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Abstract 

Lignocellulose may be a renewable carbon substitute for petroleum; however, lignocellulosic 
biorefinery requires thorough physical and chemical characterization to design the most economical 
method for its exploitation. We therefore performed a range of extractions, degradations, and 
analyses to characterize a commercial willow biomass resource that has not yet been defined and 
may be a promising woody resource for the Midwestern USA, especially Michigan. These 
characterization procedures are believed to be generalizable to examine other lignocellulosic 
resources, which inspired us to compose a course outline that may convey bioeconomy concepts. Our 
data complements existing characterizations of willow biomass and identifies which of our 
assortment of willow varieties are particularly suited for different products of the emerging 
bioeconomy, which is the raw data that is essential to inform the selection and processing 
mechanisms of biomass resources. 

Keywords: willow; biomass; resources; biorefinery; characterization; Midwest; lignocellulose 
 

Introduction 

Petroleum is unsustainably both a finite resource[1,2] and a substantial contributor to 
anthropogenic wastes: e.g. non-degradable plastics[3–6] and carbon-positive fuel emissions[7], which 
exacerbate climate change[8,9] and species extinction[10,11]. A Green Chemistry Principle[12] and a 
few Sustainable Development Goals[13] acknowledge these shortcomings of a petroleum-based 
chemical industry, and accordingly advocates for the use of renewable resources like plant biological 
material (biomass) in lieu of petroleum products towards the goal of achieving industrial and social 
sustainability.  

Lignocellulosic biomass is Earth’s most abundant and renewable carbon resource, e.g. tera-tons 
are produced annually[14] via photosynthesis, and thus this is the most logical renewable 
replacement for petroleum. The isolated carbohydrate and aromatic monomers of lignocellulose can 
be readily processed into high-value platform chemicals[15–17], fuels[18,19], and materials[20,21]; 
however, the process of isolating these monomers is formidable for  biorefinery [15,16,22]. Industry 
consequently favors food biomass like corn and sugarcane that can more easily be refined into 
isolated carbohydrate monomers while also minimizing problems of corrosive minerals[23]. Food 
biomass, despite being more sustainable than petroleum[24], is disadvantageous to woody 
lignocellulosic for contributing to food insecurities[25], yielding only carbohydrate-derived products 
through biorefinery, and requiring more fertilizer[26] with often less yields[27] than lignocellulosic 
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biomass[29], which is depicted in Table 1. Research into characterizing lignocellulosic biomass and 
the isolation of monomers therefrom is thus essential to efficiently exploit Earth’s most abundant and 
renewable carbon source for a sustainable chemical industry. 

The clarion call for lignocellulosic biorefinery research motivated our broad characterization of 
commercial willow biomass, similar to other studies of wood-derived biomass[30]. Willow was 
selected as an archetypical lignocellulosic resource for offering 1) rapid growth and asexual 
reproduction that are amenable to short rotation crop strategies[31], 2) remediation of 
wastestreams[32] and contaminated soils[33], and 3) desirable adaptations to the seasonal 
fluctuations[34–36] of climates like Michigan. Our willow varieties – Fabius (Salix viminalis x Salix 
miyabeana), Fishcreek (Salix purpurea), Millbrook (Salix purpurea x Salix miyabeana), and SX64 (Salix 
miyabeana) – were sourced from DoubleAWillow[37]. Short rotation woody crops such as willow, 
poplar, and aspen have been explored in Michigan previously[38,39], however, these studies 
exclusively evaluated biological growth metrics and did not evaluate wood characteristics. We 
therefore conducted an array of analytical experiments, in partnership with biological 
collaborators[40], that advance the literature of willow biomass[41–43] and especially within the 
Midwestern USA. We postulate that our chemical characterizations will inform the selection of 
willow biomass in future, large-scale, biomass projects and perhaps guide biorefinery techniques to 
specifically process willow biomass. We furthermore devised an upper-level biorefinery laboratory 
course around these experiments – which is expressed in the Supporting Information – as a means of 
conveying bioeconomy concepts whilst characterizing lignocellulosic resources. The unreported data 
of commercial willow biomass herein supports the bioeconomy in the Midwestern USA and may 
further elucidate biomass options for large-scale biorefinery to meet the goal of a sustainable 
bioeconomy.  

