentage points. In
addition to temperature, also the solids content affected the tannin
yield. Tannin yield reduced 1.8–2.4 percentage points when solids
content increased from 5% to 15%. The use of extraction chemicals
increased tannin extraction yield up to levels obtained in lower
solids content and higher temperature. The highest tannin concentration of 12.6 g/l was analyzed from the extract produced at 90 ◦ C
in 15% solids content.
Carbohydrates can be present in the bark extracts in different
forms: as monosaccharides, as oligo- and polysaccharides, or bound
to stilbenes, or other compounds as glycosides. Here we deﬁne
monosaccharides as free sugars, and the oligo- and polysaccharides
and glycosidic sugars as bound sugars. In our bench-scale extractions the yield of total sugars was 6.6–8.6% of dry bark (Fig. 2).
Despite the different extraction conditions the extraction yield of
free sugars remained relatively constant at 1.8–2.3% of dry bark,
whereas the bound sugars were responsible for the variation in
the total sugar yield. Total sugars in the extracts accounted for
18–24% and free sugars 5–6% of the non-cellulosic sugars in the
bark. Thus a signiﬁcant part of non-cellulosic sugars in the bark
was not extractable in these conditions. Extraction temperature
had a strong positive effect on the extraction yield of bound sugars,

3.3. Scale up of extraction from bench-scale to pilot-scale
Hot water extraction of spruce bark was scaled up to pilot scale
to a 250 L volume per batch. In addition to the scale of the extractions, the other differences between the set-ups were the collection
time of the bark (winter for bench-scale, summer for pilot-scale)
and the amount of wood in the extracted material (higher in the
pilot-scale extraction). Extraction parameters (75 ◦ C, 120 min, 10%
solids content, 2% sodium sulphite ad 0.5% sodium carbonate) were
chosen based on the bench-scale extraction experiments. Although
90 ◦ C extraction temperature would likely have released more tannins, a lower temperature of 75 ◦ C was chosen for practical reasons
because the high temperature was feared to cause autocondensation or otherwise negatively modify the bark tannins. On average
11.8% of bark was solubilized during the extraction showing that
the efﬁciency of the extraction was not as high in this set-up as
it was in the bench-scale experiments (19.0% yield). At this point
on average 70.6% of bark tannin was solubilized. A time series
taken from the last batch showed that extraction yield reached
close to its maximum in 2 h. A lower extraction yield in pilot-scale
was probably due to less efﬁcient mass transfer in the pilot-scale

Table 2
The sugar proﬁle, and the share of free monosaccharides of the total sugars in the corresponding bench- and pilot-scale extracts (75 ◦ C, 10% solids content, 120 min extraction
time, extraction chemicals used). For winter bark extract also theoretical extraction yield of individual sugars is presented.
Sugar

Non-cellulosic glucose
Galactose
Mannose
Rhamnose
Arabinose
Xylose
Galacturonic acid
O-4-methyl glucuronic acid
Glucuronic acid
Total sugars

Winter bark, bench-scale

Summer bark, pilot-scale

Relative amount of
sugars, %

Share of free
monosaccharides, %

Extraction
yield, %

Relative amount of
sugars, %

Share of free
monosaccharides, %

74.9
8.5
0.8
1.1
2.8
0.8
8.5
1.6
0.9
100.0

39.2
9.9
20.2
0.0
4.7
4.9
16.3
3.9
9.4
32.1

38.5
22.3
1.6
12.7
4.5
1.6
6.9
10.1
20.1
23.9

61.8
5.3
6.7
3.1
7.9
1.0
11.5
0.7
2.0
100.0

6.4
1.9
0.0
4.7
7.9
23.8
16.9
100.0
5.3
7.8
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Fig. 3. Composition of bench- and pilot-scale extracts at varying solids content and temperature with or without chemicals.

