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Advanced solid-state NMR techniques and wet chemical analyses were applied to investigate untreated
corn stover (UCS) and its residues after dilute acid prehydrolysis (DAP) and enzymatic hydrolysis (RES)
to provide evidence for the limitations to the effectiveness of enzyme hydrolysis. Advanced solid-state
NMR spectral-editing techniques as well as "H—"3C two-dimensional heteronuclear correlation NMR
(2D HETCOR) were employed. Our results indicated that dilute acid prehydrolysis selectively removed
amorphous carbohydrates, increased aromatic CH/other protonated -C=C- and enriched alkyl CH and
CH, components. Cinnamic acids were increased, and proteinaceous materials and N-containing
degradation or condensation compounds were absorbed or coprecipitated in RES. 2D HETCOR
experiments indicated a close association between lignin and the residual carbohydrates. Ketones/
aldehydes were not detected in the DAP, in contrast to a report in which an appreciable amount of
ketones/aldehydes was generated from the acid pretreatment of a purified cellulose in the literature.
This suggested that acid pretreatment may modify the structure of purified cellulose more than
biomass and that biomass may be a better substrate than model biopolymers and compounds for
assessing structural changes that occur with industrial processing. On the basis of NMR and wet
chemical analyses, we found the following factors could cause the limitations to the effectiveness of
enzymatic hydrolysis: (1) chemical modification of carbohydrates limited the biologically degradable
carbohydrates available; (2) cinnamic acids in the residue accumulated; (3) accessibility was potentially
limited due to the close association of carbohydrates with lignin; and (4) proteinaceous materials and

N-containing degradation or condensation compounds were absorbed or coprecipitated.
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INTRODUCTION

It is well-known that cellulose in plant materials such as corn
stover is encrusted with hemicellulose and lignin in the cell wall.
Cellulose conversion is directly related to the removal of hemi-
cellulose and lignin, creating a topochemical effect which opens
pore space in the cell wall structure and allows for enhanced
accessibility to the cellulose (/ —5). One of the predominating
technologies proposed for conversion of this biomass is acid
prehydrolysis which has been extensively evaluated by the
National Renewable Energy Laboratory (NREL) (6—8). Acid
prehydrolysis solubilizes a significant portion of hemicellulose
and some lignin, lowers the degree of polymerization of the
cellulose through endwise hydrolysis and random chain scission,
creates new reducing end units, and renders the cellulose easily
accessible to enzymatic attack.

It has been widely reported that the extent of glucose yield is
limited to 70% by dilute acid hydrolysis techniques (9—12),
although Torget et al. (/3) have reported that an §5% conversion
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with a shrinking bed percolation reactor was possible. The chem-
ical factors that limit this yield could include glucose degrada-
tion (74), glucose reversion reactions (9), cellulose degradation via
parallel parasitic pathways (15), modification of cellulose poly-
mers or oligomers (10,11, 15, 16), and repolymerization reactions
with lignin intermediates and carbohydrate byproduct (17, 18).
Such studies typically utilize monomers or low-molecular-weight
materials which are readily solubilized and hence more easily
analyzed.

However, in order to enhance the production of ethanol, it is
necessary to understand the underlying reasons for the limitations
to hydrolysis more clearly by directly studying the insoluble residues
after pretreatment and enzymatic hydrolysis. Solid-state NMR
spectroscopy is considered as the best choice for the analysis of
chemical structures of insoluble organic materials since it is non-
destructive and can provide comprehensive structural information.
In the past years, we have developed, modified, and adopted many
advanced solid-state NMR techniques for the detailed, systematic
characterization of complex organic matter (/9—21). Routine *C
solid-state NMR spectra consist of broad and heavily overlapped
bands in which functional groups cannot be clearly distinguished.
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In contrast, our advanced solid-state NMR techniques can selec-
tively retain certain peaks and eliminate others, clearly reveal-
ing specific functional groups and allowing for insights into the
detailed chemical changes induced by processing. Furthermore, we
use 'H—"C two-dimensional heteronuclear correlation NMR
(2D HETCOR) to detect connectivities or proximities of different
functional groups. These advanced NMR techniques are well
suited for the detailed characterization of corn stover and its
residues after dilute acid pretreatment and enzymatic hydrolysis.

In the present study, we investigated corn stover and its
residues after dilute acid prehydrolysis and enzymatic hydrolysis
using advanced solid-state NMR spectroscopy as well as wet
chemical analysis. The major objectives were (1) to determine the
detailed chemical structures of corn stover and its residues and
(2) to identify the chemical structures in the residues that may be
potentially responsible for limiting the effectiveness of enzymatic
hydrolysis.

