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Abstract: The molecular weight of lignin is a fundamental property that infl uences the recalcitrance 
of biomass and the valorization of lignin. The determination of the molecular weight of lignin in 
native biomass is dependent on the bioresources used and the isolation and purifi cation procedures 
employed. The three most commonly employed isolation methods are milled wood lignin (MWL), cel-
lulolytic enzyme lignin (CEL), and enzymatic mild acidolysis lignin (EMAL). Common characterization 
techniques for determining the molecular weight of lignin will be addressed, with an emphasis on 
gel permeation chromatography (GPC). This review also examines the mechanisms behind several 
biological, physical, and chemical pre-treatments and their impact on the molecular weight of lignin. 
The number average molecular weight (Mn), weight average molecular weight (Mw) and polydispersity 
index (D) all vary in magnitude depending on the biomass source, pre-treatment conditions, and isola-
tion method. Additionally, there is a growing body of literature that supports changes in the molecular 
weight of lignin in response to genetic modifi cations in the lignin biosynthetic pathways. This review 
summarizes different procedures for obtaining the molecular weight of lignin that have been used in 
recent years and highlight future opportunities for applications of lignin. © 2014 Society of Chemical 
Industry and John Wiley & Sons, Ltd
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Introduction

T
he global need for developing renewable, sustainable, 
transportation fuels continues to grow as demand 
increases for liquid petroleum products.1–3 By 2025, 

the demand on fi nite petroleum resources is anticipated to 
increase by 50%.2 Furthermore, the concern over climate 
change and net CO2 increases (Alexander et al. (http://

www.climatechange2013.org)) has accelerated the need for 
carbon neutral, sustainable fuels. Th us, extensive research 
has occurred in the development of biofuels, a renewable 
and sustainable energy resource.4,5 Th e use of lignocellu-
losic resources such as ag/forest-residues, energy crops and 
municipal waste streams as the feedstock for developing 
biofuels is appealing due to its abundance, relatively low 
cost, and that it does not compete with food.5,6 
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applications of lignin.16 Th us, the purpose of this paper 
is to critically analyze current and future methodological 
developments used for determining the molecular weight 
of lignin and to summarize the literature regarding the 
molecular weight of lignin from various sources at diff er-
ent points in the biorefi ning process. 

Lignin

Lignin is one of the most abundant biopolymers in the 
world. It usually contributes between 15 wt% and 40 wt% 
of woody plants’ dry matter,19 as summarized in Table 1. 
Th is polyphenolic polymer is primarily derived from 

Cellulose, hemicellulose, and lignin are the three bio-
polymers that primarily form the plant cell wall. Prior to 
the fermentation of simple sugars to alcohols, plant polysac-
charides need to be enzymatically deconstructed, which 
requires a pre-treatment to biologically, chemically, and/or 
physically reduce the recalcitrance of the biomass.7,8 Th is 
recalcitrance is due to the complex structure of the biomass 
that has evolved to resist the degradation from chemical 
and biological sources.4 Pre-treatment technologies involve 
a complex rearrangement and/or removal of select compo-
nents of biomass to increase the accessibility and reactivity 
of cellulose to cellulase.8 However, it is now well established 
that cellulase non-specifi cally absorbs onto lignin which 
reduces the ability of cellulase to hydrolyze cellulose.5,9,10 

Lignin is one of the most recalcitrant biopolymers found 
in the cell wall.8 It provides strength and rigidity to the 
plant, helps bind adjacent cells together, and is a key struc-
tural component in water transportation due to its hydro-
phobic properties.11–13 It also forms lignin-carbohydrate 
complexes (LCC) in the cell wall making it more diffi  cult 
to remove, thereby increasing the recalcitrance of the 
biomass.7 

Th e physical structures of the biomass that could 
inhibit enzyme hydrolysis include the distribution of 
lignin within the biomass, its structure and its degree 
of polymerization (i.e. molecular weight).14 In general, 
pre-treatment alters the location, content, structure, and/
or molecular weight of lignin in the plant cell wall and 
this may contribute to the reduction of recalcitrance. Th e 
signifi cance of the molecular weight of lignin and its rela-
tionship to recalcitrance was highlighted in a publication 
by Ziebell et al.15 As reported in this study, the reduced 
recalcitrance for a series of transgenic low-lignin alfalfa 
(Medicago sativa) was due, in part, to the lower molecular 
weight of lignin because of the down-regulation of C3H 
and HCT genes in the lignin biosynthetic pathway.15 Th ere 
appears to be a reduction in reactive monomer species and 
the non-methoxylated monomers actually terminate chain 
growth of lignin.15 It has been reported that an increase 
in H lignin corresponds with a decrease in chain length 
and molecular weight; H monomers show an inclination 
to cap lignin.15 Smaller lignin could potentially be easier 
to remove due to being less cross-linked and form fewer 
bonds with other lignocellulosic polymers in the cell 
wall.15 By reducing the molecular weight of lignin, it is 
possible to decrease the biomass recalcitrance. 

In summary, the molecular weight of lignin before and 
aft er pre-treatment has become an issue of signifi cant 
research interest both for understanding the  fundamental 
factors contributing to recalcitrance and for material 

Table 1. Composition of cellulose, hemicellulose 
and lignin in various biomasses.17,18

Biomass Component (% dry weight)

Cellulose Hemicellulose Lignin

Switchgrass 34 27 17

Monterery pine 42 21 26

Eucalyptus saligna 48 13 27

Corn stover 37 24 18

Miscanthusa 37 36 25
aKlason lignin

Table 2. Relative distributions of lignin monomers 
(%).15,18,22

S G H

Poplar (Populus euramericana)a 63 37 –

Birch (Betual verrucosa)a 78 22 –

Spruce (Picea abies)a Trace 98 2

Miscanthusb 44 52 4

Wheat (Triticum aestivum)a 56 49 5

Alfalfa (Medicago sativa)c 39 56 5
a Thioacidolysis of extractive-free cell walls; bMWL; cThioacidoly-
sis and acetyl bromide treatment.

OHOH OH

(a) (b) (c)

OHOH OH

OCH3 H3CO OCH3

Figure 1. Three monolignol monomers: (a) coniferyl alcohol, 
(b) sinapyl alcohol, and (c) p-coumaryl alcohol.
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for lignin found in various bioresources. Th ese structural 
units are connected by various carbon-carbon bonds and 
ether linkages, the most common being the aryl ether 
bond, β-O-4.1,8 

Figure 2 provides a schematic illustration of the 
inter-unit linkages for soft wood lignin, and Sakakibara 
also provides a comparable illustration.23 It is impor-
tant to note that the actual structure of lignin remains 
unknown.21 

three, or less, monolignols including coniferyl alcohol, 
sinapyl alcohol, and p-coumaryl alcohol (Fig. 1).8,20,21 

Th ese alcohols give rise to the structural units of lignin: 
guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H).8,19 
G lignin is the primary component of soft woods, while 
hardwoods are composed chiefl y of G and S lignin struc-
tural units.8,16,17 H lignin was mentioned in the previous 
section in relation to alfalfa and the molecular weight of 
lignin.15 Table 2 provides some examples the G:S:H  values 

Figure 2. Representation of softwood lignin (public.ornl.gov/site/gallery/detail.cfm?id=131&topic=&ci
tation=&general=lignin&restsection=all).
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Milled wood lignin

Most non-enzymatic lignin isolation techniques used 
today minimize changes in the structure of lignin and 
use a ball-milled sample to isolate MWL.27,28 Milling 
wood/biomass helps maximize extracted lignin; mill-
ing can be accomplished by using a vibratory ball-mill 
or rotary ball-mill to reduce biomass particle size to 0.8 
mm or less.28–30 Björkman determined that the vibra-
tory ball-milling was improved when toluene was added 
to the process to prevent the milled wood from adhering 
to the steel balls.29 Essentially, he developed a process 
that would isolate lignin at room temperature by extract-
ing ball-milled wood using neutral solvents (Table 3).29 
Björkman compared the use of aqueous p-dioxane and 
an ethylene chloride/ethyl alcohol mixture as the solvents 
for the extraction process showing that the former sol-
vent provided approximately a six-fold increase in yield.31 
Both toluene and N2 atmosphere were determined by 
Holtman et al. to be preferred when preparing vibratory 
ball-milled MWL as they could minimize side reactions 
and condensation reactions.28 In addition, they used 
porcelain jar and balls for the rotary ball-milling and 
extended the time of milling to six weeks which resulted 
in optimal particle size (~0.84 mm) for lignin extrac-
tion.28 Guerra et al. also used a porcelain jar and ball 
for the rotary ball-milling, and showed that obtaining 
high molecular weight lignin fragments increased for 
longer ball-milling time.32 Other reports indicate that 
an increase of milling time from four weeks to six weeks 
increased the yield by approximately 8-10% for MWL.33 
Th e ball-milling process is known to be accompanied 
with mechanochemical changes in lignin such as the 
cleavage of some β-O-4 linkages.34 Fujimoto et al. report 
that once approximately 40% of the lignin has been 

Defi nition of average molecular 
weights of lignin

Th e non-uniformity of the chain lengths of lignin pre-
cludes the characterization of a specifi c molecular weight. 
Th us, it is necessary to characterize lignin in terms of 
average molecular weight. Two common averages used 
are number average molecular weight (Mn) and weight 
average molecular weight (Mw) (Eqns (1) and (2)).24,25 Th e 
polydispersity index (D) represents the molecular weight 
 distribution of the polymers (Eqn (3)).26 

 Mn =   ∑NiMi  ______  ∑Ni
   (1)

 Mw =   
∑Ni M i  

2 
 ______ ∑NiMi
   (2) 

 D =   Mw  ____ Mn
   (3)

Here the index number, i, represents the number of dif-
ferent molecular weights present in the lignin sample and 
Ni is the total number of moles with the molar mass of 
Mi.24,25 

Isolation of lignin

Th e isolation of lignin from native biomass is important 
in allowing for its characterization, including the deter-
mination of its average molecular weight. Separating 
native lignin from cellulose and hemicelluloses needs to 
be accomplished with minimal structural changes. Milled 
wood lignin (MWL), cellulolytic enzyme lignin (CEL), and 
enzymatic mild acidolysis lignin (EMAL) isolation meth-
ods (Table 3) will be addressed in greater detail along with 
corresponding average molecular weights. 

