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Any valuation of a potential feedstock for bioprocessing is inherently dependent upon detailed

knowledge of its chemical composition. Accepted analytical procedures for compositional analysis of

biomass water-soluble extracts currently enable near-quantitative mass closure on a dry weight

basis. Techniques developed in conjunction with a previous analytical assessment of corn stover

have been applied to assess the composition of water-soluble materials in four representative

switchgrass samples. To date, analytical characterization of water-soluble material in switchgrass

has resulted in >78% mass closures for all four switchgrass samples, three of which have a mass

closure of >85%. Over 30 previously unknown constituents in aqueous extracts of switchgrass were

identified and quantified using a variety of chromatographic techniques. Carbohydrates (primarily

sucrose, glucose, and fructose) were found to be the predominant water-soluble components of

switchgrass, accounting for 18-27% of the dry weight of extractives. Total glycans (monomeric and

oligomeric sugars) contributed 25-32% to the dry weight of extractives. Additional constituents

contributing to the mass balance for extractives included various alditols (2-3%), organic acids

(10-13%), inorganic ions (11-13%), and a distribution of oligomers presumed to represent a

diverse mixture of lignin-carbohydrate complexes (30-35%). Switchgrass results are compared

with previous analyses of corn stover extracts and presented in the context of their potential impact

on biomass processing, feedstock storage, and future analyses of feedstock composition.

KEYWORDS: Switchgrass; compositional analysis; extractives; biomass; value-added products
water-soluble materials; feedstock

INTRODUCTION

Switchgrass (Panicum virgatum L.) is a relatively drought-
tolerant, warm-season C4-species of tall prairie grass with a range
that extends from Mexico to Canada. An assessment of herbac-
eous biomass by the U.S. Department of Energy (USDOE) was
initiated in the late 1980s and led to the selection of switchgrass as
one of the primary biofuel feedstocks (1-3). Switchgrass has
great potential as an energy cropbecause it is a perennial crop that
does not require annual reseeding. It also requires lower agricul-
tural inputs (fertilizer and pesticides) than other annual crops and
can often be grown on marginal cropland (4). Overall, up to 34.6
Mg ha-1 year-1 of switchgrass can be sustainably collected (1).
Net energy and economic studies recently reported by several
authors indicated that switchgrass-derived ethanol could generate
540% more energy than needed to produce it (2, 3). These data
suggest that production of cellulosic ethanol from switchgrass
may be economically feasible and significantly more energy
efficient than other feedstocks (4).

Accepted analytical procedures for compositional analysis of
biomass provide near-quantitative mass closure on a dry weight
basis (5). Total water- and/or ethanol-soluble materials are
typically quantified gravimetrically and identified only as extrac-
tives (i.e., qualitative and quantitative assessments of extracts are
not performed) (6-10). As a result, any valuable materials
contained in the extractive fraction are omitted when a feed-
stock’s potential is assessed. Previous work has shown that
extractives can affect macrocomponent compositional determi-
nations (9). More significantly, a detailed study of aqueous corn
stover extracts recently demonstrated that corn stover feedstocks
contain asmuchas 12% fermentable sugar (on a dryweight basis)
in water-soluble form (11). These findings have potentially
significant implications for technical and economic valuations
of biomass-to-biofuel conversion processes, as well as feedstock
storage practices, providing strong impetus to further investigate
the composition of water-soluble materials native to herbaceous
biomass.

The objective of the present study was to characterize water-
soluble constituents of switchgrass. Four opportunistic samples,
grown in different locations and harvested in different years, were
extracted and investigated in a side-by-side comparison. Analy-
tical protocols developed in conjunction with our previous
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evaluation of corn stover (11) were utilized with minimal mod-
ification inmost cases and enabled identification and quantitative
assessment of more than 30 chemical constituents common to
each sample. Compositional data for carbohydrates, alditols,
organic acids, inorganic ions, and a tentatively identified oligo-
meric fraction of aqueous extracts are reported as a percentage of
total water-soluble materials in switchgrass, and results are
comparedwith similar data obtained previously in our laboratory
for corn stover materials.

MATERIALS AND METHODS

Feedstock and Reagents.All chemicals and reference standards were
of reagent grade or better, obtained from commercial vendors, and used as
received. Distilled water was purified and deionized to 18.2 MΩ with a
Barnstead Nanopure Diamond UV water purification system. The four
dried switchgrass samples analyzed in this study were provided by the
National Renewable Energy Laboratory (NREL), Golden, CO. These
were opportunistic samples, representing multiple cultivars grown in
different locations and harvested in different years (Table 1). Although
the NREL ID given in Table 1 for three of the four samples designates the
cultivar, it is important to point out that the first entry was also believed to
be a Forestburg variety that was processed in St. Anthony and mislabeled
prior to delivery at NREL.