MATERIALS AND METHODS

Materials. All chemicals were purchased from Fisher Scientific and
Sigma-Aldrich and used as received. Corn stover materials were obtained
from Novozymes, kindly provided by Dr. Elena Vlasenko, and are
representative of the progression of dilute acid prehydrolysis and enzy-
matic degradation. The acid-pretreated corn stover and the residues after
enzymatic hydrolysis were both produced using NREL methods (6, 22).
Experimental conditions for dilute acid pretreatment of the corn stover
included residence temperature 160 °C, residence time 20 min, and a 0.5%
sulfuric acid addition. Enzymatic hydrolysis was conducted under typical
conditions. Solids were diluted with pH 4.5 citrate buffer to achieve 5%
concentration, and 15 FPU/g cellulase was used. Cellobiase was also
added at a 4:1 ratio to the cellulase to avoid feedback inhibition by
cellobiose. The flasks were then incubated at 55 °C for 72 h (23). After
enzymatic incubation, the corn stover residues were washed to maximize
glucose removal, and the supernatant was separated via centrifugation.
The residues were then lyophilized to ensure biological stabilization. Three
samples, untreated corn stover (UCS), residue after dilute acid prehydro-
lysis (DAP), and residue after enzymatic hydrolysis (RES), were used in
the present study.

Methods for Analysis of Cell Wall Components. Acid soluble and
insoluble lignin analyses were performed by the standard techniques (24).
Ash content was performed according to the Technical Association of the
Pulp and Paper Industry (TAPPI) test method T-211 om-93. Total mono-
saccharides were analyzed using the NREL method (25). Uronic acids were
determined according to Blumenkrantz and Asboe-Hansen (26). Cinnamic
acid contents were measured by gas chromatography (GC), as described
by Ralph et al. (27) Elemental analysis was performed by Schwarzkopf
Microanalytical Laboratory (Woodside, NY). Protein content was esti-
mated by multiplying the % N from elemental analysis by 6.25 (28).

NMR Spectroscopy. All the experiments were performed in a Bruker
Avance spectrometer at 75 MHz for '*C, with 4-mm rotors in a double-
resonance probe.

B3¢ CPITOSS and 3C CP|TOSS Plus Dipolar Dephasing. "*C cross-
polarization/total sideband suppression (CP/TOSS) experiments with a
CP time of 1 ms, a 'H 90° pulse-length of 4 us, and at a spinning speed
of 5 kHz were run to obtain qualitative composition information. "*C
CP/TOSS combined with 40-us dipolar dephasing was employed to gene-
rate a subspectrum with signals of nonprotonated carbons and mobile
groups such as CHj. The recycle delay was 3 s.

B3¢ Chemical-Shift-Anisotropy Filter. A five-pulse *C chemical-shift-
anisotropy (CSA) filter (CP-csa-180°-pulse-tcsa-90°-pulse-1.-90°-pulse) (29)
was inserted into *C CP/TOSS in order to separate sp>-hybridized anomeric
carbons (O—C—0) from sp>-hybridized aromatic carbons between 90 and
120 ppm. The "H 90° pulse-length was 4 us, contact time 1 ms, and CSA-
filter time 47 us. Four-pulse total suppression of sidebands (TOSS) (30)
was employed before detection, and two-pulse phase-modulated (TPPM)
decoupling was applied for optimum resolution. The CSA filter scheme
is combined with an incrementation of the z-period in four steps of ¢,/4,
which provides a “y-integral” that suppresses sidebands up to the fourth
order (37). In order to detect nonprotonated anomeric carbons, this filter
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Table 1. Bulk Properties of Materials Analyzed®
cellulose  lignin  other sugars ash  protein uronic acids total

(%) (%) (%) (%) (%) (%) (%)

Ucs 36.0 17.2 29.2 4.0 741 3.6 97.1
DAP  59.2 26.8 4.3 42 22 0.6 97.3
RES 173 58.2 5.5 9.8 7.3 0.6 98.7

@Note that the data are on a dry-weight basis.

was combined with a dipolar dephasing time of 40 us. In contrast, it was
also combined with a short CP of 50 us to obtain selective spectra of
protonated anomerics. The recycle delay was 3 s and the spinning speed
5 kHz. The details of this technique are described elsewhere (29).

Spectral Editing of Immobile CH, + CH. The combined spectrum of
these chemical groups was obtained with good sensitivity in a simple
spectral-editing experiment. First, a '*C CP/TOSS spectrum is recorded
using a short CP of 50 us. It shows predominantly protonated carbons
in immobile segments, but residual peaks of quaternary carbons result
from two-bond magnetization transfer. Second, a '*C CP/TOSS spectrum
is recorded using a short CP of 50 and 40 us dipolar dephasing. It con-
tains only the residual signals of quaternary carbons or mobile segments
(including CH3 groups with > 50% efficiency). The difference of the two
spectra is the spectrum of immobile CH, and CH carbons, with a small
CHj; contribution.

