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ARTICLE INFO ABSTRACT

Keywords: Softwood bark is a rich source of renewable chemicals, including phenolic compounds known as tannins. Tannins

Na“"_ﬁl"rati‘m can be extracted from bark with hot water, but the yield can be relatively low, leading to dilute extracts. Next to

Za“;“?l q tannin, a considerable amount of extracted dry matter comprised of carbohydrates, and bark carbohydrates limit
arbohydrates

the applicability of the extract in applications that demand high purity. This study used membrane filtration to
refine and concentrate tannins produced from hot water extracts of softwood bark. Enzymatic hydrolysis of bark
carbohydrates prior to membrane filtration was assessed as means to improve the separation of bark sugars from
bark phenols. Enzymatic hydrolysis using an optimised enzyme mixture liberated 55% of bark carbohydrates
mainly by degradation of pectin and other polysaccharides in spruce unrefined tannins. Separation of bark
phenols from the enzyme-treated extract by precipitation at acidic pH and subsequent microfiltration produced
low tannin yield. Instead, keeping bark phenols soluble at alkaline pH allowed us to concentrate them 15-fold
with good and stable flux using nanofiltration. Additionally, enzymatically liberated sugars permeated well
through the nanofiltration membrane, decreasing the free sugar content of the concentrated tannin from 31% to
7.4%. However, diafiltration did not seem to decrease the proportion of free sugars in the concentrate further.
This enzyme-assisted nanofiltration concept was successfully upscaled to a pilot scale which was a promising

Softwood bark
Enzymatic treatment
Pectinase

result for improved industrial applicability of softwood bark tannins in the future.

1. Introduction

Softwood bark is a major forest industry co-stream in the Nordic
countries. Nowadays, it is mainly used as an energy source, meaning that
10-15% of the dry weight of a tree has only a low-value use (Kemp-
painen, 2015). Softwood bark is a rich source of renewable chemicals,
such as tannins, constituting 10% of bark. Tannin-rich effluents are also
produced in debarking at pulp mills, but today they are directed to
wastewater treatment plants (Leiviska et al., 2012). Plant-based tannins
are traditionally used in leather tanning, but they also hold potential as
biobased chemicals in various applications, such as in replacing phenols
in thermosetting resins, like wood adhesives and flocculants in water
purification (Pizzi, 1982; Sanchez-Martin et al., 2010; Kayugusuz et al.,
2018). They also hold potential in food and beverage, cosmetic and
pharmaceutical applications since tannins exhibit antimicrobial, anti-
oxidant and antiviral properties (Burda and Oleszek, 2001; Orlowski
et al., 2014; Raitanen et al., 2020; Tapia-Quirds et al., 2022; Amandio
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et al., 2022; Granato et al., 2022; Pizzi, 2008).

Tannins can be divided into three main groups: proanthocyanidins
(also known as condensed tannins), gallo- and ellagitannins and phlor-
otannins (Quideau et al., 2011). Condensed tannins are comprised of
flavan-3-ol units and are found in softwood (Bianchi, 2016). As the term
‘tannin’ covers a wide range of macromolecules with a molecular weight
from 500 to 20,000 Da (Cassano et al., 2003; Romero-Dondiz et al.,
2015), bark phenols and bark carbohydrates are referred to in this study
for the composition of softwood bark extracts. Bark phenols include
various phenolic compounds, mono-, oligo- and polyphenols typically
associated with tannins, while bark carbohydrates include various
mono-, oligo- and polysaccharides found in bark extracts.

Hot water extraction is a straightforward process widely studied for
extracting tannins from softwood bark. The extraction’s downside is low
bark yield, leading to dilute extracts. For example, in a pilot-scale
extraction of industrial bark from spruce (Picea abies), a 12% extrac-
tion yield was achieved, and 50% of the extract was found to comprise
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tannin (Kemppainen et al., 2014). In addition, to dilute solutions, a
considerable amount of extracted dry matter comprises bark carbohy-
drates that limit the applicability of the extract (Bianchi, 2016). The
high carbohydrate content limits the use of the extract in applications
where the application is based on the reactivity of the phenolic tannin
(Kilpelainen et al., 2023). Covalently linked carbohydrates block reac-
tive groups in tannins, reducing tannin reactivity in resin or adhesive
preparations (Pizzi, 1983). The suitability of bark extracts in various
applications would benefit if efficient methods existed to produce
refined tannin fraction, i.e. by liberation of bound sugars, fractionation
of bark sugars to a separate fraction and concentration of bark phenols.

Covalently bound carbohydrates present in unrefined tannins origi-
nate from typical softwood bark polysaccharides, such as hemicelluloses
(galactoglucomannans, arabino-4-O-methylglucuronoxylans, galactans,
arabinogalactans and arabinans),while the primary polymer released in
hot water extraction is pectin, consisting of considerable amounts of
galacturonic acid building blocks (Krogell et al., 2012; Le Normand
et al., 2012; Kemppainen et al., 2014; Bianchi et al., 2015; Jinze et al.,
2023). The association of carbohydrates with tannins in softwood bark is
still not fully discovered. Tannins are known for their ability to make
complexes with cellulose, pectins and proteins (Haslam, 1988), but
studies on the glycosylation of tannins are rare. Every second procya-
nidin unit of tannin oligomers from spruce bark is estimated to be
covalently bound to glucose (Zhang and Gellerstedt, 2008). Spruce bark
also contains stilbene glucosides and stilbenes that can be extracted with
hot water (Jyske et al., 2014; Gabaston et al., 2017; Halmemies et al.,
2022).

Enzymatic hydrolysis can be adopted for the degradation of bark
polysaccharides and tannin-associated carbohydrates. Fungal enzymes
involved in plant polysaccharide degradation are the best candidates for
the cleavage of various carbohydrates and are available on the market.
Nevertheless, batch application of commercial cellulase and pectinase
cocktails might not be efficient enough to improve yields of mono-
saccharides in bark hot water extracts (Kemppainen, 2015). Poly-
saccharide degradation requires combining diverse types of enzymes
specific to certain linkages and carbohydrates (Van den Brink and de
Vries, 2011). Enzymatic treatment is, nevertheless, challenging due to
the inhibition of enzymes by tannin (Tejirian and Xu, 2011) and its
ability to bind and precipitate proteins (Soares et al., 2012). It was
shown that the presence of negatively charged polysaccharides, such as
xanthan, pectin and gum arabic, restrain the formation of protein-tannin
aggregates (Mateus et al., 2003). The degradation of polymeric carbo-
hydrates in unrefined tannins decreases their solubility, which is a
disadvantage for further processing. A vast majority of data published on
the enzymatic treatment of tannins is related to tannases (Mingshu et al.,
2006; Bhoite et al.,, 2015; Lekshmi et al.,, 2021), while the
enzyme-mediated release of carbohydrates associated with tannins is
published mainly for stilbenes and flavonoids (Mandalari et al., 2006;
Drovou et al., 2015; Mulat et al., 2014; Gabaston et al., 2017; Korn-
pointner et al., 2022). In this aspect, a detailed study of the treatment of
bark hot water extracts with a set of enzymes having a wide range of
activities gives an overview of enzymatic modification and further pu-
rification of tannins from unrefined hot water extract.

Though hot water extraction is widely known for extracting tannins
from softwood bark, less is known about the concentration and purifi-
cation of tannins. Tannins can be purified using adsorbent to remove
carbohydrates (Jyske et al., 2022), but considering life cycle assessment,
filtration is showing to be the most promising concentration and puri-
fication method of tannins from hot water extracts (Carlgvist et al.,
2020; Ding et al., 2017). It was noted decades ago that phenolic com-
pounds’ solubility increases with increasing pH (Yazaki, 1987), meaning
that low pH can be applied for the precipitation of bark phenols. Still,
only 61% recovery of the bark phenols at pH 1.2 was obtained. Addi-
tionally, the requirement of substantial amounts of concentrated HCl to
decrease the pH, and the instability of polymers in acid, made the pu-
rification of bark phenols by acid precipitation impractical. At the time,
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also microfiltration (MF) assisted ultrafiltration (UF) having a pore size
of 10 kDa was tested on a small scale for impurity removal from soft-
wood bark extracts to produce a uniform quality of the bark phenols
(Yazaki, 1985). Results showed the good potential of UF to purify and
concentrate high molecular weight bark phenols, but improvements, e.
g. for the recovery of low molecular weight components, are still needed.

