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Abstract The results of a small-scale method for the extrac-
tion of a range of feedstock samples, comprising herbaceous,
hard, and soft wood, were compared to the conventional
method using accelerated solvent extraction (ASE). In gener-
al, the extractives were in the range of 97.3 to 104.4 % of the
values obtained by the conventional method, and the manual
method was highly reproducible (0.1–1.6 % relative standard
deviation, n=5). The analysis of the water phases from
sugarcane revealed that the two methods resulted in almost
identical soluble sugar composition. The composition of the
resulting biomass was 98.8–103.7 % (average 100.9 %)
Klason lignin, 96.2–99.5 % (average 98.2 %) glucan, and
97.5–101.1 % (average 98.0 %) xylan of the results obtained
from an analysis starting with ASE. The newly developed has
been shown to be a fast and inexpensive alternative to the
conventional ASE and an ideal tool when only small amount
of sample is available.

Keywords Extractives . Biomass . ASE . Biofuels .
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Introduction

The terminology of extractives defines all compounds of the
plant that are not part of the cell wall structure and that can be
extracted by water or organic solvents [1]. Therefore, the term
“extractives” contains a complex and nonuniform mixture of

compounds, such as nonstructural sugars, amino acids, lipids,
salts, waxes, terpenes, flavonoids, sterols, and chlorophyll, all
with different chemical properties.

It has long been known that removal of extractives prior to
analysis improved the accuracy of the Klason lignin assay [2]
and structural carbohydrates [3]. The technical report for
determination of extractives in biomass developed by Nation-
al Renewable Energy Laboratory (NREL) also recommends
the use of extracted biomass for carbohydrates and lignin
analysis [4]. Omission of this extraction step may result in a
bias of structural carbohydrates and lignin levels [4, 5].

Whereas the presence of certain extractives compounds can
reduce accessibility to carbohydrate polymers causing incom-
plete hydrolysis resulting in lower structural carbohydrates,
some extractives are acid-insoluble and can coprecipitate with
lignin leading to elevated Klason lignin levels. In addition,
biomass with higher amounts of nonstructural free sugars
(e.g., sugarcane) must be subject to an extraction step. This
ensures that these sugars are not determined together with the
sugars released from cellulose and hemicellulose hydrolysis
causing a higher measured structural carbohydrate content.
Furthermore, extractives removal is necessary in order to dis-
tinguish between structural and nonstructural inorganics [6].
Thus, it is evident that biomass extraction is a required step in
order to obtain accurate biomass compositional analysis data.

Methods for determination of extractives are based on a
standard method (TAPPI T 264 cm-07) developed by the pulp
and paper industry [6–8]. Standard methods describing the
preparation of extractive-free wood have been validated and
are available from the American Society for Testing and
Materials (ASTM). One standard procedure (“ASTM
D1105-96: preparation of extractive-free wood” [9]) describes
a 4-h Soxhlet extraction with an ethanol-toluene mixture
followed by a 4-h ethanol extraction and a subsequent hot
water extraction of the previously extracted and air-dried
material for another 3 h. A second standard method (“ASTM
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E1690-08: determination of ethanol extractives in biomass”
[10]) is a gravimetric determination of ethanol extractives in
biomass after a 24-h exhaustive Soxhlet extraction. This pro-
cedure is suitable for hard and soft wood, herbaceous mate-
rials (e.g., switchgrass), agricultural residues (e.g., corn stover,
wheat straw, and bagasse), and wastepaper.

In addition, NREL has established extraction laboratory
analytical procedures (LAPs) for biomass feedstocks which
have been extensively cited in the literature [5]. For herba-
ceous feedstock, a water extraction step was added before the
ethanol extraction because of the higher amount of water-
soluble material compared to woody biomass [6].

The NREL methods describe two alternative extraction
procedures. Since the traditional standard Soxhlet method is
time consuming and takes up to 24 h for each extraction step,
the method has also been validated using the Dionex acceler-
ated solvent extraction (ASE) system operating at higher
temperature and higher pressure (around 100 bar) which
greatly reduces both extraction time and solvent use [6, 11].

A variation of the Soxhlet method is the automated and
accelerated Soxtec procedure reducing the extraction time by
about 75 %. The main difference compared to the Soxhlet
methods is that the sample in the thimble is lowered and
totally immersed in the boiling solvent [12, 13].