TH—13C Two-Dimensional Heteronuclear Correlation NMR (2D HET-
COR NMR). "H—"3C heteronuclear correlation (HETCOR) experiments,
correlating "H and *C chemical shifts in 2D spectra, were also performed.
These spectra tell us about the protons in the immediate or wider environ-
ment of a given carbon. In particular, the environments of COO/N—C=0
groups can be identified, and we can determine whether aromatic, carbo-
hydrate, and alkyl components are in close proximity or not. Especially, in
the present study we can use this technique to determine whether the
residual cellulose is closely associated with other complex chemical
structures, thus limiting further enzymatic hydrolysis. A Lee—Goldburg
cross-polarization (LG-CP) of 0.5-ms duration was used so that the
correlations between protons and carbons separated by primarily one or
two bonds can be detected. We used 128 7, increments of 5 us. In addition,
40 us dipolar dephasing was inserted in the LG-CP HETCOR to reveal
multibond C—H connectivities for nonprotonated carbons. The spinning
speed was 6.5 kHz. A detailed description of this technique can be found
elsewhere (32—34).

RESULTS AND DISCUSSION

Wet Chemistry. The overall conversion of cellulose is 88%,
following standard analytical procedures, but not necessarily all
carbohydrate is converted to glucose. This is not contradictory to
the previous reports that the extent of glucose yield is limited to
70% by dilute acid hydrolysis techniques (9—12). There remains
residual cellulose that is recalcitrant to biochemical degrada-
tion. Possible reasons for this recalcitrance may be related to
(1) changes in the chemical structure of the residual cellulose,
(2) limitation of the accessibility of enzyme due to the close
association of cellulose with lignin or lignin residues, (3) adsorption
of proteinaceous materials, (4) decreasing enzymatic activity of
the cellulase, and (5) the accumulation of chemical moieties that
prevent further hydrolysis either through inhibition or limited
accessibility. Wet chemistry analyses can provide potential evi-
dence for some of these potential reasons.

Bulk Properties. Table 1 lists the bulk properties as determined
by wet chemistry techniques for all three samples. Untreated corn
stover prior to dilute acid pretreatment has a cellulose content of
36.0% with additional contributions from hemicelluloses/other
sugars (29.2%), lignin (17.2%), protein (7.1%), ash (4.0%), and
uronic acids (3.6%). The mass closure also includes acetyl groups
and nonstructural sugars (35) that were not determined in the
present study. After acid pretreatment, DAP contains 59.2%
cellulose, 4.3% hemicelluloses/other sugars, 26.8% lignin, 2.2%
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Table 2. Total % Monosaccharide Composition of the Three Samples?

glucose  xylose  galactose  arabinose =~ mannose total
ucs 55.3 32.8 38 5.3 2.8 100
DAP 93.3 4.8 0.6 0.9 0.4 100
RES 76.1 18.0 22 37 0.0 100

@Note that data are on the basis of monosaccharide compositions.

Table 3. Ester- and Ether-Linked Cinnamic Acids in the Samples
ester-linked

ether-linked total

% p-coumaric acid % ferulic acid % p-coumaric acid % ferulic acid %

ucs 1.59 0.58 0.71 0.38 3.26
DAP 2.04 0.25 0.15 0.36 2.80
RES 5.00 0.54 0.50 0.94 6.98

protein, 4.2% ash, and 0.6% uronic acids, whereas RES has
17.3% cellulose, 5.5% hemicelluloses/other sugars, 58.2% lignin,
7.3% protein, 9.8% ash, and 0.6% uronic acids. The acid pretreat-
ment concentrates the cellulose in the solid phase to 59.2% of total
mass; however, the enzymatic hydrolysis reduces the cellulose
content to 17.3%. Lignin is concentrated to 26.8% in DAP and
further to 58.2% in RES. The hemicellulose content is signifi-
cantly reduced in DAP but increase in RES since residual hemi-
celluloses are not degraded substantially by enzymatic hydrolysis.
The protein content is decreased in DAP but increased to 7.3% in
RES, indicating the adsorption or coprecipitation of proteins and
N-containing degradation/condensation reaction products. Note
that protein content estimated by multiplying N content by 6.25
is a fair approximation if we deal with just amino acids; the
fact is that amino acids released can give rise to degradation or
condensation products. Table 2 shows that the majority of the
remaining hemicellulose constituent is xylose. The hemicellulosic
residue is ca. 75% xylose with the remainders being galactose and
arabinose in RES. No mannose is detected in RES, indicating a
lack of glucomannans and suggesting that the glucose content is
entirely cellulosic in nature.

Cinnamic Acids. Cinnamic acids, more specifically p-coumaric
and ferulic acids, in the cell wall are implicated as the functional
groups which connect the carbohydrates and lignin in the cell wall
and can be determined by wet chemical techniques (27). The
incorporation of cinnamic acids into the lignin side chain occurs
primarily through esterification or etherification. Esterification
occurs at the y-position on the lignin side chain and may be the
nucleation point at which lignification is initiated on the carbo-
hydrate backbone. Etherification occurs primarily through the
phenolic hydroxyl on the cinnamic acid moiety, but etherification
could also occur at the a-hydroxyl group on the side chain.

