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Abstract 14 

Willow (Salicaceae) bark contains a variety of antioxidant phytochemicals depending mainly on the 15 
hybrid. In this study, hot water extraction of willow bark was coupled with a sequential preparative 16 
scale chromatography to purify the crude extracts to a well-separated and highly concentrated 17 
phytochemical fraction. The pre-equilibrated hydrophilic weak cation exchange resins (with acrylic 18 
matrix in Na+ ions form) achieved a good separation of phytochemicals from monosaccharide fractions. 19 
Secondly, the individual phytochemical can be purified based on their size and hydrophobicity 20 
differences, using gel permeation chromatography and adsorption column chromatography. 21 
Surprisingly, the G-types of sephadex demonstrated an efficient separation of not only 22 
monosaccharides but a complete separation between (+)-catechin and triandrin. Picein and salicin can 23 
be further separated according to their hydrophobicity differences. The purified compounds can be 24 
quickly quantified using high performance liquid chromatography, gas chromatography and high-25 
performance anion-exchange chromatography. The purified picein and triandrin were characterized 26 
by one- and two-dimensional nuclear magnetic resonance spectroscopy techniques. Additionally, the 27 
authentic compounds were applied to confirm the identification, quantification and purity. The 28 
technique described here might be a fast, economical, and highly efficient way in the large-scale 29 
isolation and purification of the phytochemical compounds from willow bark. 30 

 31 
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hydrophilicity; hydrophobicity; picein; triandrin 33 

  34 



2 
 

1. Introduction 35 
Cultivated willow, as a short-rotation woody crop (SRWC), has been well known as an energy plant. 36 
[1] An annual growth up to > 30 odt/ha has been reported in southern Sweden with limited support 37 
of fertilization. Cultivated willows are typically established as approximately 20 cm long cuttings with 38 
a density of 10,000 cuts/ha and harvesting cycle of 2-4 years. [2] SRWC can generate 36 times more 39 
equivalent energy than the traditional coal industry does as per unit of fossil energy input; surprisingly 40 
its greenhouse gas emissions are even 24 times less than the coal industry. [1] 41 

Recent studies [3-8] show that the willow can be utilized in a more innovative way by debarking it first 42 
to wood and bark instead of burning it entirely for energy usage. The novel introduced biorefinery 43 
concept [3] aims to use 1) the bark fraction for the production of fibrils (or fiber bundles) [4,5] and a 44 
wide array of bioactive compounds (e.g. extractives [6] and colorants [7]) and 2) the wood fraction 45 
can be carbonized and further activated for production of high performance electrode material for 46 
supercapacitors. [8] 47 

As willow (Salicaceae) bark contains a variety of antioxidant phytochemicals depending mainly on the 48 
species or hybrid. [6] Hence, we can take the inspiration from the nature while exploring the 49 
pharmaceutical performance of the drug-like naturally occurring bioactive molecule (NBM). 50 
Furthermore, the molecular structure similarity (i.e. features like functional groups and chirality) 51 
between the NBM with the registered drugs can inspire us to explore the unknown pharmaceutical 52 
effects of NBM. [9] The target compounds of this study are shown in Fig. 1. 53 

Salicin has been traditionally symbolized as its origin from willow bark for decades, which can be 54 
metabolized inside the human body into salicylic acid that has been well established for its anti-55 
inflammatory properties. [10] A major NBM of willow bark water extracts [6], picein has very recently 56 
demonstrated its suppressing impact on menadione (vitamin K precursor) induced oxidative stress 57 
effects on the mitochondrial integrity in neuroblastoma cell. [11] Picein shows a 92% similarity index 58 
with the registered gastrodin that has been well established for its significant role in treating 59 
neurological diseases and psychiatric disorders. [12] Additionally, the presence of picein 60 
demonstrated significant role in defense mechanism against the outbreak of the spruce budworm. 61 
[13] Also triandrin has exhibited adaptogenic activities that function as the stress-response modifiers 62 
to regulate the plant’s stress-protective activity. [14] Green tea catechin is known for its role as stress 63 
regulator into preventing infectious diseases. [15] 64 

It is worth noting that naturally occurring and mimicking compounds represent 46% of the newly 65 
approved drugs (during 1981-2019) by U.S. Food and Drug Administration; almost twice as high as the 66 
portion of approved synthetic drugs (i.e. 24.6%). [16] Hence, there is a demand to develop efficient 67 
and scalable processes for purifying the bioactive compounds from willow. 68 

69 
Fig. 1. Major components of willow bark (hybrid Karin) water extracts: 1 Picein (CAS-number = 530-70 
14-3; molar mass = 298.29 g/mol; partition coefficient between n-octanol and water phases logP = –71 
0.7 (predicted,  PubChem CID: 92123)), 2 (+)-catechin (154-23-4; 290.26 g/mol; 0.51 (experimental) 72 
[17]), 3 Triandrin (19764-35-3; 312.32 g/mol; –0.4 (predicted, PubChem CID: 14048613)) and 4 Salicin 73 
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(138-52-3 ; 286.28 g/mol; –1.2 (predicted, PubChem CID: 439503)), along with monosaccharides (i.e. 74 
fructose and glucose). 75 

Recent studies [18-22] have mainly concerned the separation of salicin and its derivatives from willow 76 
using adsorption, as summarized in Table 1. The separation is mainly determined by the differences 77 
in the adsorption affinities of the bioactive compounds towards the adsorbents. This method not only 78 
requires excessive usage of solvents as the mobile phase, but the process itself is complicated, as 79 
multiple solvents are required as eluent to produce several products [23]. In addition, liquid-liquid 80 
chromatography (also known as counter-current chromatography, CCC) has been used to achieve a 81 
semi-industrial scale isolation of the salicin, eriodictyol, 5,7-dihydroxychromen-4-one and naringenin 82 
from Salix alba. [24,25] The separation mechanism in the CCC technique is based on solutes’ (linear) 83 
partitioning between the mobile liquid phase and the stationary liquid phase. Although there are 84 
advantages such as high theoretical loading capacity, only compounds within a relatively narrow 85 
polarity window can be separated in CCC [25]. 86 