Water Extraction. Each switchgrass sample was “milled” for 90 s
using a commercial coffee grinder. Milled switchgrass was subsequently

screened using stackable sieves to achieve a particle size distribution
ranging from 20 to 80 mesh. Two extraction protocols, Soxhlet extraction
and accelerated solvent extraction (ASE), were employed in initial work.
Extraction protocols followed procedures described inNRELLaboratory
Analytical Procedure (LAP) “Determination of Extractives in Bio-
mass” (6), and details of the Soxhlet approach have been described
previously (11). Methodology employed for the ASE approach was as
follows. In a typical extraction, 1.5 g of sieved switchgrass was added to an
11 mL extraction cell and extracted in triplicate by pressurized liquid
extraction using anASE-200 accelerated solvent extractor (DionexCorp.).
ASE parameters were as follows: pressure, N2 at 1500 psi; temperature,
100 �C; preheat time, 0 min; heat time, 5 min; static time, 7 min; flush
volume, 150%; purge time, 120 s; static cycles, 3. Following extraction,
aqueous extracts generated for compositional determinations were quan-
titatively transferred into a 50 mL volumetric flask and diluted to volume
withwater. The amount ofwater-solublematerial present in all extracts (i.e.,
those generated by either Soxhlet or ASE) was assessed gravimetrically
and used to calculate percent extractives, as described previously (11).

Fractionation and Compositional Analysis of Aqueous Extracts.

Details of extract fractionation procedures and most chromatographic
protocols employed for identification and quantitation of sample consti-
tuents in this study have been reported elsewhere (11).Unless noted below,
experimental protocols were identical to the previous paper. Representa-
tive chromatograms resulting from analysis of isolated fractions of an
aqueous switchgrass extract that were used for quantitation of sample
constituents are provided in Figure 1.

Monomeric Sugars and Related Alditols. A 2 mL aliquot of aqueous
extract was loaded onto a Supelclean ENVI-Chrom P solid phase
extraction (SPE) cartridge, which was preconditioned, loaded, and eluted
as described previously (11). A 250 μL aliquot of the resulting eluate was
then loaded onto anAlltech Extract-Clean SAX SPE cartridge, which had
been preconditioned with 9 mL of methanol followed by 9mL of water. A
sample was collected after the second SPE cartridge had been rinsed with
slightly less than 10 mL of water, and the eluate was diluted to 10 mL in a
volumetric flask. The sample was analyzed for monomeric sugars and

Table 1. Historical Data for Analyzed Swtichgrass Feedstocks

NREL ID location grown harvest year

St. Anthony South Dakota 2004

Forestburg South Dakota 2006

Trailblazer 2003 Nebraska 2003

Trailblazer 2004 Nebraska 2004

Figure 1. Representative chromatograms resulting from analysis of (A) alditols, (B) sugars, (C) organic acids and inorganic anions, and (D) inorganic cations
in sample fractions derived from an aqueous extract of switchgrass feedstock St. Anthony. See text for details. Peaks: (1) glycerol, (2) inositol, (3) xylitol, (4)
arabitol, (5) sorbitol, (6)mannitol, (7) sucrose, (8) arabinose, (9) galactose, (10) glucose, (11) fructose, (12) chloride, (13) nitrate, (14) dihydroxypentanoic
acid, (15) lactic acid, (16) acetic acid, (17) formic acid, (18) sulfate, (19) oxalic acid, (20) fumaric acid, (21) phosphate, (22) citric acid, (23) isocitric acid, (24)
cis-aconitic acid, (25) chelidonic acid, (26) trans-aconitic acid, (27) sodium, (28) ammonium, (29) magnesium, (30) potassium, (31) calcium. Internal
standards (I.S.) in each chromatogram: (A) fucose, (B) fucose, (C) trifluoroacetate (TFA), (D) lithium.
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related alditols via high-performance anion-exchange chromatography
with pulsed amperometric detection at a disposable gold electrode
(HPAEC-PAD).

All HPAEC-PAD analyses were carried out on a Dionex ICS-3000
series liquid chromatography system equipped with an EG eluent gen-
erator, DP gradient pump, AS autoinjector (10 μL sample loop), DC
chromatography oven, and DC electrochemical detector. Chromato-
graphic separation of alditols (Figure 1A) was achieved at 40 �C using a
50 mm � 4 mm CarboPac PA100 guard column and a 250 mm � 4 mm
CarboPac PA100 analytical column connected in series and isocratic
elution (mobile phase = aqueous 50 mMNaOH at 1 mL/min). Chroma-
tographic separation of monomeric sugars (Figure 1B) was achieved at
40 �C using carbonate-modified 30 mm � 3 mm CarboPac PA20 guard
and 150 mm � 3 mm CarboPac PA20 analytical columns connected in
series with isocratic elution (mobile phase = aqueous 1.0 mM NaOH at
0.5 mL/min). Details of the procedure used to modify the PA20 columns
are reported elsewhere (12).