Table 1. Annual requirements for 1st generation biomass food crops (corn and soybeans), a fiber crop (hemp), 
and a woody crop (willow). 

Plant feedstock Water requirements 

(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

) 

Fertilizer requirements 

( 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻∗𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

) 

Dry crop yield 

( 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾∨𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻∗𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

) 

Corn 3433,5-8804 3381 ~29003,2 – 11,8004 

Soybeans 7335 59-3217 17201-85006 

Willow 

(lignocellulosic) 

4949–39548 1007 77007 

1 The total mass is constituted by nitrogen (162kg), phosphate (68kg), Potash (90kg), and Sulfer (18kg) [56]. 2 The 
‘56 lb per bushel’ definition is assumed [57]; 3 [58]; 4 440 𝑚𝑚𝑚𝑚

𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
 for irrigated water requirements [59]; 5 A weighted 

average of the irrigated and non-irrigated fields [60]; 6 Nitrogen exclusively for non-nodulating isolines [61]; 7 

Exclusively nitrogen fertilization, where the addition of potassium and phosphorous fertilizers were not 
associated with increased growth rates [26]; 8 The seasonal EF in wetlands [62]; 9 Sapflow was considered a proxy 
for transpiration [63]. 
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Materials and Methods 

Our experimental sequence is depicted in Figure 1. Steps 1-4, preceding the “ground, dried” 
sample, simply maximize sample surface area and dryness to improve the efficacy of subsequent 
experimentation. Each branch of arrows emanating from the “ground, dried” is an independent 
experiment that is individually discussed.   

 
Figure 1. An sequence of experiments in the biorefinery course. Steps 1-4 achieve a “ground, dried” sample 
through processes that are specific to the biomass. Steps 5 & 6 are dependent only upon steps 1-4; Steps 8 & 9 
are dependent upon steps 1-4 and step 7. The text above each arrow describes the technique or method that is 
used experiment, while the bolded text below each arrow describes the quantitative data that is acquired from 
the process. 

Harvesting and Drying 

We harvested ~200g of stems from each willow variety ≈ 1 year after the establishment year. 
The varieties were examined both individually and as a mixed group (“M”) that was aged outside 
between January – May. The seasonal exposure of the M samples controlled against weathering and 
sample age. A wild 5-year-old willow was harvested near the farm plot (“W”) which controlled for 
farming practices and domestication. All samples were processed into “ground, dried” samples by 
first chipping via an electric chipper and then cutting the samples into small wood chips. The 
homogeneous chips were then dried either in a convection oven at 80°C for ~3 days, or in a lyophilizer 
at ~0.031 mBar and -52 ºC for 1 day. The % moisture was calculated 

(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

∗ 100         (1) 
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and was contrasted between both drying methods. The dried chips were then ground in a KitchenAid 
coffee-mate coffee grinder until small pellets and fine dust remained, which we called the “ground, 
dried” (GD) sample. This sample was used in all of the subsequent experiments.  

Ash Determination 

Clean platinum crucibles were loaded with 5g of GD sample and were burned at 575°C for ~2 ¾ 
hours. The % ash of the charred sample was determined via Equation 1. A 90 mg portion of this ash 
was dissolved, at ~90°C over 20 minutes, in a solution of 24 mL of DI water and 1 mL of 6 M HNO3 
(other acids can be used[44]). The dissolved ash solution was filtered via a Hirsch funnel, 
reconstituted to 25.00 mL, and then diluted 1.00:100.00. The elements copper, zinc, cadmium, and 
lead were analyzed via AAS and ICP-MS (Tables S2-S6). 

Organic Extractions 

Steam distillation and Soxhlet extraction were both conducted. Steam distillation of 20g of GD 
sample produced 200mL of distillate after ~1.5 hours. This distillate was subsequently extracted in a 
separatory funnel with ~15g of NaCl and two 10mL aliquots of either ethyl acetate or hexanes solvent, 
where ethyl acetate was more efficacious and also greener[51]. The resultant organic layers were 
combined and condensed to 1mL via N2 gas evaporation. Soxhlet extraction of 10 ± 2𝑔𝑔  of GD 

sample, with ~275mL of solvent, was conducted for ~50 reflux cycles at 
8𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

1𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
. The extract was 

condensed to ~10mL via a rotary evaporator and was cooled to room temperature. Any precipitate 
was vacuum filtered via a Buchner funnel. This precipitate from ethanol solvent was identified as 
Braun’s lignin[45], which derived through solvolysis of the native lignin[46]. The post-Soxhlet 
extraction residual solids were air-dried and the % extract was quantified using Equation 1.  