Table 1. Preparative chromatographic separation of the secondary metabolites from the bark and 87 
wood extracts of Salix species. n.a. = not available. 88 

Compounds  Stationary phase  Eluent  Feed Salix 
origin 

Additional 
details 

Column chromatography or adsorption 
salicin polyamide; alumina 

adsorbent 
EtOH gradient 
from 0%, 40%, 
70% to 95%  

enzymolyzed 
crude bark 
extract 

Salix 
babylonica 
[18] 

n.a. 

salicin; purpurein; 
salireposide; (+)-
catechin; naringenin 
and its glucosides 

polyamide adsorbent EtOH gradient 
ranging from 0%, 
20% to 50%  

crude water/ 
ethyl acetate 
bark extracts 

Salix 
purpurea 
[19] 

Hcol = 72cm, 
dcol = 2.5cm 

salicortin silica gel; polyamide 
adsorbent 

CHCl3-MeOH 
(4:1) containing 
0.5% acetic acid 

crude water/ 
ethyl acetate 
bark extracts 

Salix 
purpurea 
[19] 

Hcol = 72cm, 
dcol =  2.5cm 

salicin derivatives Amberlite XAD-1180 or 
HP20 adsorbent; or 
acrylic XAD7HP 

90% v/v aqueous 
EtOH 

30% v/v EtOH 
crude bark 
extracts   

Salix rubra 
[20] 

1.25L column  

naringenin; prunin; (+)-
catechin; triandrin, (-)- 
salipurposide; syringin; 
saligenin; salicin; 
salicortin; tremulacin 

silica gel and polyamide 
adsorbent 

CHCl3-MeOH 
(6:1); CHCl3-
MeOH-H2O 
(26:14:3) 

aqueous alcohol 
crude bark 
extract 

Salix 
acutifolia 
wild [21] 

n.a. 

dihydrokaempferide; 
naringenin; prunin; 
aromadendrin; taxifolin; 
(+)-catechin 

silica gel 60 F 254 5%-20%-50% 
ethyl acetate in 
toluene; pure 
ethyl acetate; 
acetone; MeOH 

ethyl acetate 
wood extract 

Salix 
caprea 
[22] 

Hcol = 53cm, 
dcol = 7cm, 
70-230 mesh 

Liquid-liquid chromatography 

salicin methyl tert-butyl ether 
(MTBE)-butanol (1:3)  

MeOH-water 
(1:5)  

crude bark 
extract  

Salix alba 
[24] 

40L volume;  
Q = 50mL/min 

eriodictyol; 5,7-
dihydroxychromen-4-
one; naringenin 

upper organic phase of 
the biphasic solvent 
system (water-MeOH-
ethyl acetate-hexane 
(3:2:2:2, v/v) 

aqueous lower 
phase of the 
biphasic solvent 
system 

crude ethanoic 
(80%) bark 
extract with 
ethyl acetate 

Salix alba 
[25] 

Q = 3 mL/min 

 89 
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Since there are several compounds of interest in willow bark water extracts, a separation process that 90 
can fractionate the multicomponent feed to several fractions without the use of multiple solvents 91 
should be developed. In this work, a sequential chromatographic process is presented. The key process 92 
design criteria are high purity and high recovery yield, low solvent consumption, and low capital and 93 
operating cost. Further, the operating conditions should be mild (neutral pH, moderate temperature) 94 
to avoid degradation of the pH-sensitive target molecules. Towards this end, a chromatographic 95 
separation process was developed for isolating and purifying the monosaccharides, colorants, (+)-96 
catechin, picein, triandrin, and salicin for the first time. The main separation steps were carried out 97 
with a preparative scale size exclusion chromatography (SEC), which commonly separates compounds 98 
based on their molecular size [26,27], and adsorption chromatography on hydrophilic and 99 
hydrophobic separation materials. 100 

The significance of this study is development of an efficient and scalable approach to recover and 101 
purify several potentially valuable pharmaceutical bioactive compounds from willow bark (hybrid 102 
Karin) water extracts. The proposed conceptual scheme for the production of valuable bioactive 103 
compounds, colorants, and monosaccharides via chromatographic separation is shown in Fig. 2. 104 

105 
  106 
Fig. 2. A conceptual sequential chromatographic process for the production of valuable individual 107 
aromatic compounds, colorants, and monosaccharides from Karin bark water extracts.  108 

2. Materials and methods 109 

2.1. Raw materials and chemicals.  110 
Four-year old willow hybrid ‘‘Karin’’ (SalixEnergi Europa AB) was harvested from a field of VTT 111 
Technical Research Center of Finland (Kyyjärvi, Finland) on May 13, 2015. The bark was stripped off 112 
manually and dried at 40 °C oven before further use. Centrifuged and lyophilized Karin bark water 113 
extracts were prepared following the reported optimal conditions (80 °C, 20 min). [6] The 114 
compositions of the feed solutions are given in Table 2. All chemical reagents were adopted as 115 
received unless described otherwise. Gradient-grade acetonitrile ≥ 99.9%, acetic acid (glacial) 100%, 116 
sodium chloride, xylitol, heneicosylic acid (21-carbon acid), N,O-bistrifluoroacetamide (BSTFA), 117 
trimethylsilyl chloride (TMCS), pyridine, arabinose, rhamnose, galactose, mannose, xylose, glucose, 118 
fructose, deuterium oxide (99.9 atom % D) along with authentic compounds like picein, salicin and (+)-119 
catechin were supplied from Sigma-Aldrich. 99.5% betulinol extract was purified and supplied by Åbo 120 
Akademi University. Triandrin was synthesized by Dr. Yuki Tobimatsu [28] in the laboratory of Prof. 121 
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John Ralph at the University of Wisconsin-Madison. Blue Dextran 2000 was supplied by GE Healthcare 122 
for the porosity measurement. 123 

Table 2. Compositions of the feed solutions (mg/L) used in the separation experiments. n.a. = not 124 
available. For analytics, see Supplementary Material (SM) Fig. S1. 125 

Feed source 
original 
extract 

Monosaccharide-free 
extract (PF1)b 

Picein 458 151 
Triandrin 460 121 

Salicin 17a 66 
(+)-Catechin 178a n.a. 

