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Abstract Physicochemical characteristics of corn stover
pretreated by soaking in aqueous ammonia (SAA) and low-
moisture anhydrous ammonia (LMAA) were compared and
investigated. The glucan digestibility of the treated biomass
reached 90 % (SAA) and 84 % (LMAA). The LMAA pre-
treatment enhanced the digestibility by cleaving cross-
linkages between cell wall components, whereas the SAA
pretreatment additionally improved the digestibility by effi-
ciently removing a major portion of the lignin under mild
reaction conditions without significant loss of carbohydrates.
Fourier transform infrared spectroscopy (FTIR), nuclear mag-
netic resonance (NMR), and gel permeation chromatography
(GPC) revealed the structural and chemical transformations of
lignin during the pretreatments. Both pretreatments effectively
cleaved ferulate cell wall cross-linking that is associated with
the recalcitrance of grass lignocellulosics toward enzymatic
saccharification. Extracted lignin from SAA pretreatment
was extensively depolymerized but retained Bnative^ charac-
ter, as evidenced by the retention of β-ether linkages.

Keywords Ammonia-extracted lignin . Soaking in aqueous
ammonia (SAA) . Low-moisture anhydrous ammonia
(LMAA) . 2DNMR . FT-IR . Lignocellulosic material

Introduction

Among the various renewable energy resources that can pro-
vide alternatives to fossil fuels, liquid biofuels derived from
lignocellulosic biomass show considerable potential for the
transportation sector. Cellulosic ethanol, produced from ligno-
cellulosic biomass materials that are indigestible and essen-
tially non-edible by humans, is a transportation fuel already in
use [1]. However, commercialization of cellulosic ethanol
production remains challenging because of technical and eco-
nomic barriers [2, 3]. In plants, lignin provides a crucial de-
fense system against pathogens; however, it also represents an
obstructive component to the bioconversion of biomass into
ethanol. Cellulose crystallinity, and non-crystalline compo-
nents including lignin and hemicelluloses, along with their
various acyl (acetyl, feruloyl, and p-coumaroyl) group deco-
rations, all contribute to poor enzymatic hydrolysability of
natural lignocellulosic biomass [4, 5].

Efficient technologies to overcome the biomass recalcitrance
are crucial for commercialization of cellulosic ethanol. Numer-
ous pretreatment methods have been developed to improve the
saccharification of biomass to sugars and their subsequent fer-
mentation to ethanol and other biofuels. Ammonia has been
introduced as a reagent for biomass pretreatment because of its
high selectivity toward lignin and cell wall cross-linking entities
over polysaccharides, its swelling effect on cell wall, its high
volatility for easy recovery and reuse, and its ability to reduce
cellulose crystallinity [6–8]. Ammonia’s antibacterial properties
allow long-term storage of pretreated biomass with minimal
carbohydrate degradation [9], and the retained ammonia-
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derived nitrogen can serve as a nutrient in the subsequent fer-
mentation process [10]. Different pretreatment methods using
ammonia, including ammonia fiber expansion (AFEX), soaking
in aqueous ammonia (SAA), ammonia recycle percolation
(ARP), and low-moisture anhydrous ammonia (LMAA), have
been investigated for enhancing the enzymatic hydrolysis and
fermentation of biomass [6–8, 11, 12].

In this study, two recently developed ammonia pretreat-
ments, SAA and LMAA, were conducted to pretreat corn
stover. The SAA uses aqueous ammonia (Bammonium
hydroxide^) under mild reaction conditions (30–80 °C, 1–
2 atm) in a batch process to remove lignin without significant
loss of sugars. Delignification not only improves the enzymat-
ic hydrolysis but also enriches carbohydrates in the pretreated
solid substrate. The LMAA, unlike most other pretreatments
that involve liquid chemicals or solutions, uses gaseous am-
monia to pretreat biomass, which significantly reduces ammo-
nia loading and water consumption [11]. For recovery of am-
monia, it is projected that simple evaporation should be used
in both SAA and LMAA. It is also assumed that ammonia
recovery in LMAA is simpler due to its low ammonia and
water loadings than SAA. In addition, ammonia distribution
via the gaseous phase is easier, and water washing of the
pretreated biomass is not necessary before enzymatic hydro-
lysis and fermentation. In the ammoniation reactor, ammonia
gas rapidly penetrates into moist biomass, and the pretreat-
ment is completed under relatively mild temperatures (60–
90 °C). Instead of removing components inhibitory to cellu-
lose hydrolytic enzymes, such as lignin and/or hemicellulose
from biomass, the LMAA pretreatment removes/reduces bio-
mass recalcitrance and improves cellulose digestibility by
changing the structures of biomass components [11].