extraction system. Particle size may have had a larger effect in the
extraction using forced circulation and ﬁlter bags compared to
cooking type of extraction. The higher amount of wood in the
summer bark compared to winter bark was expected to slightly
decrease the total yield. However, we assume that the extraction
efﬁciency was reduced due to equipment set-up as well.
The extract was drained from the vessel and the bark was
washed once with water. Extracts and washing waters were combined. The dry matter analysis showed that 10.2% of bark dry matter
could be recovered from the extraction. As a total of 19% of extract
dry matter was lost during concentration by evaporation and spraydrying, the ﬁnal amount of crude tannin powder produced was
10.0 kg (94% dry matter content). Vessel losses in the spray-drying
chamber accounted for most of this loss. Tannin yield was 50.3%
from the theoretical. Although the high content of wood in the
raw material most likely affected the total yields negatively, there
remains room for improvement in the pilot-scale extraction set-up
to reach yields closer to those obtained in bench-scale experiments.
Bocalandro et al. (2012) scaled up 75% ethanol extraction of Pinus
radiata bark to pilot scale without signiﬁcant reduction in extraction yields.
3.4. Composition of the bench-scale and pilot-scale extracts
The composition analysis of the spruce bark extract is very
important for its industrial exploitation. Many studies present partial results on the composition of spruce bark extracts, however
studies covering both phenolic compounds as well as carbohydrates are scarce. Here we present chemical analysis of both
phenolics and sugars, molecular weight results as well as glycome
proﬁling data to give complete view on the composition of spruce
bark water extracts.
In this study, an extract with over 50% of tannin content could
be produced both in bench- (51.0%) and pilot-scale (50.5%) as
analyzed by the acid butanol assay. The tannin content of the pilotscale extract as analyzed by the hide powder method was 49.7%.
Weissmann (1981) reports a very similar content of polyphenolic
compounds in Picea abies hot water extract. The effect of temperature on the tannin content of the extract was positive in our
present study, but the most signiﬁcant difference was observed
when extraction chemicals were used. By using the extraction

chemicals, which increase the solubility of polyphenolic tannin,
the negative effect of solids content could be overcome (Fig. 3).
However, based on our results a highly selective extraction of either
sugar or tannin is not possible by varying the parameters studied.
Several studies report spruce bark containing condensed tannins, which do not contain a carbohydrate part (Krogell et al., 2012;
Navarrete et al., 2011). In contrast, to our knowledge spruce bark
has not been reported to contain hydrolysable tannins, in which
the subunits are bound to a sugar core. However, there are some
speculations that spruce tannins may be bound covalently to sugar
moieties (Tišler, 1986). The presence of condensed tannin-stilbene
co-polymers has also been reported in spruce bark (Zhang, 2011).
These co-polymers might link sugars covalently to tannins, which
could partially explain why their selective extraction was not
possible.
The total phenolic content of the extracts was measured as gallic acid equivalents using the Folin-Cioucalteau method. The results
showed that 23–37% of the bench-scale extract dry matter was phenolic in nature. Total phenolic content of the pilot-scale tannin was
35.8%, which is higher than in the corresponding bench scale extract
(30.2%). The structural units of condensed tannins, epicatechin and
epigallogatechin, have a higher molar mass per a phenolic hydroxyl
group in their structure (61 and 73 g/mol per OH group) than gallic
acid (57 g/mol per OH group), which may explain why the tannin
content was higher than the total phenolic content.
Phenolic groups were also analyzed using 31 P NMR to give additional information on the phenolic nature of tannins (Table 3).
Aliphatic hydroxyl groups detected in the analysis are found
in monosaccharides but can also be a part of the structure of
condensed tannins. According to the 31 P NMR analysis the pilotscale extract had signiﬁcantly less phenolic hydroxyl groups,
slightly more aliphatic hydroxyl groups, and slightly less carboxylic
hydroxyl groups compared to solvent puriﬁed commercial quebracho tannin used as the reference tannin in the acid butanol assay.
Even when the purity of the extracts is accounted for, the phenolic
hydroxyl group content of the spruce bark tannin was much lower
than that of the reference tannin. Pan et al. (2013) recently reported
that there are 3.76 and 2.13 mmol/g phenolic hydroxyl groups in
the tannin-containing methanol-water extract of Douglas ﬁr and
Loblolly pine respectively. Taking into account the high amount of
non-tannin material in our pilot-scale extract, it appears that the