Monosaccharidesc 1537 13 
aquantified by gas chromatography (GC); bproduced with CA10GC-Na+ ion resin, see Supplementary 126 
Material (SM) (Fig.  S1-S4, and Table S1); cmixture of fructose and glucose 127 

The separation materials adopted in this study are summarized in Table 3. WAC resins were converted 128 
to Na+ ion form with 1 mol/L sodium acetate as described below. The WAC resins are highly selective 129 
towards H+ ions and thus exchange of Na+ ions to H+ ions takes place when using pure water as an 130 
eluent (pH 6). This leads to an increase of pH of the eluent as the OH– concentration in the eluent 131 
increases. High pH has a detrimental effect on the stability of the studied phenolic components. To 132 
avoid the exchange of Na+ ions to H+ ions, the resin was pre-equilibrated to pH 6 with 1 mol/L sodium 133 
acetate (prepared by mixing equimolar amounts of acetic acid and sodium hydroxide). This solution 134 
was fed through the column until the pH at the column outlet was 6. Additionally, authentic 135 
monosaccharides, (+)-catechin and salicin solutions (Table S2, SM) were used to validate and simulate 136 
their elution profile through the chromatographic column. 137 

Table 3. The main characteristics of the separation materials used in this study. The numbers in the 138 
parentheses are the standard deviation for porosity. n.a. = not available. 139 

Separation 
material  

Manufacturer Matrix  Functional 
group  

particle 
size, µm  

Surface 
area, m2/g 

Bed porosity 

Finex CA10GC Johnson-Matthey Acrylate-DVB; 5.0 
wt% DVB 

carboxylate 300 n.a. 
0.388 (0.001) 

Finex CA16GC Johnson-Matthey Acrylate-DVB; 8.0 
wt% DVB 

carboxylate 300 n.a. 
n.a. 

Amberchrom 
CG300M 

Dow PS–DVB – 50–100 700 0.385 (0.002) 

Sephadex G–10 GE Healthcare  Cross-linked dextran; 
cut-off 700 g/mol 

– 55–165 n.a. 
0.377 (0.002) 

 140 

2.2. Chromatographic fractionation 141 
Chromatographic separation experiments were carried out at 50 °C using top-down flow. The column 142 
loading (VF) was 0.1–0.2 bed volumes (BV), and the flowrate (Q) was 1–2 BV/h. The chromatography 143 
unit consisted of two high-performance liquid chromatography (HPLC) pumps attached to a glass 144 
column equipped with a water heating jacket via a fluid degasser and injection valve. A bed volume of 145 
approximately 120 mL (dbed=1.5 cm, hbed=70 cm) was used in each separation. The column outlet 146 
stream was monitored using an online conductivity detector, a refractive index (RI) detector, and an 147 
ultraviolet (UV) absorbance detector. A fraction collector was connected to the column outlet. The 148 
system control and data collection were performed using the LabView software. Blue Dextran 2000 at 149 
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a concentration of 1.5 g/ L was taken to determine the porosities of the packed beds. The feed volume 150 
was 1 mL with the flow rate of 2 mL/min. The porosities are given in Table 3. 151 

2.3. Stability of target aromatic compounds 152 
A preliminary kinetic study was conducted to investigate the effect of pH on the stability of the target 153 
aromatics. The pH of the feed (willow bark extract) was adjusted from the original pH 4.5 to pH 9 and 154 
pH 10 separately using 5 mol/L NaOH before placing into water bath of 50 °C. Twelve samples were 155 
collected in sequence from 5 min to 90 min. HPLC-DAD and HPAEC-PAD were used to quantify the 156 
bioactive compounds and monosaccharides, respectively. 157 

2.4. Analytical techniques  158 

2.4.1. High-Performance Liquid Chromatography (HPLC) 159 
An off-line HPLC (Agilent Infinity 1260) instrument equipped with an ultraviolet (UV) diode-array 160 
detector (DAD) and refractive index (RI) detector was used. The target compounds (i.e. catechin, picein, 161 
triandrin and salicin) were quantified by UV absorbance at 260 nm although salicin and catechin 162 
showed low absorbance at this wavelength (Fig. S5, SM). The monosaccharides (glucose and fructose) 163 
were quantified by the RI signal. A calibration curve with five concentration interval points, was used 164 
to quantify the target compounds from the collected fractions. The column was Luna Omega SUGAR 165 
column (3 µm, 250x4.6 mm, Phenomenex) at 40 °C and 83 vol.% aqueous acetonitrile was used as the 166 
eluent at a flow rate of 1.3 mL/min. The injection volumes for the aromatic compounds and sugars 167 
were 3 µL and 20 µL, respectively. 168 

2.4.2. High-performance anion-exchange chromatography (HPAEC) 169 
Monosaccharides in the collected fractions were quantified using high-performance anion-exchange 170 
chromatography with pulse amperometric detection (HPAEC-PAD) under the Dionex ICS-3000 system 171 
(Sunnyvale, CA, USA). Pure water was used as the mobile phase at a flow rate of 0.38 mL/min with a 172 
CarboPac PA20 column and the entire analytical run was conducted under room temperature. 173 