The effects of the SAA and the LMAA pretreatments on
the physicochemical structural aspects of corn stover and the
enzymatic digestibility were investigated. Chemical composi-
tion and functional groups in the untreated and pretreated bio-
mass samples were analyzed by wet chemistry methods and
FTIR analysis. Lignin structure before and after the pretreat-
ment was compared by the 2D-NMR (HSQC) method.
Ammonia-extracted lignin from SAA pretreatment was char-
acterized in terms of purity, structure, and molecular weight.
The effects of the two pretreatments on glucan and xylan
digestibilities were also investigated. The findings reported
in this study will help in understanding ammonia process op-
tions for the effective pretreatment of lignocellulosic biomass.

Materials and Methods

Materials

Corn stover was harvested from central Iowa in 2010. For
uniform reaction, corn stover was ground, and the fraction

between 10 and 30 mesh was used in this study. The corn
stover contained 35.3% glucan, 23.9% xylan, 1.9 % galactan,
4.0 % arabinan, 19.9 % lignin (acid insoluble+acid soluble),
4.1 % ash, and 10.9 % water–ethanol extractives.

Cellulase (GC 220, Lot #301-04232-162, 45 FPU (filter
paper unit)/mL) and xylanase (Multifect®, Lot #301-04021-
015, 8000 GXU (Genencor xylanase unit)/mL, 42 mg of pro-
tein/mL) were provided by Genencor International. β-
Glucosidase (Novozyme 188, Lot #11 K1088, 750 CBU (cel-
lobiose unit)/mL) was purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Pretreatments

Low-Moisture Anhydrous Ammonia

The ammoniation reactor system consists of a batch re-
actor (7.2×16.5 cm, internal diameter×length) with an
internal volume of 670 mL, a single-stage gas regulator
(Linweld 313 stainless steel, Linweld Inc., Des Moines,
IA, USA), and an ammonia gas cylinder. Before starting
the ammoniation, the reactor was purged using ammonia
gas for 10 s. Corn stover with 50 % moisture content
was loaded into the reactor and treated with anhydrous
ammonia gas for 10 min. During the ammoniation, the
system pressure was about 10 psi and temperature and
pressure were monitored by an electronic temperature
probe and pressure gauge. The exothermic reaction of
ammonia with moisture in the biomass increased temper-
atures up to 70 °C without external heating. Ammoniated
biomass was transferred into a stainless steel reactor
(2.4×15.2 cm, internal diameter×length) with an internal
volume of 67 mL and kept at 80 °C for 1–84 h. After all
the reactions, ammonia from the treated biomass was
allowed to evaporate in a fume hood. The pretreated
samples were subjected to the compositional analysis
and enzymatic digestibility test following the National
Renewable Energy Laboratory (NREL) Laboratory Ana-
lytical Procedure (LAP) [13].

Soaking in Aqueous Ammonia Pretreatment

For the SAA pretreatment, 100 mL of 15 % of ammonium
hydroxide was loaded into a screw-capped Pyrex bottle with
10 g (oven-dried weight) of corn stover. The bottle was placed
in a convection oven at 60 °C for 3–24 h. At the end of the
treatment, the treated solids were separated by filtration,
washed with deionized (DI) water until the eluent’s pH
reached 7–8, and subjected to the enzymatic digestibility test.
Lignin, carbohydrate, and enzymatic digestibility were deter-
mined and evaluated by the NREL-LAP.