Oligomeric Sugars. Acid hydrolysis for determination of oligomeric
sugar content was detailed in an earlier paper (11). Once hydrolyzed
samples had cooled to room temperature, a 250 μL aliquot of the
hydrolysatewas loadedonto anAlltechExtract-Clean SAXSPE cartridge,
which had been preconditioned with 9 mL of methanol followed by 9 mL
of water. The SPE cartridge was rinsed with slightly less than 10 mL of
water, and the collected eluate was diluted to 10 mL in a volumetric flask.
An aliquot of each sample was transferred directly to an autosampler vial
and analyzed for total sugar content (i.e., total monosaccharides present in
hydrolysate after acid hydrolysis at elevated temperature and pressure)
using the HPAEC-PAD method described above. The amount of water-
soluble oligomeric sugar present was assessed by subtracting the free sugar
content measured in native aqueous extracts from the total sugar content
measured in the corresponding hydrolysate. Note that acid hydrolysis of
sucrose results in complete degradation of the fructose unit (i.e., half the
weight percent of sucrose) and is therefore unaccounted for when total
sugar content is assessed.

Organic Acids and Inorganic Anions. Preparation of switchgrass
extracts for analysis of aliphatic acids and inorganic anionswas performed
using a Supelclean LC-18 SPE cartridge without further modification of
the protocol described inChen et al. (11,13). Chromatographic separation
(Figure 1C) was carried out using a slightly modified procedure. Analytes
were separated at 30 �Cusing two 50mm� 4mm IonPac AS11-HC guard
columns and a 250 mm � 4 mm IonPac AS11-HC analytical column
connected in series with gradient elution (1-40mMaqueous NaOHat 1.5
mL/min). The columns were configured with a valve arrangement (i.e., a
forward column step, as described in ref14) to optimize resolutionbetween
compounds. The valve arrangement also helps to reduce the large
carbonate upset peak that is often seen in ion chromatography when
dilute aqueousNaOH is usedas themobile phase and is not preparedbyan
eluent generator. This modified procedure enabled monitoring of formic,
lactic, acetic, and oxalic acids along with other aliphatic acids and
inorganic anions in a single run. Consistent with our previous corn stover
study (11), aromatic acids were also monitored in these samples using a
previously reported protocol (15).

ESI-MS Identification of Chelodonic and Dihydroxypentanoic

Acids.Chelodonic anddihydroxypentanoic acidswere identified using high
performance liquid chromatography coupled with electrospray ionization-
mass spectrometry in negative-ion detectionmode (HPLC-ESI-MS). Briefly,
a Varian ProStar model 210 binary pump, equipped with a model 410
autosampler, was used to drive analytical separations. Sample constituents
were separated on a 150 mm � 4.6 mm YMC Carotentoid S-3 analytical
column with nonlinear binary gradient elution at a flow rate of 0.75 mL/
min (0.05% formic acid/H2O and 90% acetonitrile/H2O). Both com-
pounds were monitored by tandem mass spectrometry (MS/MS) using a
Varian model 1200 L triple-quadrupole mass analyzer. Instrumental
settings of the mass spectrometer held constant in all HPLC-ESI-MS
experiments were as follows: nebulizing gas, N2 at 60 psi; drying gas, N2 at
22 psi; temperature, 400 �C; needle voltage, 4500 V ESI-; declustering
potential, 40 V; collision gas, argon at 2.0 mTorr.

Once identified, quantitation of chelodonic acid and dihydroxypenta-
noic acid was performed via internal standard calibration in the same
chromatographic run that was utilized to monitor additional aliphatic
acids and inorganic ions (see above). However, reference standards were

not available for dihydroxypentanoic acid (in any form); thus, quantita-
tion of dihydroxypentanoic was estimated using calibration curves con-
structed for quinic acid, which eluted at the same retention time as the
tentatively identified dihydroxypentanoic acid. The rationale for use of
quinic acid was that, in suppressed conductivity detection, the hydrogen
ion provides>90%of total conductancemeasuredat the detector, and the
balance of the analytical signal is related to the pKa of the organic acid
comprising the counterion (16). Because the pKa for quinic acid fallswithin
the range of expected pKa values for dihydroxypentanoic acids (3.8-4.5),
essentially identical analytical responses may be expected for these acids
when suppressed conductivity detection is employed.