In the corn stover materials analyzed here, p-coumaric acids
are predominant (~70—79% of total) and primarily esterified
(Table 3). Ferulic acids comprise the remainder and have a higher
ratio of ether incorporation (except UCS). Furthermore, the
etherified ferulic acid composition appears to be more recalcitrant
and accumulates in RES, representing ca. 64% of the total ferulic
acid content. The differences in the composition of the two cin-
namic acids indicate their different roles in the cell wall. Specifi-
cally, p-coumaric acid is highly esterified and binds carbohydrates
and lignin, whereas the ferulic acid is more highly incorporated
into the lignin polymer, thus explaining its higher retention in
RES as the etherified structure. The relative recalcitrance of the
esterified p-coumaric acid may provide evidence of its role in
limiting hydrolysis.

The untreated corn stover (UCS) contains 3.26% cinnamic
acids on a total weight basis and is reduced to 2.80% by dilute
acid prehydrolysis. On a mass balance, the pretreatment is not
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Figure 1. '3C CP/TOSS spectra of (a) UCS, (b) DAP, and (c) RES. Note
that with enzymatic hydrolysis, the cellulose (around 60—110 ppm) is
significantly reduced.

very effective in removing cinnamic acid moieties even though the
esters are acid labile. A harsher treatment would surely provide
more complete removal but would also affect the glucose yields.
Retention of the cinnamic acids strongly suggests that inhibition
of enzyme hydrolysis be at least partially associated with acces-
sibility related to the close association of cellulose with lignin that
the cinnamates provide. The total cinnamic acid content is
increased to 6.98% in RES, providing the possible evidence of
their role in limiting hydrolysis.

NMR Spectroscopy. Semiquantitative CP/TOSS Spectra.
Figure 1a-¢ show semiquantitative '*C CP/TOSS spectra of UCS,
its residues after dilute acid pretreatment (DAP), and after
enzymatic hydrolysis (RES), respectively. The '*C CP/TOSS
spectrum of UCS (Figure 1a) is dominated by signals from
60—110 ppm representative of the carbohydrate fraction; other
signals are small by comparison. The lignin signals in corn stover
can be observed relatively unobstructed by the broad resonances
ranging from 110—160 ppm, attributed to the signals of aromatic
carbons. The chemical shift of the OCH; groups on the lignin
aromatic ring resides around 56 ppm. The peak intensity of the
lignin is small in comparison to the carbohydrate signals. The
lignin in corn stover is a mixture of guaiacyl (G) and syringyl (S),
with a small amount of the p-hydroxyphenyl (H) lignin. The
COO/N—C=O0 resonances around 165—180 ppm are due to the
acetyl side groups on the xylan, glucuronic acids, and cinnamic
acids, and N—C=O0 of peptides and proteins. The methyl groups
associated with the acetyl moiety resonate at 22 ppm. The detailed
assignments of lignin and carbohydrates in corn stover are listed
in Table 4.

Compared to the '*C CP/TOSS spectrum of UCS (Figure 1a),
two general differences exist with that of the stover after dilute
acid prehydrolysis (DAP) (Figure 1b). First, dilute acid prehy-
drolysis enhances and broadens '*C NMR signals above 110 ppm
and also below 50 ppm, indicating the accumulation of lignin and
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Table 4. NMR Chemical Shifts of Cellulose and Lignin Moieties in Corn
Stover?

moiety chemical shift (ppm)
aldehyde/ketone (C=0) 180—220
COO acid/ester(CO0) 165—180
aromatic C—0 (Ga, G4, 83(9 and ne)s and S5(e and ne)) 153—143
aromatic C—C (G1(e), S1(e and ne)s and 84(9 and ne) ) 134—137
aromatic C—C (Giy(ne)) 131
aromatic C—H (Gg of lignin) 120
aromatic CH (Gs of lignin) 115
aromatic CH (Gj of lignin) 112
aromatic CH (S, and Sg) 106
OCHO of carbohydrates (C; of cellulose) 105
CHOH of carbohydrates (crystalline C,4 of cellulose) 89
CHOH of carbohydrates (amorphous C, of cellulose) 84
Cz-OR of lignin 86—82
CHOH of carbohydrates (C,, Cs, Cs, of cellulose) 75
C4-OR of lignin 76—72
CHOH of carbohydrates (C,, Cs, Cs, of cellulose) 72
CH,0H of carbohydrates (crystalline Cg of cellulose) 66
CH,OH of carbohydrates (amorphous Cg of cellulose) 63
C,-OR of lignin 64—60
OCHj of lignin 56
CHj of hemicelluloses (CH3-COO) 22

#Note that e indicates etherified units in C4, and ne refers to nonetherified
(phenolic) units in C4 (43—45). G is the guaiacyl lignin unit, and S is the syringyl
lignin unit.

the generation of other functional groups; and second, the carbo-
hydrate signals between 60 and 110 ppm are more resolved for the
spectrum of the DAP than for that of the UCS, showing that dilute
acid prehydrolysis selectively removes amorphous carbohydrates.
The *C CP/TOSS spectra of the DAP and RES (Figures 1b and ¢)
are quite similar except for the significant removal of carbohydrate
signals between 60 and 110 ppm for RES.