68 Bioenerg. Res. (2016) 9:67–76



Enzymatic Digestibility Test

To evaluate the effect of each pretreatment on biomass con-
version, the enzymatic digestibility of pretreated biomass was
evaluated with GC-220 cellulase, Nov. 188 β-glucosidase,
and Multifect® xylanase. The initial glucan loading was 1 %
(w/v) in 100mL of total liquid and solid mixture. The substrate
and enzymeswere loaded into a 250-mLErlenmeyer flask as a
bioreactor and shaken in an incubating shaker (Model E24,
New Brunswick Scientific, Edison, NJ, USA) at 50 °C and
150 rpm. The pH of each substrate was adjusted to pH 4.8

with 0.05 M sodium citrate buffer solution at the beginning of
the enzymatic hydrolysis. Enzymes including 15 FPU/g-
glucan of the cellulase, 30 CBU/g-glucan of the β-glucosi-
dase, and 1000 GXU/g-glucan of the xylanase were loaded
for hydrolysis of polysaccharides in the substrate. Each
substrate was tested in duplicate, and samples were tak-
en and analyzed periodically until the hydrolysis tested
as complete typically in 96–120 h. The glucan and xy-
lan were analyzed using a high-performance liquid chro-
matography (HPLC).

The glucan and xylan digestibilities were calculated as:

Glucan or xylanð Þ digestibility %ð Þ ¼ Total released glucose or xyloseð Þ gð Þ � conversion factor

Initial glucan or xylanð Þloaded gð Þ � 100

where the conversion factors for glucose and xylose to the
equivalent glucan and xylan are 0.90 and 0.88, respectively.

Analytical Methods

Chemical Composition

The chemical composition (carbohydrates and lignin) of un-
treated and pretreated samples were determined in duplicate
according to the method of the NREL-LAP [13]. Carbohy-
drates were determined by HPLC (Varian ProStar 230, Varian
Inc., CA, USA) with Aminex HPX-87P column (1300×
7.8 mm, 9 μm particle size) (Bio-Rad Laboratories Inc., CA,
USA) and a refractive index (RI) detector (Varian 356-LC,
Varian Inc., CA, USA). Lignin fractions (AIL, acid-insoluble
lignin and ASL, acid-soluble lignin) were quantitated by
weight and spectroscopic analysis using UV spectrophotom-
eter (Unico 2100UV, Unico®, NJ, USA) at 320 nm,
respectively.

Fourier Transform Infrared Spectroscopy

Functional groups in the solid substrates were analyzed by
Fourier transform infrared spectroscopy (FTIR). The spectra
were obtained on a Nicolet™ 380 FTIR spectrometer working
in attenuated total reflectance (FTIR-ATR) mode (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Samples were
scanned from 4000 to 600 cm−1 at a resolution of 4 cm−1.
The assignments of peaks in the FTIR spectra were summa-
rized in Table 1 according to the previous studies [14–22].

Nuclear Magnetic Resonance

Samples of untreated and ammonia-treated corn stover were
prepared for gel-state nuclear magnetic resonance (NMR) as

previously described [23]. In brief, the dried sample
was pre-ground for 1 min in a Retsch MM400 mixer
mill at 30 Hz using zirconium dioxide (ZrO2) vessels
(10 mL) containing ZrO2 ball bearings (2×10 mm).
The ground material was extracted with distilled water
(1 h, 3 times) and 80 % of ethanol (1 h, 3 times) with
ultrasonication. The cell walls were dried and finely
ball-milled using a PULVERISETTE 7 (Fritsch, Idar-
Oberstein, Germany) at 600 rpm with ZrO2 vessels
(50 mL) containing with ZrO2 ball bearings (10×
10 mm). Each sample (200 mg) was milled for 1 h
and 40 min in 10 min intervals with 5 min interval
breaks to avoid excessive heating. The ball-milled sam-
ple (50 mg of each) was transferred into a 5-mm NMR
tube and the gel formed using DMSO-d6/pyridine-d5
(4:1, v/v, 0.5 mL) with sonication (30 min).