RESULTS AND DISCUSSION

Comparison of Extraction Techniques. ASE and Soxhlet tech-
niques are typically assumed to be interchangeable methods for
extracting soluble constituents from solid samplematrices. Scien-
tists at the National Renewable Energy Laboratory have pre-
viously confirmed that the two techniques are interchangeable for
generating aqueous extracts from corn stover (6). However,
alternative sources of biomass were not investigated in that work.
Data in the last two rows of Table 2 clearly suggest that
application of the two techniques resulted in similar removal of
water-soluble materials from the two switchgrass samples ex-
tracted by both methods in this study. However, ASE offered a
7-fold reduction in the amount of time required to prepare
triplicate samples as compared to the Soxhlet approach (1.5 h
for ASE versus 10 h for Soxhlet). Accordingly, extract prepara-
tion viaASEwas favored in all subsequent analyses affiliatedwith
this study.

Mass Balance for Water-Soluble Materials. Water-soluble ma-
terial accounted for as much as 15% of the dry weight of
switchgrass feedstocks utilized in this study (Table 2). All values
reported inTable 2 are slightly lower but in reasonable agreement
with the mass percentage of water-soluble material (16.42%)
observed in a previous study of extracted switchgrass (9). They
also fall near the range of mass percentages (14-27%) previously
observed for five water-extracted corn stover samples (11). In
contrast to the relatively narrow range of values reported in
Table 2, the U.S. Department of Energy’s Biomass Feedstock
Composition and Property Database (17) documents 5-25%
variability in the percentage of water-soluble materials that may
be expected for switchgrass. Although the origin of this discre-
pancy is presently unknown, it is important to emphasize that the
intent of our study was to evaluate the chemical composition of
water-soluble materials in four opportunistic samples, not neces-
sarily to provide a comprehensive comparison of variability that
may be expected for all switchgrass materials.

Compositional analysis of water-soluble materials in switch-
grass resulted in >85% mass closure for extractives in three of
four analyzed feedstocks, andmass closurewas>78%in all cases
(Figure 2). Data in Figure 2 are qualitatively similar to results of
compositional determinations conducted previously on aqueous
extracts of corn stover (11) in that identical compound classes
represent the majority of the mass balance in each case. In our

Table 2. Mass Percentage of Water-Soluble Materials (Extractives) in
Switchgrassa

accelerated solvent extractor Soxhlet

sample ID mean (n = 3) RSD (%) mean (n = 3) RSD (%)

St. Anthony 13.4 1.17

Forestburg 11.8 1.25

Trailblazer 2003 12.8 2.39 12.66 2.39

Trailblazer 2004 14.9 0.33 13.21 5.80

a Values reported as a percentage of oven-dried sample weight. RSD, relative
standard deviation.
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previous study, a band of material that was reddish brown in
color was found to be strongly retained on solid phase extraction
cartridges used to fractionate aqueous extracts. This band could
not be eluted with either water or neat acetonitrile but was easily
recovered using a 50:50 water/acetonitrile mixture. Subsequent
analysis of material present in the recovered band revealed a
complexmixture, characterized by two broad distributions inUV
absorbance stretching from 30 to 60min in reversed-phaseHPLC
chromatograms (11). When the band was hydrolyzed prior to
HPLC analysis, the resulting chromatogram was relatively clean
and showed major peaks at retention times corresponding to
p-coumaric, ferulic, and sinapic acids (11). The hydrolyzed
sample also contained significant amounts of arabaniose, gala-
ctose, glucose, and xylose (11), leading us to tentatively postulate
that the red-brown fraction of corn stover extracts represented a
diverse mixture of lignin-carbohydrate complexes. The red-
brown fraction identified inFigure 2 is also presumed to represent
a mixture of lignin-carbohydrate complexes, because this frac-
tion of switchgrass extracts was similar in color and exhibited
identical retention behavior on SPE cartridges to the red-brown
fraction derived from corn stover.

In most cases, the relative contribution of a given compound
class to the overall mass balance for water-soluble materials in
switchgrass was similar to that observed previously for corn
stover (11). However, the relative contribution of free sugars
was found to be lower for switchgrass extracts than for corn
stover. In contrast, the red-brown fraction represented 30-35%
of themass balance for extractives in switchgrass, yet contributed
only 10-18% to the mass balance for extractives in corn stover.
Collectively, these observations suggest that an appreciable
amount of fermentable sugar present in aqueous extracts of
switchgrass may be conjugated to aromatic constituents, whereas
themajority of fermentable sugar present in corn stover extracts is
available as free sugar. The mass percentages of individual
constituents of each compound class identified in Figure 2

(excluding the red-brown fraction that was assessed only quanti-
tatively by gravimetric means) are reported in Tables 3-5, and
notable features of these data are discussed in more detail below.

