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ABSTRACT. Willow bark is a rich source of heterogeneous polyphenolic compounds and a 

potential feedstock for biorefinery processes aiming at chemicals and fiber production. Here mild 

hot water treatment of willow hybrid Karin was studied to find a practical means of isolating its 

non-cell-wall components for their utilization in a willow biorefinery proposed to aid valorization 

of the willow biomass. A short aqueous treatment of the bark at 80 °C liberated the extract in >20% 

yield under unpressurized conditions. The extract was characterized using mainly gas 

chromatography–mass spectrometry and one- and two-dimensional NMR techniques. Authentic 

analytes were applied to confirm the identification and quantification of the main components that 

were picein, (+)-catechin, triandrin, glucose, and fructose. Fructose was converted into 5-

hydroxymethylfurfural (HMF) in an acidic treatment which led to its condensation with the 

phenolic components and formation of a recalcitrant precipitate that should be avoided.  

 

Keywords. Picein, Triandrin, (+)-Catechin, Fructose, Willow bark, 5-hydroxymethylfurfural. 

 

 

Synopsis. Valuable aromatics picein, (+)-catechin and triandrin were extracted simply by hot water 

from willow bark. 
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INTRODUCTION 

Actions have been taken increasingly around the world to move away from today’s fossil carbon 

based economy towards a second generation bioeconomy based on sustainable use of 

lignocellulosic biomass. Besides its positive impact on climate, the transformation attracts the 

chemical, forest and pharmaceutical industries by offering several platforms for production of high-

valued chemicals and materials.1-3 In addition to the utilization of natural coppices, highly 

productive cultivated crops with short rotation times might be adopted for sustainable biomass 

production.4 In this regard, willow (Salix sp.) plantations have been considered for liquid fuel 

production in addition to their use for combined heat and power generation.5 In comparison with the 

rich uses of whole wood or its xylem fraction, bark has seldom been considered to have any 

significant value besides its use as a solid fuel. However, both hardwood and softwood bark has 

long been recognized to contain a plethora of various substances.6 Many of these are bioactive 

compounds that could be potentially utilized in treatment of a wide spectrum of diseases7,8. The 

bark often contains significant amounts of water soluble substances. For example, up to 50% tannin 

can be extracted from spruce bark simply using hot water as the solvent.9,10 

      Compared to willow xylem, willow bark has almost tenfold higher ash and extractives content 

and its fibers are much longer and stiffer.11 These observations led us to propose a willow 

biorefinery concept in which the bark is used for the isolation of sclerenchyma fibers and extracts 

whereas the debarked wood is converted into sugars or their products, such as ethanol, and a solid 

lignin residue.11 The proposed deconstruction scheme for willow biomass could potentially provide 

significant added value for the energy crop through production of high-quality fibers, liquid biofuels, 

sulfur-free lignin, and specific extractives. 

      Pressurized hot water treatment has been considered as a green extraction method for biomass.12 

The elevated temperature and pressure affect van der Waals and H-bonding interactions on 

interfaces, which enhances the penetration of the solvent into the biomass.13,14 Hot water processing 
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of various lignocellulosic materials may result in removal of extractives, deacetylation and 

degradation of hemicelluloses, and some structural changes in lignin and cellulose depending on the 

conditions applied. Intensive research has been carried out on high-temperature water treatment of 

pulpwood (prehydrolysis) for isolation of hemicelluloses and their subsequent conversion e.g. into 

oxygen barrier films, edible food coatings or biofuels.15,16 Steam explosion, that applies hydrolytic 

conditions at high temperature, has been regarded as having high potential as a pretreatment method 

to increase the accessibility and reactivity of lignocellulose towards its enzymatic saccharification.  

      Willow bark extracts have been widely studied due to their medicinal impacts and role in plant-

herbivore interactions. A variety of secondary metabolites, such as salicin, triandrin, (+)-catechin, 

picein and salicortin, as well as polymeric tannins, have been reported in Salicaceae; however, the 

quantities of these compounds vary widely depending on the willow species, age of the plant, 

growing season, and also the solvent used for the extraction.17–19 Salicin, a principal component of 

Salix bark, is well-known for its ability to treat lower back pain, fever, and mild headache, as well 

as serving as the fundamental prodrug for various salicylate derivatives.20–22 Triandrin has been 

considered for the symptom-based treatment of rheumatic conditions.23 Picein and catechin are used 

as antioxidants in the food industry.24,25 The diversity of extractable compounds that exists in the 

willow bark provides a potentially rich source of high-value products that is at worthy of further 

investigation. 