NMR spectra were acquired on a Bruker BioSpin
(Billerica, MA, USA) AVANCE 700 MHz spectrometer
equipped with a cryogenically cooled 5-mm triple-res-
onance 1H/13C/15N TXI gradient probe with inverse
geometry (1H coils closest to the sample). The central
DMSO solvent peak was used as internal reference (δC
39.5, δH 2.49 ppm). The 1H–13C correlation experiment
was an adiabatic HSQC experiment (Bruker standard
pulse sequence Bhsqcetgpsisp.2^; phase-sensitive gradi-
ent-edited 2D HSQC using adiabatic pulses for inver-
sion and refocusing) [24]. HSQC experiments were car-
ried out using the following parameters: acquired from
9 to 1 ppm in F2 (1H) with 1200 data points (acquisi-
tion time 200 ms), 160 to 10 ppm in F1 (13C) with
512 increments (F1 acquisition time 13.6 ms) of 32
scans with a 1-s interscan delay; the d24 delay was
set to 0.86 ms (1/8 J, J=145 Hz). Volume integration
of contours in HSQC plots used Bruker’s TopSpin 3.1 (Mac)
software. Assignments of peaks from NMR spectra were
based on those in previous publications [23, 25].
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Ammonia-extracted lignin from the SAA pretreatment was
also analyzed by NMR. After the pretreatment, lignin-rich
black liquor was collected and dried at 45 °C using a rotary
evaporator (Rotavapor® R-215, BÜCHI, Labortechnik, Swit-
zerland). Solid residues remaining in the flask were hydro-
lyzed by mixed enzymes of cellulase (Novozyme NS-50013,
70 FPU/mL) and xylanase (Novozyme NS-50030, 500 FXU
(Farvet xylan unit)/mL) to purify the lignin. The purified in-
soluble lignin was filtered and air-dried. Acid-induced precip-
itation by adding HCl was also conducted to recover soluble
lignin from the filtrate. The lignin was air-dried and mixed
before the NMR analysis and subjected to lignin and carbo-
hydrate analysis following the NREL-LAP [13].

Gel-Permeation Chromatography

The weight-average molecular weight (Mw) and number-
average molecular weight (Mn) of ammonia-extracted lignin
were estimated by gel-permeation chromatography (GPC) on
a 1260 infinity HPLC system (Agilent Technology, Santa
Clara, CA, USA) with a refractive index detector (RI-
G1362A) and a multiple wavelength detector (MWD). Three
columns were connected in series including PLgel mixed B,
PLgel mixed E 5 μm with a pore size of 10,000 Å, and PLgel
mixed E 5 μmwith a pore size of 100 Å (Agilent, Santa Clara,
CA). A set of polystyrene standards was used for calibration.
Ammonia-extracted lignin was purified by the aforemen-
tioned enzymatic hydrolysis method and then acetylated in
pyridine/acetic anhydride (1:1v/v) prior to GPC analysis to
improve the solubility in tetrahydrofuran (THF) and minimize
molecular association issues. Lignin (10 mg) was suspended
in 2mL pyridine/acetic anhydride mixture and kept in the dark
for 72 h. The mixture was poured into cold water (48 mL) and
stirred for 1 h. The precipitate was collected and washed with

water and ethyl ether and then dried in a freeze dryer. The
purified and acetylated lignin (2 mg) was dissolved in 1 mL
THF and filtered using a syringe filter. The lignin solution
(10 μL) was injected onto the GPC columns with an eluent
(THF) flow rate of 1.0 mL/min at 25 °C. All data were proc-
essed using the Agilent ChemStation software package for
GPC analysis (Rev.B.04.03).