Carbohydrates. Free sugars (i.e., monomeric sugars plus
sucrose) represented 18-27% of the dry weight of water-soluble

material in switchgrass (Table 3). As noted above, the observed
contribution of free sugars to the overall mass balance for
extractives in this study was lower than that observed for corn
stover (30-57%) in previous work (11). In that study, the free-
sugar content of extractswas composed almost entirely of glucose
and fructose, which were present in approximately equal
amounts. Statistically equivalent levels of glucose and fructose
were also observed in the present study. However, sucrose
dominated free-sugar composition in two instances and was

Figure 2. Composition of extractives in switchgrass (expressed as a percentage of oven-dried water-soluble material recovered from the native feedstock).
Mass closure for the four samples is as follows: St. Anthony, 91.73%; Forestburg, 89.68%; Trailblazer 2003, 85.73%; Trailblazer 2004, 77.95%.

Table 3. Mass Percent of Monomeric Sugars, Oligomeric Sugars, Sucrose,
and Related Alditols in Water Extracts of Switchgrassa

sample ID

analyte St. Anthony Forestburg

Trailblazer

2003

Trailblazer

2004

free sugars 26.79 24.01 23.44 17.90

glucose 6.3(3) 4.1(2) 7.2(1) 5.3(3)

fructose 6.4(6) 4.96(9) 6.3(3) 6.2(4)

sucrose 12.7(1) 14.5(4) 9.1(2) 5.6(2)

xylose ndb nd nd nd

arabinose 0.29(1) nd nd nd

galactose 1.1(2) 0.45(4) 0.84(7) 0.80(1)

mannose nd nd nd nd

oligomeric

sugarsc
4.99 8.97 4.75 6.97

glucan 0.97(3) 5.04(6) 0.28(1) 2.73(3)

xylans 0.70(5) 0.44(1) 0.64(1) 0.50(1)

arabinans 0.04(1) 0.38(4) 0.32(2) 0.28(1)

galactans 1.02(9) 1.55(3) 0.98(4) 1.16(3)

mannans 2.26(2) 1.56(6) 2.53(7) 2.30(7)

alditols 1.93 2.97 1.79 1.75

glycerol 0.21(1) nd 0.21(2) 0.21(1)

inositol 0.74(1) 1.24(5) 0.63(3) 0.59(3)

xylitol 0.16(1) 0.23(1) 0.12(1) 0.14(2)

arabinitol 0.44(1) 0.61(1) 0.34(3) 0.29(2)

sorbitol 0.10(1) 0.14(1) 0.08(1) 0.18(2)

mannitol 0.28(1) 0.75(6) 0.41(3) 0.344(4)

aMass percentages represent the average of triplicate determinations. Values in
parentheses represent one standard deviation in the least significant digit. b nd, not
detected. cOligomeric sugars are calculated differences between total and free
sugars. See Materials and Methods for details.



Article J. Agric. Food Chem., Vol. 58, No. 6, 2010 3255

present in all four aqueous extracts derived from switchgrass
(Table 3). These results further confirm the previous hypo-
thesis (11) that the presence of glucose and fructose in aqueous
extracts of herbaceous biomass is derived froma common sucrose
origin.

In our previous study of corn stover, it was discovered that a
portion of polysaccharides (4-12% of the overall mass balance
for water-soluble materials) was also released into aqueous
extracts (11). Therefore, samples used to determine the free sugar
content of switchgrass extracts were further hydrolyzed with acid
at elevated temperature, and total sugar content was determined
via HPAEC-PAD. These analyses revealed that oligomeric su-
gars, calculated as the observed difference between total and free
sugars, contributed an additional 5-9% to the overall mass
balance for extractives in switchgrass (Table 3). Note that this
determination does not account for sugar present in the red-
brown fraction of switchgrass extracts. However, it is important
to recall that the red-brown fraction of analyzed samples domi-
nated the overall mass balance for extractives (Figure 2), and the
representative chromatogram shown in Figure 3 clearly demon-
strates that the red-brown fraction of aqueous extracts represents
an additional source of fermentable sugars.

Alditols. Alditols identified in aqueous extracts of switchgrass
are contained in Tables 3. The relative contribution of alditols to
the overall mass balance for extractives in switchgrass is some-
what lower than that observed previously for corn stover (11);

summative contributions ranged from 2 to 3% and from 3 to 7%
in extracts of switchgrass and corn stover, respectively. This
difference is almost entirely due to significantly reduced levels
of glycerol in extracts of switchgrass (e0.2%) relative to corn
stover (1.7-3.6%).Other alditols inTable 3 thatwere found to be
common to both sample types were present at comparably low
levels. However, it is important to note that the presence of
inositol was unique to switchgrass extracts.