The chemical inhomogeneity of the extractives makes gra-
vimetry an ideal analytical method for their combined quan-
tification. Therefore, a widespread procedure is to remove the
solvent (e.g., under reduced pressure) and weigh out the
leftover residue. However, this adds another labor- and time-
intensive step to the extractives determination method. In our
laboratory, we predominantly use the ASE with the two-step
water/ethanol solvent method [4], but we then quantitatively
remove the extracted biomass from the extraction cell for the
purpose of drying and determination of the percentage weight
loss after extraction. This weight loss directly corresponds to
the amount of extractives present in the biomass.

For this method, the high pressure applied during the ASE
procedure impedes the use of very fine particles (e.g., finely
ball-milled biomass) because the biomass can be pressed out
of the extraction cell onto the filter making the separation of
filter and biomass complicated. This makes the accurate de-
termination difficult or even impossible, especially when parts
of the filter are stuck to the frit (see Fig. S1). Ball-milling is
often the method of choice for homogenization of biomass,
especially when available sample amount is low and knife-
milling with sieve screens would lead to high sample losses.

In order to be able to prepare biomass for composition-
al analysis, a fast and reliable extraction method for ball-
milled biomass is needed. The method should result in
comparable compositional data as the conventional ap-
plied method. Therefore, we have developed a small-
scale manual extraction method that can handle small
sample amounts (100–300 mg) as well as small particle

sizes. The results were compared to the conventional
method using ASE extraction.

Materials and Methods

Chemicals and Biomass

All chemicals were from Sigma-Aldrich (St. Louis, MO) or
Fisher Scientific (Pittsburgh, PA) unless otherwise mentioned.

Polypropylene solid phase extraction (SPE) filtration tubes
(3-mL volume) with polyethylene frits (20-μm porosity) and
vacuum manifold (Visiprep™) were from Sigma-Aldrich.
Depending on the biomass used for extraction, the filtration
cartridges were heat-pretreated before usage at 105 °C for 15 h
or at 45 °C under vacuum for 15 h.

Miscanthus (Miscanthus x giganteus), corn stover (Zea
mays ssp. mays), eastern cottonwood (Populus deltoids, “pop-
lar”), Sherburne willow (Salix x Sherburne 9871-31, “wil-
low”), sugarcane (Saccharum officinalis), and loblolly pine
(Pinus taeda) were obtained dried from Energy Biosciences
Institute, Urbana-Champaign, IL. “Miscanthus A” was har-
vested in December 2009 in Fairfield, IL; “MiscanthusB” and
“Miscanthus C” were harvested in October 2009 in Orr and
Dixon Springs, IL, respectively. Energy cane (Saccharum
sponteneum) was obtained dried from the BP Global Tech-
nology Center, San Diego, CA. All biomass was ground by an
SM200 cutting mill (Retsch, Haan, Germany) with a 2-mm
sieve screen.

Monterey pine (Pinus radiata) RM 8493 and wheat straw
(Triticum aestivum var. Thunderbird) RM 8494 were obtained
from the National Institute of Standards and Technology
(NIST).

Unless mentioned otherwise, all drying steps for experi-
ments with biomass samples except for sugarcane were per-
formed at 105 °C for 15 h. In experiments involving sugar-
cane, drying was performed at 45 °C under vacuum for 15 h in
order to prevent soluble sugar degradation.

ASE Extraction

One gram of dried biomass (passed a 2-mm sieve screen) was
weighed into a 5-mL extraction cell (Dionex, Sunnyvale, CA,
USA) fitted with a preweighed dried glass fiber filter (Dionex)
and was extracted three times each with water and 190 proof
ethanol at 100 °C using an automated solvent extractor
(ASE 350, Dionex). Settings are the following: 150 % rinse,
three cycles per solvent, 60-s nitrogen purge after extraction
[4]. The extracted biomass of the cell including glass fiber
filter was transferred into a dry and preweighed aluminum pan
and dried at 105 °C for 15 h. The weight was determined, and
the amount of extractives was calculated as the percentage
weight loss based on the initial dried biomass used for
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extraction. A 1-g aliquot of the extracted biomass was ground
in a canister ball-mill (model 8200, Kleco, Visalia, CA, USA)
for 5 min, and the powder was dried as specified in
“Chemicals and Biomass” and stored in a closed container
for compositional analysis.