      Although articles have been published on the isolation of phenolic extracts of willow bark, this 

paper demonstrates that the principle products can be recovered through a mild hot water treatment 

of the bark and that these extracts undergo deleterious chemical conversion when subjected to 

harsher hydrolytic conditions. 

MATERIALS AND METHODS 
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      Plant Material and Hot Water Extraction. Four-year-old trees of willow hybrid ‘Karin’ were 

harvested and willow bark was separated manually with scalpel and stored at 20 °C.11 Deionized 

water (20 mL) and bark (2 g) were added in a Monowave 300 single-mode 25 mL borosilicate glass 

microwave reactor (Anton Paar GmbH, Graz, Austria). A magnetic stirrer operating at 600 rpm was 

utilized to mix the solution during the reaction. Time-to-maximum temperature was set to 1.5 min 

with 850 W maximum output power used. The isolation of water-soluble extractives was carried out 

at temperatures of 60, 80 and 100 °C with different reaction times in the range of 5–150 min. The 

water-soluble fraction was oven-dried at 40 °C overnight after filtering through a crucible (pore size 

of 10-16 µm). The extraction yield was determined based on the proportion of pure extractives as 

the average of three different runs.  

      Acid Treatment of Hot Water Extracts. Freeze dried hot water extract (HWE, 2 mg) was 

placed into a test tube filled with 20 mL distilled water, and slowly mixed with 697 µL of 72% 

H2SO4 to bring liquid acid concentration to 4% similar to NREL/TP-510-42623. Subsequently, the 

sample was treated in an autoclave at 121 °C for 2 h. After cooling at room temperature, the 

hydrolysed sample was diluted and passed through a 0.2 µm filter to isolate the insoluble material 

formed during the treatment. 

      High Performance Anion Exchange Chromatography (HPAEC). Monosaccharides in the 

willow bark extracts and hydrolysates were quantified by high-performance anion-exchange 

chromatography with pulse amperometric detection (HPAEC-PAD) in a Dionex ICS-3000 system 

(Sunnyvale (CA), USA) equipped with CarboPacPA20 column Pure water was used as the mobile 

phase and the analyses was carried out under room temperature at a flow rate of 0.38 mL min-1. 

      High Performance Liquid Chromatography (HPLC). HPLC was applied for the 

hydrolysates using a Dionex UltiMate 3000 HPLC (Dionex, Sunnyvale, CA, USA) equipped with 

an ultraviolet (UV) diode-array detector and Hyper REZ XP Carbohydrate Ca2+ column (8µm, 300 
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x 7.0 mm, Thermo Scientific, Waltham, MA, USA). Hydroxymethylfurfural (HMF) in the 

hydrolysate was detected by UV absorption at 280 nm. The analytical system was calibrated for 

HMF concentration range of 10 to 150 mg L-1. A 0.0025 mol L-1 H2SO4 solution was used as the 

eluent at a flow rate of 0.8 mL min-1. The column temperature was set to 70 °C. 

      Gas Chromatography (GC) and Gas Chromatography–Mass Spectrometry (GC-MS). 

Water extracts (0.5 mg) were frozen and freeze-dried prior to use. Afterwards, 1 mL of internal 

standard (0.1 mg mL-1 xylitol solution in methanol:water 9:1, v/v) was added and then evaporated 

under a nitrogen gas flow. The dried samples were then trimethylsilylated overnight in 150 µL 

pyridine with 150 µL hexamethyldisilazane (HMDS) and 70 µL trimethylchlorosilane (TMCS), 

then transferred to GC vials. The samples were analyzed by gas chromatography (PerkinElmer 

AutoSystemXL) with flame-ionization detection (FID) using an HP-1 column (25 m*0.2 mm, 0.11 

µm film) with a carrier gas of 0.8 mL min-1 H2. The injector was kept at 250 °C with split ratio of 

1:30. The column temperature was ramped from 100 °C (8 min) to 170 °C (0 min) at 4 °C min-1, 

and then to 290 °C at 12 °C min-1 with a hold time of 5 min. The GC parameters used for 

quantitative determination of the main components in the HWE are summarized in the Supporting 

Information (Table S1). GC-MS analysis of the samples was performed with an Agilent G1530A 

gas chromatograph equipped with an HP-5 column connected to Hewlett-Packard 5973-N Mass 

Selective Detector (California, USA). The column temperature was ramped from 80 °C after hold 

of 1 min to 320 °C at 8 °C min-1 followed by a hold of 15 min.  

