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Abstract Lignocellulosic biomass has a complex and rigid
cell wall structure that makes biomass recalcitrant to biologi-
cal and chemical degradation. Among the three major struc-
tural biopolymers (i.e., cellulose, hemicellulose, and lignin) in
plant cell walls, lignin is considered the most recalcitrant com-
ponent and generally plays a negative role in the biochemical
conversion of biomass to biofuels. The conversion of biomass
to biofuels through a biochemical platform usually requires a
pretreatment stage to reduce the recalcitrance. Pretreatment
renders compositional and structural changes of biomass with
these changes ultimately governing the efficiency of the sub-
sequent enzymatic hydrolysis. Dilute acid, hot water, steam

explosion, and ammonia fiber expansion pretreatments are
among the leading thermochemical pretreatments with a lim-
ited delignification that can reduce biomass recalcitrance.
Practical applications of these pretreatment are rapidly devel-
oping as illustrated by recent commercial scale cellulosic eth-
anol plants. While these thermochemical pretreatments gener-
ally lead to only a limited delignification and no significant
change of lignin content in the pretreated biomass, the lignin
transformations that occur during these pretreatments and the
roles they play in recalcitrance reduction are important re-
search aspects. This review highlights recent advances in our
understanding of lignin alterations during these limited
delignification thermochemical pretreatments, with emphasis
on lignin chemical structures, molecular weights, and redistri-
butions in the pretreated biomass.

Keywords Lignin . Thermochemical pretreatment . Limited
delignification . Structural alterations . Recalcitrance

Introduction

The growing demands on materials and energy consumption,
coupled with diminishing fossil fuel resources and environ-
mental concerns, have spurred global efforts into pursuing the
utilization of renewable and sustainable energy resources for
the production of fuels, chemicals, and materials. Lignocellu-
losic biomass represents one of the most abundant biopolymer
sources on earth that can deliver a renewable and sustainable
bioenergy resource. Over the past decade, the conversion of
biomass to biofuels has garnered extensive research interest as
a potentially viable option to petroleum-derived fuels [1, 2]. Cur-
rently, the biochemical route to produce biofuels usually involves
three steps: pretreatment, enzymatic hydrolysis, and fermenta-
tion. Despite advances in the development of pretreatment
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technologies, it remains among the most costly processes and a
key challenge for the efficient and cost-competitive production
of cellulosic biofuels.

Lignocellulosic biomass is comprised primarily of plant
cell wall materials with cellulose, hemicellulose, and lignin
as the major structural biopolymers. The structural complexi-
ties of plant cell walls together with their unique chemical and
physical properties render biomass resistant to biological deg-
radation [3, 4]; therefore, a pretreatment step is generally re-
quired to reduce biomass recalcitrance [5, 6]. Pretreatment can
cause compositional and structural changes of cell walls, thus
enabling the polysaccharides embedded in the cell walls more
accessible to hydrolytic enzymes. Based on the biomass
sources and pretreatment methods, the initial characteristics
of biomass and the resulted compositional/structural alter-
ations due to pretreatments ultimately determine the efficacy
of the subsequent enzymatic hydrolysis. Several key biomass
properties such as biomass accessibility, cellulose
crystallinity/ultrastructure and degree of polymerization, lig-
nin content and structure, lignin-carbohydrate complex, and
hemicellulose content are reported to impact the biomass re-
calcitrance [7–9]. Dependent upon the pretreatment type and
severities, various biomass structural features are altered and
their contributions to the reduction of biomass recalcitrance
are different. A combination of structural features resulting
from pretreatments is usually observed to contribute collec-
tively to overcoming biomass recalcitrance. For example, me-
chanical pretreatment usually causes a reduction in biomass
size, an increase in specific surface area and a decrease in
cellulose crystallinity [10]. Organosolv pretreatment leads to
a removal of lignin/hemicellulose and an increase in accessi-
bility in the pretreated biomass [11–14].

Lignin is considered the most recalcitrant component in a
plant cell wall and negatively impacts the efficiency of bio-
chemical conversion of biomass to biofuels. Lignin is be-
lieved to be a major impediment to cellulose accessibility in
biomass and its removal can make biomass amenable to
enzymatic hydrolysis. Many efforts on genetic engineering
and pretreatment technologies have been carried out directed
at either reducing lignin content and/or inducing lignin struc-
tural changes to reduce biomass recalcitrance [15–20]. Some
reports suggest that lignin content has significant impact on
biomass digestibility and lignin removal benefits enzymatic
hydrolysis and ideal pretreatments should maximize lignin
removal and minimize polysaccharide modification or deg-
radation [21, 22]. On the other hand, other studies have
found no apparent correlation between lignin content and
cellulose digestibility, suggesting that lignin removal is not
a necessity to achieve significant reduction in biomass recal-
citrance [23–27]. Various pretreatment technologies that fea-
ture no lignin removal or with only limited delignification
have been developed to reduce biomass recalcitrance, in-
cluding dilute acid pretreatment (DAP) [28–31], hot water