Table 3
The type of hydroxyl groups in the pilot-scale spruce bark extract and a commercial quebracho tannin analyzed by 31 P NMR.
Sample

Phenolic

Aliphatic

Carboxylic

Total

Pilot-scale extract (mmol/g)
Puriﬁed commercial quebracho tannin (mmol/g)

2.16
14.62

4.22
3.99

0.18
0.22

6.56
18.83

III/6

164

K. Kemppainen et al. / Industrial Crops and Products 52 (2014) 158–168

phenolic content of spruce bark tannin is at least on the same level,
if not higher, compared to the reported levels in Douglas ﬁr and
Loblolly pine barks.
Whereas the tannin contents of the corresponding bench- and
pilot-scale extracts were similar, their carbohydrate content and
proﬁle differed considerably. Pilot-scale tannin extract contained
20.5% bound sugars and 1.7% free monosaccharides, which is 14%
less bound sugars and 85% less free monosaccharides compared to
the bench-scale extract suggesting a very different pattern of carbohydrate release. Table 2 allows the comparison of the sugar proﬁles
and the amount of free monosaccharides in the extract between
the bench- and pilot-scale extractions. The pilot-scale extract contained less glucose, galactose, and methyl-galacturonic acid, but
more mannose, arabinose, rhamnose, xylose, galacturonic acid and
glucuronic acid. The presence of wood in the extracted material
can be seen clearly in the high content of mannose, but it does not
explain all the differences. For example galacturonic acid content
of the pilot-scale extract was higher although there is less galacturonic acid in wood compared to bark. Thus it appears that the
extractability of the bark polysaccharides also differed between
winter and summer barks.
Considerably less glucose, galactose, mannose were present as
free monosaccharides whereas more arabinose, xylose and methyl
glucuronic acid were present in free form in the pilot-scale extract
compared to the bench-scale extract. Le Normand et al. (2012)
reported that 8–16% of sugars in their pressurized hot water
extracts were present as monosaccharides, which is in between
our values for the bench- (32.1%) and pilot-scale extracts (7.7%).
Autohydrolysis is not a likely cause for the high concentration of
monosaccharides in the bench-scale extract, because extraction
temperature was below 100 ◦ C, and pH in the range of 4.5–5.9.
We suspect that the variation in the free sugar content of the
extracts may be caused by the different felling time of the trees.
This conclusion is supported by Weissmann (1984), who showed
that the amount of free sugars in spruce bark extracts is the lowest in May/June and highest at the end of the growing season. The
lower amount of extracted free sugars from summer bark may have
also been partially responsible for the lower total extraction yield
obtained in pilot-scale.
The high content of carbohydrates in the extract may reduce
its reactivity, increase viscosity and in general reduce suitability
for various applications. Therefore it is expected that a fractionation method needs to be developed to lower the sugar content of
the extract and enrich the phenolic fraction in it. Interestingly a
pine tannin extract containing 30% carbohydrates was found susceptible for thermal degradation at 150 ◦ C, but the reduction of the
carbohydrate content to 5% increased the thermal stability of tannin by 50 ◦ C (Gaugler and Grigsby, 2009). Removal of sugars from
the extract may not only increase its relative phenolic content but
also improve its stability in further processing.
From the technical point of view, it should be noted that the
ash content of the pilot-scale extract was found to be fairly high,
26.5%. Based on yield calculations, it can be concluded that the ash
came from both the native ash in the bark and also from the inorganic extraction chemicals. The pilot-scale extract contained 0.9%
lipophilic extractives accounting for 4% of the lipophilic compounds
in the bark.
Molecular size distribution of the bench- and pilot-scale extracts
were almost identical having number average molar mass of
1.85 kDa and 1.90 kDa, weight average molar mass of 3.40 kDa
and 3.20 kDa and polydispersity of 1.84 and 1.68 respectively.
The similar size distribution of the extracts supports the theory
that extractable material in the bark samples was similar despite
the sugar fraction extracted as monosaccharides, which varied
according to the season. Pan et al. (2013) report number averages
of 2.15 and 3.28 kDa, weight averages of 5.71 and 11.6 kDa, and