Table 3. Overview of experimental procedures used for lignin isolation. 
Milled Wood Lignin29,31 1. Ball-milled wood is extracted with aq. p-dioxane (4% water) at RT

2. Extracts are dried and dissolved in acetic acid
3. Precipitated into water
4. Dried, then dissolved in ethylene chloride and ethanol, followed by precipitation into diethyl ether

Cellulolytic Enzyme Lignin34 1. Ball milled biomass added to cellulase, incubate for 3 days
2. Wash with water and extract twice with aq. p-dioxane
3. Dissolve in acetic acid and precipitate into water
4. Isolate lignin and wash twice with water, suspend in water and freeze-dry

Enzymatic Mild Acidolysis Lignin32 1. Treat ball-milled wood with cellulase
2. Shake in a water bath using citrate buffer (pH 4.5) 
3. Wash soluble material with acidifi ed DI water twice and freeze-dry
4. Treat cellulytic lignin with aq. p-dioxane 
5. Filter and neutralize with sodium bicarbonate and add to acidifi ed DI water, leave over night
6. Remove precipitated lignin, wash with DI water twice and freeze-dry
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Cellulolytic enzyme lignin

An alternative lignin isolation method, developed by 
Chang et al., involves removing a substantial amount 
of the carbohydrate fraction with a cellulolytic enzyme 
treatment before aqueous p-dioxane extraction of 
mildly ball-milled biomass yielding CEL34 (Table 3). 
Th is method was devised to improve the lignin isolation 
process using enzymes with cellulolytic and hemicellu-
lolytic activities, such as Onozuka SS1500 Cellulase.34,36 
CEL typically results in lignin yields higher than MWL, 
but there are a few bioresources, like redwood, that have 
a lower yield for CEL (Table 4). While CEL may con-
tain some protein impurities and carbohydrates, it does 
provide a good resource for lignin structural analysis.35 
Th e presence of the carbohydrates most likely comes 
from the lignin-carbohydrate complexes due to cova-
lent bonds between lignin and hemicellulose.37 Table 5 
 documents common carbohydrates found in biomass 
that could  contribute to the fraction found with the 
 isolated lignin.

Along with the carbohydrates, there are some protein 
contaminants associated with CEL that have been attrib-
uted to the enzymes used in hydrolyzing the cellulose.41 
Ibara et al. used a protease treatment to purify the resid-
ual lignin they obtained from eucalyptus unbleached 
kraft  pulp.41 Protease hydrolysis (2% alkaline protease) 
purifi ed the lignin of the cellulase residue and resulted 
in a recovery of 98% of the total lignin, but it still con-
tained some protein contaminants.41 Th ey also reported 
a solvent purifi cation method, using dimethylacetamide 
and sodium hydroxide, that purifi es the residual lignin, 
but only obtained a 1–3% total yield.41 Lou et al. showed 
that a reduction of non-specifi c cellulase binding to 
lignin was a result of inducing pH surface modifi cations 
to the lignin.42 When the pH was greater than or equal to 
5.5, the enzymatic saccharifi cation of lignocellulose was 
enhanced.42 Th us, the protease technique is the desired 
process to minimize the cellulase residue due to the high 
resulting yield. 

extracted via milling, there is about a 25% reduction of 
β-O-4 bonds.35 

Milling allows for more lignin extraction due to the 
disruption of the structure of the cell wall.32 Lignin is 
initially released from the middle lamella and cell corners 
during milling primarily because these regions contain 
high lignin content.30 Th e secondary wall of the cell typi-
cally has a lower degree of condensation compared to 
these regions.30 Th e degradation of carbohydrates helps 
in the isolation of CEL which indicates that the lignin 
primarily originates from the secondary cell wall;30 MWL 
contains more condensed lignin from the middle lamella 
which can result in low yields for MWL.27 Th e lower 
yields of MWL can be compared with the other isolation 
methods in Table 4. When looking at the lignin yields, it is 
clear that the yields from EMAL isolation are at least two 
times that of MWL or CEL and almost four times greater 
as in the case of white fi r. Th ese results show that despite 
the varying biomass sources, EMAL isolation continues to 
produce the highest lignin yields. It is important to note 
that despite any structural changes to the lignin during 
the MWL isolation process, MWL is generally viewed as 
representative of native lignin’s chemical structure and 
reactivity.35 

Table 4. Typical lignin yields from various 
biomass sources isolated by MWL, CEL, and 
EMAL.27,32

Biomass Approximate Isolation Method 
Yieldsa (%)

MWL CEL EMAL

Norway Spruce (milled) 11.4 23.4 44.5

Douglas Fir 1.4 7.1 24.8

Redwood 15.7 13.2 56.7

White Fir 11.3 11.5 42.9

E. globulus 34.0 32.5 63.7

Southern Pine 11.9 12.4 56.3
a Basis of extracted ground wood meal Klason lignin contents

Table 5. Carbohydrate relative composition in various biomasses (% dry weight).

Hybrid Poplar17 Miscanthusa,38 Wheat Straw39 Rice Straw39 Switchgrassb,40

Arabinan | Arabinose 0.89 | 1.83 | | 5.6 | 5.4 3.9 |

Galactan | Galactose 0.88 | 0.43 | | 2.7 | 7.1 1.3 |

Glucan | Glucose 39.23 | 49.09 | | 55.4 | 57.7 33.6 |

Mannan | Mannose 1.81 | 0.27 | | 1.5 | 2.1 0.1 |

Xylan | Xylose 13.07 | 21.65 | | 34.6 | 27.6 24.7 |
aWithout prehydrolysis; bExtracted with hot H2O and C6H6/EtOH.
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MWL and CEL can be attributed to its isolation process. 
Guerra et al. determined a higher Mw for EMAL correlates 
with a lower vibratory milling time.32 By adding 94 h of 
additional milling time to the original 2 h, the EMAL Mw 
decreases by approximately 40,000 g mol–1 and is only 2650 
g mol–1 greater than CEL Mw.32 Overall, EMAL appears to 
produce the highest Mw compared to MWL and CEL.

It is interesting to note that Mn has a similar trend to 
Mw for the isolation processes. Th e exceptions are Norway 
spruce and redwood, where the Mn for CEL is greater than 
that of EMAL by 600 g mol–1 and 700 g mol–1, respectively. 
While Mn is not as clear as Mw for which isolation proc-
ess will typically result in the highest molecular weight, 
EMAL does consistently report relatively high Mn values.

Note that we will be referring to the average molecular 
weight as molecular weight throughout the rest of the paper. 

The instrumental analysis 
of the molecular weight of lignin

The characterization of the molecular 
weight of lignin 

Vapor pressure osmometry (VPO),46 ultrafi ltration,47 light 
scattering (static and dynamic),48 mass spectrometry,49 
and gel permeation chromatography (GPC)50,51 repre-
sent a pool of instruments available to characterize the 
molecular weight of lignin. Among these methods, GPC 
has grown in popularity and will be discussed in further 
detail. Accordingly, Table 9 summarizes the basic prin-
ciples of the former techniques. GPC, also known as size 
exclusion chromatography (SEC), separates derivatized 
or underivatized lignins based on molecular size in order 
to determine its relative molecular weight.52 Universal 
calibration53 and broad standard calibration54,55 off er two 
means of molecular weight determination using GPC.56 

Enzymatic mild acidolysis lignin

Another procedure for isolating lignin involves a mild enzy-
matic hydrolysis preceding a mild acid hydrolysis of milled 
wood, resulting in EMAL.27,32 Th e enzymatic hydrolysis 
of milled wood removes a signifi cant amount of carbohy-
drates, while the mild acidolysis cleaves lignin-carbohydrate 
bonds.32 Th e acid hydrolysis step is important because 
lignin-carbohydrate complexes impede lignin isolation in 
high yields.27,43,44 Combining this procedure (Table 3) with 
low severity milling, results in high yields of less modifi ed 
lignin.43,44 Th e EMAL procedure yields are approximately 
2 to 5 times greater than the MWL or the CEL procedure 
yields, as summarized in Table 4.27,32 Guerra et al. even 
reported that EMAL isolated lignin fractions that the other 
lignin isolation procedures were unable to obtain.32

Average molecular weight after isolation 
processes

Th e number average molecular weight (Mn), weight aver-
age molecular weight (Mw), and polydispersity index (D) 
of MWL, CEL, and EMAL for various biomass sources 
can be found in Tables 6–8. Select biomasses with the larg-
est Mn are miscanthus for MWL (8300 g mol–1), Norway 
spruce for CEL (9450 g mol–1), and Southern pine for 
EMAL (9700 g mol–1). Norway spruce reported the largest 
Mw for MWL, CEL, and EMAL at 23,500 g mol–1, 53,850 g 
mol–1, and 78,400 g mol–1, respectively.

Looking at Tables 6–8, the general trend for the Mw for 
lignin isolation is EMAL > CEL > MWL. Th e data indicates 
that EMAL isolation results in higher Mw for the various 
biomasses. Th e higher molecular weight for EMAL over 

Table 7. Average molecular weights and 
polydispersity indices from cellulolytic enzyme 
lignin of various biomasses.27,32

Biomass Mn (g mol–1) Mw (g mol–1) D

Norway Sprucea 9450 53,850 5.7

Douglas Firb 5500 21,800 4.0

Redwoodb 5400 23,000 4.2

White Firb 4700 21,700 4.6

E. globulusb 5500 17,200 3.1

Southern Pineb 7500 29,600 3.9
aVibratory-milled; bBall mill for 28 days prior 

Table 6. Average molecular weights and 
polydispersity indices from milled wood lignin of 
various biomasses.18,27,32,45

Biomass Mn (g mol–1) Mw (g mol–1) D

Norway Sprucea 6400 23,500 3.7

Douglas Firb 2500 7400 3.0

Redwoodb 2400 5900 2.5

White Firb 2800 8300 3.0

E. globulusb 2600 6700 2.6

Southern Pineb 4700 14,900 3.2

Bamboo 5410 12,090 2.23 

Miscanthusc 8300 13,700 1.65
aVibratory-milled; bBall mill for 28 days; cValues corrected from 
the original manuscript after a personal discussion with the 
author.
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however, is sensitive to the presence of compounds pos-
sessing molecular weights < 25,000 kDa.66 Froment and 
Pla investigated the application of VPO, SEC, and LALLS 
(low angle laser light scattering) in the molecular weight 
determination of dioxane, alkali, and organosolv lignins. 
Th e results emphasized the practicality of VPO as a col-
ligative method for the calculation of Mn, and the appro-
priateness of LALLS in the calculation of the absolute val-
ues of Mw. SEC, which computes both Mn and Mw, when 
coupled with LALLS introduces an enhanced approach 
to molecular weight determination.66 GPC and MALDI-
TOFMS generally produce similar molecular weights; 
GPC, however, slightly overestimates these values.67 
Furthermore, it has been recognized that MALDI-TOFMS 
is appropriate for the molecular weight determination of 
low polydispersity polymers (D < 1.2), while GPC is more 
suitable in the molecular weight determination of poly-
mers of greater polydispersities. GPC is paired with other 
instruments such as MALDI-TOFMS68 and static LALLS69 
or MALLS70 to provide more accurate values of molecular 
weight.