pretreatment (HWP) [32–35], catalyzed and uncatalyzed
steam explosion pretreatment (SEP) [36–38], pH-controlled
hot water pretreatment [39], ammonia fiber expansion
(AFEX) pretreatment [40–45], CO2 explosion pretreatment
[46, 47], mechanical [48–50] and biological [51] pretreat-
ment. All these pretreatments are reported to reduce the bio-
mass recalcitrance and enhance sugar release in the subse-
quent enzymatic hydrolysis stage, and each has its own
strength and disadvantages [52–54]. Many mechanical pre-
treatments are usually associated with high energy use, high
operating and capital costs, and are not considered econom-
ically sustainable and practical in an industrial scale. Biolog-
ical pretreatment is a safe and eco-friendly process for en-
hancement of biomass enzymatic digestibility and offers
some advantages such as low chemical and energy use. Un-
fortunately, to date, there are some drawbacks for biological
pretreatment such as long residence time (up to ~10–
14 days), hardly controlled growth conditions, and high cost
of enzymes, which make this process economically less at-
tractive and limit its commercial applications. In addition,
biological methods suffer from poor selectivity in that car-
bohydrates (i.e., cellulose and hemicellulose) are partially
consumed by microorganisms. Mechanical pretreatments
and biological pretreatments of a variety of lignocellulosic
biomasses were thoroughly discussed and highlighted in re-
cent reviews [10, 55–57].

Compared to mechanical and biological methods, ther-
mochemical pretreatments are promising options for the
future biorefinery with advantages such as comparatively
short reaction time, high effectiveness, high sugar yields,
and lower energy requirements. Dilute acid, hot water,
steam explosion, and ammonia fiber expansion pretreat-
ment are considered the leading thermochemical technol-
ogies that have attracted great interest due to their poten-
tial for viable and economical applications. Practical ap-
plications of these pretreatment are rapidly developing as
illustrated by recent commercial scale cellulosic ethanol
plants (http://www.eia.gov/todayinenergy/detail.cfm?id=
17851). With only limited delignification in these
pretreated biomass, the lignin structural changes that
occur during these pretreatment are of great importance
for both our understanding of its relevance to reduction
in recalcitrance and the potential for further application/
valorization of the lignin fraction. Extensive studies have
been carried out to investigate the lignin structural fea-
tures as a result of these pretreatment. A recent paper has
provided an overview on structural transformations of
biomass including cellulose, hemicellulose, and lignin
during dilute acid and hydrothermal pretreatments [9].
Accordingly, this review will specifically focus on lignin-
related structural alterations during these aqueous thermo-
chemical pretreatments, with emphasis on lignin chemical
structures, molecular weights, and redistributions. It is
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expected to serve as a reference for future advances in pre-
treatment technology development and lignin utilization from
the emerging biorefinery process.

Thermochemical Pretreatment with Limited
Delignification

Over the years, extensive efforts have been directed to develop
low-cost and viable pretreatment approaches that can reduce
biomass recalcitrance and realize high yields of fermentable
sugars from both cellulose and hemicellulose fractions. Dilute
acid, hot water, steam explosion, and ammonia fiber expan-
sion pretreatment are among the leading aqueous thermo-
chemical pretreatment technologies. One common feature
from these pretreatment is that they typically result in only
limited delignification in the pretreated biomass while achiev-
ing an improvement in enzymatic saccharification. It should
be noted that while lignin removal is typical low during DAP,
HWP, SEP, and AFEX in batch reactors, high lignin removal
could still be achieved if severe conditions are applied under
these pretreatments. For each of these technologies, a brief
process description is given in this section and their represen-
tative pretreatment conditions and enzymatic hydrolysis re-
sults on various biomass feedstock are highlighted in Table 1.

Dilute Acid Pretreatment

DAP can significantly reduce lignocellulosic recalcitrance and
it has been successfully applied to a wide range of feedstock,
including softwoods, hardwoods, herbaceous crops, and agri-
cultural residues [59, 69–72]. DAP process typically involves
the treatment of biomass with a combination of an acidic pH,
heat, and pressure. Although a variety of acids such as hydro-
chloric acid, nitric acid, phosphoric acid, and peracetic acid
have been employed, sulfuric acid has been most widely used
since it is inexpensive and effective. It is usually performed
over a temperature range of 120 to 210 °C, with acid concen-
tration typically less than 4 wt%, and residence time from a
few seconds to an hour in different types of reactors.

Hot Water Pretreatment

HWP, also called hydrothermal pretreatment or
autohydrolysis, refers to the use of water in the liquid
or vapor phase to pretreat lignocellulosic materials with-
out adding additional chemicals. Typically, biomass un-
dergoes high temperature (~160-240 °C) cooking in wa-
ter with high pressure over lengths of time ranging from
a few minutes up to several hours [73]. While it is called
near neutral condition, the HWP is usually carried out
under a mild acidic condition which results from the
release of organic acids from biomass components and

a decrease in the pKw of water at the elevated tempera-
ture [74]. HWP provides several advantages such as no
requirement for acid or chemical catalysts, low formation
of inhibitory products, and high xylose recovery (i.e., up
to 88–98 %), which make it economically and environ-
mentally attractive. However, it also requires high energy
due to high pressure and a large amount of water sup-
plied to the system.

Steam Explosion Pretreatment

SEP is one of the most commonly used pretreatment methods
to enhance biomass enzymatic saccharification and has been
successfully applied to various types of lignocellulosic bio-
mass including softwoods, hardwoods, and agricultural resi-
dues [66, 75–77]. In this process, biomass is treated with high-
pressure saturated steam typically at temperatures of about
160–240 °C and pressures of 0.7–4.8 MPa for a short duration
of time (ranging from several seconds to a few minutes). After
pretreatment, the pressure is explosively released. The rapid
reduce of pressure makes the biomass undergo an explosive
decompression, disrupting the structure of the biomass fibrils
and increasing the porosity of pretreated biomass. Addition of
an acid catalyst (e.g., sulfuric acid, sulfur dioxide) has been
reported to increase its hemicelluloses sugar yield and im-
prove the enzymatic hydrolysis of pretreated biomass [64,
78–80]. The advantages of SEP include low environmental
impact, low capital investment, high energy efficiency, less
hazardous process conditions, and complete recovery of all
biopolymers in biomass cell walls [81].