polydispersity of 2.66 and 3.54 for Douglas ﬁr and Lobololly pine
bark tannins, respectively. The results indicate that spruce bark tannins have a lower molecular weight and narrower size distribution
than Douglas ﬁr and Loblolly pines tannins.
3.5. Glycome proﬁling of spruce bark and the extracts
The glycome proﬁling analysis was conducted for sequential
chemical extracts of winter bark cell walls in order to study overall
cell wall glycan compositions in spruce bark (Fig. 4). The increasingly harsh extractions generated a set of six extracts enriched with
cell wall glycans based on the tightness, with which they are integrated into the bark cell walls. The extracts were loaded on to the
ELISA plate in an equal sugar basis and they were subsequently
probed with a comprehensive suite of glycan directed McAbs that
can monitor most major plant cell wall polysaccharides excluding
cellulose (Supplemental material). The glycome proﬁling studies
conducted here with the winter bark sample was thus instrumental to reveal the overall composition and extractability of major
non-cellulosic plant cell wall glycans present in it.
Oxalate extract from winter bark cell walls contained mainly
pectin as indicated by the signiﬁcant binding of McAbs belonging to homogalacturonan backbone 1 and 2 (HG BACKBONE-1 and
2) and rhamnogalacturonan (RG-I) backbone groups. Also, a signiﬁcant binding of one antibody, JIM137 that belonged to RG-1b
group was evident. In carbonate extract, however, most signiﬁcant
binding was exhibited by McAb groups recognizing xyloglucans
(XG) especially those belonging to groups XG-1 through 2 and
Fucosylated xyloglucans (FUC XG). A marginal abundance of pectic
epitopes was noted in this extract as indicated by very low binding of HG BACKBONE-1 and RG-I backbone groups. Both 1 M KOH
and 4 M KOH extracts showed largely similar McAb binding patterns with higher abundance of xyloglucan (both fucosylated and
non-fucosylated), xylan (indicated by binding of xylan-5 through 7
groups), pectic backbone (indicated by binding of HG BACKBONE1 and RG-I backbone groups), pectic-arabinogalactan (indicated
by binding of RG-I/AG group) and arabinogalactan (indicated by
binding of AG-2 through 4 groups) epitopes. Interestingly, in the
4 M KOH extract, the strength in the binding of xylan and pectic backbone antibodies was signiﬁcantly lesser than that in 1 M
KOH extract. Chlorite extract mainly contained xyloglucans, xylan,
pectic-backbone and arabinogalactan epitopes hinting that lignin
in winter bark cell walls may be associated with these glycans. The
4 M KOHPC (post chlorite 4 M KOH) extract was largely similar to
other KOH extracts (1 M and 4 M KOH) in its glycan composition.
The main distinction noted in this extract (4 M KOHPC) was the
signiﬁcantly enhanced binding of two McAbs belonging to xylan-6
group (CCRC-M139 and CCRC-M140) in comparison to other base
extracts (1 M and 4 M KOH). This could be the result of lignin
removal during chlorite extraction causing these epitopes to be
released from the wall.
Painter and Purves (1960) fractionated white spruce bark by
successive extractions and suggested that the inner bark may
contain chemically linked glucose and xylose residues in type
of heteropolymeric glucoxylans. According to the glycome proﬁling results this polysaccharide could actually be xyloglucan. The
presence of homogalacturonan, rhamnogalacturonan, and arabinogalactan in bark has now also been shown based on their detection
by monoclonal antibodies.
Hot water extracts prepared from winter (bench-scale) and
summer barks (pilot-scale) were also ELISA-screened with the
entire toolkit of glycan directed antibodies (Fig. 4). Interestingly,
extractable glycan epitopes were present in signiﬁcantly higher
levels in the winter bark water extracts compared to summer
bark water extract. Xylan epitopes were absent in the summer
bark extract while the winter bark extract contained signiﬁcant
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phenolic content of spruce bark tannin is at least on the same level,