Gel permeation chromatography as a tool 
for molecular weight determination

Prior to analysis, derivatization is typically accomplished 
through methylation, acetylation, or silylation to enhance 
lignin’s solubility in an organic solvent.52,71 Th e length 
of time required to achieve the complete dissolution of 
acetylated lignin in organic solvents using conventional 
methods remains in question. Studies have identifi ed 
acetylation as suitable for the dissolution (> 90%)51 and 
complete dissolution72 of lignin from several biomass 
sources in THF. However, Assikkala et al. found that only 
54% of acetylated Norway spruce MWL dissolved in THF 
aft er a 20 h treatment, and this rose to 60% aft er 6 d.73 

Acetobromination73 and ionic liquid media74 off er 
alternative approachs to conventional derivatization. Th e 

Th e attractiveness of GPC is attributed to short sample 
processing times (30 min to 5 h per sample), the milligram 
quantities of sample required for testing, its tolerance 
of synthetic and naturally occurring polymers, and the 
broad range of molecular weight detection.60,61 Glasser 
et al. successfully collected the Mn and Mw of MWL, 
acid-hydrolyzed, steam-exploded, kraft  and organosolv 
lignins, establishing that GPC is practical for several 
lignin types.62 Futhermore, the comparison of GPC to 
other techniques supports its reliability. Th e Mw and Mn of 
polystyrenes that were acquired from matrix-assisted laser 
desorption ionization time-of-fl ight mass spectrometry 
(MALDI-TOFMS) have been compared to those obtained 
from VPO, GPC, light scattering, and intrinsic viscosity 
to assess the accuracy of MALDI-TOFMS in the determi-
nation of molecular weight. While it was recognized that 
a polymer’s molecular weight relies upon several factors, 
each method provided similar estimations of molecular 
weight.63 

While several methods measure the molecular weight of 
lignin, each method diff ers in its capacity. Th e diff erentiat-
ing feature of light scattering as compared to other meth-
ods is its overrepresentation of heavier lignins.64,65 VPO, 

Table 9. Characterization methods for the molecular weight of lignin.

Analytical Technique Principle Relevant Information

VPO52 Thermistors indirectly assess the vapor pressure depres-
sion of a dilute polymer solution compared to a pure 
solvent to extrapolate Mn

Exhibits sensitivity towards low molecular weight 
polymers
Mn=100–10,000 g mol–1

Ultrafi ltration52 Membrane separates lignin based on cutoffs that restrict 
passage by molecular size

Not infl uenced by impurities
Mn=1000–300,000 g mol–1

Light Scattering52,57 Laser beam passes through a sample and scatters light 
at an intensity that is proportional to its molecular weight

Static LS provides an absolute determination of molec-
ular weight, whereas dynamic LS requires calibration

Mass 
Spectrometry58,59

Electron converts a gaseous neutral molecule into a rad-
ical cation, which possesses a specifi c mass and charge

Sensitive to highly polydisperse lignin

Table 8. Average molecular weights and 
polydispersity indices from enzymatic mild 
acidolysis lignin of various biomasses.27,32

Biomass Mn (g mol–1) Mw (g mol–1) D

Norway Sprucea 8850 78,400 8.8

Douglas Firb 7600 38,000 5.0

Redwoodb 4700 30,100 6.4

White Firb 6300 52,000 8.2

E. globulusb 8700 32,000 3.7

Southern Pineb 9700 57,600 5.9
aVibratory-Milled for 48h; bBall mill for 28 days prior 



© 2014 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. (2014); DOI: 10.1002/bbb

A Tolbert et al. Review: Characterization and Analysis of the Molecular Weight of Lignin

of acetosolv lignins with polydispersities of approximately 
one as calibration standards in place of polystyrene for 
GPC. Th e acetosolv lignins selected for the construction 
of the calibration curve produced a maximum diff erence 
in Mn of 500 g mol–1 between methods. Moreover, the 
calibration curves of polystyrene and acetosolv lignins 
were superimposed on one another almost perfectly.79 A 
similar study verifi ed that roughly monodisperse alkali 
lignins were fi tting for the preparation of a GPC cali-
bration standard curve; the Mw of the lignosulfonate 
calculated from the standard curve was 17,600 g mol–1, 
which was 700 g mol–1 less than the value calculated by 
ultracentrifugation.80

Pre-treatments and the analysis 
of Mn, Mw, and D of lignin

As previously stated, pre-treatments are divided into three 
categories: biological, physical, and chemical. Within each 
category, numerous approaches and pre-treatment condi-
tions have been developed and studied (Table 10). Th e 
literature commonly compares extracted MWL, a rough 
model of native lignin, to lignin isolated from pre-treated 
biomass to assess changes in molecular weight in terms of 
Mn, Mw, and D (Table 11). For instance, the comparison of 
the molecular weight of MWL (~104 g mol–1) against lignin 
extracted from steam exploded (~104 g mol–1) and autohy-
drolyzed (~103 g mol–1) aspen (Populus tremula) revealed 
that autohydrolysis yielded a 10-fold reduction in molecu-
lar weight at the severity studied.81 CEL and EMAL serve 
as references to lignin isolated from pre-treated biomass 
(Table 12). MWL, CEL, and/or EMAL are oft en compared 
to lignin from pre-treated biomass to assess the changes 
in molecular weight, as demonstrated in Tables 11 and 12. 
Th e application of a pre-treatment does not guarantee 
the molecular weights produced are lower or higher than 
that of MWL, EMAL, or CEL. For instance, steam explo-
sion generally produces values of Mw that are greater than 
MWL, while pre-treatments such as ethanol organosolv, 
dilute acid, and alkali oft en produce values of Mw that are 
similar to the values of MWL. Tables 11 and 12 also indi-
cate that pre-treatments exhibit various degrees of modi-
fi cations to the molecular weight and hence the structure 
of lignin. 

Lignin in the pre-treatment effl  uent is frequently recov-
ered through acid precipitation. Th e fraction of lignin 
that is regenerated through precipitation is acid insoluble, 
whereas the remainder of lignin in the effl  uent is acid solu-
ble.82 Th e molecular weights reported hereaft er describe 
lignins that have been separated and isolated during or 

acetobromination of Norway spruce MWL with acetyl 
bromide in glacial acetic acid achieved complete dissolu-
tion in 0.5 h.73 Underivatized lignins dissolve in solvents 
such as dimethylformamide and dimethylsulfoxide but are 
susceptible to association eff ects, which potentially reduce 
the reproducibility and reliability of molecular weight 
data.73,75,76 Th e mechanisms and presence of association 
eff ects have been extensively studied using GPC.43,54,76 
Lithium bromide or lithium chloride is oft en added to 
DMF or DMSO to minimize the association eff ects.75 
Majcherczyk and Hüttermann used high-performance 
ion-pair size-exclusion chromatography with styrene–
divinylbenzene gel columns and a quaternary amine 
(QAM) to establish the molecular weight of organosolv 
and kraft  lignins in tetrahydrofuran without derivatiza-
tion. Th e QAM formed complexes with lignin, which 
successfully minimized column adsorption and lessened 
association eff ects.77 

Th e derivatized or underivatized lignins are then dis-
solved in the appropriate eluent and introduced to a 
porous gel column, where size separation is accomplished. 
Th e hydrodynamic radius of lignin dictates whether a 
lignin molecule is included or excluded from a pore in 
the gel. Th e lignin then elutes from the column at a vol-
ume related to its size and the dimensions of the pores 
in the gel. Th e elution volume is coupled with a stand-
ard to determine relative molecular size and weight.52 
Polystyrene standards are oft en used to construct the cali-
bration curve for GPC measurements that require organic 
solvents; their molecular weights range up to 10,000,000 
g mol–1 with polydispersities below 1.10.56 Th e hydrody-
namic volumes of lignin and polystyrene diff er, indicating 
that GPC is a relative method.52 

Th e estimation of the molecular weight of lignin using 
GPC is reliable on an aqueous or non-aqueous GPC 
as well as in the presence of a polystyrene standard or 
lignin-based standard for the construction of a stand-
ard curve. Chen and Li compared the reliability of an 
aqueous GPC for the molecular weight determination of 
lignins to a non-aqueous GPC. Th e molecular weights of 
Eucalyptus soda lignins were in good agreement between 
apparatuses; the maximum variation between Mn and/
or Mw was roughly 1000 g mol–1. In addition, the Mn of 
lignosulfonates determined by the aqueous GPC and VPO 
were also in good agreement with sodium lignosulfonate 
yielding a diff erence of less than 40 g mol–1, supporting the 
hypothesis that the aqueous GPC produces reliable estima-
tions of molecular weight. While the agreement amongst 
methods was present, pH and ionic strength did infl uence 
the reliability of the method.78 VPO also supports the use 
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Table 11. The Mn, Mw, and D of MWL and lignins isolated from pre-treated biomasses.
Biomass Pre-treatment Mn (g mol–1) Mw (g mol–1) D
Cotton Stalk95 MWL 700 1520 2.17

Ammonia Hydrothermal 560–890 1250–1740 1.83–2.23

Bamboo (Bambusa rigida sp)96 MWL 1680 3260 1.93

AL 1860 2840 ~1.5

Birch (Betula alnoides)97 MWL 5860 10,860 1.85

Microwave 3830 7290 1.90

Heat 5000 11,450 2.29

Beech (Fagus sylvatica)98 MWL 3690 5510 1.49

Heat 2790 4020 1.44

Loblolly Pine (Pinus taeda)99, 100 MWL 989 7790 7.9

Ceriporiopsis subvermispora 743–770 5147–6330 6.7–8.5

MWL 7590 13,500 1.77

OS-MWL 6530 16,800 2.57

EOL 3070 5410 1.77

Poplar (Populus trichocarpa)101 MWL – 8550 2.7

DAP – 7500–8280 2.2-3.0

Switchgrass (Panicum virgatum var. Kanlow)40 MWL 2070 5100 2.5

EOL 980 4200 4.3

Ethanol organosolv + ball mill 1580 5750 3.6

Poplar (Populus albaglandulosa)102 MWL 4176 13,250 3.17

Supercritical H2O 1042–1357 1655–4429 1.59–3.26

Supercritical H2O + catalyst 949–1097 1526–2753 1.55–2.63

Tamarix ramosissima103 MWL 2155 3750 1.74

LHW 1380–2250 2690–3950 1.76–1.95

Lodgepole Pine Wood Chips104 SPORL (LS-SP165) 810 1440 1.77

Commercial Softwood104 SPORL (LSD-748) 4800 14,000 2.92

AL: alkali lignin; DAP: dilute acid pre-treatment; EOL: ethanol organosolv lignin; LHW: liquid hot water; OS-MWL: organosolv milled wood 
lignin; SPORL: sulfi te pre-treatment to overcome recalcitrance of lignocellulose.