Small-Scale Extraction

One gram of 2-mm ground biomass was homogenized by
ball-milling for 5 min in a canister ball-mill (model 8200,
Kleco) and dried as specified in “Chemicals and Biomass.”
For the 10- and 15-min ball-milling time experiments, a
cooling time of about 15 min was applied after each 5-min
ball-milling interval. About 250-mg sample of dried and ball-
milled biomass was weighed to the nearest 0.1 mg into a
predried (as specified in “Chemicals and Biomass”) 3-mL
filtration tube with a frit (Fig. 1a). The tubes were placed on
the vacuum manifold (Fig. 1b). Biomass was mixed first with
70 °C hot deionized water and then with 70 °C hot 95 %
ethanol in aliquots of 2 mL up to the total volume used per
extraction (e.g., if total extraction volume is 12 mL, 3×2 mL
water and then 3×2 mL of ethanol was used). Biomass and
solvent were suspended after each addition of a 2-mL aliquot
by stirring with a metal spatula, and the solvent was then
removed by vacuum filtration. The metal spatula was left
inside the filtration tube until the addition of the last aliquot
of ethanol which was split in half (Fig. 1b). The first milliliter
was used to resuspend the biomass using the spatula. The
second milliliter was used to rinse off any biomass from the
spatula into the filtration tube. Filtration was performed by
applying vacuum tomanifold, and filtrate was collected inside
the manifold in 15-mL tubes for further analysis (sugarcane)
by high-pressure anion exchange chromatographywith pulsed
amperometric detection (HPAEC-PAD).

Extracted biomass was dried inside filtration tubes as speci-
fied in “Chemicals and Biomass” and weighed to nearest
0.1 mg. Extractives amount was calculated as the percentage
weight loss based on the initial dried biomass used for extrac-
tion. Recovery of the extracted biomass from the filtration tube
was achieved by inserting a thin metal rod (e.g., Allen key) from
the tip end and pushing the frit and biomass out of the barrel.

Compositional Analysis

The determined carbohydrate and lignin composition was
adjusted to a “dried and nonextracted” biomass basis by
multiplying by a conversion factor of (100−(extractives con-
tent [%])/100).

Determination of Carbohydrates

About 50 mg of extracted, ball-milled, and dried biomass
were weighed to the nearest 0.01 mg into a modified hungate

vial and incubated with 0.5 mL of 72 % (w/w) sulfuric acid at
room temperature with vortexing every 15 min. After 1 h,
14 mL of deionized water was added, the vial was crimp-
sealed, vortexed, and the mixture was autoclaved for 60 min
(liquid cycle) [14]. A sugar recovery standard containing the
same sulfuric acid concentration was prepared in a similar
way and coautoclaved with the samples for calculation of
monosaccharide degradation during autoclaving. After
cooling to room temperature, the mixture was vortexed and
kept in refrigerator overnight, and 1 mL of the clear superna-
tant was filtered (0.45 μm, polyethersulfone) and analyzed by
high-pressure liquid chromatography with refractive index
detection (HPLC-RID).

Determination of Klason Lignin

Insoluble and precipitated material was resuspended by
vortexing, and the suspension was filtered through a
pretreated glass fiber filter (Millipore, Billerica, MA, USA)
[14]. The hungate vial was extensively rinsed with water in
order to ensure quantitative transfer of solids onto the filter.
Retained solids on the filter were washed extensively with
deionized water and then dried at 105 °C for 15 h. The weight
(m1) was determined. Both filter and solids were then ashed at
575 °C for 3 h and weighed (m2). The difference of m1–m2
results in the ash-corrected Klason lignin.

Determination of Ash After Extraction

The ash determination was performed with 50 mg of extract-
ed, ball-milled, and dried samples in a preweighed aluminum
pan at 575 °C for 3 h, and the weight was recorded after
cooling to room temperature [15]. Ash amount was calculated
as the percentage weight loss based on the initial dried bio-
mass used for ashing.