The residual solids after Soxhlet extraction with ethanol solvent were predicted to be purely 
lignocellulose, which assumes that organic metabolites were completely removed during extraction 
and thus the remaining constituent of the sample is lignocellulose. These residual solids were 
accordingly used representatively as lignocellulose in subsequent bomb calorimetry and 
delignification experiments.  

The distillates and extracts were analyzed via spectroscopy and chromatography with consistent 
integration parameters (Tables S7-S8) and with the NIST mass spectral chemical library. A dual-beam 
UV-Vis spectrophotometer and matching quartz cuvettes assessed Soxhlet extracts after serial 
dilutions of approximately 3:1, 1:9, 1:99, and 1:699 sample to solvent ratios. 

Bomb Calorimetry 

A calibrated bomb calorimeter was loaded with 0.45g of lignocellulosic residue and a superficial 
layer of ~0.55g of vegetable oil that served to homogenize combustion and mitigate sample dispersal. 

A deliberately slow and steady 
8𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
1𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥

  pressurizing and depressurizing rate was used to 

additionally mitigate sample dispersal. The enthalpy calculations are expressed in the Supporting 
Information, where the correction factor for altered pressure during combustion was ~6 orders-of-
magnitude less than the standard deviation of our measurements; hence, we conclude that the 
correctional factor is negligible for lignocellulosic biomass.  

Delignification 

Alkaline and acidic delignification were both explored as means of isolating the carbohydrate 
and aromatic monomers of willow lignocellulose. The alkaline procedure dissolved 1g of 
lignocellulosic residue in 0%, 5%, 10%, or 15% NaOH solutions, with 2 vials for each alkalinity. One 
of the vials was stirred at ~70 °C for an hour and was then stirred at room temperature for a few days, 
while the other vial was only stirred at room temperature for a few days. The resultant amber- to 
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black-colored solutions were vacuum filtered, washed with alcohol or water, and then the filtered 
isolates were air-dried to yield crude lignin.  

The alternative acid delignification procedure dissolved ~8 g of lignocellulosic residue in ~60 mL 
of a 9:1 mixture of 1,4-dioxane and 2M HCl, under heat, which generated a maroon-colored solution. 
This solution was cooled to room temperature, where precipitate was collected via vacuum filtration 
and was air-dried. The air-dried precipitate was then dissolved in 10 mL of a 9:1 mixture of acetone 
and water to produce a purple solution that was diluted 1/10 with DI water, vacuum filtered, and 
then the filtered isolate was air-dried to yield crude lignin. The second purification dissolved the 
crude lignin isolate in 10 mL of a 9:1 mixture of acetone and methanol that was subsequently diluted 
1/10 with diethyl ether, vacuum filtered, and then the filtered isolate was air-dried to yield purified 
lignin. The mass balance of each acidic purification is articulated in the Supporting Information. The 
fractions after both alkaline and acidic delignification were analyzed via IR spectroscopy.  

Results  

Moisture Determination 

The moisture data in Table 2 reveal that oven-drying and lyophilization are statistically 
equivalent. This suggests that either willow biomass is devoid of volatile organic compounds (VOCs), 
since mass from VOCs would be lost during the oven-drying yet not during lyophilization, or that 
VOCs are unable to volatilize from lignocellulosic integument. The former corroborates with steam 
distillate data where minimal organic material was spectroscopically detected in its essential oil. The 
data also reveal significant differences between the willow varieties; first, the Fishcreek variety 
possesses the lowest moisture content; and, second, the weathered M samples possess less moisture 
yet contain an equivalent Soxhlet extractable content, which suggests that aging samples outside may 
be an effective method of dehydrating lignocellulosic biomass without sacrificing extractable content.  

Table 2. Moisture and ash data for each willow variety. The error derives from 2-4 trials. The 1 superscript 
denotes a lyophilized trial. 