Table 10. Select pre-treatments, their classifications, and processing conditions.†

Pre-treatment B, P, or Ca Conditions
Organosolv83,93 C 180–195˚C, 30–90 min, 35–70% ethanol

Steam Explosion83 P, C Saturated steam at 160–260˚C and 0.69–4.83 MPa initially, followed with a rapid 
decrease in pressure

Liquid Hot Water84 P, C Liquid water at 160–240°C 

Supercritical Water85,86 C < 373˚C and < 22 MPa, approximately

White rot Fungi87 B Biomass containing 60-80% moisture, pH 4–5, 15–35˚C, incubate for d, wks, or mo

Alkaline (NaOH, KOH, Ca(OH)2, NH4OH)88 C 25–85˚C, 1–30 h

Dilute Acid89 C 0.3–2 wt% acid, 120–180°C, 1 min to 2h+

Ammonia Fiber Explosion (AFEX)83,90,94 P, C 1–2 kg liquid NH3/kg dry biomass, 60–100˚C, 10–60 min, > 3 MPa

Wet Oxidation91 P, C 1L H2O/6 g biomass, 1.2 MPa, 195°C, 10–20 min

Acid- or SO2- Catalyzed Steam Explosion92 P,C 0–5% OD, 190–210°C for hardwoods, 200–220°C for softwoods, 1–10 min

Sulfi te Pre-treatment to Overcome 
Recalcitrance of Cellulose (SPORL)92

C Sodium, calcium, or magnesium bisulfi te, 160–190°C, pH 2–5

Ionic Liquid93 C 20–150˚C, 1–48 h

Carbon Dioxide (CO2) Explosion94 P,C Apply supercritical CO2 at 6.8–27.6 MPa, several min, < 200˚C

†Herein, the conditions listed in this table serve as an approximate guide for subsequent molecular weights for lignin. 
aB: biological; P: physical; C: chemical.
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fungi initially break down native lignin. Aft erwards, 
bacteria such as Streptomyces viridosporus strain T7A112 
mineralize the lower molecular weight decomposition 
compounds that remain.113 Crawford et al. identifi ed an 
acid-precipitable polyphenolic polymeric lignin intermedi-
ate, possessing a molecular weight greater than or equal to 
20,000 g mol–1, present during the breakdown of corn stover 
(Zea mays) using S. viridosporus.114 Pseudomonas putina 
and Rhodococcus RHA1 are bacteria present in soil that 
also degrade Miscanthus. Following seven days of incuba-
tion at 30˚C, these bacteria produced ketone and  carboxylic 
acid containing byproducts, which possessed roughly 1/6th 
the original mass-to-charge ratio of MWL.115 Fungi and 
 bacteria are suitable methods to modify the molecular 
weight of lignin; however, the long incubation times required 
to achieve degradation add reservations to its industrial 
viability.

Physical pre-treatments

Physical pre-treatments, such as microwave, also remove 
lignin.116 Microwave pre-treatments, specifi cally, expose 
biomass to microwaves, which stimulate the vibration of 
polar molecules and the motion of ions. Th e movement of 
ions produces heat and enhances collisions that lead to mass 
transfer processes and the dissolution of biomass. In sweet 
sorghum bagasse, microwave irradiation alone removed 
roughly 20 to 30% of lignin following 2 to 6 min of exposure 
to 1000 W of microwaves. Increasing the volume of water 
from 10 to 20 mL per g of biomass during pre-treatment 
shift ed the percentage of lignin removed upward towards 
30%.116 Microwave irradiation is oft en paired with other 
pre-treatments to enhance its delignifying abilities.97,117–119 
Th e microwave-assisted ethanol organosolv extraction of 
lignin from triticale (Triticosecale X) straw resulted in a sub-
stantially larger decrease in the molecular weight of residual 
lignin when compared to the extracted lignin from conven-
tional heating in the presence of an acid catalyst; the diff er-
ence between the two methods was 5501 g mol–1.118 

Chemical pre-treatments

Chemical pre-treatments encompass a broad spectrum of 
chemicals that include oxidizing agents, acids, alkalis, sol-
vents, and sulfi te as in SPORL.120,121 Organosolv pre-treat-
ments, for example, fragment and solubilize lignin using 
an organic solvent system, especially when coupled to a 
catalyst such as a mineral acid or sulfate salt. Organosolv 
pre-treatment assists in cleavage of bonds between lignin 
and hemicelluloses as well as select inter-unit linkages 
between lignin.93 Increases in ethanol concentration 

aft er the pre-treatment of biomass; the original reference 
should be consulted for a detailed description of the recov-
ery procedure.

Biological pre-treatments

White rot fungi, a commonly studied biological pre-
treatment, uses lignolytic enzymes to degrade cell wall 
components including lignin. For example, Ceriporiopsis 
subvermispora possesses laccases and manganese peroxi-
dases, which assist in the selective removal of lignin dur-
ing the initial phases of pre-treatment. C. subvermispora 
removed 45.06% of lignin and 9.50% of cellulose in rub-
berwood (Hevea brasiliensis) aft er 90 d of incubation.108 
Furthermore, C. subvermispora successfully digested lignin 
from Pinus taeda, which was indicated by the 35% decrease 
in molecular weight compared to MWL (Mw 7790 g mol–1) 
following 90 d of incubation.99 Biomass composition may 
also regulate enzyme activity. Poplar induced up to 6 times 
the laccase activity of C. subvermispora than pine and wheat 
straw over 22 d at 30˚C.109 Poplar, a hardwood, contains 
both S and G monomers; degradation, or the lowering of 
molecular weight, of S lignins occurs more readily than 
G lignins.109 Lignin from wheat straw demonstrated a 
 time-dependent decrease in Mw when treated with Fusarium 
 concolor, another type of fungi. Th e wheat straw lignin at 
day 30 was 25% less than the Mw at day fi ve.110

Bacteria constitute another type of biological pre-treatment 
that enzymatically remove lignin.111 During  decomposition, 

Table 12. The Mn, Mw, and D of EMAL and CEL in 
comparison with lignins isolated from spruce, 
wheat straw, birch, and poplar.

Biomass Isolation/
Pre-treatment

Mn 
(g mol–1)

Mw 
(g mol–1)

D

Spruce 
(Picea 
abies)105

EMAL 3100 13,700 4.4

EMAL + steam 
explosion

3800 21,500 5.6

Wheat 
Straw105

EMAL 2000 3600 1.8

EMAL + steam 
explosion

2700 6100 2.2

Birch106 CEL 7810 18,300 2.51

ILL 4820 7780 1.62

RL 5970 8900 1.49

Poplar 
(Populus 
tomentosa 
Carr.)107

CEL 980 3190 3.26

AL 1510 2330 1.54

AL + [C2mim][OAc] 2520 3970 1.58

AL: alkali lignin; [C2mim][OAc]: 1-ethyl-3-methylimidazolium 
acetate; ILL: ionic liquid lignin; RL: residual lignin.
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and other instances when diff erent processing conditions 
or types yield similar molecular weights. 

Acidic and basic pre-treatments

Dilute acid pre-treatment (DAP) employs mineral acids at 
concentrations of 0.3–2 wt% typically between 120 to 180˚C 
for 1 min to over 2 h to remove hemicelluloses and disrupt 
the structure of lignin.89,129 DAP primarily hydrolyzes hemi-
celluloses and partially solubilizes lignin. Cao et al. demon-
strated that DAP produces minimal changes in the molecular 
weight of lignin in Populus trichocarpa sampled between 
0.3 and 26.8 min.101 Under certain conditions such as in 
batch processes, DAP hydrolyzes β-O-4 linkages in lignin.130 
However, these hydrolysis reactions are accompanied with 
the formation of condensed phenolics.130 Degradation prod-
ucts from carbohydrates and lignin generated during DAP 
impede enzyme activity in certain instances; however, the 
regulation of pH, pressure, and heat restricts the production 
of these undesirable byproducts.129 During alkali pre-treat-
ment, a caustic reagent cleaves benzyl ester and glycosidic 
bonds in LCCs. Alkali reagents include sodium hydroxide, 
potassium hydroxide, ammonia, and calcium hydroxide 
(lime). Alkali pre-treatments change the structure of lignin, 
induce the swelling of cellulose, and solvate hemicelluloses 
which can promote enzyme accessibility.131 

Th e combination of alkali and organosolv pre-treatments 
incurred more drastic changes in molecular weight than 
using alkali alone. Th e residual lignin extracted from 
bamboo using 70 wt% ethanol that contained NaOH was 
roughly 1000 g mol–1 higher in Mw than those extracted 
using NaOH alone. Th e diff erence in molecular weight was 
attributed to the presence of intact LCCs in the organosolv 

from 65 to 95% are associated with carbohydrate content 
decreases that range from 3.6 to 1.1%, respectively.122 In 
addition to ethanol concentration, the changes to the com-
bined severity factor alter the molecular weights of lignin. 
During the organosolv pre-treatment of the wetland plant 
Typha capensis, an increase in severity factor from 1.36 to 
2.14 resulted in a decrease of 245 g mol–1 in Mw, demon-
strating a relationship between treatment severity and the 
resulting molecular weight.123 

Studies have also examined process parameters that 
may alter molecular weight of lignin during the orga-
nosolv pre-treatment. Table 13 outlines two studies that 
examine process parameters during the organosolv pre-
treatment that infl uence the molecular weights of lignin. 
Th e table indicates that the choice of organic solvent (i.e. 
ethanol, acetone, and p-dioxane) minimally infl uences the 
molecular weight of the residual lignins recovered from 
Miscanthus giganteus under 4 h refl ux.122 Organosolv 
pre-treatments can be combined with other chemicals or 
pre-treatments124 to exert a more drastic eff ect on molecu-
lar weight.40 For example, the treatment of Miscanthus 
with autohydrolysis or the enzyme Cellulyve® prior to an 
ethanol organosolv pre-treatment lowered the Mw and Mn 
up to 25 and 32%, respectively, when compared to organo-
solv lignin alone.38 Furthermore, ultrafi ltration separated 
the molecular weights of ethanol organosolv lignins with 
ceramic membranes possessing 5, 10, and 15 KDa cutoff s 
and refi ned the polydispersities of organosolv lignins in 
Miscanthus sinesis.125 Table 14 presents the molecular 
weights of lignin from biomass and their relation to dif-
ferent pre-treatments. Th is data demonstrates occasions 
when biomass sources treated with the same processing 
conditions yield drastically diff erent molecular weights 

Table 13. The Mn, Mw, and D of isolated lignins as a function of process variables.