Spectral-Editing Revealing Specific Functional Groups. The
detailed characterization of RES can provide the opportunity to
elucidate the structure of the remaining cell wall components and
explain the limits of hydrolysis after dilute acid prehydrolysis.
Therefore, we conducted much more detailed NMR analyses of
RES than UCS and DAP; the spectral editing techniques which
can identify specific functional groups as well as 2D HETCOR
showing the connectivities or proximities of different functional
groups were applied for this sample (Figures 3 and 4). For
comparison, we also include simple spectral-editing spectra of
UCS and DAP, including those of dipolar dephasing and the '*C
CSA filter (Figure 2).

Figure 2 shows 1*C CP/TOSS, dipolar-dephased, and *C CSA-
filtered spectra of UCS and DAP. Figure 3 shows the spectral-
editing spectra of RES; in addition to the dipolar-dephased and *C
CSA-filtered spectra (Figures 3b and ¢), we also acquired spectra
with the '*C CSA-filter, '*C CSA-filter plus short CP, and '*C CSA
filter plus dipolar dephasing as well as CH,-only selection.

The dipolar-dephased spectra (Figure 2b and e and Figure 3b)
solely exhibit resonances of nonprotonated carbons and carbons of
mobile groups such as the highly mobile CCH3 at 22 ppm and OCHj3
at 56 ppm. Nonprotonated aromatic carbons (aromatic C—0O and
aromatic C—C) resonate from 120 to 160 ppm with the aromatic
C—0O signal around 153 ppm and the aromatic C—C signal around
130 ppm. Also, the N—C=0/COQO signal around 173 ppm is pre-
sent. Furthermore, a mobile—mobile CCH,C group band is present
in the dipolar-dephased spectrum of RES (Figure 3b).

The "*C CP/TOSS spectrum after a CSA filter, which exhibits only
sp’-hybridized carbons, is displayed in Figures 2¢ and f and Figure 3c.
This technique separates overlapping anomerics (O—C—0) from
aromatics between 90 and 120 ppm and results in an isolated
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Figure 2. Simple spectral-editing spectra of UCS (a—c) and DAP (d—f).
(a and d) '3C CP/TOSS spectra. (b and e) Dipolar dephased spectra.
(c and f) '®C CSAfiltered spectra.

RES
() 13C cprTOSS
T .260.“'"."'.‘16'0"."v" 111 .0 T
(b) dipolar-dephased
nonprotonated ccHyC
200 100 0
{c) 13¢ CSA-filtered
oCo
200 100 0o
(d) 13C CSA-filtered
2000 T 1000 T 6
(e) 13¢ CSA-filtered
with dipolar dephasing
OCqO
200 100 0
protonated

(H CH, aroma{f:s

13¢ 200 100 0 ppm

Figure 3. Detailed spectral editing of RES. (a) Full '3C CP/TOSS spectrum
for reference with a contact time of 1 ms. (b) Dipolar-dephased spectrum
showing nonprotonated carbons and carbons of mobile segments such as
CHz and OCH, with 40-us dephasing time. (¢) Selection of alkyl and O-alkyl
carbons with a "*C CSA filter, which in particular identifies OCO carbons
typical of sugar rings. CSA filter time: 47 us. (d) Selection of protonated alkyl
and O-alkyl carbons with a CSA filter and short CP, in particular OCHO
around 105 ppm. CSA filter time 47 us. CP time 50 us. (e) Selection of
nonprotonated and mobile alkyl and O-alkyl carbons with a CSA filter and
dipolar dephasing, which in particular identifies OC(RR")O carbons, with a
CSA filter time of 47 us and dipolar dephasing of 40 us. (f) Selection of
immobile CH and CH,.

O—C—0 peak at 105 ppm characteristic of the C; of carbohydrates
such as those of cellulose and hemicelluloses for all three samples.
For RES, we also have three more spectral-editing spectra. The
combination of the CSA filter technique with short CP (50 us)
results in a subspectrum of protonated alkyl and O-alkyl carbons
(Figure 3d). In particular, a clear band of protonated O-CH-O
moieties is visible at 105 ppm. Obviously, most anomerics are
protonated. The carbohydrate signals ranging around 60—90 ppm
of the reference '*C CP/TOSS spectrum are quite similar to those of
Figure 3d, indicating that theses carbons are primarily protonated.
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Figure 4. |dentification of functional groups in RES by 'H—'3C HETCOR
without spin diffusion and with 0.5-ms LGCP. (a) Contour plot of the two-
dimensional spectrum. (b) Same as in a but with dipolar dephasing.
(c) Cross-sections from spectrum a at the indicated '3C chemical shifts:
20.8, 23.8, 30.5, 56.2, 64, 73.7, 89, 105.4, 115.9, 127, 133.8, 147.9, and
152.8 ppm. (d) Cross-sections from spectrum a at the indicated °C
chemical shifts: 20.4, 30.5, 55.5, 126.7, 132, and 147 ppm.