      Nuclear Magnetic Resonance (NMR) spectroscopy. The solution-state NMR experiments 

were performed in D2O at 22 °C on a Bruker Avance III spectrometer operating at 400.13 and 

100.61 MHz for 1H and 13C, respectively. NMR data was processed using TopSpin 3.0 software. 

The 1H chemical shifts were referenced to water at 4.75 ppm at 22 °C. The NMR spectral 

parameters used for the HWE and purity identification of picein 1, catechin 2, and triandrin 3 are 

summarized in the Supplementary Information (Table S2). The solid-state 13C-CP/MAS spectra 
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were acquired on a Bruker AVANCE III spectrometer operating at 100.61 MHz using a 4.0 mm 

ZrO2 rotor. The following parameters were used: a relaxation delay of 5 s, a spectral width of 306 

ppm, 40K transients of 2K data points, a contact time of 1 ms, and a spinning rate of 8 kHz. 

      Ultraviolet Resonance Raman spectroscopy (UVRR). UVRR spectra of the acid precipitates 

of the hot water extracts were obtained with a Renishaw 1000 UV Raman spectrometer coupled 

with an Innova 90C FreD frequency-doubled argon ion laser (Coherent) and a Leica DMLM 

microscope. Spectra were collected using a 40 X deep UV objective (OFR) and an excitation 

wavelength of 244 nm. The detector was a UV coated CCD camera with a diffraction grating of 

3600 grooves/mm. Samples were rotated during the measurements in order to avoid changes in the 

sample due to the focused UV light on the sample and to obtain averaged spectra. The spectra were 

acquired for 60 s at 200–2400 cm-1 at a resolution of 7 cm-1. 

      Time-gated Raman spectroscopy, Infrared spectroscopy and Ultraviolet–visible (UV-Vis) 

spectroscopy.  All the spectral parameters and collected results are summarized in the 

Supplementary Information (Figure S1).  

RESULTS AND DISCUSSION 

Extraction yield. Figure 1 illustrates the relationship between the hot water extract (HWE) yield 

and the duration of the hot water treatment at three different temperatures. Although the yield was 

relatively high already after 5 min, it increased with time until 60 min and then remained relatively 
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constant during longer treatments. Raising the temperature from 60 to 80 °C led to a significant  

Figure 1. Effects of temperature and time on the hot water extract (HWE) yield from willow bark. 

increase in the yield. A further increase in the temperature to 100 °C possibly lowered the yield, 

which might have been attributable to partial degradation and/or precipitation of the extracts at the 

higher temperature. Notably, in only 30 minutes at 80 °C, ~21.5% of the original bark mass was 

solubilized, a level similar to that reported for acetone extraction of powdered inner bark of the 

same Karin willow.11 

Chemical composition of hot water extract 

GC-MS and GC. HWE were derivatized for increased volatility using hexamethyldisilazane 

(HMDS) and trimethylchlorosilane (TMCS), which converted the free hydroxyl groups to TMS 

ethers [O-Si(CH3)3]. The main aromatic compounds, i.e., picein, catechin and triandrin (Figure 2), 

were identified by GC-MS at retention times of 23.5, 25.1, and 25.8 min, respectively (Figure 3). 

The identity of the aforementioned compounds was confirmed by comparison with the retention 

times and mass spectra of the authentic compounds (see Supporting Information, Figure S2). The 

mass spectra of the TMS derivatives of picein and triandrin are plotted in Figure 4. 

 

 

 

Figure 2. The main aromatic components of hot water extractives: Picein 1, (+)-catechin 2, and 
triandrin 3, along with several sugars. 

Page 8 of 20

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 3. GC-MS total-ion chromatogram of HWE showing major peaks for: Picein 1, catechin 2, 
and triandrin 3, along with glucose (Glc), fructose (Fru), and internal standard (xylitol, Std). 

The mass spectrum of the TMS derivative of picein had a molecular ion of m/z 586 and the 

expected fragmentation. A characteristic m/z 361 fragment for trimethylsilylated hexopyranosides 

was present in the mass spectra of both picein and triandrin. The mass spectrum of the TMS 

derivative of triandrin had a molecular ion at m/z 672. The ion at m/z 205 was typical of the 

trimethylsilylated p-coumaryl alcohol substructure. Characteristic fragments of the TMS derivative 

of catechin match those observed in previous studies (see Supporting Information, Figure S3).25,26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Mass spectra of trimethylsilylated picein 1 (top) and triandrin 3 (bottom); the insert 
images are 32x magnified. 