Results and Discussion

Effect of Ammonia Pretreatments on the Chemical
Composition of Corn Stover

The SAA pretreatment was able to effectively delignify corn
stover under mild reaction conditions [26]. More than 50 % of
lignin in corn stover was removed in 6 h and about 70 % of
lignin was extracted in 12 h by 15 % aqueous ammonia
(Fig. 1a). Most of the glucan (>97 %) and xylan (80 %) in
the corn stover remained in the pretreated biomass. The results
suggested that the SAA has high selectivity toward the remov-
al of lignin over polysaccharides. Selective delignification im-
proved the accessibility of cellulose to enzymes, enriched car-
bohydrates in the pretreated corn stover, and presumably min-
imized enzyme inactivation by lignin absorption, which facil-
itated the high carbohydrate loading/concentration operations
in the following hydrolysis and fermentation steps. As the
reaction time was extended, more lignin was removed; how-
ever, more carbohydrates were solubilized as well. In particu-
lar, reaction times longer than 12 h could not notably remove
more lignin but dissolved more xylan from the biomass.

The LMAA pretreatment method was introduced with the
intention of reducing ammonia and water consumption [11].
The effect of LMAA reaction time on the composition of

Table 1 FTIR band assignments for the corn stover substrates

# Wavenumber [cm−1] Assignment Polymer Reference

1 836-841 C–H out-of-plane in position 2 and 6 of S and in all positions G units Lignin [21]

2 898 C–H deformation Cellulose [17, 18]

3 1039-1043 C–O stretching Cellulose, hemicellulose, and lignin [16]

4 1124 Aromatic skeletal vibration and C–O stretching Lignin [17, 18]

5 1248-1256 C–O vibration of G rings Lignin [19]

6 1319-1323 C–O vibration of S rings Lignin [16]

7 1421 Aromatic skeletal vibrations combined with C–H in-plane deformation Lignin [17, 22]

8 1456 C–H deformation Lignin [21]

9 1514-1517 Aromatic skeletal vibration Lignin [14, 16]

10 1607-1608 Aromatic skeletal vibration Lignin [14]

11 1742 C═O stretching in unconjugated ketone, carbonyl, and ester groups Xylan [14, 16]

12 2806 C–H stretching Lignin [16, 20]

13 2929 C–H stretching in methyl and methylene groups Lignin [16]

14 3328 O–H stretching Cellulose, hemicellulose, and lignin [15]
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biomass is presented in Fig. 1b. There was no significant change
in the carbohydrate fractions during the LMAA pretreatment,
whereas the ASL and AIL changed with the pretreatment. The
ammoniation step itself slightly increased the ASL fraction (from
0.7 to 2.1% in Table 2), and the fraction was further increased up
to 4.4 % (accounting for 21.6 % of overall lignin) as the pretreat-
ment time increased. ASL is the fraction of lignin with relatively
low molecular weight lignin fragments, as determined from the
lignin analysis. Therefore, the results suggested that the LMAA
pretreatment is able to modify and/or partially depolymerize lig-
nin and form more ASL, even though there was no mass loss
from the biomass during the pretreatment. The increase in the
ASL fraction indirectly establishes themodification and cleavage
of the lignin polymer in the LMAA pretreatment.

Enzymatic Digestibility of Ammonia-Pretreated Corn
Stover

The main purpose of pretreatment is to improve the enzymatic
digestibility of lignocellulosic biomass. Enzymatic hydrolysis

of the SAA- and LMAA-treated biomass was conducted to
elucidate the efficiency of both the aqueous and gaseous am-
monia pretreatments. Samples for the enzymatic hydrolysis
tests were prepared under the selected conditions for high
carbohydrates preservation, delignification, and degree of lig-
nin decomposition in each pretreatment, i.e., 60 °C and 12 h
for SAA and 80 °C and 72 h for LMAA.