Fig. 1 a Filtration tube used for the small-scale extraction method
including biomass and frit and b setup for the extraction using a vacuum
manifold (including collection tubes and metal spatulas)
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HPLC-RID and HPAEC-PAD

For the determination of total glucose, xylose, and arabinose
content, samples were injected onto an HPX-87H (300×
7.8 mm, Bio Rad, Richmond, CA) column with a 30×4.8-
mm cation H guard column (Bio Rad). The instrument (1200
series, Agilent Technologies, Santa Clara, CA) was equipped
with a refractive index detector. Elution was performed at
50 °C with 5 mM sulfuric acid at a flow rate of 0.6 mL/min.
On the HPLC column used, galactose and mannose coelute
with xylose, and these sugars were therefore quantified to-
gether as parameter “xylan” during total sugar analysis. For
calculation of polysaccharide content, conversion factors of
0.9 (glucan) and 0.88 (xylan, arabinan) were used.

Soluble sugar extractives in the water phase of sugar cane
were analyzed using an ICS-3000 HPLC system (Dionex)
equipped with a pulsed amperometric detector. Samples were
injected onto a 150×3 mm i.d. PA20 column (Dionex) with a
50-mm×3-mm guard column of the same material and eluted
at 30 °C with a mobile phase of 30 mMKOH at a flow rate of
0.4 mL/min.

Results and Discussion

Method Development

A reduction of the particle size by ball-milling increases the
surface area, and we assumed that this could also increase the
extraction efficiency making higher pressure (as applied with
the automated solvent extractor) or longer extraction times (as
applied with the Soxhlet method) unnecessary. The common
size comminution procedure in our lab for the homogenization
of feedstock samples for compositional analysis is canister
ball-milling for 5 min. Since the samples should be used for
compositional analysis after extraction anyway, this milling
procedure was used as a starting point for method develop-
ment (for particle size characteristics of ball-milled biomass,
see Table S1). The solvents of choice were water and ethanol
in accordance with the NREL procedure [4], although ethyl
acetate and petrolether have also been tested but did not result
in a higher extractives removal (data not shown).

Both water and ethanol were heated to 70 °C in
order to enhance solubility of compounds in the sol-
vents. In initial attempts, the biomass was extracted in
2-mL plastic tubes. After each extraction step, the mix-
ture was centrifuged (10 min at 16,000g) and the
supernatant removed. Besides being labor-intensive, this
procedure often resulted in floating particles making a
quantitative recovery of the extracted biomass impossi-
ble. This loss of material was prevented when the
extraction was performed in a filtration tube and the

solvent removed by vacuum filtration through a frit
(Fig. 1) leaving behind the entire extracted biomass
inside the tube. Hence, this setup was further investi-
gated as a way to accurately and reproducibly deter-
mine the extractives content of biomass samples. The
mixing of the biomass and extraction solvent was
achieved by st i r r ing with a metal spatula . A
pretreatment/preconditioning step of the filtration car-
tridges by drying them under the same conditions as
applied later is necessary to improve the accuracy of
the method since the tubes lose a small amount (al-
though less than 1 mg) upon drying. Prewashing with
the solvents (water/ethanol) did not cause any addition-
al weight loss, and this step was therefore omitted. All
method development experiments were performed in
triplicate on poplar and Miscanthus samples, with a
higher (~19 %) and a lower (~4 %) extractives content,
respectively.

Effect of Extraction Volume on Extractives Content

Figure 2a shows the total extractives content (water and etha-
nol) depending on the total volume (8–20 mL) of solvents
used. For poplar, the total extractives content yielded 18.8–
19.3 %, and the maximum of 19.3 % was obtained with the
12-mL total volume. For Miscanthus, the 20-mL total extrac-
tion volume yielded the maximum extractives content of
4.5 %, whereas the 8-mL total volume resulted in the lowest
(4.3 %) extractives content. However, all volumes tested gave
very similar extractives content for both poplar and
Miscanthus. An extraction volume of 12 mL (3×2 mL water
and 3×2 mL ethanol) was therefore deemed to be sufficient
and kept for the following experiments. With certain biomass
not presented here, e.g., agave, Arabidopsis thaliana, and
orange peel (data not shown), we noticed deterioration of the
filtration. We assume that the higher amount of, e.g., pectins,
led to a swelling of the biomass and holding back of the water
making filtration difficult. For such biomass containing a
higher amount of pectins, we therefore recommend using
either cold water or directly extracting with 70 or 95% ethanol.