Biomass Pre-treatment Conditions Mn (g mol–1) Mw (g mol–1) D

Miscanthus38 Organosolv 80% EtOH, 0.5 wt% H2SO4, 150°C, 60 min 1932 5715 2.96

Autohydrolysis + organosolv Autohydrolysis at, 150°C, 8 h then organosolv 1496 5103 3.41

Enzymatic hydrolysis + 
organosolv

Enzyme hydrolysis at, 5% Cellulyve®, 50°C, 72 h 
then organosolv 

1316 4281 3.25

Miscanthus 
giganteus122

Ethanol organosolv 65% ethanol/5% 0.2 M HCl, 4 h, refl ux 1520 2720 1.79

75 % ethanol/5% 0.2 M HCl, 4 h, refl ux 1450 2540 1.75

85% ethanol/5% 0.2 M HCl, 4 h, refl ux 1400 2460 1.76

95% ethanol/5% 0.2 M HCl, 2 h, refl ux 1350 2210 1.64

95% ethanol/5% 0.2 M HCl, 4 h, refl ux 1240 2250 1.81

95% ethanol/5% 0.2 M HCl, 8 h, refl ux 1170 2380 2.03

Acetone organosolv 95% acetone/5% 0.2 M HCl, 4 h, refl ux 1420 2170 1.53

Dioxane organosolv 95% dioxane/5% 0.2 M HCl, under N2, 4 h, refl ux 1240 2310 1.86

EtOH: ethanol; H2SO4: sulfuric acid; HCl: hydrochloric acid; NaOH: sodium hydroxide.
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by the cleavage of ester  linkages and the aromatic skeleton 
of lignin.136 Diff erences in the removal of lignin and the 
molecular weight of lignin are attributed to solubility. Th e 
anion in ILs moderates cellulose solubility, while the cation 
moderates the solubility of lignin. Th e combination of the 
IL 1-ethyl-3-methylimidazolium acetate with the organic 
solvents dimethylformamide, dimethylsulfoxide, or dimeth-
ylacetamide in a 3:7 ratio exhibited less than 300 g mol–1 
 diff erence in molecular weight of acid insoluble lignins 
when compared to MWL from corn cob.137 Th e complemen-
tation of an IL with water, a polar solvent, was 2180 g mol–1 
greater than MWL from corn cob. Overall, the Mw of lignins 
isolated from biomass treated with an IL and polar solvent 
produced the largest molecular weight (Mw 4310 g mol–1). 
Again, the molecular weights of lignins from the IL and the 
organic solvents as well as the MWL contained less carbo-
hydrates than the lignins from the IL and aqueous solvent, 
which increased their relative molecular weights.137 

Th e treatment of organosolv lignins with supercritical 
water (400˚C, 1 min) degraded residual lignin molecular 
weights in either the presence or absence of phenol, as evi-
denced in the molecular weight distributions of the resid-
ual lignins.85 Low concentrations of acid catalyst, 0.05% 
HCl, appear to enhance the fragmentation of lignin during 
sub- and super- critical water pre-treatments in poplar 
(Populus albaglandulosa) wood fl our.102

Combinatory pre-treatments

Pre-treatments sometimes cross the borders drawn by afore-
mentioned classifi cations. Physicochemical pre-treatments, 
such as steam explosion (SE) and ammonia fi ber explosion 
(AFEX), combine elements of physical and chemical pre-
treatments. SE produces an explosive decompression in 
biomass, which generates organic acids from hemicelluloses. 
Although lignins are removed, they are mostly redistributed 
throughout the cell fi ber aft er processing.90 Increases in 
molecular weight, oft en attributed to condensation reac-
tions, are sometimes observed following pre-treatment. 
Acid insoluble lignin recovered from steam exploded wheat 
straw (Variety riband) possessed Mw ranging between 3460 
and 3870 g mol−1; however, the addition of an alkaline per-
oxide post treatment increased the fi nal Mw between 4270 
and 4640 g mol−1.138 Th e diff erence in molecular weights 
was attributed to fewer opportunities for repolymerization 
in the one stage pre-treatment.138 Wet oxidation combines 
SE with an oxidation stage to oxidize lignin and hemicel-
lulose. Although wet oxidation does not remove lignin, it 
has been found to alter the Mn and Mw in wheat straw and 
corn stover to values comparable to those generated from 
 hydrothermal pre-treatment.139 

lignin (4.5% total sugars) as compared to the alkali lignin 
(0.22–0.94% total sugars); the carbohydrates attached 
to lignin increase the hydrodynamic volume, and hence 
the apparent molecular weight of residual lignin.132 Th e 
molecular weight of lignin also increases following alkali 
pre-treatment when coupled with ultrasonication. Th e 
application of 20 min of ultrasonication to alkali lignin 
extracted from wheat straw (Variety riband) increased the 
molecular weight by 20% as compared to 5 min, which was 
attributed to condensation reactions.133 

Green solvents

Green solvents such as ionic liquids (ILs) and supercriti-
cal fl uids are alternative options to pre-treat biomass. 
ILs represent salts that are liquids at temperatures below 
100˚C.91 Supercritical (SC) solvents, such as SC-carbon 
dioxide and SC-water, are fl uids that exist in a state above 
their critical temperature and pressure and shares solid 
and liquid properties.131 Both solvents are tunable and 
can therefore be used for various biomass types.131 In the 
case of ionic liquids, the modifi cation of the anion or alkyl 
substituent(s) of the cation changes solvent properties; 
adjustments to the temperature and/or pressure of a super-
critical fl uid tune its properties.131,134 

Biomass treated with ILs or supercritical fl uids demon-
strates varied responses in regards to molecular weight. For 
example, the treatment of bagasse with the IL 1-ethyl-3-
methylimidazolium cation yielded over 93% lignin following 
treatment.135 However, fi ve ILs used to pre-treat barley straw 
were identifi ed as unsuitable for lignin removal, due to the 
minimal changes in the phenolic hydroxyl groups  generated 

Table 14. The variation of Mn, Mw, and D of lignin 
with biomass and pre-treatment type. 

Biomass Pre-treatment Mn (g 
mol–1)

Mw (g 
mol–1)

D

Siam weed126 Acetosolv 710 2010 2.83

Milox 720 2100 2.92

Triticale Straw127 Microwave-
assisted ethanol 
organosolv

798 2320 2.9

Wheat Straw127 780 2015 2.6

Corn Residue127 842 2609 3.1

Flax Shives127 1408 4500 3.2

Hemp Hurds127 1054 2418 2.3

Rye Straw128 Organosolv – 8680 5.1

Soda pulping – 8000 4.8

Aquasolve – 2600 3.1

Aquasolve + enzy-
matic hydrolysis

– 7080 4.0
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fragments when compared to CEL.141 Th e overexpression 
of ferulate 5-hydroxylase gene in hybrid poplar (Populus 
tremula × alba) produced excessive amounts of the S mono-
mer, which reduced its degree of polymerization. Th e rela-
tive peak intensities from the residual lignin isolated from 
hybrid plants increased by ~11% at retention times above 
30 min and decreased by ~17% at retention times below 30 
min when compared to the chromatogram of the wild type 
residual lignin.142 

Genetically modifi ed biomass has also been combined 
with pre-treatments and demonstrated reduced molecular 
weights when compared to MWL (Table 16). In two sepa-
rate studies, Miscanthus × giganteus that had been treated 
with ethanol organosolv produced molecular weights of 
residual lignin that were less than half of the molecular 
weight of MWL (Mw ~13,800 g mol–1). In addition, Trajano 

The molecular weights of transgenic 
and hybrid lignins

During biorefi ning, the introduction of modifi cations to 
the lignin changes properties that contribute to recalci-
trance. For instance, the down-regulation of caff eic acid 
3-O-methyltransferase decreased acetyl bromide lignin 
contents between 6.4 and 14.7% in switchgrass (Panicum 
virgatum L.).140 Several studies have demonstrated that 
genetic manipulations reduce the degree of polymerization 
and molecular weight of lignin, relative to an untreated con-
trol (Table 15). Eudes et al. incorporated ‘DP reducers’ into 
Arabidopsis thaliana, which produced excessive amounts 
of C6C1 aromatics. Th e plants possessing the monomer 
demonstrated a 55% increase in retention times from the 
SEC chromatograms that represent the smallest lignin 

Table 15. The Mn, Mw, and D of lignins isolated from transgenic and hybrid biomass.

Biomass Genetic Line Modifi cation To Lignin Biosynthetic Pathway Mw (g mol–1) D

Arabidopsis thaliana144 Control – ~4500 ~2.2

Atom1 Replace sinapyl alcohol in lignin with structures that contain 
5-hydroxyconiferyl alcohol

~4500 ~2.5

Switchgrass (Panicum 
virgatum L.)145

Control – 5300–5500 –

PvMYB4-OX Overexpress the transcription factor PvMYB4 to direct carbon 
deposition away from lignin

4400–4900 –

Eucalypt146 Control – 11,300–15,000 <4

IP – 15,000 3.5

U1 × U2 – 12,900 3.3

G1 × UGL – 13,300 3.8

DG × U2 – 11,300 3.8

Alfalfa (Medicago 
sativa)15

Controla – 6000 –

C3H9ab Downregulate p-coumarate 3-hydroxylase to reduce S and G 
monomers

4000 –

C3H4ac Downregulate p-coumarate 3-hydroxylase to reduce S and G 
monomers

5500 –

HCT30ad Downregulate hydroxycinnamoyl-CoA:shikimate hydroxycin-
namoyltransferase to reduce S and G monomers

4000 –

Populus deltoides × 
populus nigra147

MWEL (control A) 2-year-old trees 36,000 4.1

ASCAD A Downregulate cinnamyl alcohol dehydrogenase, possessing 
30% less activity than the control

26,000 3.8

ASMOT A Downregulate O-methyl transferase 32,000 4.2

ASCAD ×ASMOT Downregulate cinnamyl alcohol dehydrogenase and O-methyl 
transferase

28,000 3.8

MWEL (control B) 6-month-old trees 28,000 5.6

ASCAD B Downregulate cinnamyl alcohol dehydrogenase, possessing 
<10% the activity of the control

16,000 3.8

a2% H monomer; b48% H monomer; c27% H monomer; d74% H monomer.
IP: E. grandis × E. urophylla; U1 × U2: E. urophylla × E. urophylla; G1 × UGL: E. grandis × [E. urophylla × E. globulus]; DG × U2: 
[E.  dunnii × E. grandis] × E. urophylla.
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Kraft lignin and its molecular weight

A kraft  pulp mill has oft en been referred to as a fi rst-gen-
eration biorefi nery that is primarily focused on removing 
lignin from wood, yielding cellulosic fi bers.154 Historically, 
the molecular weight of lignin has been studied in this 
fi eld to better understand kraft  pulping.78,155 More 
recently, the molecular weight of lignin isolated from 
kraft  pulping liquors has come under renewed interest as 
a viable resource for polyphenolic polymers to be used as 
a polymer additive,156 co-polymer,19 and as a resource for 
carbon fi ber production.157,158

Th e kraft  pulping process generally fragments lignin, 
thereby decreasing its molecular weight. During kraft  
pulping, wood chips are added to an aqueous solution 
of sodium hydroxide and sodium sulfi de, which facili-
tates the cleavage of select bonds in lignin and results in 
depolymerization of lignin.21,159 Th e molecular weights of 
kraft  lignin have been reported within the range of 200 to 
200,000 g mol–1.150 However, the molecular weight of kraft  
lignin can be variable depending on the type of wood, 
analysis method, and isolation procedure. Saito et al. have 
studied the properties of low molecular weight (LMW) 
and high molecular weight (HMW) of soft wood kraft  
lignin (SKL) by methanol fractionation. HMW SKL, which 
is insoluble in methanol, possessed Mw in the range of 
14,900 to 188,000 g mol–1 and has been successfully sepa-
rated from LMW with Mw ranging from 3000 to 86,600 g 
mol–1, which is soluble in methanol.160 