The glucan and xylan digestibilities of pretreated and
untreated corn stover are shown in Fig. 2. Avicel® PH-
101 (microcrystalline pure cellulose) was also hydrolyzed
as a cellulose reference. In Fig. 2a, the glucan digestibil-
ity of both the SAA-treated and LMAA-treated biomass
showed a rapid increase within the first 24 h and then
slowly reached up to 90.7 and 84.2 %, respectively. Al-
though the digestibility of the LMAA-treated biomass
was slightly lower than that of the SAA-treated one,
the result suggested that delignification is not prerequi-
site for effective enzymatic hydrolysis as the former
(LMAA) kept almost all of lignin in the substrate. Xylan
digestibility of both pretreated biomass samples showed
a similar trend in Fig. 2b. Within 24 h, more than 60 %
of xylan was hydrolyzed to xylose and reached to 84.9
and 74.8 % at 96 h for the SAA-treated and LMAA-
treated biomass, respectively. The overall recovery of
xylose from the LMAA-treated biomass was higher as
the LMAA-treated biomass retained most of its xylan,
whereas the SAA-treated biomass lost ∼20 % of its xylan
during the pretreatment (Table 2 and Fig. 2). Nonethe-
less, both aqueous and gaseous ammonia pretreatments
notably improved the glucan and xylan digestibility of
pretreated biomass. Each pretreatment method has specif-
ic advantages and disadvantages. The SAA removed
more lignin from biomass allowing more carbohydrates
to become available in the following bioconversion steps
at the same solid loading. However, a certain amount of
carbohydrates, especially hemicelluloses, was Blost^ dur-
ing the process. The LMAA preserved all the carbohy-
drates, including glucan and XGA (xylan+galactan+
arabinan) and significantly reduced the ammonia
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Fig. 1 Changes of carbohydrates (cellulose and hemicelluloses) and
lignin content in the ammonia-pretreated solids, a SAA pretreatment
and b LMAA pretreatment. XGA the sum of xylan, galactan, and
arabinan; AIL acid-insoluble lignin; ASL acid-soluble lignin

Table 2 Composition of untreated and pretreated corn stover

Pretreatment method Composition [wt%]

Glucan Xylan Galactan Arabinan AIL ASL

Untreated 35.3 23.9 1.9 4 19.2 0.7

SAA 35.2 19.4 1.2 3 5.9 0.9

LMAA 34.8 22.2 1.9 4.6 16.5 4.4

Pretreatment conditions for the SAA: 60 °C, 12 h, solid-to-liquid ratio=
1:10 (w/v); for the LMAA: 80 °C, 72 h. Data in the table are based on
oven-dried untreated corn stover

AIL acid-insoluble lignin, ASL acid-soluble lignin
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consumption and water use because LMAA-pretreated
biomass does not require washing before enzymatic hy-
drolysis. In summary, the overall carbohydrates available
in LMAA-pretreated corn stover were higher than those
in the SAA-treated biomass. However, glucan and xylan
digestibility of the LMAA-treated biomass was lower
than that of the SAA-treated alternative.

Changes in Chemical Structure of Corn Stover After
the Ammonia Pretreatments

FTIR analysis was conducted to compare the structural chang-
es in the biomass from the two ammonia pretreatments. As
shown in the spectra (Fig. 3), the SAA-treated sample had
lower bands for aromatic vibrations at 1607 and 1517 cm−1

and C–O vibration from guaiacyl (G) units, assigned to the
band at 1248 cm−1, than untreated corn stover. The results
support the contention above that SAA removed part of the
lignin from the biomass. Also, a lower intensity C═O
stretching absorbance at 1742 cm−1 was found because of
the removal of certain amounts of xylan from the biomass,

and the likely cleavage of acetate, p-coumarate and ferulate
esters from that fraction. The O–H stretching peak from hy-
droxyl groups assigned at 3328 cm−1, the C–O vibration of
syringyl (S) rings of lignin at 1323 cm−1, the C–O stretching at
1039 cm−1, and the C–H deformation peak of cellulose at
898 cm−1 relatively increased after the SAA pretreatment.
These observations are due to the delignification, which also
resulted in an increase of the cellulose fraction in the
pretreated biomass and in the relative fraction of S-type lignin
by preferentially removing G-type lignin fractions (Fig. 4), as
described later.

Compared to the SAA-treated sample, structural changes in
the LMAA-treated sample were not as clearly evident. How-
ever, cleavage of lignin and hydroxycinnamate linkages by the
LMAA pretreatment was established by the decreased bands
related to lignin in FTIR spectra of the pretreated biomass.
Specifically, the peaks of aromatic skeletal vibrations at
1608 and 1514 cm−1, the C–O vibration related to G lignin
at 1256 cm−1, and the C–H out-of-plane vibration at S units at
841 cm−1 decreased after the LMAA pretreatment.