Effect of Biomass Amount on Extractives Content

The amount of biomass used for extraction was also exam-
ined. The upper limit was set to 300 mg of biomass, and
100 mg was chosen for the lower limit based on the fact that
a certain amount of extracted biomass is needed for accurate
and reliable compositional analysis. As can be seen in Fig. 2b,
for both poplar andMiscanthus, 100, 200, and 300mg starting
biomass resulted in almost identical extractives concentrations
(19.1–19.2 % and 4.3–4.4 %, respectively) reflecting the
method robustness in this range. We envision that the method
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can be further downscaled using smaller tubes in order to
accommodate smaller sample sizes.

Effect of Ball-Milling Time on Extractives Content
and Biomass Composition

Excessive ball-milling of biomass can lead to destruc-
tion of certain compounds and can result in changes of
the composition. However, ball-milling is required for
all small-scale methods in order to ensure homogeneity
of the biomass ensuring that a representative sample is
used for the analysis. An increase of extractives for
poplar from 19.2 to 19.9 % and for Miscanthus from
4.4 to 5.2 % was observed when ball-milling time was
increased from 5 to 15 min (Fig. 2c). Interestingly, the
resulting composition of the biomass (calculated on a
“dried and nonextracted” basis) was hardly affected.
After the 15-min ball-milling procedure, the composi-
tion of glucan, xylan, arabinan, and lignin in poplar
was only 0.1–0.2 % absolute percent lower compared
to the 5-min ball-milling time (Fig. 2d). The composi-
tion of Miscanthus after the 15-min ball-milling did not
change for xylan, arabinan, and lignin, and only the
glucan composition increased slightly by 0.2 % abso-
lute (Fig. 2e). The changes in the biomass composition
during the longer ball-milling time were therefore mi-
nor and can be seen irrelevant for compositional anal-
ysis purpose. This will make it easier to adapt this

method in other laboratories where the ball-milling
conditions applied here cannot be exactly reproduced.

Comparison of Small-Scale Manual Extraction to Accelerated
Solvent Extraction Using Various Feedstocks

The method settings (250 mg of biomass ball-milled
for 5 min, extraction with 3×2 mL water and 3×2 mL
ethanol) were then applied to a range of feedstocks
(including two NIST standard reference materials) com-
prising herbaceous (Miscanthus, corn stover, energy
cane, sugarcane, wheat straw), hard wood (willow,
poplar) and softwood (pine) and compared to the re-
sults obtained by the conventional extraction method
using an accelerated solvent extractor (ASE350,
Dionex) with extraction conditions specified in the
NREL LAP [4]. These experiments were performed
with five replicates each. Small deviation of the com-
positional analysis data for poplar and Miscanthus A
compared to the method development data (Fig. 2)
were observed. This is not surprising since the analysis
was conducted at a different time point and also with
five instead of three replicates. However, the absolute
deviations (mainly for poplar) were only in the range
of 0.0–0.3 % and can be seen insignificant for compo-
sitional analysis purpose.

Using the filtration tubes and starting from dried and ball-
milled biomass, 48 samples can easily be prepared and ex-
tracted in about half a day. In this respect, the small-scale

Fig. 2 Extractives content of poplar andMiscanthus depending on the a
total volume of solvent used, b total amount of biomass used, c ball-
milling time applied for sample preparation. Composition (based on a
“dried and nonextracted” basis) of the biomass after 5- and 15-min ball-

milling of d poplar and eMiscanthus. Composition of f soluble sugars of
sugarcane determined by the small-scale manual extraction (ME) at 70 °C
and accelerated solvent extraction (ASE) at 70 and 100 °C. Error bars
represent ±1 standard deviation (n=3)
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method is about two to four times faster than the conventional
ASE method.

Comparison of Extractives

In general, the results of extractives of the two
methods were in very good agreement (Fig. 3). The
relative standard deviations (RSD%) for the manual
extraction were between 0.1 and 1.6 % and therefore
similar or even slightly better than for ASE (0.1–
3.4 %). For most of the samples analyzed, the results
of the small-scale manual extraction method were in
the range of 97.3 to 104.4 % of the values obtained by
the conventional method. Exceptions were Miscanthus
A and loblolly pine where the results of the small-scale
method were 9.8 and 10.6 % higher, respectively. Since
the extractives content of these two samples was low