Ammonia Fiber Expansion Pretreatment

AFEX pretreatment, also known as ammonia fiber explo-
sion pretreatment, is a physicochemical process, in which
the biomass material is typically treated with liquid am-
monia at moderate temperatures (60–100 °C) under high
pressure for a variable period of time (5–60 min) and is
then rapidly depressurized [40–44]. This swift pressure
release leads to a rapid expansion of the ammonia gas
that causes swelling and physical disruption of biomass
fibers. Ammonia as a pretreatment reagent offers several
advantages including being able to effectively swell lig-
nocellulosic material, showing high reaction selectivity
with lignin over carbohydrates, and its ease to recover
and recycle due to high volatility. During AFEX pretreat-
ment, about 95 % of the ammonia can be recovered in
the gas phase and recycled, with a small amount of am-
monia remaining in the lignocellulosics which can serve
as a nitrogen source for microbes in the fermentation
process [42].
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Lignin Transformations During Thermochemical
Pretreatments with Limited Delignification

Lignin is a three-dimensional amorphous polyphenolic poly-
mer which is primarily biosynthesized from three typical types
of phenylpropanoid precursors: coniferyl, sinapyl, and p-
coumaryl alcohol depicted in Fig. 1. Once incorporated into
the lignin polymer, these three monomers give rise to guaiacyl
(G), syringyl (S), and p-hydroxyphenyl (H) lignin subunits in
its structure, respectively. The lignin macromolecule is pri-
marily linked via ether bonds and carbon-carbon bonds
among phenylpropanoid units. Figure 2 shows the typical in-
terunit linkages in lignin and a schematic representation of
softwood lignin structure (https://public.ornl.gov/site/gallery/
originals/Contemporary_View_of_L.jpg) [82]. The lignin
content, monolignol composition, and the interunit linkages
abundance vary with plant species and cell walls. Woody
biomass generally has higher lignin content than agricultural

residues and herbaceous plants. Among the interunit linkages,
β-O-4 is the dominant linkage typically accounting for ~40–
65 % of the total linkage structures dependent on the biomass
species. Depending on the pretreatment types and severities,
lignin undergoes chemical and physical structural changes as
well as its relocation or redistribution in the pretreated bio-
mass, contributing to the reduction of recalcitrance. The data
showing typical types and trends of chemical structural

Table 1 Enzymatic hydrolysis results of representative DAP, HWP, SEP, and AFEX pretreatments on a variety of biomass substrates

Substrate Pretreatment conditions Enzyme loadings, (g-1 substrate) Conversion
yielda

Conversion
time

References

DAP Corn stover 121 °C, 120 min, 2.0 wt% H2SO4 Cellulase 40 FPU, β-glucosidase 8 CBU 75.6 % 72 h [58]

Aspen 170 °C, 30 min, 1.1 wt% H2SO4 Cellulase 7.5 FPU, β-glucosidase 11.25
CBU

88.0 % 72 h [59]

Loblolly pine 180 °C, 30 min, 1.0 wt% H2SO4 Cellulase 20 FPU, β-glucosidase 40 IU 35.0 % 72 h [60]

HWP Corn stover 190 °C, 15 min Cellulase 15 FPU, β-glucosidase 65 IU 69.6 % 168 h [61]

Poplar 200 °C, 10 min Cellulase 15 FPU, β-glucosidase 40 CBU 54.0 % 120 h [34]

Beach wood 190 °C, 15 min Cellulase 60 FPU 58.4 % 72 h [62]
170 °C, 120 min Cellulase 60 FPU 62.4 % 72 h

170 °C, 180 min Cellulase 60 FPU 67.3 % 72 h

200 °C, 15 min Cellulase 10 FPU 70.5 % 24 h

200 °C, 20 min Cellulase 10 FPU 95.0 % 24 h

Wheat Straw 170 °C, 60 min Cellulase 10 FPU, β-glucosidase 100 nkat 56.9 % 48 h [63]

SEP Olive tree 230 °C, 5 min Cellulase 15 FPU, β- glucosidase 12.6 IU ~36 % 72 h [64]

Corn stover 190 -210 °C, 2–5 min, 0.5–
2.0 wt%
H2SO4

Celluclast 1.5 l24.6 FPU, novozyme 188
27.0 IU

47.4–
83.6 %

48 h [65]

Wheat straw 160 °C, 20 min, H2SO4

0.9 % w/w
Celluclast 1.5 L 15 FPU, β-glucosidase

12.6 IU
~40 % 72 h [66]

190 °C, 10 min, H2SO4

0.9 % w/w
Celluclast 1.5 L 15 FPU, β-glucosidase

12.6 IU
~85 % 72 h

200 °C, 5 min, H2SO4 0.9 % w/w Celluclast 1.5 L 15 FPU, β-glucosidase
12.6 IU

~85 % 72 h

AFEX Corn stover 90 °C, 5 min, 1:1 ammonia to
biomass

Cellulase 31 mg, β-glucosidase 33 mg 93.0 % 168 h [67]