if not higher, compared to the reported levels in Douglas ﬁr and
Loblolly pine barks.
Whereas the tannin contents of the corresponding bench- and
pilot-scale extracts were similar, their carbohydrate content and
proﬁle differed considerably. Pilot-scale tannin extract contained
20.5% bound sugars and 1.7% free monosaccharides, which is 14%
less bound sugars and 85% less free monosaccharides compared to
the bench-scale extract suggesting a very different pattern of carbohydrate release. Table 2 allows the comparison of the sugar proﬁles
and the amount of free monosaccharides in the extract between
the bench- and pilot-scale extractions. The pilot-scale extract contained less glucose, galactose, and methyl-galacturonic acid, but
more mannose, arabinose, rhamnose, xylose, galacturonic acid and
glucuronic acid. The presence of wood in the extracted material
can be seen clearly in the high content of mannose, but it does not
explain all the differences. For example galacturonic acid content
of the pilot-scale extract was higher although there is less galacturonic acid in wood compared to bark. Thus it appears that the
extractability of the bark polysaccharides also differed between
winter and summer barks.
Considerably less glucose, galactose, mannose were present as
free monosaccharides whereas more arabinose, xylose and methyl
glucuronic acid were present in free form in the pilot-scale extract
compared to the bench-scale extract. Le Normand et al. (2012)
reported that 8–16% of sugars in their pressurized hot water
extracts were present as monosaccharides, which is in between
our values for the bench- (32.1%) and pilot-scale extracts (7.7%).
Autohydrolysis is not a likely cause for the high concentration of
monosaccharides in the bench-scale extract, because extraction
temperature was below 100 ◦ C, and pH in the range of 4.5–5.9.
We suspect that the variation in the free sugar content of the
extracts may be caused by the different felling time of the trees.
This conclusion is supported by Weissmann (1984), who showed
that the amount of free sugars in spruce bark extracts is the lowest in May/June and highest at the end of the growing season. The
lower amount of extracted free sugars from summer bark may have
also been partially responsible for the lower total extraction yield
obtained in pilot-scale.
The high content of carbohydrates in the extract may reduce
its reactivity, increase viscosity and in general reduce suitability
for various applications. Therefore it is expected that a fractionation method needs to be developed to lower the sugar content of
the extract and enrich the phenolic fraction in it. Interestingly a
pine tannin extract containing 30% carbohydrates was found susceptible for thermal degradation at 150 ◦ C, but the reduction of the
carbohydrate content to 5% increased the thermal stability of tannin by 50 ◦ C (Gaugler and Grigsby, 2009). Removal of sugars from
the extract may not only increase its relative phenolic content but
also improve its stability in further processing.
From the technical point of view, it should be noted that the
ash content of the pilot-scale extract was found to be fairly high,
26.5%. Based on yield calculations, it can be concluded that the ash
came from both the native ash in the bark and also from the inorganic extraction chemicals. The pilot-scale extract contained 0.9%
lipophilic extractives accounting for 4% of the lipophilic compounds
in the bark.
Molecular size distribution of the bench- and pilot-scale extracts
were almost identical having number average molar mass of
1.85 kDa and 1.90 kDa, weight average molar mass of 3.40 kDa
and 3.20 kDa and polydispersity of 1.84 and 1.68 respectively.
The similar size distribution of the extracts supports the theory
that extractable material in the bark samples was similar despite
the sugar fraction extracted as monosaccharides, which varied
according to the season. Pan et al. (2013) report number averages
of 2.15 and 3.28 kDa, weight averages of 5.71 and 11.6 kDa, and