Table 17 presents the molecular weights and polydis-
persities of SKL and hardwood kraft  lignin (HKL) from 
several diff erent samples. For example, Brodin precipitated 
kraft  lignin using LignoBoost followed by ultrafi ltration 
to determine the molecular weight of SKL and HKL. SKL 
(mixture spruce and pine) and HKL (Eucalyptus globulus) 

et al. studied the molecular weights of CEL isolated from 
P. trichocarpa × P. deltoides that had undergone hydro-
thermal batch or fl owthrough pre-treatments under sev-
eral conditions. Th e CEL recovered from a fl owthrough 
system (20 mL/min, 140°C, 12 min) experienced approxi-
mately a 3.5-fold increase in Mw relative to the CEL recov-
ered from batch processing (140°C, 192 min), which was 
attributed to repolymerization reactions.143

Lignin polymerization

Although the former sections have focused on the 
removal or restructuring of lignin, the polymerization of 
technical lignins is desirable at times. Technical lignins 
are lignins that have been reclaimed during pre-treatment 
and pulping processes; polymerization off ers an oppor-
tunity to add value and utilization to this byproduct.150 
Th ese polymerization reactions are oft en catalyzed by 
oxidative enzymes such as laccases and peroxidases. 
Mattinen et al. revealed the successful polymeriza-
tion of soluble fl ax soda lignins, eucalyptus (Eucalyptus 
globulus) dioxane lignin, and spruce (Picea abies) EMAL 
using laccase isolated from the fungus Trametes hirsuta 
without a mediator.151 Process variables also infl uence the 
oxidative polymerization of steam exploded sugar cane 
bagasse treated with horseradish peroxidase (HRP) or 
potato polyphenol oxidase (PPO). Conditions that favor 
polymerization in steam exploded sugar cane bagasse 
include a basic environment (pH 8–10) and reaction times 
of less than 4 h for PPO. Under basic conditions, the 
growing lignin polymers are more soluble than in acidic 
 environments; as a result, the polymer can interact with 
radicals and continue to grow.152 Organic syntheses have 
also been developed to provide a pathway to polymeriza-
tion that generate an  artifi cial lignin polymer that con-
tains only β-O-4 linkages.153 

Table 16. The Mn, Mw, and D of MWL and lignin from pre-treated hybrid biomass.

Biomass Isolation/Pre-treatment Mn (g mol–1) Mw (g mol–1) D

Miscanthus × giganteus MWL148 8300 13,800 1.6

Ethanol organosolv148 2500 6500 2.6

3800 6000 1.6

3100 4300 1.4

2500 3600 1.4

2300 3200 1.4

MWL18* 8300 13,700 1.65

Ethanol organosolv18* 4690 7060 1.51

Populus nigra × Populus maximowiczii Ethanol organosolv149 783–1515 1105–4191 1.41–3.04

*Values corrected from the original manuscript after a personal discussion with the author.
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High molecular weight lignin off ers improved perform-
ance in materials’ mechanical properties through molecu-
lar entanglement and enhanced cohesive strength of the 
matrix.164,165 For example, waterborne polyurethane when 
modifi ed with lignin amine at as low as 1% loading expe-
rienced enhancements in its performance. Alkali lignin 
amine with an Mw of ~2000 Da demonstrated improved 
the mechanical properties by 100%, whereas Kraft  lignin 
amine with an Mw of ~1500 Da improved the mechanical 
properties by 50%. Hardwood ethanol organosolv lignin 
exhibited slightly higher molecular weights than that of 
the hardwood lignin extracted by Kraft  process. Kraft  
lignin possesses a higher number of phenolic and aliphatic 
hydroxyl groups than the alkali lignin. Th ese lignins when 
used as low-cost extender for rigid polyurethane foam 
high molecular weight lignin could exhibit higher loading 
capacity (30%) without signifi cant deterioration in proper-
ties than the low molecular weight counterpart (23%).166 In 
all cases depending on the molecular weights, the polyol/
isocyanate ratio played a key role on materials properties.

Very low molecular weight lignin isolated from steam 
exploded rice straw by methanol extraction exhibits 0.67 
mmol g–1 sample of phenolic hydroxyl group.167 Th is value 
is about 1/13 of the quantity of phenolic hydroxyl groups 
in bisphenol A and such lignin can be converted to epoxy 
resin for composite applications. Likewise, low-molecular 
weight lignin isolated from wheat straw by acetic acid 
pulping is an ideal feedstock adhesive manufacturing.39 
Compared to many other lignins, Kraft  and soda proc-
essed lignin exhibit high Mannich reactivity likely due to 
its low-molecular weight and those are useful for adhesive 
manufacturing.168

Th e Oak Ridge National Laboratory Carbon Fiber con-
sortium has concentrated on improving the properties 
of lignin-based carbon fi bers in order to obtain a low-
cost carbon fi ber supply for the automotive industry.169 
Studying the molecular weight properties of lignin is very 
important for carbon fi ber production.155,161,162 Low molec-
ular weight lignin results in diffi  culties during melt spin-
ning of carbon fi bers by imparting brittleness.170 Modifi ed 
high molecular weight properties of lignin have been 
developed through chemical reactions.171 Investigating 
higher molecular weight properties of lignin is also 
important for value-added lignin-based application such 
as thermoplastic blends or copolymers.164,171,172 Because 
low molecular weights of lignin are related to a smaller 
shear modulus, fractionation of lignin with methanol and 
crosslinking with formaldehyde could be another pathway 
to increase molecular weight properties of lignin in order 
to improve the quality of the thermoplastic lignin-based 

were separated using a membrane with molar mass cutoff s 
of 5000 g mol–1 and 15,000 g mol–1, and the Mn, Mw, and D 
were lower when compared to unfractionated lignin. Th e 
results indicated that low molecular weight, low polydis-
persity, and high purity of SKL and HKL can be isolated 
according to need. Brodin used these molecular weight 
fractions to study lignin-based carbon fi bers.161 In order 
to obtain HMW kraft  lignin from LMW, Wells et al. have 
proposed the preparation of HMW kraft  lignin using 
ultrasonication. Th e molecular weight of the HMW kraft  
lignin was increased approximately 35% aft er subjecting 
kraft  lignin to an extensive ultrasonic treatment.162

Current applications and future 
developments

Applications of lignin have been investigated in many 
research areas, such as a polyol, epoxy resin, feedstock 
adhesive, and a precursor for carbon fi ber. Lignin has been 
extensively used as polyol for thermoplastic polyester and 
polyurethane synthesis. In such polymeric product devel-
opment, the molecular weight of lignin is very important. 

Table 17. The Mn, Mw, and D of softwood 
and hardwood kraft lignin by size-exclusion 
chromatography.

Sample/Isolation Mn 
(g mol–1)

Mw (g mol–1) D

Spruce+Pinea, 161 1000 4500 4.5

Spruce+Pinea,161 
(Cut-off 5000 Da)

490 1700 3.5

Spruce+Pinea,161 
(Cut-off 15,000 Da)

580 2900 3.9

Softwood Kraft Lignin
Indulin ATb,73

1600 6500 4.1

Softwood Kraft Lignin
Indulin ATc,73

1700 8000 4.7

Curan 100d,163 1300 9900 7.6

Curan 100e,163 2000 11,000 5.5

Hardwood Kraft Lignin
PC-1369b,73

1000 3300 3.3

Hardwood Kraft Lignin
PC-1369c,73

1000 3900 3.9

Birch78 7523 19,650 2.7

Eucalyptus globulusa,161 530 2300 4.3

Eucalyptus globulusa,161

(Cut-off 5000 Da)
440 1300 3.0

aLignoboost; bacetic anhydride in pyridine; cacetic bromide in 
acetic acid; dDMSO/H2O/LiBr; eDMAc/LiCl.
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switchgrass: Biomass recalcitrance, delignifi cation and enzy-
matic saccharifi cation. Bioresource Technol 101:4900–4906 
(2010).
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S et al., Inhibition of cellulase, xylanase and -glucosidase 
activities by softwood lignin preparations. J Biotechnol 
125:198–209 (2006).

11. Azadi P, Inderwildi OR, Farnood R and King DA, Liquid fuels, 
hydrogen and chemicals from lignin: A critical review. Renew 
Sust Energ Rev 21:506–523 (2013).

12.  Hatfi eld R and Vermerris W, Lignin formation in plants. The 
dilemma of linkage specifi city. Plant Physiol 126:1351–1357 
(2001).

13.  Ekeberg D, Gretland KS, Gustafsson J, Bråten SM and 
Fredheim GE, Characterisation of lignosulphonates and kraft 
lignin by hydrophobic interaction chromatography. Anal Chim 
Acta 565:121–128 (2006).

14. Z hu L, O’Dwyer JP, Chang VS, Granda CB and Holtzapple MT, 
Structural features affecting biomass enzymatic digestibility. 
Bioresource Technol 99:3817–3828 (2008).

15. Z iebell A, Gracom K, Katahira R, Chen F, Pu Y, Ragauskas A 
et al., Increase in 4-coumaryl alcohol units during lignifi cation 
in alfalfa (Medicago sativa) alters the extractability and molec-
ular weight of lignin. J Biol Chem 285:38961–38968 (2010).

16. C hung H and Washburn NR, Chemistry of lignin-based materi-
als. Green Mat 1:137–160 (2012).

17. S annigrahi P, Ragauskas AJ and Tuskan GA, Poplar as a feed-
stock for biofuels: A review of compositional characteristics. 
Biofuel Bioprod Bioref 4:209–226 (2010).

18. E l Hage R, Brosse N, Chrusciel L, Sanchez C, Sannigrahi P 
and Ragauskas A, Characterization of milled wood lignin and 
ethanol organosolv lignin from miscanthus. Polym Degrad 
Stabil 94:1632–1638 (2009).

19. D oherty WOS, Mousavioun P and Fellows CM, Value-adding 
to cellulosic ethanol: Lignin polymers. Ind Crop Prod 33:259–
276 (2011).

20. S uhas, Carrott PJM and Ribeiro Carrott MML, Lignin – from 
natural adsorbent to activated carbon: A review. Bioresource 
Technol 98:2301–2312 (2007).

21. C hakar FS and Ragauskas AJ, Review of current and future 
softwood kraft lignin process chemistry. Ind Crop Prod 
20:131–141 (2004).

materials. In addition, this novel discovery could lead to 
new information for petrochemicals applications.164

Conclusion

Understanding biomass recalcitrance has been at the fore-
front of many research studies over the years, specifi cally 
with the focus on lignin. Th e reduction of biomass recal-
citrance is related to the molecular weight of lignin. Th ere 
are numerous combinations of various isolation methods 
and pre-treatments that allows for the characterization of 
the Mn, Mw, and D for lignin. MWL, CEL, and EMAL each 
have diff erent advantages and disadvantages to separating 
lignin from the biomass. Th e numerous pre-treatments 
target the biomass biologically, physically, and/or chemi-
cally in order to initially overcome the recalcitrance. And 
the characterization of the lignin can be accomplished in a 
number of ways, but the most common used technique is 
GPC. An ideal pathway to extracting the lignin from bio-
mass currently does not exist, but there are a plethora of 
studies highlighting procedures that result in high yields 
of lignin and the corresponding molecular weight. 
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109. Chmelová D and Ondrejovič M, Determination of enzymes 
produced by Ceriporiopsis subvermispora during pr etreat-
ment of different biomass sources. J Microbiol Biotechn 
Food Sci 1:1168–1178 (2012).