Both UF and nanofiltration (NF) are considered for the tannin
enrichment concept, but research regarding membrane filtration is
commonly related to the treatment of exhausted tannin liquors from the
leather industry. Romero-Dondiz et al. (2016) compared UF membranes
having molecular weight cut-off (MWCO) rates of 25 and 50 kDa and
thin film composite polyamide NF membranes MWCO of 150-300 kDa
for reuse of vegetable tannin liquor and found UF membranes to produce
higher flux decline in comparison with NF membranes. Conidi et al.
(2017) applied UF flat-sheet membranes for the purification of biolog-
ically active phenolic compounds of clarified pomegranate juice from a
permeate stream containing mainly glucose and fructose. The concept,
which included 150 kDa UF pre-filtration, 2 kDa concentration and
diafiltration, was suggested for phenolic compounds recovery. The yield
of polyphenols in the concentrate stream was 85%, and the recovery
efficiency on the permeate side for glucose and fructose was 90% and
93%, respectively. Only some research has been conducted for mem-
brane enrichment of tannins from wood extracts. Pinto et al. (2017)
carried out the recovery of polyphenols and carbohydrates from Euca-
lyptus bark extract. UF and diafiltration, as well as adsorption and
desorption, were proposed to obtain enriched fractions of polyphenols
from Eucalyptus bark, with the additional possibility of ethanol and
water recovery in both diafiltration and adsorption/desorption steps.

Enzymatic hydrolysis can be used for the liberation of softwood bark
sugars, followed by separation from bark phenols via membrane filtra-
tion methods. Sugars are naturally in the form of monosaccharides and
disaccharides with Mw of 150-350 Da, meaning 1-2 sugar units. The
size of sugars directs the selection of membrane pore size for separation.
No information is available on enzymatically aided membrane filtration,
which targets the separation of softwood bark phenols from bark car-
bohydrates. In this study, a membrane-based concept was designed to
enrich tannins from enzymatically treated hot water extracts of soft-
wood bark.

2. Material and methods

Hot water extracts from softwood bark were enzymatically treated
prior to membrane filtration to enable enhanced purification of the
tannin-rich extract from excess sugars (Fig. 1). The starting material was
the hot water extract, which contained bark phenols and carbohydrates,
called ‘unrefined tannins’ in this study. Enzymes and a membrane sys-
tem were first selected for the enrichment concept in laboratory-scale
screening trials. The best enzymatic hydrolysis and membrane condi-
tions obtained from the laboratory scale were validated in the pilot
scale, where tannins were diafiltered to decrease sugar content further.
The final stage in piloting was spray drying.

2.1. Softwood bark

The bark residues for the first pilot scale trial were obtained from a
Finnish sawmill. The spruce bark contained 20% of wood, and the pine
bark contained 30%. Both barks were ground at the mill (Atrex-mill
G160, Megatrex Oy) prior to extraction. The bark residues for the
following pilot scale work were a new batch of ground Norway spruce
bark obtained from a Finnish pulp mill, ground similar to the earlier
batch.

2.2. Hot water extraction of unrefined tannins

Three pilot-scale hot water extractions were conducted in batches for
Norway spruce (Picea abies) and Scots pine (Pinus sylvestris) bark. The
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Fig. 1. Schematic picture of the validated pilot process. The research focus was on enzymatic hydrolysis and membrane filtration.

extracts were characterised for total solids (TS), total bark carbohy-
drates, total bark phenols and average molecular weight of tannin. In the
first pilot scale trial, spruce and pine bark were extracted in an 1800 L
steel reactor with water at 90 °C for 2 h at 5% concentration (Alakurtti
et al., 2018). Residual bark was separated from the aqueous tannin
extract using a decanter centrifuge and a bag filter having 100 ym pore
size. The dilute solution was then concentrated by evaporation at 0.2 bar
at 50 °C applying an evaporation efficiency of 170 L/h. The concen-
trated tannin extracts were stored at 4°C and used later in the lab scale
screening to develop the enzymatic treatments and membrane filtration
strategy. For the following pilot scale trials, a new batch of ground
Norway spruce bark from a Finnish pulp mill was extracted for 2 h at
110 °C in water (Kilpelainen et al., 2023). The extract was analysed for
tannin content, and 100 1 was stored at — 20 °C for further fractionation.

2.3. Selection of enzymes

All the enzymes used in the study were commercial preparations. The
preparations are referred to here by their trade names and major enzy-
matic activities (AB Enzymes): ROHALASE® SEP (f-glucanase, xyla-
nase), Flashzyme® Plus 200 (cellulase, xylanase), Flashzyme® G775
(p-glucosidase), ECOPULP® TX-800 A (endo-1,4-xylanase), ECOPULP®
ARL (endo-1,4-glucanase), ROHAPECT® DA12L (pectinase, arabinase),
ROHAPECT® BI1L (pectinase, cellulase, mannanase), ROHAPECT® PTE
100 (pectin lyase), ROHALASE® BXL (p-1,3-glucanase, p-1,6-gluca-
nase), ROHAVIN® L (pectinase, arabinase), ROHAPECT® MA Decanter
(pectinase, arabinase), ROHAPECT® UF (pectinase, arabinose) and
ROHAPECT® Classic (pectin lyase) (AB Enzymes, Germany). All the
enzymes were tested for their hydrolytic activity on unrefined tannin
extracts at optimal conditions, and the best candidates were selected for
treatment prior to membrane filtration. The protein concentration of the
preparations was measured with the DC Protein Assay (Bio-Rad, USA)
using bovine serum albumin (BSA) as a standard and referred to as
enzyme dosage further on.

Enzymatic treatments were performed on never-dried tannin ex-
tracts. Small-scale tests (1-10 ml) for enzyme selection were conducted
in 50 mM sodium acetate at pH 5.0% and 2.5% TS using an enzyme
dosage of 1-20 mg protein/g TS. Reactions were run in triplicates for 2 h
at 50°C, stopped by the addition of 10 pl of 10 M NaOH and centrifuged
at 4000 rpm. The concentration of released carbohydrates was
measured in the supernatant using an assay of reducing sugars (Lever,
1972).

Lab-scale enzymatic treatment for membrane selection was per-
formed at optimal hydrolysis conditions in 50 mM sodium acetate at pH
5.0% and 1% TS using an enzyme dosage of 5 mg protein/g TS. The
enzyme mixture was composed of ROHAPECT® UF, ROHAPECT®
Classic and ROHALASE® BXL in a % ratio 2:2:1. Enzymatic treatment
was performed in 31 volume at room temperature (22 °C) with slow
mixing and then divided into two batches. For enzymatically treated
spruce tannins, the pH of the batches was adjusted to 12 and 2 after
treatment using 0.1 M sodium hydroxide and 40 mM sulphuric acid as
final concentrations, respectively, which stopped the enzymatic reac-
tion. Enzymatic treatment for pine tannins was performed as described,
but at mild alkaline conditions, pH 9. 25 mM sodium hydroxide as a final
concentration was, in this case, used to stop the enzymatic reaction. All
the samples were stored at 4 °C prior to membrane filtration.

2.4. Pilot scale enzymatic treatment of unrefined tannins

Spruce bark hot water extract, 100 L, TS 1.19% (Table 2), was
thawed at 4 °C prior to use. The pilot scale enzymatic treatment was
performed in three batches using a Zirco reactor (40 1) equipped with a
blade mixer at 50 °C and pH 5.1. The treatment was conducted for 2 h
with slow mixing (20 rpm) in a 50 mM sodium acetate buffer and an
enzyme dosage of 10 mg/g TS. The optimised enzyme mixture contained
1.2 g of ROHALASE® BXL, 5 g of ROHAPECT® Classic and 4.95 g of
ROHAPECT® UF in 1 1 of 0.1 M sodium acetate buffer at pH 5.0, which
was also divided into three batches accordingly. The enzymes were
inactivated by adding NaOH to obtain the final concentration of 25 mM,
which produced pH 8.9 at 50 °C. The hydrolysate was then frozen prior
to membrane filtrations.