2.4.3. Gas Chromatography (GC) 174 
Approximately 0.8 mg lyophilized fractions of interest were prepared prior to use. Afterwards, 0.5 mL 175 
of xylitol (0.1 mg/mL in methanol-water 9:1, v/v) and 2 mL of C21 acid/betulinol (0.02 mg/mL each in 176 
MTBE) were added as internal standards before evaporating under a nitrogen flow. The dried samples 177 
were then trimethylsilylated at 70 °C for 50 min using 150 µL of a silylating reagent mixture (pyridine: 178 
BSTFA: TMCS= 1:4:1, v/v/v). Then samples were finally characterized by GC (PerkinElmer 179 
AutoSystemXL) with flame-ionization detection (FID) using a HP-1 column (25 m*0.2 mm, 0.11 µm film) 180 
with a carrier gas (H2) of flow 0.8 mL/min. The injector was maintained at 250 °C with split ratio of 181 
1:26. The column temperature was kept first at 120 °C for 1 min, then raised to 320 °C at the rate of 182 
6 °C /min and held at 320 °C for 15 min. 183 

2.4.4. Nuclear magnetic resonance (NMR) spectroscopy 184 
NMR spectra of the purified individual components were acquired with a 400 MHz Avance III 400 185 
(Bruker) instrument equipped with BBFO. The 1H chemical shifts were referenced to D2O at 4.75 ppm 186 
at 22 °C. One-dimensional 1H NMR spectra of the samples dissolved in D2O were acquired using a 187 
relaxation delay of 1 s, spectral width of 16 ppm, 300 transients and 64K data points. 13C NMR spectra 188 
were acquired with a 30° pulse using a relaxation delay of 2 s, spectral width of 236 ppm, 5000 189 
transients and 64K data points. Phase-sensitive 2D 1H–13C HSQC spectra were acquired with spectral 190 
widths of 8.86 ppm for 1H and 165 ppm for 13C using a relaxation delay of 2 s, 80 transients, 256 t1 191 
increments, d24 delay of 0.89 ms and 1K data points. An adiabatic version of the HSQC experiment 192 
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was used (hsqcetgpsisp.2 pulse sequence from the Bruker Library). Topspin 4.0.3 (Bruker) was used 193 
for processing the spectral data. 194 

2.5. Calculations 195 
Recovery yield of glucose, fructose, picein, triandrin, salicin and (+)-catechin was calculated from the 196 
concentrations at column outlet by applying the trapezoidal rule for integration as in Eq. (0.1) 197 

 feed feed 0

1
dj

j

Re c V
c V


   (0.1) 198 

Each chromatographic separation step produces one or more product fractions, and each fraction may 199 
have more than one target compounds. Therefore, the purity of fraction k is defined as the sum of the 200 
mole fractions of the target compounds in that fraction as shown in Eq. (0.2). Here αj

k has value of 1 201 
for the target species and 0 for impurities in fraction k. 202 

   

k k
j j

jk
k
j

j

c

Pu
c






                   (0.2) 203 

3.  Results and discussion 204 

3.1. Chromatographic fractionation of willow bark water extracts 205 
Two separation materials were used for the chromatographic fractionation of the willow bark water 206 
extracts with pure water as eluent: gel-type weak cation exchange (WAC) resins in Na+ form (CA10GC 207 
and CA16GC) and size exclusion gel Sephadex G-10. These separation materials are hydrophilic and 208 
thus it was expected that also the aromatic compounds (in addition to the monosaccharide) could be 209 
eluted through the column efficiently with water eluent, and no organic solvent would be needed as 210 
in adsorption. 211 

The WAC resins were chosen as these have been used successfully in separation of lignin from 212 
hydrophilic compounds (i.e. monosaccharides and carboxylic acids). The separation has been 213 
attributed to the molecular size and hydrophilicity differences [29–31]. In the separation of 214 
monosaccharides from lignin, the monosaccharides as small molecules can access freely the pores of 215 
the WAC resins in Na+ form whereas lignin cannot. In addition, the monosaccharides are more 216 
hydrophilic than lignin and thus have stronger affinity towards the hydrophilic resin [30,31]. Therefore, 217 
also in this case separation between different aromatic compounds and the monosaccharides was 218 
expected as the latter ones are smaller molecules in size (see Fig. 1) and more hydrophilic than the 219 
aromatic compounds. 220 

WAC resins with 5 wt.% (CA10GC) and 8 wt.% (CA16GC) cross-linking degrees in Na+ form were 221 
examined. The resins were pre-equilibrated with a sodium acetate solution (prepared as an equimolar 222 
mixture of acetic acid and NaOH) to pH 6 (at column outlet) prior to separation experiments as these 223 
resins are highly selective towards H+ ions and can exchange these from the pure water eluent (pH 224 
~6). Due to the ion exchange between the H+ ions in the eluent and Na+ ions in the resin, pH 10-12 225 
was measured in the column outlet prior to the pre-treatment. This high pH can affect the stability of 226 
the target phenolic compounds. Also the pH of the feed solution was adjusted from 4.5 to 6 to avoid 227 
the exchange of H+ and Na+ ions. Based on the online RI signal (Fig. S6, SM), the 5 wt.% cross-linked 228 
WAC resin gave better separation than the 8 wt.% cross-linked resin because of larger pore size which 229 
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results in better diffusion of the monosaccharides into the resin pores. With the WAC resins, the RI 230 
signal (and UV 260 nm) showed that large part of the mass in the feed solution eluted from the column 231 
before the target compounds (Fig. 3A). These unknown substances were either excluded from the 232 
resin due to their large molecular size, strong hydrophobicity or ionic nature that was supported by 233 
the observed high electrical conductivity of this fraction. Also a strong color (UV 400 nm) characterized 234 
these substances (Fig. 3A), suggesting that they were the main origin of the dark color of the water 235 
extract. 236 