Since OCHj5 carbons have the largest *C chemical shift aniso-
tropies among all the sp>-hybridized carbons, their signals are
much more reduced compared with other O-alkyls. The combina-
tion of this filter technique with dipolar dephasing (Figure 3e)
shows that small amounts of quaternary O-Cy4-O groups are pre-
sent in this sample. Figure 3f displays the spectrum with immobile
CH plus CH, and a small amount of CHj, attributed to the
protonated aromatics (aromatic C—H) around 115 ppm, proto-
nated carbohydrate signals from 60 to 110 ppm, and a broad band
from 0 to 60 ppm attributed to OCH3, CCHC, CCH,C, and CCH3.

Structural Information from Short-Range HETCOR.
Figure 4a displays the "H—"C HETCOR spectrum of RES with
0.5 ms of LGCP, which primarily but not exclusively shows
correlation peaks for one- and two-bond distances. The proton
cross-sections at the indicated '*C chemical shifts were extracted
to help identify the connectivities or proximities of different func-
tional groups (Figure 4c). At the '*C chemical shifts of 152.8 and
147.9 ppm where aromatic C—O groups resonate, the significant

Mao et al.

Table 5. Percentages of Different Functional Groups Obtained by '3C CP/
TOSS Combined with Spectral Editing?

assign. (ppm) UCS DAP RES

Cc=0 220—180 0 0 0
COON—-C=0 180—165 45 05 141
aromatic C—0 165—142 54 86 159
aromatic C—C/other nonprotonated -C=C-  142—111 25 47 98
aromatic C—H/other protonated -C=C- 135—103 6.1 20 28.7
aromatic/-C=C- total 165—103 140 333 544

acetal 112—95 146 9.0 27
ketal 112—95 05 06 13
O-alkyl 95—59 579 472 203
OCH4/NCH 59—50 37 45 95
CH/CH, 50—24 18 46 80
CHs 24—0 30 04 28
total 220—0 100 100.1 100.1

@13C CP/TOSS data were corrected on the basis of the protocol described
elsewhere (36, 37), and errors due to CP/TOSS correction are ca. 5%. Overlapping
functional groups were separated on the basis of spectral-editing techniques.

contribution is from O-alkyl such as OCHj; protons; correspond-
ingly, the cross-section at the '*C chemical shift of 56.2 ppm
displays a small band at ca. 7 ppm from the aromatic protons.
This shows a correlation between OCH3 and aromatics in lignin
functionalities and provides an example of interpreting the
HETCOR spectrum. The cross-section at the '*C chemical shift
of 133.8 ppm attributed to nonprotonated aromatic carbons
shows a significant correlation with the protons of O-alkyls
such as those on the lignin aromatic ring or possibly of carbo-
hydrates. The contributions of O-alkyl protons for slices at 127
and 115.9 ppm are not as significant as that for the slice at 133.8 ppm.
Correspondingly, the slices representing carbohydrates at 105.4 ppm
and 89 ppm show correlation proton slices from the aromatic
protons, indicating that aromatics from components such as
lignin are closely associated with carbohydrates, in part explain-
ing the limits of hydrolysis. The 'H slices at 73.7 ppm and
64 ppm of carbohydrates primarily correlates with their own
protons. Similarly, the 'H slices at 30.5, 23.8, and 20.8 of CCH,
and CCHj; show correlations primarily with their own protons,
although slight shoulders from the O-alkyl protons can be
observed.

The '"H-"3C 2D HETCOR spectrum with 40-us dipolar
dephasing shows nontrivial correlation peaks of nonprotonated
carbons with the nearest 'H, which are at a distance of at least
two bonds (Figure 4b). 'H slices were extracted at the '*C chemical
shifts of 147, 132, 126.7, 55.5, 30.5, and 20.4 ppm. Aromatic
C—0 at 147 ppm correlate most prominently with OCHj3 protons
(Figure 4d), and OCHj; at 55.5 ppm correlates with aromatic
protons, attributed to those of lignin. Aromatic carbons at 132
and 126.7 ppm clearly show some correlation with O-alkyl pro-
tons. The methyl groups at 20.4 ppm and mobile CCH,C groups
at 30.5 ppm are primarily associated with their own protons.

Chemical Structural Changes after Dilute Acid Prehydro-
lysis and Enzymatic Hydrolysis. On the basis of *C CP/TOSS
and spectral-editing spectra, we obtained semiquantitative struc-
tural information on the three samples. The CP/TOSS data are
corrected based upon simulation and reported as quantitative
data in Table 5 on a percentage basis (36, 37).