(4.1 and 4.7 %, respectively, determined by ASE), the
absolute deviation between the two methods was only
0.4 and 0.5 %, respectively. This is still in the range of
reported errors for the conventional methods [1]. The
NIST pine sample also showed a higher deviation of
the values from small-scale (3.6 %) and conventional
method (2.0 %), and both results were also significant-
ly lower than the reported value of 5.1 % determined
by a round-robin [16]. Interestingly, the extractives
content of the second NIST standard material wheat
straw (17.1 %, [17]) was accurately determined by
the developed small-scale method (16.7 %). It is note-
worthy to mention that the small-scale extraction can
even be applied to biomass with a very high content of
extractives. In the case of sugarcane, the high extrac-
tives content determined by ASE (57.9 %) was
reproduced by the small-scale method (58.2 %). The

Fig. 3 Extractives content of various feedstocks includingNIST reference
materials determined by the small-scale manual and accelerated solvent
(ASE) extraction. Error bars represent ±1 standard deviation (n=5). The

standard deviation of the NIST reference values were calculated by
dividing confidence interval by the coverage factor reported [16, 17]
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extractives of sugarcane consists of a high percentage
of soluble sugars, and their accurate determination is
important, e.g., in bioenergy applications since the sol-
uble sugars are a major part of the energy stored.

Therefore, we collected and analyzed the water extractions
which contained these water-soluble sugars (Fig. 2f). In addi-
tion to the temperature of 100 °C used during ASE extrac-
tions, the ASE extraction was also performed at a temperature

Table 1 Composition of extractives, glucan, xylan, arabinan, lignin
(Klason lignin), and ash after extraction of the feedstock samples (calcu-
lated on a “dried and nonextracted” basis) including NIST reference
materials determined by sample preparation by the small-scale manual
extraction (ME) method and accelerated solvent extraction (ASE)

method. Standard deviation (SD) represents ±1 standard deviation (n=
5, for ME and ASE). The standard deviation of the NIST reference values
were calculated by dividing confidence interval by the coverage factor
reported [16, 17]