The target aromatic compounds were partly overlapping with the unidentified colorants (Fig. 3A). Of 237 
the four target compounds, only picein, triandrin, and salicin could be quantified. (+)-Catechin was not 238 
detected by HPLC-DAD (Fig. 3A). However, a tiny fraction was traced by GC-FID (Table S3, SM). No 239 
separation between the individual aromatic compounds could be achieved here. The 240 
monosaccharides eluted last from the column with the WAC resins (Fig. 3A), similar to previous 241 
observations [30,31].  242 

Although the WAC resin was pre-equilibrated to pH 6 prior to the separation, and the feed solution 243 
was adjusted also to pH 6, some exchange of H+ and Na+ ions was observed. Due to this, the pH at 244 
column outlet was within the range of pH 8–10 (Fig. S7, SM), which was lower than the resin pH before 245 
pre-equilibration (pH 10–12), but still significantly higher than the original extract pH (pH ~ 4.5).  246 
Despite the pH increase, no change in the separation efficiency could be seen when the separation 247 
was run over multiple consecutive cycles thus confirming the stability of the separation step (Fig. S7, 248 
SM). 249 

The mass balance over the chromatographic column with CA10GC resin was approximately 100 % for 250 
picein and salicin, but approximately 89 % for triandrin and 80 % for the monosaccharides.  In addition, 251 
only traces of (+)-catechin could be detected. (+)-Catechin was obviously unstable under the mild 252 
alkaline (pH 8-10) environment of the eluate (Fig. S7, SM), and possibly some degradation occurred 253 
already at pH 6 before feeding the sample into the column. Similar observation was reported earlier 254 
for green tea’s catechin component that was rather stable under acidic environment (pH < 4), but its 255 
stability decreased proportionally with the increase of pH from 4 to 8. [32] The observed phenomenon 256 
was explained by ionized catechol (pKa1 for epinephrine= 8.6) [33] in the presence of atmospheric 257 
oxygen. The conducted kinetic study (Fig. S8–S9, SM) also demonstrated the effect of pH and time on 258 
the degradation of the target phenolic compounds. 259 

The 20 % loss of monosaccharides (i.e. fructose and glucose) might also be explained by the alkali-260 
catalyzed decomposition yielding carboxylic acid byproducts (sodium salts of carboxylic acids) [34] 261 
under mild alkaline environment (pH 8-10) of resin bed (Fig. 3A). In the proposed process scheme (see 262 
Fig. 2) the WAC resin is used in the separation of the colorants and the monosaccharides. And thus, 263 
the formation of the carboxylate salts would occur there. Based on earlier observations done in the 264 
fractionation of spent alkaline pulping liquors [29], it is expected that the carboxylate salts would 265 
coelute with the colorants. The content of salicin quantitatively determined by HPLC-DAD was 266 
significantly higher than that by GC-FID. We hypothesized that the quantity of salicin reported here 267 
was overestimated by other substances that eluted similarly as real salicin at analytical HPLC but had 268 
a much higher absorptivity at 260 nm than real salicin. Although Fig. S10 (SM) showed the peak of 269 
cumulative purification yield differs between the analytical techniques, i.e. HPLC-DAD/ HPAEC-PAD 270 
(95.2%) and the GC-FID (81.9%), the quantification of monosaccharides, picein, and triandrin followed 271 
similar curve irrespective of the selected analytics at Fig. S11 (SM). The HPLC-DAD/ HPAEC-PAD was 272 
selected as the primary analytics due to its ease sample preparation and rapid analysis comparing to 273 
GC-FID. 274 
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 275 

Fig. 3. Chromatographic fractionation of willow bark water extract with a gel-type WAC resin CA10GC 276 
in Na+ form (A) and with size exclusion gel Sephadex G-10 (B) with pure water as eluent. Q = 2 BV/h; 277 
VF = 0.1 BV; T = 50 °C; hbed = 70 cm; dbed = 1.5 cm; feed solution = see Table 2. Symbols: black solid 278 
filled circle = picein; red solid filled triangle = triandrin; green diamond = salicin-like compounds; black 279 
cross = (+)-catechin; purple open circle = fructose; light blue square = glucose. Lines: black solid = UV 280 
260 nm; blue solid = UV 400 nm (color intensity); red solid = RI; green solid = electrical conductivity; 281 
black dashed = UV absorbance at 260 nm for a synthetic solution of 10 g/L (+)-catechin and 0.3 g/L 282 
salicin (Au2_2 at Table S2, SM). The bioactive compounds and monosaccharides were quantified by 283 
HPLC-DAD and HPAEC-PAD, respectively. (+)-catechin was quantified by GC-FID. 284 
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Sephadex G-10 is a dextrose-based hydrophilic size exclusion gel with a low cut-off value of 700 g/mol. 285 
The gel was expected to fractionate the components of the willow bark water extract based on their 286 
molecular size. In addition, it was expected that some separation between the individual target 287 
aromatic compounds could also be obtained as this separation material has been used in the 288 
fractionation of lignin-based phenolic monomers [25]. The separation of the lignin-based monomers 289 
was attributed to molecular size differences and to hydrogen bond interactions between the phenolics 290 
and glycidyl moieties in the gel. 291 