2.5. Membrane selection

Membrane selection was performed using a rotation-assisted labo-
ratory scale filtration test cell, model XFUFO7601 (Millipore, USA). The
effective membrane area in the Millipore device was 30 cm? the
maximum batch volume was 300 ml, and the driving over pressure was
created by air, with a maximum pressure of 6 bar. At acidic pH, the
tannin was supposed to be precipitated; thus, MF membranes were
tested to achieve the best recovery concept for enzymatically treated
tannin employing membrane filtration (Fig. 2). At alkaline pH, the
tannin was supposed to be in dissolved form. NF membranes were tested
at alkaline conditions since the molecular weight of tannin could be as
low as 500 Da, as described earlier.

Two MF membranes, MV020 and MP0O05 (Microdyn-Nadir, Ger-
many), were studied at pH 2 for rejection of suspended solids (SS), i.e.
precipitates of spruce tannin extract. MV020 is an MF membrane having
a pore size of 0.2 um. MPOOS5 is classified as an MF membrane, but the
pore size, 0.05 um, is similar to the pore size of loose UF membranes.
The NF membranes NPO10 and NP030 (Microdyn-Nadir, Germany)
were studied for the enzymatically treated spruce tannin at pH 12 and
subsequently enzymatically treated pine tannin at pH 9. These mem-
branes have chemical stability over the full (0—14) pH range; thus, pH
12 could also be used. NP010 is classified as an NF membrane, but the
pore size, 1 kDa, is similar to tight UF membranes. NP030 is an NF
membrane with a pore size of 500-600 Da. All the membranes were
characterised before tannin filtrations by determining pure water flux
and salt rejection and comparing the results to the information obtained
from the manufacturer (Table 1).

In tannin filtrations, the pressure used depended on the membrane,
being 0.5 bar and 1 bar for MF membranes MV020 and MPOO5 and 6 bar

Unrefined tannin
after enzymatic
treatment

Fig. 2. Scheme of membrane testing strategy.
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Table 1
Membranes used in the study.

Industrial Crops & Products 205 (2023) 117441

Membrane Material Pore size Permeability from manufacturer Na,SO,4 rejection from manufacturer Measured permeability Measured Na,SO4 rejection
LMH/bar % LMH/bar %

MV020 PVDF 0.2 ym >700 5500

MPO005 PES 0.05 pm >285 1660

NPO10 PES 1000-1200 Da >5% 35-75* 9 £ 3 62 £ 4%+

NP030 PES 500-600 Da >1%* 80-95* 2.1 £0.1%* 73 + 3%*

*Measured at 40 bar; ** Measured at 6 bar

for NF membranes, respectively. Filtrations were performed at room
temperature, 22 °C. Lab scale filtrations were short to control fouling in
rejection tests of the membranes studied. The performance of each
filtration was estimated based on the achieved permeabilities, i.e. flux
divided by pressure, and based on the rejection of phenols, analysed as
described below.

2.6. Pilot filtration

Based on the membrane selection tests, enzymatically treated spruce
tannin having pH 9 was chosen for the pilot filtration. The selected pH
enabled the usage of thin film polyamide membranes (PA-TFC) with a
pH range from 2 to 10 to be used for tannin concentration and purifi-
cation by diafiltration. MF was carried out prior to NF to ensure SS
removal from the feed, hence eliminating SS fouling. The tannin sample
was filtered by 5 pm nominal rating depth cartridges in Watman FP3 9
3/4 housing. Concentration and diafiltration of the MF permeate were
performed using an NFG-3-2540HM spiral wound element, which has a
PA-TFC membrane with MWCO of 600-800 Da (Synder Filtration, USA).
The membrane element has a spacer thickness of 1.168 mm (46 mil),
resulting in an effective membrane area of 1.95 m?. Membrane char-
acterisation of the element was done by pure water flux and salt rejec-
tion test using 2000 ppm MgSO4 at 7.6 bar (110 psi) and 25 °C before
concentration and diafiltration, resulting in 123 LMH pure water flux
and 48.2% rejection, respectively. The function of the element was
acceptable since the membrane manufacturer informs an average
MgSO4 rejection of 50% and typical operating fluxes in the range of 93-
102 LMH (55-60 GFD).

Membrane concentration was conducted using a pressure of 6 bar
and a temperature of 50 °C. The temperature was the maximum for the
membrane, and it was used to have as low a viscosity as possible in the
water phase containing the tannin during concentration. The concen-
tration performance was evaluated based on the flux or permeability,
achieved tannin concentration and tannin concentrate quality. The final
volume reduction factor (VRF) was calculated based on the water re-
covery (WR), i.e. the per cent recovery of permeate from the feed.
Diafiltration of the concentrate was carried out by adding deionised
water with pH 9, adjusted using NaOH, at the same rate as the permeate
flux.

After membrane treatment, the tannin was dried using a rotary
atomiser spray dryer, where the feed was centrifugally accelerated to
high velocity in the atomiser wheel before being discharged into hot
drying gas. Tannin drying was carried out using a Niro P-6.3 Spray Dryer
(GEA Process Engineering A/S, Denmark) at a feed capacity of 21 kg/h
with temperatures of 180 °C in and 80 °C out.

2.7. Analyses

The sugar composition of softwood bark extracts was analysed with
acid methanolysis (Sundberg et al., 1996) using methods described by
Kilpeldinen et al. (2014). Briefly, extract samples were frozen,
freeze-dried and then depolymerised by acid methanolysis at 105 °C for
3 h. Samples were silylated and analysed with gas chromatography
using a flame ionisation detector (GC-FID, Shimadzu GC-2010, Kyoto,
Japan). Method was used to analyse glucose (Glu), mannose (Man),

galactose (Gal), xylose (Xyl), arabinose (Ara), glucuronic acid (GlcA),
galactouronic acid (GalA), rhamnose (Rha) and 4-O-methyl-glucuronic
acid (MeGlcA) in samples. Monomeric sugars in the extracts were ana-
lysed using the same GC-FID system without prior acid methanolysis
(Raitanen et al., 2020). In small-scale tests, the concentration of liber-
ated sugars was estimated by reducing sugar assay (Lever, 1972). In the
pilot scale, enzymatic treatment total carbohydrates were analysed with
high-performance liquid chromatography (HPLC) after acid hydrolysis,
including only neutral sugars. Liberated monosaccharides were analysed
as such, as described in Kemppainen et al. (2014).

A UV-280 method was used to measure the concentration of bark
phenols. The extracts were analysed by direct UV measurement at
280 nm for the total aromatic material (Antoine, 2004) using a reference
standard curve with Tannino QS-SOL (Silvateam S.p.A., Italy). Bark
phenols for the first estimation of filtration performance were analysed
using a spectrophotometer DR3900 and cuvette tests LCK345 (phenols
0.05-5 mg/1) or LCK346 (phenols 5-200 mg/1), wherein the presence of
an oxidising agent ortho- and meta-substituted phenols form coloured
complexes with 4-aminoantipyrine (AAP). The values obtained with the
method were smaller than those obtained with the UV-280 method since
the UV-280 method measures total aromatic material.

The molar mass measurements for the bark phenols were performed
by size exclusion chromatography (SEC) with UV-detection and ana-
lysed as described in Jaaskeldinen et al. (2017). TS content of the frac-
tions was analysed using standard method SFS 3008, in which the solids
content was determined as a ratio of weights obtained before and after
the drying process in an oven at a temperature of 105 °C until a steady
mass was obtained. TS content of the spray-dried product was analysed
using Mettler Toledo HR73 Halogen Moisture Analyzer.