polydispersity of 2.66 and 3.54 for Douglas ﬁr and Lobololly pine
bark tannins, respectively. The results indicate that spruce bark tannins have a lower molecular weight and narrower size distribution
than Douglas ﬁr and Loblolly pines tannins.
3.5. Glycome proﬁling of spruce bark and the extracts
The glycome proﬁling analysis was conducted for sequential
chemical extracts of winter bark cell walls in order to study overall
cell wall glycan compositions in spruce bark (Fig. 4). The increasingly harsh extractions generated a set of six extracts enriched with
cell wall glycans based on the tightness, with which they are integrated into the bark cell walls. The extracts were loaded on to the
ELISA plate in an equal sugar basis and they were subsequently
probed with a comprehensive suite of glycan directed McAbs that
can monitor most major plant cell wall polysaccharides excluding
cellulose (Supplemental material). The glycome proﬁling studies
conducted here with the winter bark sample was thus instrumental to reveal the overall composition and extractability of major
non-cellulosic plant cell wall glycans present in it.
Oxalate extract from winter bark cell walls contained mainly
pectin as indicated by the signiﬁcant binding of McAbs belonging to homogalacturonan backbone 1 and 2 (HG BACKBONE-1 and
2) and rhamnogalacturonan (RG-I) backbone groups. Also, a signiﬁcant binding of one antibody, JIM137 that belonged to RG-1b
group was evident. In carbonate extract, however, most signiﬁcant
binding was exhibited by McAb groups recognizing xyloglucans
(XG) especially those belonging to groups XG-1 through 2 and
Fucosylated xyloglucans (FUC XG). A marginal abundance of pectic
epitopes was noted in this extract as indicated by very low binding of HG BACKBONE-1 and RG-I backbone groups. Both 1 M KOH
and 4 M KOH extracts showed largely similar McAb binding patterns with higher abundance of xyloglucan (both fucosylated and
non-fucosylated), xylan (indicated by binding of xylan-5 through 7
groups), pectic backbone (indicated by binding of HG BACKBONE1 and RG-I backbone groups), pectic-arabinogalactan (indicated
by binding of RG-I/AG group) and arabinogalactan (indicated by
binding of AG-2 through 4 groups) epitopes. Interestingly, in the
4 M KOH extract, the strength in the binding of xylan and pectic backbone antibodies was signiﬁcantly lesser than that in 1 M
KOH extract. Chlorite extract mainly contained xyloglucans, xylan,
pectic-backbone and arabinogalactan epitopes hinting that lignin
in winter bark cell walls may be associated with these glycans. The
4 M KOHPC (post chlorite 4 M KOH) extract was largely similar to
other KOH extracts (1 M and 4 M KOH) in its glycan composition.
The main distinction noted in this extract (4 M KOHPC) was the
signiﬁcantly enhanced binding of two McAbs belonging to xylan-6
group (CCRC-M139 and CCRC-M140) in comparison to other base
extracts (1 M and 4 M KOH). This could be the result of lignin
removal during chlorite extraction causing these epitopes to be
released from the wall.
Painter and Purves (1960) fractionated white spruce bark by
successive extractions and suggested that the inner bark may
contain chemically linked glucose and xylose residues in type
of heteropolymeric glucoxylans. According to the glycome proﬁling results this polysaccharide could actually be xyloglucan. The
presence of homogalacturonan, rhamnogalacturonan, and arabinogalactan in bark has now also been shown based on their detection
by monoclonal antibodies.
Hot water extracts prepared from winter (bench-scale) and
summer barks (pilot-scale) were also ELISA-screened with the
entire toolkit of glycan directed antibodies (Fig. 4). Interestingly,
extractable glycan epitopes were present in signiﬁcantly higher
levels in the winter bark water extracts compared to summer
bark water extract. Xylan epitopes were absent in the summer
bark extract while the winter bark extract contained signiﬁcant
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Fig. 4. Glycome proﬁling of cell wall extracts isolated from spruce winter bark (ﬁrst 6 columns) and winter and summer bark hot water extracts prepared in bench- and
pilot-scale (last 2 columns). The amount of carbohydrate recovered per gram of alcohol insoluble residue (AIR) is depicted as a bar graph on top of the ﬁgure. The monoclonal
antibodies (McAbs) are grouped on the basis of the glycan classes they recognize and are listed as in the right hand side panel of the ﬁgure (a full list of antibodies is given in
Supplement material 1). The strength of McAb binding is represented as heatmap with a black–blue–red–yellow–white colour scheme with white colour depicting strongest
binding and black no binding. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of the article.)
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abundance of xylan-5 and 7 epitopes. Both winter and summer
bark extracts contained epitopes of xyloglucan, pectic-backbone,
pectic-arabinogalactans and arabinogalactans. In general hot water
appears to have extracted similar compounds as the analytical
oxalate, carbonate and KOH extractions. The relative strength of
McAbs binding to these epitopes in the summer bark extract was
signiﬁcantly lower compared to winter bark extract. Since the
extracts were loaded on to the ELISA plate on equal sugar basis,
either there were more oligo- or polysaccharide epitopes present
not recognized by the glycan directed antibodies, or more sugars
were bound as glycosides to non-carbohydrate structures in the
summer extract. Because of the dialysis carried out prior to loading, the sugars must have been bound to structures not passing the
3.5 kDa cut-off membrane. Stilbene glucosides isorhapontin and
astringin found in spruce bark (Krogell et al., 2012) have molar
mass below 0.5 Da and should have penetrated the dialysis membrane. Thus it appears that these bound sugars not recognized by
the glycan directed antibodies in the summer extract could have
been bound to larger tannin molecules or some other molecules
present in the extract. It is also worth noting, that the sugar yield
from the alcohol insoluble part of the summer extract was signiﬁcantly higher as seen in Fig. 4 bar graph. The high yield was caused
by better retention of sugars during the dialysis as the sugar content of the dialyzed extracts was on the same level (479 mg/g in
the winter bark extract compared to 475 mg/g in the summer bark
extract). The higher content of free monosaccharides in the winter
bark extract and their removal during dialysis has at least partially
contributed to the lower mass yield observed with the winter bark
extract. The results shed light to the nature and extractability of
non-cellulosic sugars in bark, but it remains open where and how
the sugars not present in these hemicellulosic and pectic epitopes
are bound.