As a size exclusion gel, Sephadex does not contain functional groups that are in dissociated form 292 
around neutral pH. Thus, pre-equilibration of the resin to a certain pH and adjustment of the feed 293 
solution pH were not required. With Sephadex G-10, similarly as with the WAC resins, large part of the 294 
mass in the feed solution (based on RI signal) eluted close to the void volume of the column (Fig. 3B). 295 
This part contained also most of the color of the extract. Interestingly, the monosaccharides, as the 296 
most hydrophilic and smallest compounds in the feed solution co-eluted with the colorants. This 297 
suggests that the monosaccharides had very low affinity towards the hydrophilic separation material. 298 
This behavior was opposite to what was observed with the hydrophilic WAC resins (Fig. 3A). The target 299 
aromatic compounds were more strongly adsorbed by the Sephadex gel (Fig. 3B) and they separated 300 
almost completely from the monosaccharides (between 0.52 and 0.66 BV) with 0.1 BV column loading. 301 
In addition, triandrin (between 1.60 and 2.31 BV) separated completely from salicin (between 0.74 302 
and 1.28 BV) and picein (between 0.87 and 1.28 BV).  303 

Observed elution volumes larger than 1 BV demonstrated that adsorption of the target aromatic 304 
compounds on the gel was the main contributor for their separation. Although the adsorption strength 305 
dependent strongly on the molecular structure of the glucosides (Fig. 1), the origin of the adsorption 306 
was not investigated further during this work. In an earlier study [25], it was concluded that separation 307 
of lignin-based monomers on Sephadex G-10 was affected not only by molecular size, but also by 308 
interactions between the aromatic rings and phenolic hydroxyl groups in the aromatic monomers with 309 
glycidyl moieties in the dextran gel. The mass balance over the Sephadex column was approximately 310 
100 % for triandrin, picein, and monosaccharides. Overall, the separation with Sephadex G-10 was run 311 
over multiple cycles and no changes in the separation efficiency could be observed, although there 312 
was some variation in the elution volumes (Fig. S12-S17, SM). Thus, it can be concluded that the 313 
separation is stable regardless of whether its feed is the original extract (Fig. 3B and Fig. S12-S13, SM) 314 
or the monosaccharide free extract (i.e. PF1) (Fig. S14-S17, SM). 315 

Similarly as with the WAC resin, no (+)-catechin could be identified at column outlet. As the pH at the 316 
column outlet was around 6, the disappearance of the (+)-catechin might not be result of pH, but some 317 
other conversion. Additionally, the amount of salicin was approximately two times larger than in the 318 
feed according to Fig. 3B. In order to investigate the elution behavior of these two compounds, a 319 
synthetic solution of (+)-catechin and salicin was used as the feed solution (Fig. 3B). UV absorbance at 320 
260 nm wavelength revealed strong absorption signal of (+)-catechin between 0.33 BV to 0.55 BV, 321 
which was observed in both the original extracts (Table 2) and the synthesized solutions (Table S2, 322 
SM). Thus, (+)-catechin can also be produced theoretically with the Sephadex G-10. Another strong 323 
UV absorption signal at 260 nm (between 0.74 BV and 1.12 BV) was caused by the synthetic salicin, of 324 
which elution window was not exactly the same as that of the salicin-like compounds (between 0.74 325 
and 1.28 BV) in the bark extract (Fig. 3B). Thus, it can be speculated that the unknown fraction 326 
between 1.12 BV and 1.28 BV (Fig. 3B and Fig. S17, SM) had a much higher UV absorption at 260nm 327 
than real salicin (Fig. S5, SM), causing an overestimation of the detected salicin at Fig. 3B. Although 328 
the hybrid Karin extract did not contain any real salicin, this compound can be obtained to the same 329 
fraction with picein from other willow hybrids that contain real salicin. 330 
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Both of the tested separation materials, i.e. the WAC resin in Na+ form and Sephadex G-10, enabled 331 
the separation of the target aromatic compounds from the monosaccharides as well as most of the 332 
colorants (Fig. 3). However, with the WAC resin, no separation could be obtained between the 333 
individual aromatic compounds. With the Sephadex G-10, pure triandrin could be recovered 334 
simultaneously with the removal of monosaccharides and colorants. 335 

The separation efficiency of both separation materials was evaluated based on recovery yield (Re) and 336 
purity (Pu) (Fig. 4). As observed in the figure, Re and Pu of the target compounds was notably better 337 
with the Sephadex G-10 than with CA10GC. The maximum Pu that could be obtained with CA10GC (VF 338 
= 0.1 BV) was 95.6 wt.% and the corresponding Re value was 57.2 %. With Sephadex G-10 these values 339 
were 100 wt.% and 98.6 %, respectively. Moreover, if 100 % Re was required, the Pu values were 340 
48.2 wt.% and 98.9 wt.% with CA10GC and Sephadex G-10, respectively. Thus, with respect to Re and 341 
Pu, the Sephadex G-10 is considered as a more efficient separation material in the purification of the 342 
target aromatic compounds from the monosaccharides. In addition, Sephadex G-10 is more effective 343 
in separating colorants from target compounds than CA 10GC (Fig. 3) as the colorants co-elute with 344 
the target compounds on the latter one. 345 

 346 
Fig. 4. Recovery yield (red) and purity (black) with respect to monosaccharides of the target aromatic 347 
compounds (triandrin, picein, salicin) when using a single-cut strategy. Solid lines = CA10GC resin in 348 
Na+ form; dashed lines = Sephadex G-10. Values were calculated from the data shown in Fig. 3 349 
excluding the colorant compounds. 350 