110. Li L, Li XZ, Tang WZ, Zhao J and Qu YB, Screening of a 
fungus capable of powerful and selecti ve delignifi cation on 
wheat straw. Lett Appl Microbiol 47:415–420 (2008).

111. Bugg TDH, Ahmad M, Hardiman EM and Singh R, The 
emerging role for bacteria in lignin degradat ion and bio-prod-
uct formation. Curt Opin Biotech 22:394–400 (2011).

112. Crawford D, Barder M, Pometto A III and Crawford R, 
Chemistry of softwood lignin degradation  byStreptomyces 
viridosporus. Arch Microbiol 131:140–145 (1982).

113. Masai E, Katayama Y and Fukuda M, Genetic and biochemi-
cal investigations on bacterial catabol ic pathways for lignin-
derived aromatic compounds. Biosci Biotechnol Biochem 
71:1–15 (2007).

114. Crawford DL, Pometto AL and Crawford RL, Lignin degrada-
tion by streptomyces viridosporus: Iso lation and characteri-
zation of a new polymeric lignin degradation intermediate. 
Appl Environ Microbiol 45:898–904 (1983).

115. Ahmad M, Taylor CR, Pink D, Burton K, Eastwood D, Bending 
GD et al., Development of novel ass ays for lignin degrada-
tion: Comparative analysis of bacterial and fungal lignin 
degraders. Mol BioSyst 6:815–821 (2010).

116. Choudhary R, Umagiliyage AL, Liang Y, Siddaramu T, 
Haddock J and Markevicius G, Microwave pre treatment 
for enzymatic saccharifi cation of sweet sorghum bagasse. 
Biomass Bioenerg 39:218–226 (2012).

117. Chen W-H, Tu Y-J and Sheen H-K, Disruption of sugarcane 
bagasse lignocellulosic structure by  means of dilute sulfuric 
acid pretreatment with microwave-assisted heating. Appl 
Energ 88:2726–2734 (2011).

118. Monteil-Rivera F, Huang GH, Paquet L, Deschamps S, 
Beaulieu C and Hawari J, Microwave-assiste d extraction 
of lignin from triticale straw: Optimization and microwave 
effects. Bioresource Technol 104:775–782 (2012).

119. Wang H, Maxim ML, Gurau G and Rogers RD, Microwave-
assisted dissolution and delignifi cation o f wood in 1-ethyl-3-
methylimidazolium acetate. Bioresource Technol 136:739–
742 (2013).

120. Mosier N, Wyman C, Dale B, Elander R, Lee YY, Holtzapple 
M et al., Features of promising tech nologies for pretreatment 
of lignocellulosic biomass. Bioresource Technol 96:673–686 
(2005).

121. Zhu JY, Pan XJ, Wang GS and Gleisner R, Sulfi te pretreat-
ment (SPORL) for robust enzymatic sac charifi cation of 
spruce and red pine. Bioresource Technol 100:2411–2418 
(2009).

122. Bauer S, Sorek H, Mitchell VD, Ibáñez AB and Wemmer DE, 
Characterization of miscanthus gigant eus lignin isolated by 
ethanol organosolv process under refl ux condition. J Agr 
Food Chem 60:8203–8212 (2012).

123. Audu IG, Brosse N, Desharnais L, and Rakshit SK, Ethanol 
organosolv pretreatment of Typha C apensis for bioethanl 
production and co-products. Bioresource Technol 7:5917–
5933 (2012).

124. Panagiotopoulos IA, Chandra RP and Saddler JN, A two-
stage pretreatment approach to maximise su gar yield and 
enha nce reactive lignin recovery from poplar wood chips. 
Bioresource Technol 130:570–577 (2013).

Pretreatment of Plant Biomass for Biological and Chemical 
Conversion to Fuels and Chemicals, Wyman CE, Editor. John 
Wiley & Sons, United Kingdom, pp. 223–238 (2013).

94. Agbor VB, Cicek N, Sparling R, Berlin A and Levin DB, 
Biomass pretreatment: Fundamentals  toward application. 
Biotechnol Adv 29:675–685 (2011).

95. Kang S, Xiao L, Meng L, Zhang X and Sun R, Isolation and 
structural characterization of  lignin from cotton stalk treated 
in an ammonia hydrothermal system. Int J Mol Sci 13:15209–
15226 (2012).

96. Wen J-L, Xue B-L, Xu F, Sun R-C and Pinkert A, Unmasking 
the structural features and pro perty of lignin from bamboo. Ind 
Crop Prod 42:332–343 (2013).

97. Zhou S, Liu L, Wang B, Xu F and Sun R, Microwave-enhanced 
extraction of lignin from birc h in formic acid: Structural char-
acterization and antioxidant activity study. Process Biochem 
47:1799–1806 (2012).

98. Brosse N, El Hage R, Chaouch M, Pétrissans M, Dumarçay S 
and Gérardin P, Investigation o f the chemical modifi cations of 
beech wood lignin during heat treatment. Polym Degrad Stabil 
95:1721–1726 (2010).

 99. Guerra A, Mendonça R and Ferraz A, Molecular weight dis-
tribution of wood components extract ed from Pinus taeda 
biotreated by Ceriporiopsis subvermispora. Enzyme Microb 
Technol 33:12–18 (2003).

100. Sannigrahi P, Ragauskas AJ and Miller SJ, Lignin structural 
modifi cations resulting from et hanol organosolv treatment of 
loblolly pine. Energ Fuel 24:683–689 (2009).

101. Cao S, Pu Y, Studer M, Wyman C and Ragauskas A, 
Chemical transformations of Populus trichoc arpa during 
dilute acid pretreatment. RSC Adv 2:10925–10936 (2012).

102. Moon S-J, Eom I-Y, Kim J-Y, Kim T-S, Lee SM, Choi I-G et 
al., Characterization of lignin-ri ch residues remaining after 
continuous super-critical water hydrolysis of poplar wood 
(Populus albaglandulosa) for conversion to fermentable sug-
ars. Bioresource Technol 102:5912–5916 (2011).

103. Xiao L-P, Shi Z-J, Xu F and Sun R-C, Characterization of 
lignins isolated with alkaline eth anol from the hydrothermal 
pretreated tamarix ramosissima. BioEnerg Res 6:519–532 
(2013).

104. Zhou H, Zhu JY, Luo X, Leu S-Y, Wu X, Gleisner R et al., 
Bioconversion of beetle-killed lod gepole pine using SPORL: 
Process scale-up design, lignin coproduct, and high sol-
ids fermentation without detoxifi cation. Ind Eng Chem Res 
52:16057–16065 (2013).

105. Rahikainen JL, Martin-Sampedro R, Heikkinen H, Rovio S, 
Marjamaa K, Tamminen T et al., Inhi bitory effect of lignin dur-
ing cellulose bioconversion: The effect of lignin chemistry 
on non-productive enzyme adsorption. Bioresource Technol 
133:270–278 (2013).

106. Wen J-L, Sun S-L, Xue B-L and Sun R-C, Quantitative struc-
tures and thermal properties of bi rch lignins after ionic liquid 
pretreatment. J Agr Food Chem 61:635–645 (2012).

107. Yuan T-Q, You T-T, Wang W, Xu F and Sun R-C, Synergistic 
benefi ts of ionic liquid and alkal ine pretreatments of poplar 
wood. Part 2: Characterization of lignin and hemicelluloses. 
Bioresource Technol 136:345–350 (2013).

108. Nazarpour F, Abdullah D, Abdullah N and Zamiri R, 
Evaluation of biological pretreatment of  rubberwood with 
white rot fungi for enzymatic hydrolysis. Materials 6:2059–
2073 (2013).



© 2014 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. (2014); DOI: 10.1002/bbb

A Tolbert et al. Review: Characterization and Analysis of the Molecular Weight of Lignin

141. Eudes A, George A, Mukerjee P, Kim JS, Pollet B, Benke PI 
et al., Biosynthesis and incorporation of  side-chain-truncated 
lignin monomers to reduce lignin polymerization and enhance 
saccharifi cation. Plant Biotechnol J 10:609–620 (2012).

142. Stewart JJ, Mansfi eld SD, Akiyama T, Ralph J and Chapple 
C, The effects on lignin structure of over expression of 
ferulate 5-hydroxylase in hybrid poplar 1[W]. Plant Physiol 
150:621–635 (2009).

143. Trajano H, Engle N, Foston M, Ragauskas A, Tschaplinski T 
and Wyman C, The fate of lignin during hy drothermal pre-
treatment. Biotechnol Biofuel 6(110): 1–16 (2013).

144. Moinuddin SGA, Jourdes M, Laskar DD, Ki C, Cardenas 
CL, Kim K-W et al., Insights into lignin primar y structure and 
deconstruction from Arabidopsis thaliana COMT (caffeic 
acid O-methyl transferase) mutant Atomt1. Org Biomol Chem 
8:3928–3946 (2010).

145. Shen H, Chen F, Dixon RA, Poovaiah CR, Stewart CN, Ziebell 
A et al., Enhanced characteristics of ge netically modifi ed 
switchgrass (Panicum virgatum L.) for high biofuel produc-
tion. Biotechnol Biofuel 6:1–15 (2013).

146. Prinsen P, Gutiérrez A, Rencoret J, Nieto L, Jiménez-Barbero 
J, Burnet A et al., Morphological char acteristics and composi-
tion of lipophilic extractives and lignin in Brazilian woods from 
different eucalypt hybrids. Ind Crop Prod 36:572–583 (2012).

147. Baumberger S, Dole P and Lapierre C, Using transgenic pop-
lars to elucidate the relationship between t he structure and 
the thermal properties of lignins. J Agr Food Chem 50:2450–
2453 (2002).

148. El Hage R, Brosse N, Sannigrahi P and Ragauskas A, Effects 
of process severity on the chemical struct ure of Miscanthus 
ethanol organosolv lignin. Polym Degrad Stabil 95:997–1003 
(2010).

149. Pan X, Kadla JF, Ehara K, Gilkes N and Saddler JN, Organosolv 
ethanol lignin from hybrid poplar as a  radical scavenger: 
Relationship between lignin structure, extraction conditions, and 
antioxidant activity. J Agr Food Chem 54:5806–5813 (2006).

150. Vishtal A and Kraslawski A, Challenges in industrial applica-
tions of technical lignins. BioResources 6: 3547–3568 (2011).