4. Relevance of the results for bioreﬁnery concepts using
spruce bark
Spruce bark is an abundant but undervalued feedstock for a
lignocellulosic bioreﬁnery. The fact that it contains considerable
amounts of tannin and water soluble sugars in addition to insoluble cellulose, hemicellulose and lignin makes it different from most
lignocellulosic feedstocks. This study provides information on the
composition of spruce bark as well as the extraction of tannins
from spruce bark and helps to evaluate the potential of spruce bark
as a source of precursors and intermediates for the production of
chemicals, materials, and fuels.
The relatively high amount of wood in industrial bark streams
was discovered in this study. Similarly, also Ngueho Yemele et al.
(2013) observed a high content (19.9%) of wood in industrial spruce
bark from a sawmill in Quebec, Canada. Even small amounts of
bark may disturb pulping and the production of veneers, therefore
debarking is conducted at a loss of some stem wood. The composition of wood and bark differ greatly, and thus experimental
results obtained with a pure bark stream may not be repeatable in
industrial scale. Some adjustments in the debarking depth may be
possible to achieve, but sorting the residual wood out of the bark
stream prior to extraction is probably not feasible.
The debarking method affects the bark quality and efﬂuent production. Here we worked with bark from a dry debarking process,
where the bark is in contact with water only during log de-icing
(Bajpai, 2010). In the wet debarking process the bark becomes
wet and is pressed prior to combustion releasing water soluble
substances into the debarking efﬂuent. Tannins and stilbene glycosides make up the main soluble material in these sometimes very
concentrated efﬂuent streams (Kylliäinen and Holmbom, 2004).
In case a bioreﬁnery is planned at a location using wet debarking