3.2. Production of individual aromatic compounds 351 
With CA10GC and Sephadex G-10, the monosaccharides and most of the colorants could be removed 352 
from the willow bark water extracts (see Fig. 3). In addition, pure triandrin could be produced with 353 
Sephadex G-10. However, further fractionation of the monosaccharide-free extract to obtain pure 354 
individual aromatic compound requires different separation materials. The feed solution (i.e. PF1) for 355 
this separation step was produced with CA10GC resin with Pu target of 95 wt.% for the aromatic 356 
compounds (expected Re was 72 %, Fig. 4). Amberchrom CG300 is a highly selective PS–DVB-based 357 
adsorbent that has been used in the fractionation of mixtures carboxylic acids containing acids that 358 
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have minor chemical and structural differences [35-40]. Thus, this separation material was adopted 359 
here to study fractionation of the monosaccharide-free extract into individual components. 360 

Use of Amberchrom CG300 was studied with pure water and aqueous ethanol (5–20 wt.%) as eluents 361 
(Fig. 5). With pure water (Fig. S18, SM) as eluent, the target aromatic compounds could not be eluted 362 
from the column because they were adsorbed on the hydrophobic separation material. In contrast, 363 
the target compounds eluted out as a whole (centering around 4.5 BV) when 5 wt.% aqueous ethanol 364 
solution (Fig. S19, SM) was applied. Increasing the ethanol concentration to 10 wt.% resulted in 365 
progressive elution of the aromatic compounds from the column (Fig. 5A and Fig. S20-S22, SM). Major 366 
part of the residual color (UV 400 nm signal) and mass (RI signal) eluted first from the column. For this 367 
part, the behavior was similar between Amberchrom CG300 and the hydrophilic CA10GC resin (see 368 
Fig. 3). Therefore, the colorants were speculated to be large hydrophilic molecules. The target 369 
aromatic compounds eluted after the colorants in the order of picein, triandrin, and salicin-like 370 
substances. The elution profiles of these compounds overlapped and their complete separation could 371 
not be achieved. It has been earlier observed with hydroxy carboxylic acids [35], that their elution 372 
order on Amberchrom CG300 follows increasing hydrophobicity of the molecules. When the partition 373 
coefficients of picein, triandrin, and salicin (see caption to Fig. 1) were compared with the data from 374 
the separation experiment, picein and triandrin were found to be eluted in the expected order, i.e. 375 
the compound with stronger hydrophobicity eluted later. However, based on the partition coefficient 376 
of salicin, it should be the most hydrophilic of the target phenolic and, thus, should elute first. The 377 
different elution order might be due to the effect of ethanol in the eluent on the salicin and also 378 
because the majority of the recovered salicin was not real salicin, but in fact some other compound 379 
according to its 1H NMR profile (Fig. S23, SM). 380 

Due to the strongly dispersed elution profiles of the target aromatic compounds, these cannot be 381 
obtained as pure with Amberchrom CG300 adsorbent alone as triandrin overlaps with the other two 382 
target compounds. However, as was demonstrated earlier, triandrin can be separated from picein and 383 
salicin on Sephadex G-10 as the separation material. With a triandrin-free feed solution, practically 384 
complete separation between picein and salicin could be obtained with Amberchrom CG300 with the 385 
selected operating conditions and feed concentration level, as demonstrated in Fig. S24 (SM). 386 

Increase of the ethanol concentration from 10 wt.% (Fig. 5A) to 20 wt.% (Fig. 5B and Fig. S25, SM) 387 
resulted in drastic decrease in the separation between the aromatic compounds and the colorants. 388 
Thus, 10 wt.% ethanol concentration is a rough optimum for this separation task. 389 
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 390 
Fig. 5. Fractionation of monosaccharide-free willow bark water extracts (see Table 2 for composition) 391 
with Amberchrom CG300M adsorbent. Eluent: A, 10 wt.% aqueous ethanol; B, 20 wt.% aqueous 392 
ethanol. Experimental conditions, symbols, and lines: see caption to Fig. 3. 393 

3.3. Process scheme for complete fractionation of Karin bark water extracts 394 

The separation steps that were investigated in this study enable the production of valuable aromatic 395 
compounds (picein, triandrin, and salicin-like compounds) from the willow bark water extracts. A 396 
proposal for a sequential chromatographic process to produce the highly valuable aromatic 397 
compounds, colorants, and monosaccharides from such extracts is shown in Fig. 2. This proposal is 398 
justified here. 399 

A 
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The production of pure individual aromatic compounds should be started by the removal of the 400 
monosaccharides and the colorants that are present in these extracts. The separation of the 401 
monosaccharides from the extracts can be done with hydrophilic separation materials. Both, WAC 402 
resin, such as CA10GC in Na+ form and size exclusion gel Sephadex G-10 can be used for this purpose 403 
(See Fig. 3). However, the last-mentioned option is better suited for this task. This is mainly due to the 404 
additional measures that are needed with the WAC resin. First, to avoid the drastic increase of the 405 
eluent water pH from 6 to 10–12, the resin must be pre-equilibrated to the pH of the pure water 406 
eluent, i.e. 6. This does not completely remove the pH increase in short term, but limits the pH value 407 
within 8 to 10. Second, the pH of the willow bark extract must also be increased from 4.5 to 6 for 408 
avoiding exchange of H+ ions from the feed with Na+ ions in the resin. With Sephadex G-10, no 409 
pretreatment measures for the separation material and the willow bark water extract feed are needed. 410 
Also, the separation efficiency with respect to the target aromatic compounds (Re and Pu) was much 411 
better with Sephadex G-10 than with CA10GC resin (See Fig. 4). Thus, in this respect Sephadex G-10 is 412 
better suited for the separation of monosaccharides from the willow bark water extracts. The 413 
operating parameters used in this study resulted in 99.7% recovery yield for monosaccharides with 414 
Sephadex G-10 when their minimum purity with respect to picein, salicin, and triandrin was set to 99% 415 
(see Table 4). The recovery of these phytochemicals was above 99%. 416 

 417 

Table 4. Recovery yields of the target compounds at 99% purity levels. Step 1 = Sephadex G-10; Step 418 
2 = WAC resin in Na+ form, elution with 10 wt-% EtOH(aq); Step 3 = Amberchrom CG300M. 419 