On the basis of Table 5, we discuss the detailed, quantitative
chemical structural changes after dilute acid prehydrolysis and
enzymatic hydrolysis, primarily ordered from downshift to up-
shift according to their '*C NMR resonance positions.

Aldehydes|Ketones (220—180 ppm). In the '*C CP/TOSS
spectra shown in Figure 1, we do not observe any signals of
aldehydes or ketones for all three samples. Qian et al. (16)
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reported an appreciable amount of ketone/aldehyde structures
resulting from acid pretreatment of a purified cellulose standard.
Our results are inconsistent with theirs, suggesting that acid
pretreatment may modify the structure of a purified cellulose
more than a biomass in which the cellulose is encrusted with lignin
and hemicelluloses and potentially protected. This result shows
the necessity of nondestructive analysis of corn stover residues,
rather than of pure model compounds, by solid-state NMR for
finding evidence of limited hydrolysis.

COO/N—C=0 Groups (180— 165 ppm). The COO/N—C=0
resonances are attributed to the acetyl side groups and N—C=0
from peptides and proteins. The amount of COO/N—C=0 is
reduced after the acid pretreatment and enzymatic hydrolysis
(Table 5). After dilute acid pretreatment, COO/NCO structures
are reduced from 4.5% in UCS, to 0.5% in DAP and to 1.1% in
RES.

Aromatic C—O Groups (165—142 ppm). After processing,
aromatic C—O attributed to lignin is increased (Table 5), con-
sistent with higher lignin in DAP and RES based on Table 1.
Aromatic C—0O is 5.4% in UCS (Table 5). This translates to
2.36 C per aromatic ring (C/Ar) when considering the whole aro-
matic contribution (165—100 ppm). The aromatic C—O content
is similar to that of a gauaicyl lignin, indicating that the S:G ratio
is low.

Aromatic C—C and Other Nonprotonated -C=C- (142—111
ppm). The aromatic C—C and other nonprotonated -C=C-
content follows a trend of enrichment through pretreatment
and enzyme hydrolysis (Table 5). The nonprotonated aromatic
and -C=C- carbons increase from 2.5% in UCS to 4.7% and
9.8%, respectively, in DAP and RES.

Aromatic C—H and Other Protonated -C=C- (135—103
ppm). If all this region is attributed to aromatic C—H, then the
aromatic C—H is above the theoretical value for lignin content,
suggesting a large accumulation of this functional group from
reactions occurring during acid prehydrolysis. Correspondingly,
there is a loss of carbons in the O-alkyl (95—59 ppm) in DAP and
RES. This shift could be interrelated. The data suggest that acid
prehydrolysis could cause those carbons on either the carbohy-
drate polymer or the lignin side chain to become unsaturated,
likely through a dehydration reaction (15, 38—41) or, in the case
of lignin, the loss of formaldehyde and vinyl ether formation (42).
Unsaturated -C=C- bonds on carbohydrate backbones may limit
enzyme hydrolysis, and it is likely that a considerable portion of
the side reactions occur on the cellulose polymer. The aromatic
C—H and other protonated -C=C- percentages increase from
6.1% in UCS to 20% and 28.7% in DAP and RES, respectively.

Anomerics (112—95 ppm). The '*C CSA filter experiment
selects sp>-hybridized carbons and unobscures overlap specifi-
cally between anomeric and aromatic carbons. Protonated acetal
and nonprotonated ketal can be separated by the *C CSA filter
combined with short CP or dipolar dephasing. Consistent with
the decrease of carbohydrates, anomerics are reduced from
15.1% to 9.6% for UCS and to 4.0% for RES. Ketal accounts
for a very small portion of anomerics. On the basis of the 'H slice
of 2D HETCOR spectrum (105.4 ppm of Figure 4c), anomerics
are closely associated or bonded to aromatics. Anomerics directly
bonded to aromatics cannot form double bonds but can still be
detected around 100 ppm.

O-Alkyl (95—59 ppm). The '*C chemical shifts of the O-alkyl
moieties (95—59 ppm) are primarily attributed to C,—Cgy of
carbohydrates and the C,-OR, C4-OR, and C,-OR on the lignin
side chain (Table 4). The total carbon amount of O-alkyls in UCS
accounts for 57.9% including carbohydrates and lignin. In DAP,
the O-alkyls account for 47.2% and are reduced to 20.3% in the
RES.
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OCH 3 and NCH Structures (59—50 ppm). These functional
groups for UCS account for 3.7%. In addition to OCHj3 groups,
N—CH resonances from protein or peptide structures contribute
to this region as do small amounts of lignin aliphatic sidechian
carbons. They increase from 3.7% in UCS to 4.5% in DAP and
9.5% in RES, mirroring the increase of the adsorption and
coprecipitation of proteins and N-containing degradation or
condensation compounds and lignin as determined by elemental
analysis.