Coastal Bermuda
grass

90 °C, 30 min, 1:1 ammonia to
biomass

Cellulase 20 FPU 94.8 % 48 h [68]

100 °C, 30 min, 1:1 ammonia to
biomass

Cellulase 20 FPU 96.9 % 48 h

80 °C, 30 min, 1:1 ammonia to
biomass

Cellulase 20 FPU 90.2 % 48 h

FPU filter paper unit, IU international unit, nkat nanokatal
a The percentage of cellulose enzymatically converted to glucose during enzymatic hydrolysis

Coniferyl alcohol Sinapyl alcohol p-Coumaryl alcohol

Fig. 1 Typical phenylpropanoid precursors of lignin
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alterations of lignin during dilute acid, hot water, steam explo-
sion, and AFEX pretreatments are summarized in Table 2. The
comparison of lignin molecular weights from a variety of bio-
mass substrates before and after these pretreatments is
highlighted in Table 3. As a complement of chemical structur-
al changes, please see “Lignin Relocation and Redistribution”
below.

Lignin Chemical Structural Changes

Dilute Acid Pretreatment

Under acidic pretreatment conditions, the predominant re-
actions in lignin are fragmentation by acidolysis of aryl
ether linkages and acid catalyzed condensation [9, 87,
92]. The β-O-4 aryl ether linkages (A in Fig. 2) in lignin
are susceptible to acidic hydrolysis, leading to depolymer-
ization and loss of β-O-4 bonds in lignin (Fig. 3). On the
other hand, carbonium ion intermediates can be formed
with a high affinity for nucleophiles within the lignin
macromolecules. The reactions between carbonium ions
and nucleophiles lead to lignin recondensation. After di-
lute acid pretreatment, a lower β-O-4 content in lignin is
usually observed in the pretreated biomass, while linkages

such as phenylcoumaran (B in Fig. 2) and resinol (C in
Fig. 2) subunits are observed fairly stable [9, 84]. For
example, Samuel et al. [83] reported that dilute acid pre-
treatment led to a 36 % decrease of β-O-4 linkages in
pretreated switchgrass lignin. Evidence has also suggested
that syringyl units were more readily degraded than
guaiacyl units under dilute acid pretreatment conditions,
resulting in a lower S/G ratio in lignin in pretreated bio-
mass [9]. In addition, DAP results in the formation of new
phenolic groups due in part to the cleavage ofβ-O-4 aryl ether
bonds [85]. Other structural changes such as a decrease in
methoxyl group content, hydrolysis of acetyl groups, and
cinnamaldehyde units are also observed during dilute acid
pretreatment [9].

Hot Water Pretreatment

Compared to dilute acid pretreatment, hot water pretreat-
ment has milder acidic reaction conditions as the hydro-
lysis conditions are primarily catalyzed by the release of
organic acids from biomass. Given the similarity to DAP
conditions, HWP induces comparable lignin fragmenta-
tion and condensation reactions as reported for DAP.
Studies have demonstrated that hot water pretreatment

A B C

D E

G H K

M N P

O OCH3

OHH3CO

ORO

OH

ORO

OH

OCH3

Fig. 2 Typical interunit linkages and substructures reported in lignin (left)
[82], and a schematic representation of lignin structure (right, https://
public.ornl.gov/site/gallery/originals/Contemporary_View_of_L.jpg). A:

β-O-4 ether linkage; B: phenylcoumaran (β-5/α-O-4); C: resinol (β-β);
D: dibenzodioxocin; E: spirodienone; G: 4-O-5; H: 5-5; K:
cinnamaldehyde; M: cinnamyl alcohol; N: p-coumarate; P: ferulate
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leads to a decrease in β-O-4 linkages, an increase in
phenolic OH groups, a decrease in aliphatic hydroxyl
group, and depletion of acetyl groups in lignin
[89–91]. A comparison of the two-dimensional HSQC
NMR data shows that autohydrolysis of aspen wood dur-
ing hot water pretreatment at 177 °C for 210 min leads
to the destruction of all beta-O-4 linkages in aspen lignin
[87]. Unlike dilute acid pretreatment, Leschinsky et al. [91]
documented that the S/G ratio in Eucalyptus globulus wood
remained relatively constant during autohydrolysis at 170 °C,
suggesting no preferential hydrolysis of S or G units in bio-
mass under the HWP conditions employed. Likewise, Pu et al.
[89] reported that hot water pretreatment of poplar at 180 °C
results in relatively unchanged S/G ratio in lignin. On the
other hand, Li et al. [96] investigated lignin deposition on
cellulose during hydrothermal pretreatment that was carried
out at 200 °C for 15 min. More syringyl units were observed
in the deposited lignin than that in the untreated poplar wood
lignin, suggesting syringyl units are more prone to acidic

cleavage. Using isolated poplar lignin as rawmaterial, Samuel
et al. [90] reported a reduction in syringyl, guaiacyl, and p-
hydroxybenzoyl units after hot water pretreatment at 200 °C
with 30 min residence time. This study also demonstrated that
the cleavage of lignin side-chain units is relatively fast in
autohydrolysis of isolated lignin as compared to the
autohydrolysis of biomass, revealing that the surrounding bio-
mass impacts lignin reactivity during pretreatment. Trajano
et al. [97] compared the fate of lignin during hydrothermal
pretreatment using poplar wood versus isolated cellulolytic
enzyme lignin (CEL). Flowthrough and batch reactors were
employed and the pretreatments were conducted under the
conditions summarized in Table 4. Hydrolysate was collected
over every sampling intervals during the run for flowthrough
pretreatments. The results showed that the poplar wood hy-
drolysates contained more syringyl type products, while the
CEL hydrolysates contained more guaiacyl type products.
The authors proposed that the cross-linking between lignin
and hemicellulose modified the reactivity of guaiacyl and