3. Results
3.1. Characterisation of softwood bark extracts

The unrefined tannins from spruce and pine bark had a high content
of carbohydrates (Table 2). Approximately half of the dry solids in
spruce bark extract consisted of carbohydrates, whereas in pine bark
extract, two-thirds consisted of carbohydrates. These results are
consistent with the research of Bianchi et al. (2015), where a high
proportion of carbohydrates in hot water extracts of Scots pine bark was
found when comparing the compositions of bark extracts from European
softwood species. In addition, the extraction yield from spruce bark
extract 1 was two times higher than the extraction yield from the pine
bark extract. The average molecular weight of tannin was found to be
similar, ca. 2000-3000 Da, in the spruce bark extract 1 and pine bark
extract, while for spruce bark extract 2, it was almost two times higher.

Due to a higher extraction yield and higher polyphenol (tannin)
content in the spruce bark extract 1 compared to the pine bark extract,
the work was continued with spruce bark. Spruce bark extraction was
repeated to provide material for pilot scale enzyme treatment and
filtration trials, obtaining spruce bark extract 2. Nevertheless, the spruce
bark extraction 2 provided a considerably lower extraction yield than
extraction 1, 7.2% and 10.9%, respectively. This was most likely due to
the extraction’s too-fine bark particle size. The small particle size was
found to cause dense packing of the extracted bark, which had a
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negative impact on filtration efficiency and, thus, the extraction yield.
Extraction temperature could also promote condensation of polyphenols
and form furfurals that reduced overall extraction yield.

3.2. Engymatic treatment

The spruce bark extract 1 and pine bark extract were treated first at a
small scale with 13 commercial enzyme preparations used for the
liberation of bark sugars. The aim was to degrade oligo- and poly-
saccharides found in unrefined tannin extracts and release sugars
covalently bound to bark phenols to assist permeation of liberated small
sugar molecules, mostly monosaccharides having an Mw less than
200 Da, in subsequent membrane filtration. This was supposed to enable
the enrichment of bark phenols from refined tannin fraction. The used
commercial enzymes covered most of the enzymatic activities required
for bark polysaccharide degradation, according to the sugar profile of
spruce and pine bark hot water extracts (Raitanen, 2020). The best en-
zymes in polysaccharide degradation were pectin lyases and pectinases
on both extracts, while cellulases, xylanase and beta-glucosidase were
inefficient on bark extracts (Fig. S1). However, the enzymes with iden-
tical major activities had, at times, different effects on unrefined tannins
(Fig. 3). This was observed when two studied pectin lyases performed
differently, ROHAPECT® Classic and ROHAPECT® PTE 100. ROHA-
PECT® Classic liberated 34% of the total bark carbohydrates when using
maximum enzyme dosage, while only 2.5% of the total bark carbohy-
drates were released by ROHAPECT® PTE 100 (Fig. 3A). A similar result
was observed for glucanases, ROHALASE® BXL and ROHALASE® SEP,
obtaining 16% and 2% yields, respectively (Fig. 3A). Among pectinases,
ROHAPECT® MA Decanter was the most efficient, producing 32% yield,
while ROHAPECT® BI1L released only 2% of total carbohydrates
(Fig. 3A).

The concentration of sugars liberated by means of enzymatic treat-
ment was slightly different for spruce and pine unrefined tannins, 34%
and 37% of the total bark carbohydrates, %, respectively. Increasing
enzyme dosage was more efficient with pine. At the same time, with
spruce, the plateau of liberated was reached already at 20 mg of enzyme
per 1 g TS (Fig. 3), indicating that the limiting step for the efficiency of
enzymatic treatment was probably the structural differences of bark
phenols and bark carbohydrates for these two wood species. For
example, glucanase ROHALASE® BXL performed better than pectinase
ROHAPECT® DAI12L for unrefined pine tannins, suggesting easier
degradation of glucan moieties and less inhibition of the enzyme by pine
tannins. In contrast, the formed plateau of liberated sugars indicated the
high inhibitory effect of spruce tannins.

Pectin lyase ROHAPECT® Classic was the most efficient on both bark
extracts, followed by pectinases ROHAPECT® MA Decanter and
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ROHAPECT® UF. Pectin-active enzymes have broad industrial applica-
tions, including extraction and clarification of fruit juices and wines
(Kohli and Gupta, 2015), which are known to be rich in condensed
tannins (Watrelot et al., 2017). Softwood bark hot water extracts,
however, are much more recalcitrant than fruits, and a combination of
several enzymes was needed to increase sugar yields. To improve the
yields of liberated sugars, different combinations of enzymatic activities
were tested. Their synergistical action was needed to successfully cleave
off bound sugars in soluble and insoluble pectins and arabinans when
present in spruce bark extracts. The most promising combinations were
pectinase together with pectin lyase.

In the optimised mixture, pectin-degrading enzymes were supported
by glucanase ROHALASE® BXL to ensure the liberation of mono-
saccharides (MW < 200 Da), which was meant to improve the removal
of bark sugars from bark phenols by means of nanofiltration. The opti-
mally designed enzyme mixture contained 46% of pectin lyase ROHA-
PECT® Classic, 44% of pectinase ROHAPECT® UF and 11% of glucanase
ROHALASE® BXL. The hydrolysis reactions of spruce bark extract 1
were tested with an optimised enzyme mixture loading 5 mg/g TS and
10 mg/g TS. The liberated sugars were 40% and 50% of the total car-
bohydrates, respectively. Thus, the optimised enzyme mixture showed
at least a 20% increase in sugar yield compared to pectin-active enzymes
acting alone (Fig. 3A). This optimised mixture was used for membrane
screening and pilot-scale treatment of unrefined spruce tannins.

3.3. Membrane selection

The spruce bark extract 1 and pine bark extract (Table 2) were used
for selecting adequate membranes to concentrate and fractionate the
extracts. Filtration time in membrane selection was kept short to prevent

Table 2

Characterisation of hot water extracts from Norway spruce and Scots pine bark.
The spruce bark extract 1 and pine bark extract were used to screen appropriate
enzymes and membranes. The spruce bark extract 2 was used for piloting the
selected enzyme treatment and membrane filtration concept.

Spruce Pine bark Spruce

bark extract bark

extract 1 extract 2
Extraction yield from bark (%) 10.9 5.1 7.2
Total solids (g/1) 50.0 48.5 11.9
Bark carbohydrates (g/1) 17.2 21.1 5.1
Bark phenols (g/1)* 22.5 15.1 6.8
Tannin molecular weight, average 2790 2080 4980

(Da)

" Bark phenols were measured by UV-280 method and referred as tannins
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Fig. 3. Sugars liberated from A) unrefined spruce tannins and B) unrefined pine tannins during a 2 h enzymatic treatment by commercial enzymes preparations at 50
°C and pH 5, expressed as a percentage of total bark carbohydrates. Commercial enzymes selected for the optimally designed enzyme mixture are coloured in black.
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fouling from interfering with the rejection results. Both studied MF
membranes produced stable fluxes and permeabilities in short filtra-
tions. The more open membrane MV020 produced double permeability
(Fig. 4) but lower rejections of precipitated bark phenols at pH 2 than
the MP0O0O5 membrane (Table 3). The bark phenol rejection was 58% for
the MV020 membrane and 66% for the MPOO5 membrane.

In the case of spruce tannin extract 1 at pH 12, low permeabilities
and clear permeates were true, especially with the NP030 membrane,
and good rejections were obtained for both NF membranes (Fig. 5,
Table 3). Additionally, the permeabilities were stable in short filtrations.
The permeability of NP010, 3.3 LMH/bar, was one-tenth of the most
open membrane MV020 and three times higher than that of the NP030
membrane. Bark phenols rejections were 94% and 98% for NP010 and
NPO30, respectively. In the case of pine bark extract at pH 9, low per-
meabilities, very clear permeates, and good rejections were obtained
using both NF membranes (Fig. 5, Table 3). The permeabilities were
lower for the pine bark extract at pH 9 when the bark carbohydrates
concentration in the feed extract was higher and the bark phenols con-
centration lower (Table 2) than that of spruce bark extract at pH 12.
Higher carbohydrate content created higher fouling potential since
enzymatically liberated monosaccharides (Mw < 200 Da) were sup-
posed to permeate the membrane. A high concentration of compounds
inside the membrane increased the potential for adsorption; thus, some
fouling occurred. Additionally different pH may have somewhat affected
the permeabilities. Bark phenols rejection was slightly higher for NPO30
than NP010, 97% and 94%, respectively.