Organic Acids.The summative contribution of organic acids to
the overall mass balance for switchgrass extracts ranged from
near 7 to>13% (Table 4). These values are in general agreement
with comparable data reported previously for corn stover (11).
The contribution of citric acid was also found to be similar in
extracts of both switchgrass and corn stover. However, the
relative contribution of acids common to both sample types
was typically different between studies. For example, contri-
butions of isocitric, trans-aconitic, and cis-aconitic acids reported
in Table 4 are approximately an order of magnitude lower than
their respective contributions in extracts of corn stover. Indivi-
dual acids contributing to the overall mass balance were also
different between studies. For example, malic acid was typically
the largest contributor in extracts of corn stover, yet absent in
extracts of switchgrass. Similarly, chelidonic and dihydroxypen-
tanoic acids, two of the more dominant contributors to the mass
balance in switchgrass extracts, were not present in samples
derived from corn stover. The confirmed presence of lactic, acetic,
formic, and oxalic acids in switchgrass extracts may also be
unique. However, the chromatographic conditions employed
for monitoring organic acids in the corn stover study did not
accommodate these analytes (i.e., if present, these acids would
likely have eluted with the solvent front). Thus, their presence in
corn stover extracts cannot be ruled out definitively.

Many of the compounds reported in Table 4 were observed
previously inwater extracts of corn stover. Thus, their presence in
switchgrass extracts was readily confirmed via analysis of refe-
rence standards using prior knowledge of analyte retention times.
However, chelidonic acid and dihydroxypentanoic acid have not
been previously identified in aqueous extracts of herbaceous
biomass. Their presence in switchgrass extracts was initially
observed as two sizable peaks in reversed-phase chromatograms
with UV detection (unknown peaks 1 and 2 in Figure 4A), and
subsequent LC-MS analysis was performed to further character-
ize these unknown sample constituents as detailed below.

Identification of chelidonic acid was supported by comparison
of ESI mass spectra observed for unknown peak 1 in Figure 4A

with spectra observed for a pure standard. The full-scan LC-MS
mass spectrum observed for unknown compound 1 is given in

Table 4. Mass Percent of Organic Acids in Water Extracts of Switchgrassa

sample ID

analyte St. Anthony Forestburg

Trailblazer

2003

Trailblazer

2004

total organic acids 13.38 6.60 10.59 9.80

dihydroxypentanoic

acid

2.34(4) 1.03(6) 1.91(1) 1.26(6)

lactic acid 0.35(2) 0.41(5) 0.30(2) 0.36(6)

acetic acid 0.42(2) 0.33(3) 0.73(2) 0.95(6)

formic acid 0.134(4) 0.13(1) 0.11(1) 0.09(1)

oxalic acid 2.7(1) 0.68(1) 1.80(9) 1.88(7)

fumaric acid 0.46(5) 0.26(1) 0.73(2) 0.38(3)

citric acid 2.36(6) 1.72(7) 1.24(5) 1.34(2)

isocitric acid 0.39(1) 0.37(6) 0.41(3) 0.35(3)

cis-aconitic acid ndb 0.12(1) nd 0.31(5)

chelidonic acid 4.2(3) 1.42(9) 3.21(1) 2.34(1)

trans-aconitic acid 0.121(3) 0.13(1) 0.15(1) 0.54(8)

aMass percentages represent the average of triplicate determinations. Values in
parentheses represent one standard deviation in the least significant digit. b nd, not
detected.

Table 5. Mass Percent of Inorganic Ions in Water Extracts of Switchgrassa

sample ID

analyte St. Anthony Forestburg Trailblazer 2003 Trailblazer 2004

total cations 9.68 7.56 8.73 8.62

Kþ 7.3(2) 5.3(2) 7.2(2) 7.1(2)

Ca2þ 0.13(2) 0.70(4) 0.19(2) 0.15(1)

Naþ 0.09(1) 0.085(3) 0.07(1) 0.06(1)

Mg2þ 1.93(5) 1.33(3) 1.10(3) 1.03(5)

NH4
þ 0.23(2) 0.14(1) 0.17(1) 0.28(2)

total anions 3.34 4.67 2.90 3.68

Cl- 0.29(2) 1.36(3) 0.41(1) 0.68(4)

PO4
3- 2.5(3) 2.25(8) 1.7(1) 1.90(1)

NO3
- 0.181(3) 0.08(1) 0.17(1) 0.55(4)

SO4
2- 0.37(2) 0.98(9) 0.62(3) 0.55(8)

aMass percentages represent the average of triplicate determinations. Values in
parentheses represent one standard deviation in the least significant digit.