Table 2 Representative data of major chemical structure alterations of lignin in a variety of biomass substrates after DAP, HWP, and SEP processes

Feedstock Pretreatment conditions β-O-4 contenta S/G ratioa Phenolics contenta References

DAP Switchgrass 190 °C, 1 min,
5.0 wt% H2SO4

36 % decrease ~34 % decrease ~25 % increase [83]

Poplar 170 °C, 0.3 min, 0.5 wt% H2SO4 19 % decrease 18 % decrease ~27 % increase [84]
170 °C, 5.4 min, 0.5 wt% H2SO4 29 % decrease 30 % decrease ~107 % increase

170 °C, 26.8 min, 0.5 wt% H2SO4 53 % decrease 47 % decrease ~171 % increase

Corn Stover 140–190 °C, 1–5 min, 1.0 wt% H2SO4 na na increase [85]

Loblolly pineb 180 °C, 10 min, 0.5 wt% H2SO4;
200 °C, 2 min, 1.0 wt% H2SO4

50 % decrease na 263 % increase [86]

HWP Aspen wood 177 °C, 210 min ~100 % depletion na 364 % increase [87]

Miscanthus 130 °C, 31 h decrease na 38 % increase [88]
140 °C, 16 h decrease na 127 %

150 °C, 8 h decrease na 144 %

Poplar wood 180 °C, 70 min 21 % decrease comparable 64 % increase [89]

Poplar lignin 200 °C, 30 min ~90 % removal na ~130 % increase [90]

Eucalyptus globulus wood 170 °C, P-factor 1540 ~50 % decrease na ~ doubled [91]

SEP Aspen wood 205 °C, 5 min ~39 % decrease na 255 % increase [87]

Aspen wood 185 °C, 5 min ~22 % decrease na na [92]
205 °C, 5 min ~37 % decrease na na

200 °C, 10 min na na na

200 °C, 15 min ~67 % decrease na na

220 °C, 10 min ~81 % decrease na na

Wheat straw 200 °C, 10 min ~23 % decrease ~33 % decrease [93]

Norway spruce OneSE: 225 °C, 5 min ~96 % decrease na 120 % increase [94]
SO2 SE: 215 °C, 5 min ~96 % decrease na 86 % increase

Aspen OneSE: 210 °C, 10 min ~48 % decrease na 180 % increase

SO2 SE: 205 °C, 5 min ~100 % decrease na 407 % increase

na not available; OneSE steam impregnation 30 min before steam explosion pretreatment; SO2 SE 3.0 % SO2 charge, impregnation 30 min at room
temperature
a Calculated from citing references
b Two-stage dilute acid pretreatment
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syringyl units, resulting in a different behavior from isolated
poplar lignin and wood samples. These results suggest that the
lignin reactivity and reaction behavior are significantly influ-
enced by autohydrolysis pretreatment severity as well as the
nature of the matrix that lignin is present in. Gao et al. reported
that hydrothermal pretreatment also influenced the thermal
stability and structure of lignin in corncob [98].

Steam Explosion Pretreatment

Steam explosion pretreatment has many of the same fea-
tures that hot water pretreatment has, primarily
autohydrolysis, which is catalyzed by organic acids re-
leased from biomass components in the presence of
steam. From a chemistry point of review, the lignin in

Table 3 Molecular weights
results of lignin from a variety of
biomass substrates after dilute
acid, hot water, and steam
explosion pretreatments

Feedstock Pretreatment conditions Mn Mw PDI References

DAP Switchgrass Untreated 2,940 5,000 1.70 [83]
190 °C, 1 min, 5.0 wt% H2SO4 2,350 4,160 1.77

Poplar Untreated 3,210 8,550 2.7 [84]
170 °C, 0.3 min, 0.5 wt% H2SO4 3,450 7,550 2.2

170 °C, 5.4 min, 0.5 wt% H2SO4 3,840 8,140 2.7

170 °C, 26.8 min, 0.5 wt% H2SO4 2,740 8,280 3.0

HWP Aspen wood MWL ~104* [87]
177 °C, 210 min ~103

Poplar lignin Untreated 2,959 9,938 3.3 [92]
150 °C, 0 min 1,594 3,507 2.1

180 °C, 0 min 530 1,421 2.7

200 °C, 0 min 458 987 2.1

200 °C, 30 min 448 868 1.9

Wheat straw Untreated 3,908 4,142 1.02 [95]
195 °C, 6 min 3,824 3,916 1.02

Corn stover Untreated 3,885 4,036 1.03

195 °C, 6 min 3,814 4,018 1.03

SEP Aspen wood MWL ~104 [87]
205 °C, 5 min ~104

wheat straw EMAL before SEP 2,100 3,600 1.7 [93]
200 °C, 10 min 2,700 6,100 2.2

Norway spruce MWL 2,035 15,159 7.45 [94]
OneSE: 225 °C, 5 min 1,107 4,312 3.90

SO2 SE: 215 °C, 5 min 1,047 4,640 4.43

Aspen MWL 1,520 13,726 9.03

OneSE: 210 °C, 10 min 809 13,499 16.68

SO2 SE: 205 °C, 5 min 883 33,208 37.59

Mn number-average molecular weight, Mw weight-average molecular weight, PDI polydispersity index, MWL
milled wood lignin;OneSE steam impregnation 30 min before steam explosion pretreatment; SO2 SE 3.0 % SO2