Wood sample % moisture (from total 

biomass) 

% Ash (from 

dehydrated 

samples) 

W 

 

50.06 ± 0.71 

 

2.862 ± 0.037 

 

M 19.76 ± 0.26 2.44 ± 0.27 

Fishcreek   43.6 ± 1.6           

42.31 

1.51 ± 0.24 
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Fabius  52.2 ± 2.0           

53.61 

2.39 ± 0.37 

SX-64  50. ± 2.2             

50.41 

2.53 ± 0.67 

Millbrook  51.6 ± 1.2           

51.11 

2.72 ± 0.53 

Ash Determination 

The ash data in Table 2 reveal a few significant differences between the willow varieties. The 
Fiskcreek variety notably possesses the lowest ash content while the wild W samples possesses the 
greatest ash content. Our willow varieties further contain an order of magnitude more copper than a 
similar measurement in literature (Table 3), which may be indicative of bioremediation, similar to 
other elements[47,48].  

Table 3. Elemental concentrations in ash from the Fishcreek variety. The quantities are compared with a 
literature reference. 

Data source Copper (ppm) Lead (ppm) Cadmium (ppm) Zinc (ppm) 

Keller et al.[64] (ox. conditions) 171  - 2  7293  

Fiskcreek 2300 18 2.3 7500 

Extraction 

The essential oil via steam distillation was essentially devoid of organic content. Both organic 
fractions of the W samples and the hexanes fraction of the M samples possessed only solvent peaks 
in their GC chromatograms, and the respective aqueous mother liquid only possessed the 1635 cm-1 
IR peak of water (Figure S6)[49]. The ethyl acetate fraction from the M samples revealed three subtle 
but identifiable organic peaks (Table S9) that are similar to reported extract from other willow 
varieties[50]; nevertheless, the miniscule organic content in the essential oil corroborates with the 
oven-drying and lyophilization equivalence to suggest that willow biomass is a poor source of VOCs. 

The Soxhlet extracts, by contrast, were a chemical cornucopia. The use of organic, liquid-phase, 
extraction dissolves non-volatile compounds like chlorophyll[52], in the UV-Vis spectra (Figure S13), 
and the identification (Table S11) and quantification (Table S12) of these larger metabolites. Ethanol 
solvent 1) extracted more mass than acetone, DCM, or hexanes (Table S10), which was between 
[9.8%, 12%] in Table 4; 2) displayed the most diverse extractable profile (Figure S14); and 3) is the 
greenest solvent[51]; hence, ethanol was used exclusively for all comparisons between the willow 
varieties (Figures S14). The integrated GCMS chromatograms revealed that the Fishcreek variety 
possesses the greatest concentration of aspirin precursors, salicin and salicylic acid in Figure 2, and 
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moreover revealed hereditable patterns in metabolic production, which is elaborated in the 
Supporting Information. 

Table 4. Extractable content via ethanol Soxhlet extraction for the four cultivated willow varieties. 

Willow variety Proportion of extractable mass (%) 

Fishcreek (Salix purpurea) 9.8 ± 1.1  

Fabius (Salix viminalis x Salix miyabeana) 11.22 ± 0.90 

SX-64  (Salix miyabeana) 12.42 ± 0.40 

Millbrook (Salix purpurea x Salix miyabeana) 10.72 ± 0.70 

 
Figure 2. Gas chromatogram of the ethanol Soxhlet extract from the Fishcreek willow variety. 

Enthalpy of Combustion 

The enthalpy-of-combustion measurements in Table 5 revealed that the Millbrook variety 
significantly possesses the greatest enthalpic density, relative to the other examined varieties. The 
results align with literature after considering that the literature assesses the entire biomass 
(lignocellulose + extractable) while our experiments only assessed lignocellulose, which skews our 
results lower since lignocellulose is quite oxidized.  

Table 5. Enthalpy of combustion data from the bomb calorimetry experiments. The pre-extracted four willow 
varieties are contrasted with an un-extracted willow species from literature. 