Figure 3. Chromatogram resulting from HPAEC-PAD analysis of a red-
brown fraction with acid hydrolysis at elevated temperature. See text for
details. Peaks: (1) arabinose, (2) galactose, (3) glucose, (4) xylose, (5)
mannose. Internal standard (I.S.): fucose.
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Figure 4B. Subsequent MS/MS fragmentation of m/z 367 pro-
duced a base peak atm/z 139 and less abundant fragments atm/z
183, 95, and 67. Fragmentation ofm/z 183 also produced ions at
m/z 95and 67. These data suggest that all ionswere derived froma
single component that was fragmented upon electrospray ioniza-
tion and led to the tentative structural assignments given in
Figure 4B. Although not specified in the figure, it was postulated
thatm/z 367 represented a singly charged dimer of chelidonic acid
that formed potentially via a Diels-Alder reaction in the gas
phase, as the dimer would not be expected to elute at the retention
time observed for unknown compound 1. LC-MS analysis of a
pure standard produced comparable mass spectra (i.e., peaks
were observed for the deprotonated molecule (m/z 183), its dimer
(m/z 367), and fragments at m/z 95 and 67. It was subsequently
discovered in direct infusion studies that the relative intensity of
the ion at m/z 367 increased with increasing temperature of the
electrospray, further confirming the hypothesis of dimer forma-
tion via chemical reaction. An abundant peak at m/z 91, pre-
sumed to be the doubly deprotonated ion [M - 2H]2-, was also
observed in infusion studies of the pure standard. Careful
inspection of mass spectra resulting from LC-MS analysis of

switchgrass extracts also revealed the presence of m/z 91, but at
significantly reduced intensity.

The identity of unknown compound 1 was further confirmed
by comparing retention times observed in three different HPLC
separations with those observed for chelidonic acid. Comparative
data for reversed-phase and anion-exchange separations are
shown in panels A and B of Figure 5, respectively. A third
comparative separation based on ion exclusion also confirmed
equivalent retention times for unknown compound 1 and cheli-
donic acid (4.4 min). Absorbance ratios calculated at the reten-
tion time of chelidonic acid in reversed-phase HPLC separations
of switchgrass extractswere also in agreement (>98%)with those
observed for the reference standard (data not shown); ratios were
calculated using four wavelengths (210, 254, 275, and 320 nm)
and normalized to 210 nm. The weight of evidence presented here
supports definitive identification of chelidonic acid in aqueous
extracts of switchgrass.

Tentative identification of unknown compound 2 in Figure 4A

was based primarily on ESI mass spectral characterization. The
full-scan mass spectrum of unknown compound 2 exhibited a
single abundant ion atm/z 133, presumably the deprotonated ion
[M - H]-. Subsequent MS/MS fragmentation of m/z 133
produced the mass spectrum given in Figure 4C and led to the
postulation that unknown compound 2 may be one of several
structural isomers of dihydroxypentanoic acid. Comparative
studies with a pure standard were not possible in this case, as a
commercially available source of dihydroxypentanoic acid (in
any form) could not be located. However, it was serendipitously
discovered that unknown compound 2 eluted at the retention
time of quinic acid in anion-exchange separations (Figure 5B).
This finding was significant for two reasons. Not only did it
provide for an analytical standard that could be used for
quantitation of unknown compound 2 (see Materials and
Methods for details), but it also further supports its tentative

Figure 4. Unknown compound identification of switchgrass extractives.
(A) HPLC-UV chromatogram of switchgrass extractives. Asterisk above
the unretained peak indicates that the solvent front peak may potentially
contain sugar acids. Labeled peak numbers correspond to Figure 1C. See
text for details. (B) LC-MSmass spectrum of chelidonic acid in switchgrass
sample and postulated structures of major mass fragments. (C) LC-MS/
MS mass spectrum of dihydroxypentanoic acid in switchgrass sample and
postulated structures of mass fragments.

Figure 5. Two chromatographic methods for complementary screening of
unknown compound in switchgrass extractives: (A) chromatogram of
reversed-phase separation; (B) chromatogram of anion-exchange separa-
tion. See text for details.
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identification.Retention of polar organic acids in anion-exchange
chromatography is largely governed by pKa, because only depro-
tonated ions are strongly retained. Thus, unknown compound 2

would be expected to have a pKa similar to that of quinic acid
[predicted pKa = 4.3 ( 0.5 (18)]. This decreases the likelihood
that unknown compound 2 is the 2,2-isomer, as the predicted pKa

for this compound is 2.9 (18). In contrast, the predicted pKa

values for alternative dihydroxypentanoic acid isomers range
from 3.8 to 4.5 (18), in agreement with the value predicted for
quinic acid. Plausible structures of observed ions (i.e., m/z) are
given in Figure 4C for the 2,5-isomer, which is a known degrada-
tion product of mannose (19) and several other sugars (20).
However, it is important to point out that ions of equivalent m/z
would also be expected for alternative forms.