charge, impregnation 30 min at room temperature

Condensation

Fragmentation

Fig. 3 Reaction scheme of lignin
β-O-4 structure during acidic
pretreatment denoting the
competition between
depolymerization and
condensation [87, 92]
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biomass undergoes a very similar chemical changes that
occur in hot water pretreatment, i.e., lignin fragmentation
and recondensation reactions caused by the formation of
carbonium ions in lignin [92]. Chemical features of
structural alterations that were introduced in steam explo-
sion pretreatment include a decrease in β-O-4 structures,
an increase in C–C condensed structures, a decrease in
aliphatic OH groups, an increase in phenolic OH groups,
and a loss of acetyl groups in lignin. For example, Li
et al. [92] reported a successive decrease in the content
of β-O-4 structures in aspen wood lignin with increasing
severity of the steam explosion conditions (Table 2). In
another study by Li et al. [94], steam explosion was
applied to both softwood (Norway spruce and Scots
pine) and hardwood (Birch and aspen) and the mecha-
nism of lignin structural modification was investigated.
The results showed that almost all the β-O-4 structures
were depleted in steam explosion with SO2 impregnation,
while less than half of such structures could survive the
same steam explosion that had no SO2 impregnation. In
addition, both the softwood and hardwood species
showed an increase in the amount of carboxylic acids
and phenolic hydroxyl groups in lignin after steam ex-
plosion. Heikkinen et al. [93] have suggested the steam
explosion of wheat straw cause a substantial decrease of
S/G ratio (~33 % decrease) and hydroxycinnamates
(~54 % decrease), and an increase in the level of β-5
interunit linkages. By contrast, Yelle et al. [99] observed
no significant changes in the p-hydroxyphenyl/guaiacyl/
syringyl units distribution and hydroxycinnamates after
the steam explosion treatment of wheat straw. They also
have suggested that phenylcoumarans and resinols with-
stand the steam explosion while some deacylation of p-
coumarates occurs. The pretreatment severity and condi-
tions as well as biomass species appear to impact the
lignin structural alterations that occur during steam
explosion.

AFEX Pretreatment

During a typical AFEX pretreatment, the composition of bio-
mass does not change significantly and the lignin in biomass

was not significantly degraded with the core lignin polymer
remaining intact [41, 42, 45, 100]. However, ammonolysis
(amide-forming) and hydrolysis (acid-forming) reactions
were reported to occur and these reactions can cleave the
lignin-carbohydrate complexes, which are the main barriers
for enzymes [42, 45, 62]. Studies by Chundawat et al. [45]
demonstrated that p-coumaroyl and feruloyl amides were
formed during AFEX pretreatment of corn stover due to
ammonolytic cleavage of p-coumarate (N in Fig. 2) and
ferulate (P in Fig. 2) esters in lignin. Most of the p-coumarate
esters were cleaved and only ~10 to 15 % of these units
remained in the extractable lignin after AFEX. Ferulate–poly-
saccharide esters in corn stover cell walls were also observed
to cleave, resulting in significantly lower ferulate groups in
the residual lignin after AFEX process. Liu et al. [101] ex-
amined structural features of lignin after aqueous ammonia
pretreatment of miscanthus and reported an increase of S/G
ratio, suggesting a selective removal of G type lignin. Using
dehydrodiferulates as lignin model compounds, Azarpira
et al. [102] investigated the chemical reactions involved in
the cleavage of lignin-polysaccharides and documented that
the diferulates were converted to amides due to ester cleavage
under conditions similar to AFEX process. The chemical re-
actions and detailed lignin structural changes occurring dur-
ing AFEX pretreatment are still not fully understood and need
further investigation.

Lignin Molecular Weights

Lignin is a very polydisperse polymer in nature and most
pretreatments often increase its molecular weights (MW). Al-
though there is no one standard method for the analysis of
lignin molecular weights, gel permeation chromatography
(GPC) calibrated with external standards, or coupled with
the use of vapor pressure osmometry or light scattering (stat-
ic and dynamic) to determine MW are common approaches.
These and other methodologies were recently reviewed in
detail by Tolbert et al. [103] highlighting the strengths and
limitations of current lignin MW determinations.

Under acidic pretreatment conditions (i.e., DAP, HWP, and
SEP), the cleavage of β-O-4 linkages is often anticipated to
result in a decrease in molecular weights of lignin; however,

Table 4 Hydrothermal
flowthrough and batch
pretreatment conditions for poplar
wood and its isolated cellulolytic
enzyme lignin [97]

Pretreatment type Flow rate (ml/min) Temperature (°C) Time (min) Sample interval (min)