Bark phenols rejections were clearly better when using NF mem-
branes for bark extracts at alkaline pH, than when using MF membranes
for partly precipitated bark extracts at acidic pH. For this reason,
adjustment to alkaline pH after enzymatic treatment and NF membranes
were selected conditions for pilot filtration. Spruce was preferred for
pilot tests due to the possibility of higher yield and lower bark sugar
contents, which could also lower membrane fouling. Since enzymati-
cally treated spruce bark extract 1 at pH 9 behaved nearly as well as the
same extract at pH 12 regarding fluxes and permeate qualities of NF,
extract pH 9 was selected to pilot filtrations. Employing pH 9 would
mean less chemical usage in the treatment concept, thus fewer costs
when carrying out the tannin purification and concentration at a larger
scale. Lower pH is also easier for the membrane filtration concept since
more membranes are available for pH 9 instead of pH 12. For example,
most polyamide thin film NF membranes do not stand a process pH of
12. NP030 having a nominal cut-off rate of 500-600 Da, produced better
permeate quality than NP010, having a nominal cut-off rate of 1000 Da,
thus better rejection of bark phenols. Since there was no explicit option
for an NF membrane for the pilot test, an NF membrane having a pore
size of 600-800 Da, in between the pore sizes of NPO10 and NP030, was
selected for piloting.

e MV020 a4 MPOO5
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Fig. 4. MF permeabilities in short filtrations of the enzymatically treated
spruce bark extract 1 at pH 2.
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Table 3
Bark phenol concentrations of the enzymatically treated spruce bark extract 1 as
feeds and obtained permeates.

pH Sample Bark phenol Bark phenol rejection
mg/1 %
2 Feed 265
MV020 permeate 110 58
MPOO5 permeate 91.2 66
12 Feed 266
NPO10 permeate 15.8 94
NPO030 permeate 4.8 98
9 Feed 196
NPO10 permeate 11.3 94
NPO030 permeate 6.2 97

3.4. Pilot scale enzymatic treatment

In the pilot scale, bark extract 2 was treated with the optimised
enzyme mixture, and dosage was chosen based on small-scale results.
About 55% of bark carbohydrates were liberated as monosaccharides in
the pilot-scale enzyme treatment of unrefined spruce tannin. The major
sugars released were galacturonic acid, arabinose, glucose and galactose
(Fig. 6). Galacturonic acid constitutes the backbone of pectin, while
arabinose might be a part of pectin or originate from arabinoglucur-
unoxylan from wood or inner bark part of industrially processed bark
samples (Jinze et al., 2023). Glucose could also originate from starch.
Almost complete liberation of galacturonic acid confirmed degradation
of pectin in spruce bark hot water extracts.

Interestingly the average Mw and polydispersity of bark phenols
increased for the enzymatically treated fraction (Table S1), which might
be caused by polymerisation or agglomeration of tannins happening
along with enzymatic degradation of bark carbohydrates. Freezing of
the enzymatically treated extract resulted in spontaneous fractionation
of the minor amount of high molecular weight tannins (Table S1), which
were not included in pilot filtration.

3.5. Pilot scale nanofiltration

For pilot filtration, the enzyme-treated unrefined spruce bark extract
2 was first pre-treated by MF to remove SS before filtration with spiral
wound NF element, NFG-3-2540HM. The selected polyamide-based NF
membrane worked well in the filtration of extract 2 at pH 9 regarding
the obtained flux and WR (Fig. 7). The flux at the start was 42 LMH
meaning the permeability of 7 LMH/bar, which is good for NF. Addi-
tionally, a very high WR 90%, thus a high VRF 10, was obtained, which,
together with good flux, indicates low fouling. The flux at WR 90% was 5
LMH meaning the permeability was 0.83 LMH/bar. The decrease
seemed to occur mainly due to a concentration increase in the feed; thus,
osmotic pressure increased. The flux in pilot NF was even better than
those obtained at lab-scale membrane screening using either PES
membranes. It is noteworthy, that the TS content of the extract was
lower, and Mw was higher in piloting (Table 2) than in membrane
screening which might have improved membrane performance in
piloting. The permeability increased in diafiltration to 2.7 LMH/bar.

The rejection of bark phenols when using the NF membrane was
good, 96%. Thus, the bark phenols concentration of the concentrate was
15 times higher than the bark phenols concentration in the 5 pm filtrate,
which was feed to NF (Table 4). By contrast, the rejection of free sugars
was poor, 58%; thus, they were separated well from rejected poly-
phenols. The NF feed contained 31% of free sugars and permeate 91% of
free sugars, while the NF concentrate contained only 7.4% free sugars
(Table 4, Fig. 8). Diafiltration did not decrease further the content of free
sugars in the NF concentrate. Mass balance calculation and bark phenols
analysis indicated some losses at each separation step. The loss of bark
phenols in MF pre-treatment was 20%, in NF concentration 3.5% and in
diafiltration 1.0% (Table 4). Thus, the loss was the highest during pre-
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Fig. 5. NF permeabilities in short filtrations for enzymatically treated spruce bark extract 1 at pH 12 (left) and pine bark extract at pH 9 (right).
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treatment. Finally, 8.9 kg of enriched tannin was obtained from 100 kg
of unrefined tannins. After the membrane concept, tannin was spray
dried to the dry solids content of 96%, when the yield was 500 g dried
tannins with a reduced amount of sugars.

Table 4
MF and NF results from pilot filtration.

4. Discussion

The results clearly show that pine and spruce bark extracts are
different, and pine extract is easier material for the enzymatic liberation
of bark sugars compared to spruce bark extract. This is likely explained
by the higher content of bark phenols in spruce bark extracts and higher
Mw of the spruce tannins, causing more potent inhibition of the enzymes
in the current study. Nevertheless, the overall yield of liberated sugars
was promising, and the enzymatic treatment of spruce bark extract was
successfully upscaled. The number of liberated sugars was increased
more than four times by enzymatic treatment.

Selected commercial enzyme preparations are typically used in grape
processing and advanced maceration of pome fruits, especially targeting
grape skin rich in tannins. The resistance of the enzymatic cocktails to
precipitation by tannins probably was an essential characteristic for an
efficient enzymatic treatment of spruce bark extracts. It is known that
tannins form complexes with proteins (Haslam, 1974), and the protein
precipitation method (Hagerman and Butler, 1978) has been widely
used for the quantitative determination of tannins for over 40 years. The
severity of precipitation might depend on enzyme properties, i.e.

Sample description Mass pH Total solids Bark phenols Total bark carbohydrates Free bark monosaccharides
kg g/1 g/1 g/l g/1
Enzyme-treated extract 100.5 8.6 18.0 4.9 5.2 2.87
Suspended solids from MF 3.7 8.9 54.9 26.5 7.0 0.09
5 um filtrate 96.3 8.6 162 2.2 6.2 2.61
NFG concentrate 10.0 8.4 85.4 33.6 42.3 5.63
NFG permeate 85.8 8.6 8.1 0.2 1.3 1.20
NFG wash concentrate 8.9 8.2 84.8 31.5 39.4 3.96
NFG wash permeate 17.6 8.3 6.2 0.2 1.3 2.03
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Fig. 8. Composition of spruce tannin fractions during pilot fractionation.

surface-exposed amino-acid composition (Adamczyk et al., 2011).
Additionally, the composition of bark extracts and Mw of tannins affect
enzymes differently, as was shown in enzymatic treatment experiments
carried out side-by-side for spruce and pine bark. Additives used in
commercial enzyme preparations might also prevent the binding of
tannins to the enzymes. This may explain why enzymatic preparations
with a similar type of action had a different effect on unrefined tannins.
Previously the saccharification of spruce bark hot water extraction res-
idue was reported by Kemppainen et al. (2012), who showed the effi-
ciency of cellulase and pectinase activities. However, no data on the
enzymatic treatment of liquid fraction is available to date.