Feedstock Extractives Glucan Xylan Arabinan Lignin Ash after extraction

ME ASE ME ASE ME ASE ME ASE ME ASE ME ASE

Miscanthus A Mean 4.5 4.1 42.6 42.8 19.2 19.5 1.7 1.8 21.7 21.8 1.9 1.8

SD 0.07 0.14 0.43 0.24 0.13 0.04 0.02 0.03 0.16 0.01 0.04 0.01

% of ASE 109.8 99.5 98.5 94.4 99.5 105.6

Miscanthus B Mean 8.8 8.9 37.8 38.0 19.9 20.3 2.3 2.4 18.8 19.0 3.4 3.2

SD 0.08 0.01 0.28 0.86 0.14 0.12 0.02 0.02 0.11 0.66 0.04 0.03

% of ASE 98.9 99.5 98.0 95.8 98.9 106.3

Miscanthus C Mean 11.8 11.7 38.5 39.8 17.4 18.0 1.8 1.9 18.8 18.4 2.8 2.8

SD 0.10 0.13 0.23 0.26 0.14 0.09 0.01 0.03 0.23 0.00 0.00 0.04

% of ASE 100.9 96.7 96.7 93.3 102.2 100.0

Energy cane Mean 16.7 16.4 32.2 33.0 19.8 20.3 2.3 2.5 15.6 15.5 3.7 3.4

SD 0.02 0.08 0.35 0.19 0.15 0.09 0.02 0.00 0.21 0.40 0.08 0.07

% of ASE 101.8 97.6 97.5 92.0 100.6 108.8

Corn stover Mean 7.7 7.8 37.7 39.2 20.6 21.1 2.3 2.4 16.8 16.2 5.4 4.9

SD 0.04 0.01 0.20 0.54 0.11 0.12 0.02 0.02 0.11 0.15 0.03 0.24

% of ASE 98.7 96.2 97.6 95.8 103.7 110.2

Sugarcane Mean 58.2 57.9 19.5 19.6 9.2 9.1 0.8 0.9 6.3 6.3 0.4 0.5

SD 0.03 0.11 0.38 0.52 0.19 0.22 0.01 0.02 0.04 0.01 0.03 0.01

% of ASE 100.5 99.5 101.1 88.9 100.0 80.0

Willow Mean 17.9 18.4 25.1 25.6 11.9 12.2 1.5 1.6 23.7 22.9 2.9 3.5

SD 0.29 0.21 0.47 0.01 0.10 0.04 0.04 0.03 0.40 0.07 0.17 0.02

% of ASE 97.3 98.0 97.5 93.8 103.5 82.9

Poplar Mean 19.0 18.9 26.9 27.3 12.3 12.6 1.6 1.7 21.4 21.4 2.1 2.4

SD 0.06 0.02 0.23 0.28 0.07 0.02 0.00 0.11 0.16 0.10 0.07 0.04

% of ASE 100.5 98.5 97.6 94.1 100.0 87.5

Loblolly pine Mean 5.2 4.3 32.7 33.4 17.8 18.2 1.9 1.9 34.2 34.6 0.6 0.6

SD 0.09 0.53 0.16 0.27 0.02 0.19 0.01 0.05 0.07 0.19 0.02 0.04

% of ASE 120.9 97.9 97.8 100.0 98.8 100.0

NIST RM 8493 Monterey pine Mean 3.6 2.0 42.6 43.3 19.4 19.9 1.3 1.2 26.8 26.7 0.2 0.1

SD 0.11 0.00 0.34 0.62 0.06 0.11 0.01 0.13 0.25 0.33 0.02 0.02

% of ASE 180.0 98.4 97.5 108.3 100.4 200.0

NIST 5.1 43.7 18.1 1.09 25.6 0.2

SD 0.36 0.30 0.69 0.36 0.50 0.05

NIST RM 8494 wheat straw Mean 16.7 16.0 32.8 33.2 19.4 19.8 1.7 1.7 15.2 14.9 5.8 5.9

SD 0.21 0.03 0.06 0.17 0.03 0.09 0.01 0.06 0.18 0.02 0.02 0.16

% of ASE 104.4 98.8 98.0 100.0 102 98.3

NIST 17.1 33.6 19.9 2.24 15.0 6.5

SD 1.36 0.40 0.59 0.26 0.77 0.32
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of 70 °C similar to the maximum temperature applied during
the small-scale extraction. The higher temperature of 100 °C
during ASE extraction did not result in any sugar degradation
or an improved extraction efficiency for the soluble sugars
compared to the 70 °C condition (Fig. 2f). The sucrose content
of the sugarcane (31.6 %) was identical determined by the
small-scale extraction and both ASE conditions. The glucose
and fructose content was only slightly lower with the small-
scale method (7.2 and 6.4 %, respectively) compared to both
ASE extraction conditions (7.5 and 6.5 %, respectively).

Comparison of Resulting Biomass Composition

The developed small-scale extraction method was also tested
for its effect on the overall composition of the extracted bio-
mass (calculated as “dried, nonextracted” biomass) compared
to the conventional ASE extraction (Table 1). As seen before
with the extractives content, the values for glucan, “xylan,”
arabinan, Klason lignin, and ash after extraction for the small-
scale and ASE extraction were in very good agreement. For
Klason lignin, the results obtained by the small-scale method
were in the range of 98.8–103.7 % (average 100.9 %) of the
ASE method. This is a good indication that the small-scale
method is capable of removing Klason lignin-interfering com-
pounds as effectively as the conventional ASE method.

Similar findings were observed for the ash after extraction
(structural inorganic), a parameter that can be used as an
indicator how complete the extraction process can remove
extractable inorganic matter. If the ash content of the small-
scale method is higher or lower compared to the conventional
ASE method, the extraction efficiency of the small-scale
method is lower or higher, respectively. The ash content was
slightly higher for corn stover (5.4 vs 4.9 %) and energy cane
(3.7 vs 3.4 %) but somewhat lower for willow (2.9 vs 3.5 %)
and poplar (2.1 vs 2.4 %) with the small-scale method com-
pared to the ASE extraction.

The carbohydrate composition determined by the small-
scale method was in general only slightly lower. Glucan result-
ed in 96.2–99.5% (average 98.2%) and xylan in 97.5–101.1%
(average 98.0 %) of the content determined by ASE. The
arabinan values differed by a maximum of only 0.2 % absolute.

Conclusion

The developed small-scale manual extraction (ME) method
has been shown to be a fast and inexpensive alternative to the
conventional ASE resulting in comparative composition of
extractives, cell wall sugars, lignin, and ash. Since it requires
ball-milled material, it is an ideal extraction method when
only small amount of sample is available. The method will
also enable researchers to apply extraction of biomass before

compositional analysis if instruments of higher cost (ASE) are
unavailable. We envision this method to become a valuable
tool for all researchers dealing with compositional analysis of
feedstock samples.
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