Flowthrough 20 140 12 3

20 140 192 15

20 180 12 3

20 180 192 15

Batch 0 140 192 n/a

0 180 12 n/a
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lignin repolymerization reactions can cause a more condensed
and heterogeneous lignin structure resulting in little change
and/or even an increase in lignin molecular weights. Cao
et al. [84] reported that poplar lignin showed an initial slight
decrease (by ~12 %) in weight-average molecular weight
(Mw) at the early stage of dilute acid pretreatment (170 °C,
0.3 min). This was likely due to the dominance of aryl ether
linkage cleavage over recondensation. As the pretreatment
time extended, condensation reactions became competitive
to fragmentation and this number started to increase. Dilute
acid pretreatment of poplar at longer time (5.4–26.8 min) re-
sulted in no significant change in lignin’s overall molecular
weights and molecular weights distribution when compared to
the untreated lignin sample. With the milder acidic conditions,
hot water and steam explosion pretreatments typically cause a
decrease of molecular weights in biomass lignin possibly due
to fragmentation reaction dominating over condensation un-
der the conditions investigated. For example,whenE. globulus
was subjected to hot water pretreatment at 170 °C, size exclu-
sion chromatograph (SEC) analysis showed a reduction of
lignin molecular weights, suggesting degradation dominated
over condensation reactions [91]. Similarly, hot water pretreat-
ment of poplar at 180 °C led to a decrease in molecular
weights in lignin [89]. Using size exclusion chromatograph,
Li et al. [94] reported a substantial decrease of lignin molec-
ular weights both in number-average molecular weight (Mn,
by~46 %) and weight-average molecular weight (Mw, by~
72 %) with a narrower molar mass distribution after steam
explosion of Norway spruce. SO2 impregnation prior to steam
explosion appeared to have little impact on the lignin size in
Norway spruce. Likewise, comparison of the SEC analytical
data for the reference lignin samples with those of aspen lignin
after hot water autohydrolysis revealed a decrease of molecu-
lar weights of lignin with the peak in the molecular weight
distribution curve shifting from about 104 to 103 Da, as a result
of the destruction of beta-O-4 linkages in lignin [92]. Samuel
et al. [90] investigated the fate of an isolated poplar lignin
under varying autohydrolysis pretreating conditions (i.e.,
150–200 °C, 0–30 min residence time) and found a drastic
decrease in its molecular weights after pretreatment. The av-
erage molecular weights, Mn and Mw, of poplar lignin were
decreased by ca. 46 and 65 % respectively, for pretreatment at
150 °C. As the hydrothermal pretreatment temperature in-
creased from 150 to 180 °C and time extended from 0 to
30 min, the decrease in Mn and Mw in lignin was enhanced
(Mn decrease by ~82–85 %, and Mw by ~86–91 %). The re-
sults suggested that the biomass matrix influenced lignin re-
activity under autohydrolysis pretreatment.

On the other hand, HWP and SEP pretreatment can result
in no significant decrease and/or even an increase in the mo-
lecular weights in lignin if under higher severity conditions in
which condensation dominates over fragmentation [92].
Kaparaju et al. [95] found that no significant difference in

Mw for wheat straw and corn stover lignin after hydrothermal
pretreatment. Li et al. [94] reported a decrease (by ~47 %) of
lignin number-average molecular weight (Mn) after steam ex-
plosion of aspen wood, while the weight-average molecular
weight (Mw) remained almost no change. The steam explosion
with SO2 impregnation led to an increase of lignin Mw in
aspen wood by ~142 %, a decrease of Mn by ~42 %, and a
broader molar mass distribution, resulting in a more heteroge-
neous lignin structures. The behaviors of lignin molecular
weights under acidic pretreatments appear to depend on the
pretreatment type, severity, and biomass species. For aqueous
ammonia pretreatment, recent research indicated that the pre-
treatment did not degrade the lignin macromolecule to a sig-
nificant extent with limited impact on the lignin molecular
weight distribution [100, 104].

Lignin Relocation and Redistribution

In addition to chemical alternations in its structure, lignin is
also found to translocate and redistribute in biomass under
acidic pretreatment conditions such as DAP, HWP, and SEP,
leading to the formation of lignin droplets or agglomerates
with various morphologies [62, 105–111]. Selig et al. [105]
documented the presence of spherical lignin droplets on the
surface of maize stem after dilute acid pretreatment. They
proposed that when pretreatment temperature rose above lig-
nin’s phase transition temperature, lignin in biomass became
fluidized, coalesced, and had the mobility to move throughout
cell wall matrix, becoming trapped within cell walls layers
and/or settled out of the bulk liquid phase. Upon cooling after
pretreatment, the coalesced and migrated lignin could either
precipitate within cell wall layers or settle onto the biomass
surface. Similarly, Pingali et al. [107] have suggested that
lignin aggregates are present within the bulk of pretreated
material prior to the formation of larger lignin droplets at a
later stage in pretreatment. Once the pretreatment reaction
temperature exceeds the critical glass transition temperature
of lignin, such aggregates begin to form. The hydrostatic pres-
sures within cell wall layers then force a fraction of these
lignin aggregates to the outer face of biomass which in turn
contact with the pretreatment bulk solvent and deposit back
onto cell wall surfaces [63, 108]. Using confocal and fluores-
cence lifetime imaging microscopy, Coletta et al. [112] ob-
served that DAP resulted in a disorder in the arrangement of
lignin and its accumulation in the external border of cell walls.
Donohoe et al. [106] have proposed that lignin migrating/
relocating to a more localized and concentrated distribution
in outer cell walls during acidic pretreatments can dramatical-
ly open up the structure of cell wall matrix and improve the
accessibility of majority of cellulose microfibrils, which en-
hances the pretreated biomass digestibility. On the other hand,
this relocation and redistribution of lignin is more pronounced
with higher acid concentration and/or temperature, which
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overlays the cell wall surfaces and might potentially block
enzymes further access to cell wall components [113].
Donaldson et al. [109] investigated the ultrastructures of
steam-exploded softwood Pinus radiate and demonstrated
that lignin was redistributed within the wood cell walls as a
result of melting and contracting into agglomerates due to
surface tension effects. The lignin redistribution together with
hemicellulose removal during steam explosion led to in-
creased porosity of microfibrillar web which contributed to
the enhanced digestibility of steam pretreated wood. Using
transmission electron microscope, Kallavus and Gravitis
[110] observed lignin redistribution on both the inner and
outer surfaces of cell walls as well as inside the cell wall itself
after steam explosion treatment of aspen wood.