Aromatic acids did not contribute significantly to the overall
mass balance of switchgrass extracts. However, reversed-phase
HPLCanalysis confirmed that numerous compoundswere in fact
present at trace levels (a representative chromatogram is given in
Figure 4A), consistent with previous analyses of corn stover
extracts (11). As noted in that earlier investigation, the negligible
contribution of these components (as well as acetic and formic
acids in the present study) to the overall mass balance demon-
strates that preparation of water extracts via ASE, according to
the protocol reported here, does not result in significant hydro-
lysis of structural plant biopolymers (i.e., cellulose, hemicellulose,
and lignin). Thus, the primary constituents of aqueous extracts
identified in this work likely represent nonstructural plant com-
ponents.

Inorganic Ions. The mass percentages of inorganic ions ob-
served in aqueous extracts are given in Table 5. The total
contributions of cations and anions to the overall mass balance
for extractives in switchgrass are in general agreement with those
reported previously for corn stover extracts (11). Cation compo-
sition was dominated by potassium in both studies, but magne-
sium replaced calcium as the second most abundant cation
present in switchgrass extracts. Relative levels of other detected
cations in this workwere low. Anion composition was dominated
by phosphate in the present study. Although phosphate was
previously observed in corn stover extracts, its relative contribu-
tion to the mass balance for extractives was typically lower than
that reported here. Relative levels of other anions observed in
switchgrass extracts were more balanced but typically decreased
in the order chlorideg sulfate> nitrate. The confirmed presence
of sulfate was a unique feature of switchgrass extracts relative to
corn stover. Nitrite was also monitored in this work but not
detected.

Contributors to the Unknown Fraction of Water Extracts. As
demonstrated inFigure 2, compositional analysis did not result in
quantitative mass closure for water-soluble materials. The addi-
tional presence of ash, protein, or both may be inferred from the
previous work of Thammasouk et al. (9). The observation that
UV absorbance for the solvent-front peak in reversed-phase
analyses (i.e., the peak marked with an asterisk in Figure 4A)
was almost 2 times greater for the switchgrass sample with 78%
mass closure as compared to the three switchgrass samples for
which mass closure exceeded 85% suggests that unretained
components in this separation that were not detectable in other
analyses may also contribute to mass closure. This peak essen-
tially disappears from the chromatogramonce extracts are passed
through an anion-exchange SPE cartridge, suggesting the pre-
sence of highly polar organic acids (e.g., glucuronic acid, gluconic
acid). It is not unreasonable to expect these to be ubiquitous
constituents of herbaceous biomass. Alternatively, they could
potentially form via sugar oxidation during the ASE process. A
final contributor to the absence of complete mass closure may

occur during the hydrolysis step utilized to assess oligomeric
sugars. Once hydrolyzed, it is possible that monomeric sugars
recondense or undergo additional side reactions and thus be
unaccounted for in subsequent analyses. Thammasouk et al. has
expressed similar concerns (9). Although each of these potential
explanations for incomplete mass closure is worth noting, it is
important to point out that the unknown fraction is most likely
composed of many additional constituents present at low con-
centration rather than one or a few constituents representing the
remaining mass balance for water-soluble materials.

Potential Implications for Biomass Processing. The findings
reported in this work have the potential to influence future
decisions regarding preferred biomass processing schemes, as
well as feedstock storage practices. In this context, the most
significant observation from this (and our earlier) study on
extractives in biomass is that fermentable sugars were identified
as significant components of water-soluble materials. As noted
previously (11), these sugars are not typically considered in
theoretical yield calculations for biobased products. However,
the net effect their presence would have on overall process
efficiency is difficult to speculate. The presence of water-soluble
glucose would be expected to increase product yields in most
biofuel processing schemes under consideration for production of
ethanol. Fructose, on the other hand, is rapidly degraded at low
pH to 5-hydroxymethylfurfural, a known fermentation inhibi-
tor (21, 22). Thus, the presence of fructose may be expected to
counteract potential efficiency gains due to the presence of other
fermentable sugars in processing schemes utilizing dilute acid.
Whether positive or negative, the influence exerted by extractives
may be expected to be less for switchgrass than for corn stover,
due to the relatively smaller contribution of free sugars to the
overall mass balance for extractives. In contrast, the opposite
would be true if oligomeric sugars could also be utilized as a
fermentation substrate in future processing paradigms (i.e., the
influence of extractives in switchgrasswould be expected tohave a
greater effect relative to corn stover). Finally, that fermen-
table sugars are present in herbaceous biomass in water-soluble
form raises an interesting question that could influence feed-
stock storage practices. Namely, what percentage of total sugar is
lost if feedstocks are stored outdoors and subjected to prolonged
rain events? Neither this nor our earlier study was designed to
answer this question. However, the question may become in-
creasingly interesting if biomass materials containing a higher
percentage of extractives with significant levels of free sugars are
identified.
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