Two-dimensional (2D) 1H–13C correlation (HSQC) NMR
spectra, correlating protons with their attached carbons, profile
the lignin structural changes after each pretreatment (Figs. 4,
5, and 6). The overall differences can be recognized from the
entire NMR data region from the cell wall and lignin compo-
nents in Fig. 4, but the details are best seen in the assigned
regions (see in the following sections). The LMAA-treated
sample shows similar NMR correlations to that of the untreat-
ed corn stover (Fig. 4b), whereas the SAA-treated sample lost
the lignin fraction almost completely during the pretreatment
process (Fig. 4c), and the lignin signals were successfully
recovered and examined in the SAA-extracted lignin
(Fig. 4d).

Figures 5 and 6 allow the aromatic regions and aliphatic
(side-chain and polysaccharide) regions of the NMR spectra to
be more closely examined. In the side-chain and polysaccharide
regions (Fig. 5), which represent the structural types and distri-
bution of bonding patterns of the lignin fraction and the poly-
saccharides, it is evident that the LMAA-treated sample has
similar cell wall components, including lignin, as the untreated
control corn stover. However, the naturally occurring acetates on
the xylan were completely removed as shown by the disappear-
ance of the diagnostic 2-O- and 3-O-Ac-β-D-Xylp correlation
contours. On the other hand,most of the lignin disappeared from
the SAA-treated sample (Figs. 4c and 5c, shown at lower
contour level close to the noise level) in order to see the remain-
ing residual aromatics. The lignin removed and recovered from
the SAA-treated sample shows all of the essential lignin side-
chain structures along with residual polysaccharides; these are
sometimes considered to be lignin-polysaccharide complexes,
but whether covalent bonds between the polymers are involved
remains contentious. All three pretreated samples (Fig. 5b–d)
also show severely decreased γ-p-coumaroylated β-ether units
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Fig. 2 Enzymatic digestibility of SAA and LMAA-treated biomass, a
glucan digestibility and b xylan digestibility
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(β-O-4-S, peak labeled LA–Sγ(γ-pCA)), again due to the cleav-
age of these primary esters by ammonia.

The aromatic regions show the distributions of p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units of
the lignin in the substrates, along with other aromatic compo-
nents such as the hydroxycinnamates, ferulate (FA, acylating
arabinoxylan), and p-coumarate (pCA), acylating both
arabinoxylan and lignin [23, 25] (Fig. 6). In addition,
benzylic-oxidized (α-ketone) structures of S units were also
detected in this region. As shown clearly in Fig. 4c, the SAA
pretreatment significantly reduced or removed all of the lignin
and hydroxycinnamate components from the biomass, and
these components appeared in the isolated ammonia-
extracted lignin. However, residual lignin remains evident at
lower contour levels (closer to the noise level) (Fig. 6c). The G
units were preferentially eliminated, but the S units and pCA

were still visible in the biomass after the SAA pretreatment;
incomplete cleavage of hydroxycinnamate esters by am-
monia under these conditions is often observed. The
major difference between the treated and the control
samples is the appearance of amide structures shown
in red. Although the amides are, in both cases, likely
free-phenolic monomers, they remain in the ammonia-
extracted lignin in part because of the way this sample
is generated (as detailed in the BMaterials and Methods^
section); in particular, soluble components were precip-
itated with acid and combined with this fraction. In a
prior study, the recalcitrance from the cell wall cross-
linking mediated by ferulates in the corn stover and the
effect of ammonia on cleaving ferulate ester bonds were
reported [27]. The enhanced enzymatic hydrolysis that
results from the biomass pretreatment and the structural
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changes of the SAA-treated and LMAA-treated samples,
in particular, can be explained by the cleavage of

ferulate esters and their conversion to the amides and
acids during the reaction (Figs. 2 and 6).
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Characteristics of Ammonia-Extracted Lignin in the SAA
Pretreatment