Alkyl CH and CH, (50—24 ppm). This region for UCS is
primarily associated with alkyl carbons on the lignin side chains
from interunit linkages such as dihydroconiferyl alcohol (DHCA)
or those associated with protein side chains. Since lipids and wax
are not removed, signals of lipids and/or wax may also contribute
significantly to this region. They represent 1.8% in UCS and
increase to 4.6% for DAP. This indicates that alkyl structures are
enriched during dilute acid prehydrolysis, although the mech-
anism is unclear. RES contains 8.0% for this region.

Methyl (24—0 ppm). Methyl groups are highest in UCS
(3.0%), related directly to acetyl groups on the glucuronoxylan
backbone and also some to side chains of proteins. The acetyl
groups are readily hydrolyzed under acidic conditions, and this
is corroborated as DAP contains little methyl content (0.4%).
The CHj; content is enriched to 2.8% in RES, which could be
partially derived from the absorbed or coprecipitated proteins/
peptides.

Potential Factors Limiting Enzymatic Hydrolysis As De-
termined in the Present Study. Potential reasons for the limita-
tion of enzyme hydrolysis as determined by the present study are
(1) the recalcitrant nature of the residual cellulose, in part, due
to chemical modification from pretreatment; (2) enrichment of
the cinnamic acids as hydrolysis proceeds; (3) limitation of the
accessibility of the enzyme due to the close association of the
hemicellulose and cellulose with lignin; and (4) adsorption or
coprecipitation of proteinaceous materials and N-containing
degradation or condensation compounds, decreasing enzymatic
activity of the cellulase.

NMR data indicates that the primary structural change
occurring with dilute acid prehydrolysis pretreatment is the
accumulation of protonated aromatics and -C=C- carbons which
could be related to the formation of unsaturated carbons from
carbohydrates, likely through dehydration reactions. Other
changes observed by NMR include an accumulation of alkyl
CH and CH, groups, although it is unclear whether these are
associated with lignin, carbohydrates, or proteins.

Cinnamic acids play a pivotal role in cross-linking polysac-
charides and lignin in the cell wall. In the materials studied here,
p-coumaric acids predominate, and cinnamic acids are accumulated
in RES to 6.98% on a total weight basis.

As expected, small amounts of hemicellulosic residues remain
and are mostly retained throughout enzymatic hydrolysis. The
hemicellulose or cellulose residues are tightly associated with or
bonded with lignin, as confirmed by our 2D HETCOR experi-
ments. RES contains 58.2% lignin by weight, and therefore, it
might be inferred that the residual carbohydrate is recalcitrant
due to its association with lignin.

Protein content increases with hydrolysis from 2.2% in DAP to
7.3% in RES on a weight basis as determined from wet chemical
analysis, indicating adsorption or coprecipitation of proteina-
ceous materials and N-containing degradation or condensation
compounds.

Summary. The present study utilizes wet chemical analysis
and solid-state NMR experiments to glean detailed chemical
structural information on untreated corn stover and its hydrolysis
and enzymatic residues. The advanced solid-state spectral-editing



11686 J. Agric. Food Chem., Vol. 58, No. 22, 2010

techniques allow for detailed investigations of structural changes
occurring with pretreatment and hydrolysis.

Dilute acid prehydrolysis

e selectively removes amorphous carbohydrates, and
the NMR signals of remaining carbohydrates are
better resolved.

e accumulates protonated aromatic and -C=C- carbons
which could be due to modifications of the structure
of residual carbohydrates.

e generates CH and CH, alkyl components as detected
by solid state NMR.

Potential evidence for limitations of hydrolysis have been
detailed. From the solid-state NMR and wet chemistry, it has
been determined that the following factors could contribute to
limiting hydrolysis in ethanol production, including

e chemical modification of carbohydrates

e accumulation of cinnamic acids in the residues

e potential limitation of accessibility due to the close

association of carbohydrates with lignin

e adsorption or coprecipitation of proteinaceous mate-

rials and N-containing degradation or condensation
compounds.

ABBREVIATIONS USED

UCS, untreated corn stover; DAP, residue after dilute acid
prehydrolysis; RES, residue after enzymatic hydrolysis; NREL,
National Renewable Energy Laboratory; TAPPI, Technical Asso-
ciation of the Pulp and Paper Industry; GC, gas chromatography;
NMR, nuclear magnetic resonance; CP/TOSS, cross-polarization/
total sideband suppression; CP, cross-polarization; TOSS, total
suppression of sidebands; CP/MAS, cross-polarization/magic
angle spinning; TPPM, two-pulse phase-modulated; CSA, chemical-
shift-anisotropy; 2D HETCOR, two-dimensional "H—"*C hetero-
nuclear correlation nuclear magnetic resonance; LGCP,
Lee—Goldburg cross-polarization; G, guaiacyl; S, syringyl; H,
p-hydroxyphenyl; DHCA, dihydroconiferyl alcohol.
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