Sample 

Enthalpy of combustion 

(kilojoules/gram) 

Standard deviation 

(kilojoules/gram) 

Vegetable oil 43.4 0.3 

Fabius (Salix viminalis x Salix miyabeana) 13.0 0.5 
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SX64 (Salix miyabeana) 15.3 0.5 

Millbrook (Salix purpurea x Salix 

miyabeana) 17.6 0.3 

Fishcreek (Salix purpurea)  15.5 0.2 

Salix babilonica[65]  18.279 0.348 

Delignification 

IR spectroscopy confirmed the presence of depolymerized lignin in our alkaline isolates. The 
carbonyl[53] peak at 1706 cm-1  in Figure 3 is evident in Kraft lignin from literature[54] from literature 
and in our Braun's lignin[45] (Figure S16 and Table S14), which supports that this peak is 
representative of depolymerized lignin. This peak was furthermore observed exclusively with 
conditions of ≥ 70°C heat and ≥ 10% alkaline in Figure 3, which suggests that minimum conditions for 
alkaline delignification of willow lignocellulose exist between 23°𝐶𝐶 < 𝑥𝑥 < 70°𝐶𝐶 and 5% < 𝑥𝑥 < 10% 
alkaline. This peak was inversely proportional, from full width at half maximum calculations (Table 
S15-S16),  with the hydroxyl and C=C peaks of native lignocellulose in Figures 3 at 3345 cm-1 and 
1647 cm-1, respectively, which suggests that the carbonyl peak may be mechanistically formed from 
phenolic oxidation of native lignin[55]. Delignification in alkaline conditions is finally supported by 
a pronounced C-H out of plane bend[53] peak at 879 cm-1 in the lignin spectra of Figure 3, where 
depolymerized lignin possessing more sp3 bonds, and thus more out-of-plane bends, than native 
polymerized lignin. This out-of-place bend is likewise proportional with temperature and alkalinity, 
which further solidifies the hypothesized minimal conditions for delignification in alkaline 
conditions. 

The lignin isolates from acidic conditions were subtly distinct from those in alkaline conditions. 
A carbonyl peak at 1717.45 ± 0.07 cm-1 was observed in all acidic delignification trials (Tables S17-
S18), which may represent a blue-shifted form of the 1706 cm-1 carbonyl from alkaline conditions and 
Braun’s lignin that represents a slightly different atomic environment. This highlights the 
dependency of lignin characteristics upon the delignification method[45], and thus these experiments 
may uniquely inform the expected qualities of the derived lignin monomers. The spectra for crude 
and purified lignin isolates were nearly identical (Table S18), which suggests that the secondary 
purification in acidic conditions is unnecessary. The purification yields, following mass balance, were 
determined to be 5-17% (Table S19-S20).  
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Figure 3. FTIR spectra of trials with 10% and 15% alkaline. The background figure depicts the 10% trial, with 
heated filtrate on top and room temperature filtrate on bottom. The foreground figure depicts the 15% trial, with 
heated filtrate as the black (top line), room temperature filtrate (red), heated solid residue (blue), and room 
temperature solid residue (green). 

Discussion 

Our analyses of DoubleAWillow varieties reveal significant differences and amenable properties 
for woody biorefinery. The Fishcreek variety (Salix purpurea), for example, exhibits the lowest 
moisture and ash contents, and the greatest concentration of pharmaceutical precursors, which 
suggest that this variety is the best overall biomass resource, particularly for the pharmaceutical 
industry that may use biomass crops to source steroidal compounds that are expensive and inefficient 
to synthesize. The Millbrook variety (Salix purpurea x Salix miyabeana), by contrast, possesses the 
greatest enthalpy density, which suggests that this variety may be the best biofuel resource. The data 
additionally reveal spectral qualities of willow lignin monomers in both alkaline and acidic 
conditions, and moreover identify minimum conditions for alkaline delignification to occur. The ash 
measurements finally suggest copper accumulation, which, since the soil is not contaminated with 
copper, suggests unreported bioremediation behavior of copper similar to that of other minerals.  

The aforementioned results, as a complement to the biological observations of impressive 
growth by our biological collaborators, elucidates chemical characteristics of willow biomass that we 
believe support its use as a biomass resource in the American Midwest. Identifying and 
characterizing candidate biomass resources is an important initial step, and perhaps may inspire the 
exploration of other woody lignocellulosic resources, towards a sustainable local bioeconomy.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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