Since the structure of polysaccharides and their conjugates with bark
phenols released into solution during hot water treatment are unknown,
it is hard to prove whether enzymes managed to cleave off external
water-exposed sugar units in tannins or just degraded pectic poly-
saccharides not bound to tannins. Based on the results, most liberated
sugars came from the degradation of pectin and hemicelluloses. Along
with the hydrolytic activity of an enzymatic cocktail targeting sugar
liberation, one of its components, pectin lyase, might initiate the poly-
merisation of phenolic units via radical coupling with possibly oxidised
sugar intermediate. A more detailed analysis of tannin structure is
required to propose the enzymatic mechanism of tannin polymerisation,
which was not in the scope of this paper.

In general, the 5 um filtrate was considered a feed to NF and purified
tannin with enriched bark phenols and reduced free sugar content was
successfully obtained via enzymatic treatment. Additional investigation
on enzymatic modification of spruce bark hot water extracts is needed to
find more efficient enzymes with reduced cost to liberate bark sugars for
a feasible industrial application.

Precipitation at low pH and subsequent MF produced low recovery of
bark phenols. They only partly precipitated at pH 2, and the concept
based on tannin precipitation should include an additional rejection step
for soluble tannin. Instead, NF rejected polyphenols well, 98%, when the
membrane’s pore size was 600 Da and pH was 12. For pilot filtrations, a
bit larger pore size was used to increase the flux, pH was lowered to 9,
enabling a polyamide NF membrane to be used for concentration, and
tannin concentrate was diafiltered at the same pH to obtain even purer
and more concentrated tannin fraction than obtained in one-step NF.
However, diafiltration did not improve either purity or concentration.
Thus, liberated sugars could already permeate well enough through the
membrane when concentrating bark phenols up to a high VRF, 10. Bark
phenols concentration increased even more than the VRF; hence 15
times higher concentration was achieved in the NF concentrate than in
the feed. This was probably due to additional concentration via evapo-
ration when filtering at 60 °C.

Membrane fouling is a challenge in the filtration of tannin-rich so-
lutions. With careful selection of membrane pore size and filtration

circumstances, the problems related to fouling can be reduced. Low
MWCO membranes have a less severe fouling phenomenon than high
MWCO membranes (Romero-Dondiz et al., 2015). The greater the
adsorption of tannin on the membrane, the greater the flux decline.
Additionally, the adsorption of tannin can gradually decline the rejec-
tion of tannin (Guo et al., 2010). Oligomeric carbohydrate impurities
can also cause problems since they have a molecular size close to that of
tannins (Pinto et al., 2014). Membrane performance is also influenced
by membrane morphological structure, charge, surface roughness and
porosity (Pinto et al., 2017; Guo et al., 2010). In this study, no severe
fouling or decline of rejection was observed caused by the adsorption of
bark phenols on the NF membrane or the permeation of free sugars
through the NF membrane. The choices of membrane and parameters for
piloting produced better fluxes with the polyamide NFG spiral wound
membrane than those obtained in membrane screening. However, a
longer pilot period is needed in order to see the frequency need for
washing cycles and the membrane lifetime.

Good flux in bark phenols concentration was obtained after
removing SS by cartridge MF as a pre-treatment. However, bark phenols
(tannin) loss can be high during pre-treatment if SS content is high, as
seen in this study. High SS content could have come from freezing the
sample before filtration. Bark phenols should have been concentrated
straight after the enzymatic hydrolysis. Here we can also speculate that
enzymatic removal of covalently linked carbohydrates increases tannin
reactivity and promotes aggregation. The effect of temperature is also
essential. If tannin extract contains a lot of SS, cartridge MF is not the
most suitable pre-treatment; instead, e.g. a pressure filter can be
recommended.

The enzyme-assisted nanofiltration concept, built up to increase bark
phenols concentration and reduce free sugars concentration in refined
tannin, widens the applicability of tannin extract for different applica-
tions. Diafiltration, by contrast, seems not to improve the tannin appli-
cability further as it did not increase the removal of free sugars in
proportion to bark phenols. Thus, it is not a suggested step in the tannin
enrichment concept. Instead, spray drying was proven to be a suitable
technology for producing dry tannin powder for use.

5. Conclusions

Softwood bark is a rich source of renewable chemicals, including
condensed tannin. The yield of tannin extracted from softwood bark is
typically low, leading to dilute extracts. In addition, a considerable
amount of extracted dry matter comprises carbohydrates that limit the
applicability of the extract. The suitable composition of enzymes studied
here improved bark sugars liberation for subsequent removal from
tannin by membrane filtration. Bark phenols could be concentrated at an
alkaline pH 15-fold by pilot scale NF with good fluxes. Additionally,
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liberated sugars permeated well through the NF membrane, decreasing
the free sugar content of the concentrated tannin, meaning improved
applicability of tannin extract for applications.

CRediT authorship contribution statement

Hanna Kyllonen: Conceptualization, Investigation, Writing — orig-
inal draft, Writing — review & editing. Anna Borisova: Methodology,
Investigation, Writing — original draft, Writing — review & editing. Juha
Heikkinen: Investigation, Writing — original draft. Petri Kilpelainen:
Methodology, Writing — review & editing. Jenni Rahikainen: Concep-
tualization, Project administration, Writing — review & editing. Chris-
tiane Laine: Funding acquisition, Project administration, Writing —
review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by Business Finland’s Sustainable Binders
from Bark (Susbinders, 1229/31/27 and 1740/31/2017) project. Atte
Mikkelson and Marita Ikonen are acknowledged for technical assistance
in the compositional analysis of bark extracts and molar mass mea-
surements. Riitta Alander is thanked for their technical assistance in
enzyme activity lab experiments; Jari Leino is thanked for their help
with Pilot enzymatic treatment; and Teemu Ruuska is thanked for their
help in membrane filtration.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.indcrop.2023.117441.

References

AB Enzymes. AB Enzymes, Your Industry. Available at: https://www.abenzymes.co
m/en/your-industry/ (Accessed 9 September 2023).

Adamczyk, B., Adamczyk, S., Smolander, A., Kitunen, V., 2011. Tannic acid and Norway
spruce condensed tannins can precipitate various organic nitrogen compounds. Soil
Biol. Biochem. 43, 628-637.

Amandio, M.S.T., Pereira, J.M., Rocha, J.M.S., Serafim, L.S., Xavier, A.M.R.B., 2022.
Getting Value From Pulp And Paper Industry Wastes: On The Way To Sustainability
And Circular Economy. Energies 2022 (15), 4105.

Bhoite, R.N., Murthy, P.S., 2015. Biodegradation of coffee pulp tannin by Penicillium
verrucosum for production of tannase, statistical optimization and its application.
Food Bioprod. Process. 94, 727-735.

Bianchi, S., 2016. Extraction and characterization of bark tannins from domestic
softwood species. PhD thesis. University of Hamburg,. (https://ediss.sub.uni-ham
burg.de/bitstream/ediss/7058/1/Dissertation.pdf).

Bianchi, S., Kroslakova, 1., Janzon, R., Mayer, L., Saake, B., Pichelin, F., 2015.
Characterization of condensed tannins and carbohydrates in hot water bark extracts
of European softwood species. Phytochemistry 120, 53-61.

Burda, S., Oleszek, W., 2001. Antioxidant and antiradical activities of flavonoids.

J. Agric. Food Chem. Jun;49 (6), 2774-2779. https://doi.org/10.1021/jf001413m.
PMID: 11409965.

Carlqvist, K., Arshadi, M., Mossing, T., Ostman, U.-B., Brannstrém, H., Halmemies, E.,
Nurmi, J., Lidén, G., Borjesson, P., 2020. Life-cycle assessment of the production of
cationized tannins from Norway spruce bark as flocculants in wastewater treatment.
Biofuels, Bioprod. Bioref. 14, 1270-1285. https://doi.org/10.1002/bbb.2139.

Cassano, A., Drioli, E., Galaverna, G., Marchelli, R., Di Silvestro, Cagnasso, P.,
Cagnasso, P., 2003. Clarification and concentration of citrus and carrot juices by
integrated membrane processes. J. Food Eng. 57 (2), 153-163.