Xylitol was used as an internal standard (Std) for quantitative analysis of the extracted aromatic 

compounds and sugars by GC/FID. The extracted water-soluble compounds included mostly 

glucose (Glc) and fructose (Fru) in addition to the three previously noted aromatic compounds (see 
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Supporting Information, Figure S4), which were identified earlier with GC using a different 

column and detectors.27 

NMR and IR spectroscopy. Successful structural verification of the main components of HWE 

was further illustrated through the usual array of NMR spectra: one-dimensional 1H and 13C, 2D 

1H–1H COSY, and 2D 1H–13C HSQC NMR spectroscopy. The HSQC spectrum of HWE (Figure 5) 

confirms that the extracts contain sugars (60-105 ppm) as well as aromatic (110-150 ppm) 

compounds. The  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 2D 1H–13C HSQC NMR spectrum of the HWE in D2O: Picein 1 (black); Catechin 2 

 (green); Triandrin 3 (red); α-Glc, β-Glc (blue). 

observed chemical shifts and full NMR interpretation are summarized respectively in Table 1 and 

the Supporting Information.28–31 Major signals in the HSQC spectrum matched those published for 
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picein 1, catechin 2 and triandrin 3 as well as the synthesized authentic compounds (see Supporting 

Information, Table S2 and Figures S5-S16). For extended 1H, 13C, and COSY spectra of HWE in 

D2O, see Supporting Information, Figures S17-S19). 

1,3,5-Trioxane was used as an internal standard for quantitative 1D 1H NMR spectroscopy of HWE. 

The NMR and GC-MS data together established that picein 1, catechin 2 and triandrin 3 were the 

main aromatic components of the willow bark HWE (Table 2 and Table S1 from Supporting 

information), as previously reported in the bark of various willow varieties.17,21,32 The IR spectrum 

of HWE (see Supporting Information, Figure S20) confirmed the presence of large quantities of 

aromatic components characterized by the strong absorption at 1605 cm-1.33 

Table 1. 1H and 13C NMR chemical shiftsa of picein 1, catechin 2 and triandrin 3. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Chemical shifts are expressed in ppm, and coupling constants (expressed in Hz) are in parentheses 
- Ambiguous or undefined values due to overlapping signals 

  Picein 1 Catechin 2 Triandrin 3 

H-2 7.89 d (J=8.90) 4.51 d (J=7.89) 7.28 d (J=8.64) 

H-3 7.08 d (J=8.94) 4.18 d 6.76 d (J=8.56) 

H-4  - 2.08 d  - 

H-5 7.08 d (J=8.94)  - 6.76 d (J=8.56) 

H-6 7.89 d (J=8.90)  - 7.28 d (J=8.64) 

H-7  -  - 6.55 d (J=16.11) 

H-8 2.50 s  - 6.13 ddd (J=16.11) 

H-9a  -  - 4.37 dd  

H-9b  -  - 4.27 dd  

H-1ʹ 5.10 d (J=3.86)  - 4.36 d (J=6.19) 

H-2ʹ 3.48 dd   - 3.19 dd  

H-3ʹ 3.98 dd   - 3.37 dd 

H-4ʹ 3.86 dd  - 3.28 dd  

H-5ʹ 3.49 ddd   - 3.33 ddd  

H-6ʹa 3.75 dd  - 3.80 dd  

H-6'b 3.59 dd   - 3.61 dd  

C-1 133.6  - 130.1  

C-2 130.9  80.6  128.0  

C-3 115.9  70.4  115.3 

C-4 160.7  30.1 155.4 

C-5 115.9  155.4 115.3 

C-6 130.9  95.8 128.0  

C-7  202.4 155.4 133.6 

C-8 26.0 95.8  122.0  

C-9  -  - 70.7  

C-1ʹ 99.3  - 100.9  

C-2ʹ 72.7  - 73.0  

C-3ʹ 74.8  - 76.1  

C-4ʹ 69.5   - 69.5  

C-5ʹ 76.0   - 76.0  

C-6ʹ 60.5   - 60.5 
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Table 2. Mass balance of the hot water extract (HWE) from willow bark. The extraction yield was 

21.5%. 

 

 

 

 

 
1 Determined by HPAEC and 1D 1H NMR spectroscopy 
2 By difference, unassigned compounds detected by GC and NMR spectroscopy. 

Chemical conversions under acid treatment.  