151. Mattinen ML, Suortti T, Suurnäkki A, Tamminen T, Gosselink 
R, Argyropoulos DS et al., Polymerization of  different lignins 
by laccase. BioResources 3: 549–565 (2008).

152. Guerra A and Ferraz A, Molecular weight distribution and 
structural characteristics of polymers obtained  from acid 
soluble lignin treated by oxidative enzymes. Enzyme Microb 
Tech 28:308–313 (2001).

153. Kishimoto T, Uraki Y and Ubukata M, Chemical synthesis 
of [small beta]-O-4 type artifi cial lignin. Org B iomol Chem 
4:1343–1347 (2006).

154. Honnery D, Garnier G and Moriarty P, Biorefi nery Design 
from an Earth Systems Perspective, in Integrated 
Biorefi neries: Design, Analysis, and Optimization, Stuart PR 
and El Halwagi MM, Editors. Taylor & Francis Group, Boca 
Raton, FL, pp. 771–792 (2013).

155. Kim E, Molecular weight changes observed in kraft lignin 
during evaporation and concentration of black l iquor, MS 
thesis. University of Idaho (1987).

156. Kunanopparat T, Menut P, Morel M-H and Guilbert S, 
Improving wheat gluten materials properties by Kraft  lignin 
addition. J Appl Polym Sci 125:1391–1399 (2012).

157. Kubo S and Kadla JF, Lignin-based carbon fi bers: Effect 
of synthetic polymer blending on fi ber propertie s. J Polym 
Environ 13:97–105 (2005).

125. García A, Egües I, Toledano A, González M, Serrano L and 
Labidi J, Biorefi ning of Lignocellulos ic residues using Ethanol 
Organosolv Process. Chemical Engineering Transactions 
18:911–916 (2009).

126. Zhao X and Liu D, Chemical and thermal characteristics of 
lignins isolated from Siam weed stem by  acetic acid and for-
mic acid delignifi cation. Ind Crop Prod 32:284–291 (2010).

127. Monteil-Rivera F, Phuong M, Ye M, Halasz A and Hawari J, 
Isolation and characterization of herbace ous lignins for appli-
cations in biomaterials. Ind Crop Prod 41:356–364 (2013).

128. Wörmeyer K, Ingram T, Saake B, Brunner G and Smirnova I, 
Comparison of different pretreatment meth ods for lignocellu-
losic materials. Part II: Infl uence of pretreatment on the prop-
erties of rye straw lignin. Bioresource Technol 102:4157–4164 
(2011).

129. Foston M and Ragauskas AJ, Changes in lignocellulosic 
supramolecular and ultrastructure during dilu te acid pre-
treatment of Populus and switchgrass. Biomass Bioenerg 
34:11885–11895 (2010).

130. Samuel R, Pu Y, Raman B and Ragauskas A, Structural char-
acterization and comparison of switchgrass  ball-milled lignin 
before and after dilute acid pretreatment. Appl Biochem 
Biotech 162:62–74 (2010).

131. Brodeur G, Yau E, Badal K, Collier J, Ramachandran KB and 
Ramakrishnan S, Chemical and physicochemi cal pretreatment 
of lignocellulosic biomass: A review. Enzyme Res 2011:1–17 
(2011).

132. Sun S-N, Li M-F, Yuan T-Q, Xu F and Sun R-C, Sequential 
extractions and structural characterization  of lignin with 
ethanol and alkali from bamboo (Neosinocalamus affi nis). Ind 
Crop Prod 37:51–60 (2012).

133. Sun R and Tomkinson J, Comparative study of lignins iso-
lated by alkali and ultrasound-assisted alka li extractions from 
wheat straw. Ultrason Sonochem 9:85–93 (2002).

134. Holm J and Lassi U, Ionic Liquids in the Pretreatment of 
Lignocellulosic Biomass. INTECH Open Access Publis her, 
Rijeka, Croatia (2011).

135. Tan SSY, MacFarlane DR, Upfal J, Edye LA, Doherty WOS, 
Patti AF et al., Extraction of lignin from l ignocellulose at 
atmospheric pressure using alkylbenzenesulfonate ionic 
 liquid. Green Chem 11:339–345 (2009).

136. Mood SH, Golfeshan AH, Tabatabaei M, Abbasalizadeh S 
and Ardjmand M, Comparison of different ionic  liquids pre-
treatment for barley straw enzymatic saccharifi cation. 3 
Biotech 3:399–406 (2013).

137. Sun S-N, Li M-F, Yuan T-Q, Xu F and Sun R-C, Effect of ionic 
liquid/organic solvent pretreatment on  the enzymatic hydrolysis 
of corncob for bioethanol production. Part 1: Structural charac-
terization of the lignins. Ind Crop Prod 43:570–577 (2013).

138. Sun XF, Xu F, Sun RC, Wang YX, Fowler P and Baird MS, 
Characteristics of degraded lignins obtained  from steam 
exploded wheat straw. Polym Degrad Stabil 86:245–256 
(2004).

139. Kaparaju P and Felby C, Characterization of lignin during oxi-
dative and hydrothermal pre-treatment  processes of wheat 
straw and corn stover. Bioresource Technol 101:3175–3181 
(2010).

140. Fu C, Mielenz JR, Xiao X, Ge Y, Hamilton CY, Rodriguez M 
et al., Genetic manipulation of lignin red uces recalcitrance 
and improves biomass ethanol production from switchgrass. 
P Natl Acad Sci USA (2011).



© 2014 Society of Chemical Industry and John Wiley & Sons, Ltd  |  Biofuels, Bioprod. Bioref. (2014); DOI: 10.1002/bbb

Review: Characterization and Analysis of the Molecular Weight of Lignin A Tolbert et al.

158. Gellerstedt G, Sjöholm E and Brodin I, The wood-based biore-
fi nery: A source of carbon fi ber? Open Agr J 3:119–1 24 (2010).

159. Gierer J, Chemical aspects of kraft pulping. Wood Sci 
Technol 14:241–266 (1980).

160. Saito T, Perkins J H, Vautard F, Meyer HM, Messman JM, 
Tolnai B et al., Methanol Fractionation of Softwoo d Kraft 
Lignin: Impact on the Lignin Properties. ChemSusChem 
7:221–228 (2013).

161. Brodin I, Chemical properties and thermal behaviour of kraft 
lignins, Licentiate thesis. KTH, School of  Chemical Science 
and Engineering (CHE), Fibre and Polymer Technology, 
Stockholm (2009).

162. Wells T Jr, Kosa M and Ragauskas AJ, Polymerization of kraft 
lignin via ultrasonication for high-molecul ar-weight applica-
tions. Ultrason Sonochem 20:1463–1469 (2013).

163. Ringena O, Lebioda S, Lehnen R and Saake B, Size-
exclusion chromatography of technical lignins in dimeth yl 
sulfoxide/water and dimethylacetamide. J Chromatogr A 
1102:154–163 (2006).

164. Saito T, Brown RH, Hunt MA, Pickel DL, Pickel JM, Messman 
JM et al., Turning renewable resources into va lue-added 
polymer: development of lignin-based thermoplastic. Green 
Chem 14:3295–3303 (2012).

165. Liu J, Liu HF, Deng L, Liao B and Guo QX, Improving aging 
resistance and mechanical properties of waterb orne poly-
urethanes modifi ed by lignin amines. J Appl Polym Sci 
130:1736–1742 (2013).

166. Pan X and Saddler JN, Effect of replacing polyol by orga-
nosolv and kraft lignin on the property and stru cture of rigid 
polyurethane foam. Biotechnol Biofuel 6: 1–12 (2013).

167. Kurosumi A, Sasaki C, Yamashita Y and Nakamura Y, 
Development of effective utilization method of lignin  from rice 
straw. Trans Mater Res Soc Jpn 33:1153–1157 (2008).

168. Mansouri N-EE and Salvadó J, Structural characterization of 
technical lignins for the production of adhe sives: Application 
to lignosulfonate, kraft, soda-anthraquinone, organosolv and 
ethanol process lignins. Ind Crop Prod 24:8–16 (2006).

169. Compere AL, Griffi th WL, Leitten Jr CF and Petrovan S, 
Improving the Fundamental Properties of Lignin-Based 
Carbon  Fiber for Transportation Applications. Proceedings, 
SAMPE Long Beach Symposium 16–20 (2001).

170. Jie L, Genco J, Cole B and Fort R, Lignin recovered from the 
near-neutral hemicellulose extraction process  as a precursor 
for carbon fi ber. BioResources 6:4566–4593 (2011).

171. Sen S, Sadeghifar H and Argyropoulos DS, Kraft lignin chain 
extension chemistry via propargylation, oxidat ive coupling, 
and claisen rearrangement. Biomacromolecules 14:3399–
3408 (2013).

172. Saito T, Perkins JH, Jackson DC, Trammel NE, Hunt MA and 
Naskar AK, Development of lignin-based polyuretha ne ther-
moplastics. RSC Adv 3:21832–21840 (2013).

Hannah Akinosho

Hannah Akinosho is a PhD candidate 
in Organic Chemistry at Georgia 
Institute of Technology, where she 
has received the GAANN and Paper 
Science and Engineering Fellow-
ships.  Her research focuses on the 
critical evaluation of the structural 
properties of biomass that influence 

consolidated bioprocessing.

Ratayakorn Khunsupat

Ratayakorn Khunsupat is a research 
assistant in Dr Arthur J. Ragauskas 
group. Her research is focused on 
lignin based carbon fiber. She holds 
a MSc in Chemistry from Georgia 
Institute of Technology.

Dr Amit K. Naskar

Dr Amit K. Naskar is a senior R&D 
staff member of the Materials Science 
and Technology Division at Oak Ridge 
National Laboratory. He is currently 
the group leader of the Carbon and 
Composites group. He has developed 
technologies for conversion of poly-
olefin and lignin into carbon materi-

als, lignin-based polymers for composites, and tailored 
carbon morphology for energy storage applications. 
Amit has more than 15 years of research experience in 
polymeric fibers, rubbers, plastics, and carbonaceous 
composi te materials.

Dr. Arthur J. Ragauskas

Arthur Ragauskas held the first 
Fulbright Chair in Alternative Energy 
and is a Fellow of American Associa-
tion for the Advancement of Science, 
the International Academy of Wood 
Science and TAPPI.  His research 
program is directed at understanding 
and utilizing innovative sustainable 

bioresources.  This multifaceted program is targeted to 
develop new and improved applications for nature’s pre-
miere renewable biopolymers for biofuels, biopower, and 
bio-based materials and chemicals.  He is the recipient 
of the 2014 TAPPI Gunnar Nicholson Gold Medal Award 
and the ACS Affordable Green Chemistry award and his 
students have won several awards, including the ACS 
graduate research award.

Allison Tolbert

Allison Tolbert is a graduate student 
in chemistry and biochemistry at 
Georgia Institute of Technology. Her 
research focus is on the surface 
characterization of biomass during 
biorefining.