Conidi, C., Casano, A., Caiazzo, F., Drioli, E., 2017. Separation and purification of
phenolic compounds from pomegranate juice by ultrafiltration and nanofiltration
membranes. J. Food Eng. 195, 1-13.

Ding, T., Bianchi, S., Ganne-Chédeville, C., Kilpeldinen, P., Haapala, A., Réty, T., 2017.
Life cycle assessment of tannin extraction from spruce bark. iForest 10, 807-814.
https://doi.org/10.3832/ifor2342-010.

Industrial Crops & Products 205 (2023) 117441

Drovou, S., Pizzi, A., Lacoste, C., Zhang, J., Abdulla, S., El-Marzouki, F.M., 2015.
Flavonoid tannins linked to long carbohydrate chains — MALDI-TOF analysis of the
tannin extract of the African locust bean shells. Ind. Crops Prod. 67, 25-32.

Gabaston, J., Richard, T., Biais, B., Waffo-Tegue, P., Pedrot, E., Jourdes, M., Corio-
Costet, M.-F., Mérillon, J.-M., 2017. Stilbenes from common spruce (Picea abies)
bark as natural antifungal agent against downy mildew (Plasmopara viticola). Ind.
Crops Prod. 103, 267-273.

Granato, D., Reshamwala, D., Korpinen, R., Azevedo, L., do Carmo, M.A.V., Cruz, T.M.,
Marques, M.B., Wen, M., Zhang, L., Marjomaki, V., Kilpeldinen, P., 2022. From the
forest to the plate-hemicelluloses, galactoglucomannan, glucuronoxylan, and
phenolic-rich extracts from unconventional sources as functional food ingredients.
Food Chem. 381, 132284.

Guo, X., Shao, H., Hu, W., Gao, W., Chen, X., 2010. Tannin and polyacrylic acid polarity
and structure influence on the performance of polyvinylchloride ultrafiltration
membrane. Desalination 250, 740-744.

Hagerman, A.E.1, Butler, L., 1978. Protein precipitation method for the quantitative
determination of tannins. J. Agric. Food Chem. 26 (4), 809-812.

Halmemies, E., Alén, R., Hellstr6m, J., Lasp4, O., Nurmi, J., Hujala, M., Brannstrom, H.,
2022. Behaviour of Extractives in Norway Spruce (Picea abies) Bark during Pile
Storage. Molecules 27 (4), 1186. https://doi.org/10.3390/molecules27041186.

Haslam, E., 1974. Polyphenol-protein interactions. Biochem. J. 139, 285-288.

Haslam, E., 1988. Plant polyphenols (syn. Vegetable tannins) and chemical defense — a
reappraisal. J. Chem. Ecol. 14, 1789-1805.

Jaaskeldinen, A.S., Liitia, T., Mikkelson, A., Tamminen, T., 2017. Aqueous organic
solvent fractionation as means to improve lignin homogeneity and purity. Ind. Crops
Prod. 103, 51-58. https://doi.org/10.1016/j.indcrop.2017.03.039.

Jinze, D., Evgen, M., Xinyue, D., Lei, W., Tapani, V., 2023. Valorization of long-neglected
spruce bark and bark-press effluents through integrated utilization of stilbenoids and
pectin. Chem. Eng. J., 144122

Jyske, T., Brannstrom, H., Halmemies, E., Laakso, T., Kilpeldinen, P., Hyvonen, J.,
Karkkainen, K., Saranpad, P., 2022. Stilbenoids of Norway spruce bark: does the
variability caused by raw-material processing offset the biological variability?
Biomass Convers. Biorefin. 1-15.

Jyske, T., Laakso, T., Latva-Méaenpaa, H., Tapanila, T., Saranpaa, P., 2014. Yield of
stilbene glucosides from the bark of young and old Norway spruce stems. Biomass-.-.
bioenergy 71, 216-227.

Kayugusuz, M., Meyer, M., Junghans, F., Aslan, A., 2018. Modification of leather surface
with atmospheric pressure plasma and nanofinishing. Polym. -Plast. Technol. Eng.
57, 260-268.

Kemppainen, K., 2015. Production of carbohydrates, ethanol and tannin from spruce
bark and recovered fibres. Doctoral thesis. Aalto University, School of Chemical
Technology, Espoo,. (https://www.vttresearch.com/sites/default/files/pdf/science/
2015/576.pdf).

Kemppainen, K., Siika-ahoa, M., Pattathil, S., Giovando, S., Kruus, K., 2014. Production
of carbohydrates, ethanol and tannin from spruce bark and recovered fibres. Ind.
Crops Prod. 52, 158-168.

Kilpelainen, P., Liski, E., Saranpaa, P., 2023. Optimising and scaling up hot water
extraction of tannins from Norway spruce and Scots pine bark. Ind. Crops Prod. 192,
116089.

Kilpeldinen, P.O., Hautala, S.S., Byman, O.0., Tanner, L.J., Korpinen, R.I., Lillandt, M.K.,
Pranovich, A.V., Kitunen, V.H., Willfor, S.M., Ilvesniemi, H.S., 2014. Pressurized hot
water flow-through extraction system scale up from the laboratory to the pilot scale.
Green. Chem. 16 (6), 3186-3194.

Kohli, P., Gupta, R., 2015. Alkaline pectinases: a review. Biocatal. Agric. Biotechnol. 4
(3), 279-285. https://doi.org/10.1016/j.bcab.2015.07.001.

Kornpointner, C., Scheibelreiter, J., Halbwirth, H., 2022. Snailase: a promising tool for
the enzymatic hydrolysis of flavonoid glycosides from plant extracts. Front. Recent
Dev. Plant Sci. 13.

Krogell, J., Holmbom, B., Pranovich, A., Hemming, J., Willfor, S., 2012. Extraction and
chemical characterization of Norway spruce inner and outer bark. Nord. Pulp Pap.
Res. J. 27, 6-17.

Le Normand, M., Edlund, U., Holmbom, B., Ek, M., 2012. Hot-water extraction and
characterization of spruce bark non-cellulosic polysaccharides. Nord. Pulp Pap. Res.
J. 27, 18-23.

Leiviskd, T., Sarpola, A., Tanskanen, J., 2012. Removal of lipophilic extractives from
debarking wastewater by adsorption on kaolin or enhanced coagulation with
chitosan and kaolin. Appl. Clay Sci. 61, 22-28.

Lekshmi, R., Nisha, S.A., Vasan, P.T., Kaleeswaran, B., 2021. A comprehensive review on
tannase: microbes associated production of tannase exploiting tannin rich agro-
industrial wastes with special reference to its potential environmental and industrial
applications. Environ. Res. 201, 111625.

Mandalari, G., Bennett, R.N., Kirby, A.R., Lo Curto, R.B., Bisignano, G., Waldron, K.W.,
Faulds, C.B., 2006. Enzymatic hydrolysis of flavonoids and pectic oligosaccharides
from bergamot (Citrus bergamia Risso) peel. J. Agric. Food Chem. 54 (21),
8307-8313.

Mateus, N., Carvalho, E., Luis, C., Freitas, V., 2003. Influence of the tannin structure on
the disruption effect of carbohudrates on protein-tannin aggregates. Anal. Chim.
Acta 513, 135-140.

Mingshu, L., Kai, Y., Qiang, H., Dongying, J., 2006. Biodegradation of gallotannins and
ellagitannins. Journal of basic microbiology 46 (1), 68-84.

Mulat, G.D., Latva-Méenpaa, H., Koskela, H., Saranpaa, P., Wahala, K., 2014. Rapid
chemical characterisation of stilbenes in root bark of Norway spruce by off-line
HPLC/DAD NMR. Phytochem. Anal. 25, 529-536.