technology, the efﬂuent composition and the possibility to extract
valuable components from it should be investigated. Debarking
efﬂuents have high biological and chemical oxygen demand and
contain pollutants toxic to aquatic life (Bajpai, 2010), which is why
their exploitation may also serve another purpose as waste water
management.
We used simple unpressurized hot water extraction for spruce
bark, but several studies report use of solvents, pressure, or other
types of extraction systems. For example a laboratory scale pressurized ﬂuid extraction was found more effective than supercritical
carbon dioxide, or conventional solvent extraction in extracting
antioxidants from spruce bark (Co et al., 2012). Although analytical extraction procedures use various solvents and their aqueous
mixtures, the yield obtained with pure water was so high, that it is
probably not worth replacing water with less sustainable organic
solvents requiring expensive recycling. The reduction of particle
size and size classiﬁcation may lead into rough fractionation of
bark components. Miranda et al. (2012) reported the ﬁnes fraction
of spruce bark to contain more ash (5.3%) and extractives (25.3%)
than the medium and coarse fractions (1.2–3.2% ash, 20.6–21.5%
extractives). Nevertheless, the fractionation does not appear efﬁcient enough to justify applying it in a larger scale. Extraction
chemicals such as urea and sodium metabisulphite can be used
in the extraction to prevent autopolymerisation and the formation
of phlobaphenes (Sealy-Fisher and Pizzi, 1992). In this study the
chemicals were found to improve the extraction yield of tannin
and increase the relative tannin content of the extract. It depends
on the application whether the partial sulphonation of the hydroxyl
groups in the condensed tannin structure is accepted.
Tannin is the main water soluble component in spruce bark,
but also other interesting possibly high-value compounds are
extracted in a hot water treatment. Stilbene glucosides isorhapontin, astringin, and piceid may account for up to 7.2% of Picea abies
bark dry weight (Krogell et al., 2012). These compounds and their
stilbene counterparts have been shown to possess antileukaemic
and other bioactive properties in many studies (Mannila and
Talvitie, 1992; Shen et al., 2009). However, the separation of these
compounds from tannin may be difﬁcult in industrial scale.
As described by this study, various types of sugars were
extracted from bark alongside tannin. It appears that highly selective extraction of tannins or sugars is not possible using hot water
as the solvent. Among the extracted sugars are at least pectic and
hemicellulosic poly- and oligosaccharides, sugar attached to other
compounds as glycosides, and free monosaccharides. The amount
and type of sugars extracted appear to be affected by the seasons, as
higher amount of non-cellulosic glucose and free monosaccharides
were found in the bark and the water extracts from trees felled in
the winter. The amount and type of sugars in the crude bark extract
affects its behaviour in various applications. The presence of a high
amount of free sugars may reduce the microbial stability of the
product, and a high amount of sugars and other non-phenolic compounds reduce the overall reactivity of the extract. It remains to
be seen what level of reactivity is needed for possible applications,
and whether a sugar removal step is needed for the crude extract
prior to use as a source of renewable phenolic compounds. Further
understanding on the nature and binding of the carbohydrate fraction in the extracts is needed to be able to design an efﬁcient and
inexpensive method for their removal from the extract. Glycome
proﬁling could possibly be used to further study and predict the
behaviour of bark in extraction at various times of the year.
The water-soluble bark sugars may not only be a nuisance but
instead provide additional value as raw material for future bioreﬁneries. The extracts contain mainly C6 sugars, which are natural
substrates for many microbes used in bioprocesses. Another abundant sugar, galacturonic acid may also be fermented to e.g. ethanol
by some strains (Grohmann et al., 1998) or used as an acidic agent
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in food and cosmetic industry. The water soluble xyloglucan in the
extract could possibly be interesting for drug-delivery technologies, food technology and in textile industry applications (Mishra
and Malhotra, 2009). The insoluble sugars in the residue may be
hydrolysed to monosaccharides with enzymes even without a separate thermal or chemical pretreatment (Kemppainen et al., 2012).
The residual lignin has the highest caloriﬁc value out of all the compounds in bark (White, 1987) and could provide good quality fuel
for a possible combustion plant on site. Soil improvement and landscaping are other options for the lignin-rich residue in addition
to the currently developed lignin applications in adhesives, resins
and dispersants. Spruce bark contains a combination of high and
low value precursors, the exploitation of which should be clariﬁed.
Tannin, however, is one of, if not the most promising compound in
spruce bark being easily extractable, reactive and constituting over
50% of the crude bark extract dry matter.
5. Conclusions
Spruce bark, having a sufﬁciently high content of tannin and
good availability, could be a promising new feedstock for industrial
tannin production. Extracts with up to 50% tannin content could be
produced in pilot-scale in unpressurized conditions using water as
the solvent. Temperature had a major effect on the extraction yield,
but the composition of the extract and especially its sugar fraction
was also affected by the felling season of the logs. The forms in
which the sugars exist in the extract, partially identiﬁed by glycome proﬁling in this study, should be well understood to be able to
develop a method for their removal to increase the phenolic content
of the extract.
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