As discussed previously, the SAA pretreatment was able to
moderately and selectively extract the lignin and
hydroxycinnamates from biomass, generating an aromatic
stream that has potential for co-product production. In this
study, the ammonia-extracted lignin from the SAA pretreat-
ment was therefore investigated. Although the SAA pretreat-
ment was quite selective for lignin removal, the recovered
lignin was still accompanied by low levels of carbohydrates,
extractives, and other Bimpurities^ (Fig. 4d). The lignin ex-
tracted in the SAA pretreatment at 60 °C for 12 h was selected
for characterization as the conditions resulted in significant
delignification (∼70 %) with relatively low loss of hemicellu-
loses (xylan, galactan, and arabinan) (∼20 %) (Fig. 1a). Based
on the lignin analysis, approximately 70 % of the crude lignin
recovered from the pretreatment liquor by evaporation was
lignin, the remainder being hemicellulose-derived. The recov-
ered part including crude lignin and other components was
purified by hydrolyzing the hemicelluloses with enzymes.
The purified lignin (purity >98 %, based on lignin analysis)
was characterized for functional groups, lignin structure, and
molecular weight using FTIR, NMR, and GPC. The FTIR
spectra of the ammonia-extracted lignin are shown in
Fig. 7a. The bands for lignin, including the peaks of aromatic
skeletal vibration at 1607, 1517, and 1421 cm−1, the C–H
deformation at 1456 cm−1, G unit assigned at 1248 cm−1,
the C–H out-of-plane vibration at S units at 836 cm−1, and
the peak of aromatic skeletal and C–O stretching at
1124 cm−1, are clearly observed, whereas the peak for the
C–O stretching at 1043 cm−1 is relatively small compared to
that displayed for untreated corn stover. The aforementioned
NMR spectra indicated that the lignin retained most of its
normal lignin units during the pretreatment (Figs. 4, 5, and 6).

The molecular weight of the lignin provides information
about the extent of its depolymerization. The THF-soluble
lignin had a broad molecular weight distribution up to
25,000 g/mol. The weight-average molecular weight (Mw)
and number-average molecular weight (Mn) of the purified
ammonia-extracted lignin in THF were determined by GPC
in triplicate (Table 3 and Fig. 7b) to be 3975 and 1827 g/mol,
respectively, with a polydispersity index (Mw/Mn) of 2.18
(Table 3).

Conclusions

This investigation elucidated the changes in chemical compo-
sition and structure and the disruption of linkages in the cell
wall of corn stover brought about by the ammonia pretreat-
ments. Approximately 70 % of lignin was removed by the
SAA, but the isolated lignin was remarkably Bnative like,^

possessing the major native linkages, and notably the β-
ethers, of the structure intact. Most hydroxycinnamates were
converted into hydroxycinnamamides (and possibly
hydroxycinnamic acids) for both the SAA and LMAA pre-
treatments but a fraction survived intact. Although the LMAA
method does not remove the lignin components from the cell
wall polysaccharides, it is clear that the disruption of the cross-
linking between cell wall components by cleavage the
ferulates (linking arabinoxylan chains to each other and to
lignin) and perhaps the conversion of ferulate and pCA esters
to amides (and acids) improved the enzymatic hydrolysability
of cell wall polysaccharides (glucan and xylan). Deacetylation
of xylan is also expected to improve xylan hydrolysis if the
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Table 3 Weight-average (Mw) and number-average (Mn) molecular
weight (g/mol), and polydispersity (Mw/Mn) of the ammonia-extracted
lignin from the SAA pretreatment

Run I Run II Run III Average

Mw 3841 4013 4071 3975

Mn 1789 1829 1862 1827

Mw/Mn 2.15 2.19 2.19 2.18
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xylanases used are not able to cleave acetylated units [28].
Both pretreatments significantly improved the enzymatic
hydrolysability of corn stover to the extent that 90 and 84 %
of glucan and 80 and 76 % of xylan in the SAA-treated and
LMAA-treated corn stover were hydrolyzed under the inves-
tigated conditions. Ammonia-extracted lignin recovered from
the SAA pretreatment had low molecular weight and retained
a high fraction of β-ether units, suggesting that the lignin
would be a good feedstock for lignin-derived aromatic
products.
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