Orlowski, P., Tomaszewska, E., Gniadek, M., Baska, P., Nowakowska, J., Sokolowska, J.,
Krzyzowska, M., 2014. Tannic acid modified silver nanoparticles show antiviral
activity in herpes simplex virus type 2 infection. PloS One 9 (8), e104113.


https://doi.org/10.1016/j.indcrop.2023.117441
https://www.abenzymes.com/en/your-industry/
https://www.abenzymes.com/en/your-industry/
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref1
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref1
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref1
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref2
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref2
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref2
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref3
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref3
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref3
https://ediss.sub.uni-hamburg.de/bitstream/ediss/7058/1/Dissertation.pdf
https://ediss.sub.uni-hamburg.de/bitstream/ediss/7058/1/Dissertation.pdf
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref5
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref5
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref5
https://doi.org/10.1021/jf001413m
https://doi.org/10.1002/bbb.2139
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref8
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref8
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref8
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref9
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref9
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref9
https://doi.org/10.3832/ifor2342-010
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref11
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref11
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref11
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref12
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref12
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref12
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref12
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref13
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref13
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref13
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref13
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref13
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref14
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref14
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref14
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref15
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref15
https://doi.org/10.3390/molecules27041186
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref17
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref18
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref18
https://doi.org/10.1016/j.indcrop.2017.03.039
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref20
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref20
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref20
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref21
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref21
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref21
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref21
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref22
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref22
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref22
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref23
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref23
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref23
https://www.vttresearch.com/sites/default/files/pdf/science/2015/S76.pdf
https://www.vttresearch.com/sites/default/files/pdf/science/2015/S76.pdf
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref25
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref25
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref25
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref26
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref26
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref26
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref27
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref27
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref27
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref27
https://doi.org/10.1016/j.bcab.2015.07.001
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref29
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref29
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref29
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref30
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref30
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref30
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref31
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref31
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref31
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref32
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref32
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref32
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref33
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref33
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref33
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref33
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref34
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref34
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref34
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref34
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref35
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref35
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref35
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref36
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref36
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref37
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref37
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref37
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref38
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref38
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref38

H. Kyllonen et al.

Pinto, P., Mota, ., Loureiro, J., Rodigues, A., 2014. Membrane performance and
application of ultrafiltration and nanofiltration to ethanol/water extract of
Eugalyptus bark. Sep. Purif. Technol. 132, 234-243.

Pinto, P., Mota, 1., Pereira, C., Ribeiro, A., Loureiro, J., Rodigues, 2017. A., Separation
and recovery of polyphenols and carbohydrate from Eucalyptus bark extract by
ultrafiltration/diafiltration and adsorption processes. Sep. Purif. Technol. 183,
96-105.

Pizzi, A., 1982. Condensed tannins for adhesives. Ind. Eng. Chem. Prod. Res. Dev. 21 (3),
359-369.

Pizzi, A., 1983. in: Wood Adhesives: Chemistry and Technology, Vol. 1, A. Pizzi (Ed.),
Chapter 4. Marcel Dekker, New York, NY.

Pizzi, A., 2008. Tannins: major sources, properties and applications. In: Monomers,
Polymers and Composites from Renewable Resources. Elsevier, New York,
pp. 179-199. https://doi.org/10.1016/B978-0-08-045316-3.00008-9.

Quideau, S., Deffieux, D., Douat-Casassus, C., Pouységu, L., 2011. Plant polyphenols:
chemical properties, biological activities, and synthesis. Angew. Chem. Int. Ed. 50
(3), 586-621.

Raitanen, J.E., Jarvenpaa, E., Korpinen, R., Makinen, S., Hellstrom, J., Kilpeldinen, P.,
Liimatainen, J., Ora, A., Tupasela, T., Jyske, T., 2020. Tannins of conifer bark as
Nordic piquancy—sustainable preservative and aroma? Molecules 25 (3), 567.

Romero-Dondiz, E., Almazan, J., Rajal, V., Castro-Vidaurre, E., 2015. Removal of
vegetable tannins to recover water in the leather industry by ultrafiltration
polymeric membranes. Chem. Eng. Res Des. 93, 727-735.

Romero-Dondiz, E., Almazan, J., Rajal, V., Castro-Vidaurre, E., 2016. Comparison of the
performance of ultrafiltration and nanofiltration membranes for recovery and
recycle of tannins in the leather industry. J. Clean. Prod. 135, 71-79.

10

Industrial Crops & Products 205 (2023) 117441

Sanchez-Martin, J., Beltran-Heredia, J., Solera-Hernandez, C., 2010. Surface water and
wastewater treatment using a new tannin-based coagulant. Pilot plant trials.
J. Environ. Manag. 91 (10), 2051-2058.

Soares, S., Mateus, N., Freitas, V., 2012. Carbohydrates inhibit salivary proteins
precipitation by condensed tannins. J. Agric. Food Chem. 60, 3966-3972.

Sundberg, A., Sundberg, K., Lillandt, C., Holmbom, B., 1996. Determination of
hemicelluloses and pectins in wood and pulp fibres by acid methanolysis and gas
chromatography. Nord. Pulp Pap. Res. J. 11, 216-219.

Tapia-Quirds, P., Montenegro-Landivar, M.F., Reig, M., Vecino, X., Saurina, J.,
Granados, M., Cortina, J.L., 2022. Integration of Nanofiltration and Reverse Osmosis
Technologies in Polyphenols Recovery Schemes from Winery and Olive Mill Wastes
by Aqueous-Based Processing. Membranes 2022 (12), 339.

Tejirian, A., Xu, F., 2011. Inhibition of enzymatic cellulolysis by phenolic compounds.
Enzym. Microb. Technol. 48, 239-247.

Van den Brink, J., de Vries, R.P., 2011. Fungal enzyme sets for plant polysaccharide
degradation. Appl. Microbiol. Biotechnol. 91, 1477-1492.

Watrelot, A.A., Schulz, D.L., Kennedy, J.A., 2017. Wine polysaccharides influence
tannin-protein interactions. Food Hydrocoll. 63, 571-579. https://doi.org/10.1016/
j.foodhyd.2016.10.010.

Yazaki, Y., 1985. Improved ultrafiltration of extracts from Pinus radiata bark.
Holzforschung 39, 79-83.

Yazaki, Y., 1987. Solubility of Extracts from Pinus radiata bark. Holzforschung 41,
23-26.

Zhang, L., Gellerstedt, G., 2008. 2D heteronuclear (*H-0) single quantum correlation
(HSQC) NMR analysis of Norway spruce bark components. In: Hu, T.Q. (Ed.),
Characterization of Lignocellulosic Materials. Blackwell Publishing, Oxford,
pp. 3-16.


http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref39
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref39
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref39
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref40
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref40
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref40
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref40
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref41
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref41
https://doi.org/10.1016/B978-0-08-045316-3.00008-9
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref43
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref43
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref43
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref44
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref44
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref44
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref45
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref45
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref45
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref46
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref46
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref46
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref47
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref47
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref47
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref48
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref48
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref49
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref49
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref49
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref50
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref50
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref50
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref50
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref51
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref51
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref52
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref52
https://doi.org/10.1016/j.foodhyd.2016.10.010
https://doi.org/10.1016/j.foodhyd.2016.10.010
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref54
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref54
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref55
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref55
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref56
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref56
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref56
http://refhub.elsevier.com/S0926-6690(23)01206-2/sbref56

	Kyllönen et al 2023.pdf
	Enzyme-assisted nanofiltration to enrich tannins from softwood bark extract
	Enzyme-assisted nanofiltration to enrich tannins from softwood bark extract
	1 Introduction
	2 Material and methods
	2.1 Softwood bark
	2.2 Hot water extraction of unrefined tannins
	2.3 Selection of enzymes
	2.4 Pilot scale enzymatic treatment of unrefined tannins
	2.5 Membrane selection
	2.6 Pilot filtration
	2.7 Analyses

	3 Results
	3.1 Characterisation of softwood bark extracts
	3.2 Enzymatic treatment
	3.3 Membrane selection
	3.4 Pilot scale enzymatic treatment
	3.5 Pilot scale nanofiltration

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References