Recently, Langan et al. [114] combined multiple probes of
structure with molecular dynamics simulation to offer some
new conceptual understanding of the biomass morphology
change during thermochemical pretreatments. According to
Langan et al. [114], lignin changes to conformations that result
in fewer lignin hemicellulose entanglements as the tempera-
ture increases during thermochemical pretreatment. This al-
lows a phase separation with lignin aggregating into crumpled
globules and with hemicellulose hydrolyzing via
autohydrolysis. As hemicellulose untangles and extrudes itself
from the lignin globules, pressure is generated to push apart
the lignin globules as cell walls swell, thereby increasing the
size of small water-filled voids within the cell wall matrix by a
few nanometers. It should be noted that different pretreatment
configurations such as flowthrough where the hot water is
pumped through a column of stationary biomass particles
can result in a different behavior in lignin removal and relo-
cation when compared to the batch pretreatment. Studies dem-
onstrated that there was a linear relationship between xylan
and lignin removal during hot water flowthrough pretreatment
of corn stover [115]. It has been proposed that as xylan is
removed in early part of hot water pretreatment lignin is re-
leased to solution due to cleavage of lignin-carbohydrate com-
plex (LCC) linkages. The LCC in solution is then hydrolyzed
producing lignin and carbohydrates fragments. The lignin
fragment in solution falls back on biomass in batch reactor,
whereas in flowthrough reactor the lignin portion can be swept
out, leading to its removal from the pretreated biomass.

For AFEX pretreatment, ammonia that penetrates into cell
walls can rapidly rush out of the media after pretreatment. This
rapid escape of materials was reported to produce large pores
(>10 nm in diameter) in the outer secondary cell walls and
increase accessible surface area of biomass [116]. In addition,
the cleavage of lignin-carbohydrate complexes looses the
cross-linked structure and ammonia carries a portion of lignin
and hemicellulose to outer layer of the cell wall as well as cell
corners [45]. Lee et al. [68] observed that the coastal Bermuda
grass fibrils were covered with a lignin coating after pretreat-
ment at 80–100 °C for 30 min, making the fibrils shape

smoother and less angular than the untreated fibrils. Ciesielski
et al. [117] observed that relocated lignin and hemicelluloses
were assembled in abundance as agglomerates of globular
material in a disordered and fibrous network located on cell
wall surfaces. Similar to DAP and HWP, AFEX also produces
lignin aggregation through a separation of phases, but with no
significant loss of hemicellulose. Chundawat et al. [45] inves-
tigated how liquid-solid loading in AFEX pretreatment influ-
enced the extent of cell wall disruption. High liquid loading
AFEX pretreatment resulted in cell wall extractives that were
enriched in lignin-derived phenolics depositing on the outer
cell walls and inner lumen spaces. On the other hand, low
liquid loading AFEX pretreatment led to non-uniformly cell
wall surface covered by irregularly shaped, hydrophilic de-
posits abundant in hemicellulose oligomers, lignin aromatics,
and decomposition products which were formed during pre-
treatment. Furthermore, anhydrous ammonia was observed to
severely disrupt the secondary wall, causing it to detach and
form globular structures. These globular structures were
formed by coalescence of interlamellar lignin packed between
adjacent cellulosic fibrils and had similar size to the lignified
globular structures reported for dilute acid-pretreated biomass.

Perspectives and Conclusions

It is commonly assumed that lignin presence in untreated bio-
mass restricts enzymatic hydrolysis by impeding the accessi-
bility of cellulase to cellulose and unproductively binding cel-
lulase. While the lignin removal during DAP, HWP, SEP, and
AFEX is limited, these pretreatments can reduce the biomass
recalcitrance and improve sugar release performance. DAP,
SEP, and HWP can disrupt the biomass cell wall matrix with
the cleavage of aryl ether linkage in lignin, increasing cellu-
lase accessibility to cellulose. In addition to acidic hydrolysis
of hemicellulose, the cleavages of labile linkages between
lignin and hemicellulose can facilitate the hemicellulose re-
moval, thus increasing pore volume and available surface area
in pretreated biomass which in turn can enhance digestibility
of pretreated biomass. During AFEX pretreatment, significant
cleavage of esters occurs in biomass as a major cell wall-
disrupting reaction. The cleavage of diferulate linkages and
lignin–ferulate linkages during AFEX can facilitate delocali-
zation of lignin and hemicelluloses, increasing enzyme acces-
sibility to polysaccharides. Clearly, the lignin-related structur-
al changes in biomass during dilute acid, hot water, steam
explosion, and ammonia fiber expansion pretreatments con-
tribute to overcoming biomass recalcitrance. These observa-
tions reinforce the results that extensive delignification of bio-
mass during pretreatment is not an indispensable criterion to
improve biomass conversion to fermentable sugars. Future
advances in pretreatment technology development and opti-
mization to overcome biomass recalcitrance suited for low-
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cost process are expected to reduce the cost of biomass-
derived biofuels.
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