 STEP 1 STEP 2 STEP 3 Overall 
Salicin 99.1 % – 100 % 99.1 % 
Picein 99.1 % – 98.3 % 97.5 % 
Triandrin 100 % – – 100 % 
Monosaccharides 99.7 % 96.7 % – 96.4 % 

 420 

Major part of the colorants could be separated from picein, salicin and triandrin with both the WAC 421 
resin in Na+ form and Sephadex G-10 (see Fig. 3). As the colorants were not quantified and 422 
characterized, it is rather challenging to say which of the separation materials is better for this purpose. 423 
With Sephadex G-10, the colorants and the monosaccharides co-elute. Separation of these 424 
compounds from each other could be done efficiently with the WAC resin in Na+ form. In this case, 425 
pretreatment of the resin and the feed solution is most likely not necessary as the pH of the 426 
monosaccharide–colorant fraction is approximately 6. In addition, it is not expected that the increase 427 
of pH due to the exchange of the H+ ions in the water eluent and Na+ ions in the resin is problematic. 428 
When the WAC(Na+) resin and 10 wt-% EtOH eluent are used, removing 99% of the colored substances 429 
(measured with UV at 260 nm) results in 96.7% recovery yield for the monosaccharides in this step 430 
and 96.4% yield over the two-step process (Table 4). Possible degradation is not included in these 431 
values. 432 

In addition to the separation of the monosaccharides and colorants from the extract, pure triandrin 433 
and (+)-catechin can also be simultaneously recovered with Sephadex G-10 alone (see Fig. 3B). 434 
Recovery yield for triandrin is 100% within the experimental accuracy. With the WAC resin, no 435 
separation between the individual aromatic compounds was achieved. Thus, in conclusion, the willow 436 
bark water extract should first be fractionated into a monosaccharide–colorant fraction, picein–salicin 437 
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(or salicin-like compounds) fraction, pure triandrin fraction, and pure (+)-catechin fraction with 438 
Sephadex G-10 as separation material. Further fractionation of the monosaccharide–colorant fraction 439 
can then be realized using a WAC resin (CA10GC) in Na+ ions form. 440 

Separation of picein and salicin (or salicin-like compounds) can be realized using Amberchrom 441 
CG300M as the separation material (see Fig. 5A). Although the separation of picein, triandrin, and 442 
salicin was not very good due to overlapping of triandrin with both of the other compounds, good 443 
separation between picein and salicin can be expected after the separation of triandrin from these by 444 
Sephadex G-10 (see Fig. S24, SM). Assuming that solute-solute interactions are not significant, the 445 
experimental results in Fig. 5A indicate a recovery yield of 98.34% for picein when the recovery of 446 
salicin is 100% (Table 4). The recovery yield over the two-step process is thus 99.1% for salicin and 447 
97.5% for picein. As the existence of salicin in the extract was not confirmed by NMR analyses, the 448 
separation with Amberchrom CG300M can also be considered as a final purification step for picein. 449 

NMR spectra of the authentic compounds [6] was applied to confirm the purity of the recovered 450 
fractions. The HSQC (Fig. 6) and 13C NMR (Fig. S26 and Fig. S27, SM) spectra of the purified picein and 451 
triandrin fractions from the proposed process (Fig. 2) were clean. Quantitative 1H NMR spectroscopy 452 
[41] showed > 99 % purity for the obtained picein and triandrin fractions (Fig. S28 and S29, SM). On 453 
the other hand, the purified salicin fraction seems to be a complex comprising multiple components 454 
(Fig. S23, SM), which suggested Karin bark water extracts contained hardly any salicin, as reflected by 455 
the quantification with GC-FID (Table S3, SM). UV wavelength 260 nm gave a high absorbance 456 
response into the unknown fraction (between 1.12 BV and 1.28 BV, Fig. 3B), remained as the main 457 
factor into an overestimation of the reported salicin-like compounds (between 0.74 and 1.28 BV, Fig. 458 
3B). Furthermore, the recovery of (+)-catechin was hard to achieve, which might be attributed into 459 
the pH-induced oxidation shown at Fig. S30 (SM). 460 

 461 

Fig. 6. 2D 1H−13C HSQC NMR spectrum (δC/δH, 20−150/2.0−9.0 ppm) of the purified picein (left) and 462 
triandrin (right) fractions (see Fig. 2) in D2O.   463 

 464 
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4. Conclusions 465 
In summary, our study demonstrates an industrially scalable process for an efficient separation and 466 
purification of especially picein, triandrin, salicin, (+)-catechin, unidentified colorants and 467 
monosaccharides from Karin bark water extracts. The recovery yields obtained for the target 468 
compounds are as high as 96% to 100% at 99% purity level. The high purity of isolated picein and 469 
triandrin was assessed by 1H NMR, 13C NMR and HSQC NMR. Another observation was that majority 470 
of the colorants are not originating from the target bioactive compounds (i.e. picein and triandrin from 471 
Karin water extracts), but possibly some other conjugated chromophores or catechin-like flavonoids. 472 
Therefore a full exploitation of the Salix water extracts as a source of high value bioactive components, 473 
colorants and monosaccharides is first time proposed here. Further efforts are required to understand 474 
the bioactive compound’s partition behavior, retention mechanism, modeling of the separation 475 
phenomena in the column, which is required to design the continuous scalable process. Furthermore, 476 
similar approach can be extended to water extracts originating from other similar bark sources like 477 
spruce, poplar and eucalyptus. Last, further investigation into its pharmaceutical effects of the purified 478 
bioactive compounds would be beneficial for promoting higher value utilization of the often 479 
underappreciated bark residues. 480 
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