Monomeric sugar composition and HMF yield. The main monomeric sugars of HWE 

were glucose and fructose with traces of galactose (Figure 6). The acid treatment of the 

extract more than doubled the concentration of glucose through hydrolysis of glucosides, 

such as those in picein 1 and triandrin 3. Arabinose, rhamnose and galactose, which are 

characteristic monomeric sugars derived from pectin,34,35 also increased in content after the 

acid treatment of HWE; fructose was nearly absent (the content dropped from 12.3 mg/g to 

0.33 mg/g), presumably due to its facile conversion to hydroxymethylfurfural (HMF) under 

the acidic conditions.36 However, little HMF was detected in the hydrolysate (0.76 mg/g 

detected by HPLC) for reasons identified below. 

 

Figure 6. Monosaccharide contents of HWE before and after its treatment with acid. 
Arabinose (Ara), Rhamnose (Rha), Galactose (Gal), Glucose (Glc), Xylose (Xyl), Mannose 
(Man), Fructose (Fru). 

Component mg/g HWE 

Picein  286 

Triandrin  248 

Catechin  105 

Ash  59 

Monosugars 1 265 

Total detected  963 

Others 2 37 
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Precipitate composition and yield. The acid treatment of HWE formed a black precipitate 

with a yield of 376 mg/g. The precipitate formation was accompanied with the 

aforementioned ‘disappearance’ of fructose/HMF and a decrease in UV absorption of the 

dissolved material (see Supporting Information, Figure S21). The acid treatment shifted the 

UV absorption maximum from 265 nm to 280 nm corresponding to a drop in the content of 

aromatic substances and an increase in the content of HMF.37 

IR spectroscopy of the precipitate revealed a strong absorption at 1605 cm-1 that is 

characteristic of aromatic structures (Figure 7a).33 An ultraviolet resonance Raman (UVRR) 

spectrum of the precipitate possessed a major band at 1604 cm-1 that can be attributed to the 

symmetric aromatic ring stretching (Figure 7b).38 Time-gated Raman spectroscopy revealed 

major emission bands at 1556, 1597, and 1628 cm−1 (Figure 7c). The 1597 cm-1 band 

represents the aromatic C=C ring breathing in aromatics with various types of substitution 

whereas the emission at 1628 cm−1 is typical of conjugated aromatic aldehydes and 

ketones.39 The additional Raman peak at 1556 cm−1 is unusual for lignocellulose and reveals 

a high degree of conjugation in an organic structure, with roughly 7 photon flux units 

conjugated together.40 Such a high degree of conjugation might have a connection with the 

black color of the precipitate. The 13C-CP/MAS spectrum of the precipitate had signals in 

the aliphatic carbon region (0-90 ppm), in the unsaturated carbon region, including aromatic 

and furan structures (90-160 ppm), and the carbonyl region (160-220 ppm) (Figure 7d). In 

the spectrum, high signal intensities for the aromatic structures were observed at 109, 131 

and 156 ppm, characteristic furan ring resonances were found at 118 and 146 ppm, and a 

carbonyl signal at 211 ppm.41,42 
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Figure 7. Characterization of the precipitate: (a) Infrared spectrum; (b) UVRR spectrum; (c) 
Time-gated Raman spectrum; (d) Solid-state 13C CP/MAS spectrum. 
 

In all, the gathered analytical data strongly suggests that under acidic conditions the fructose 

present in HWE forms HMF which then condenses with the phenols to form a solid 

precipitate. Although the conversion was demonstrated here with acid treatment of the 

extract, similar conversion might take place, e.g., during steam explosion of biomass that 

combines acid conditions with high temperature. 

Conclusion 

Mild hot water treatment seems to be a practical and cheap way of isolating non-cell-wall 

substances from willow bark in high yield under very short time. The extract from hybrid 

Karin, studied in this work, is rich in certain aromatic compounds, such as picein, catechin, 

and triandrin, all of which could find specific uses as pure components, that could probably 
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be isolated and purified based on differences in their solubility and adsorption behavior.43,44 

Fructose, also present in the extract, makes it unstable under harsher acidic conditions 

through formation of hydroxymethylfurfural that spontaneously condenses with the phenolic 

substances to form highly insoluble polymeric material. Further efforts are still needed to 

understand how to avoid, control, or utilize these secondary reactions. The hot water 

extracted bark could be subjected to additional treatments to separate the high-quality fibers 

that are present in willow inner bark and to realize the willow biorefinery scheme as 

proposed earlier.11 
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