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Abstract: Lignin is the second most abundant natural biopolymer, which is a potential alternative to
conventional fossil fuels. It is also a promising material for the recovery of valuable chemicals such
as aromatic compounds as well as an important biomarker for terrestrial organic matter. Lignin is
currently produced in large quantities as a by-product of chemical pulping and cellulosic ethanol
processes. Consequently, analytical methods are required to assess the content of valuable chemicals
contained in these complex lignin wastes. This review is devoted to the application of mass spectrometry, including data analysis strategies, for the elemental and structural elucidation of lignin
products. We describe and critically evaluate how these methods have contributed to progress and
trends in the utilization of lignin in chemical synthesis, materials, energy, and geochemistry.
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1. Introduction
Lignin is the second most abundant natural polymer after cellulose and a sustainable
biomass [1]. It consists of approximately 20% of grasses and straws, 30% of softwoods,
and 25% of poplar, which plays crucial roles in the plants’ nutrition transport and shape
maintenance [2]. Lignin polymers are composed of phenylpropanoids, primarily coniferyl,
sinapyl and coumaryl alcohols, which are connected by different linkages, e.g., the most
abundant β-O-40 linkage [3]. Lignin structures are complex, greatly depending on the
lignin sources and the methods for separation [4].
The high natural abundance of lignin makes it one of the most promising renewable
materials [5]. Biomass is regarded as a promising renewable source of energy, which
could substitute traditional fossil fuels [6]. Lignocellulosic biomass is mainly composed of
cellulose, hemicellulose, and lignin, and the three components exhibit different properties
and pyrolytic behaviors [7]. The relative abundances of the three components play a crucial
role in the biomass quality after pyrolysis. For example, it has been reported that parent
biomass with lower lignin content normally produces high quality bio-oil [8]. Therefore,
separation and characterization of the biomass at the molecular level before and after
pyrolysis are required to optimize the transformation processes and to extract the proper
compounds [8]. Breaking down lignin while preserving its aromatic nature (which yields
the most useful content) has the potential to provide a value stream of material that is
currently exclusively obtained from petroleum sources [9].
In addition to energy-related uses, lignin is available at a low cost as a by-product of
the pulp and paper industry as well as the cellulosic ethanol producing processes, which
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makes it an attractive alternative to polyacrylonitrile for the production of carbon fibers
and the production of anodes for lithium-ion batteries [10]. Moreover, lignin can also be
used for the production of aromatic fine chemicals and oligomers [11]. Applications and
technologies obtained from lignin-derived products (e.g., concrete additives, industrial
binders, and biopolymers for ceramics) indicate that conversion of lignin into smaller
molecules can be a profitable and sustainable industry [12]. Chemical characterization
of the product mixtures is essential for optimizing the lignin conversion processes, but it
remains very challenging, because these mixtures are complex and contain isomers with a
wide variety of functional groups.
Conventional analytical methods, such as gas chromatography-mass spectrometry (GC-MS), nuclear magnetic resonance (NMR), and Fourier transform infrared spectroscopy (FTIR) have been applied to the characterization of lignin and lignin-derived
compounds [13–15]. However, NMR and FTIR are capable mostly only of the identification of functional groups. On the other hand, compounds with high boiling points
and molecular weights are difficult to be analyzed by GC or GC-MS [16,17]. Therefore, a
further understanding of lignin mixtures requires not only advanced techniques, but also
the combination of multiple techniques. Comprehensive two-dimensional GC coupled
to flame ionization detection (GC×GC-FID) or time-of-flight MS (GC×GC-TOF) show
capability for the characterization of complex mixtures such as bio-oils. In addition, Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is currently regarded
as a powerful technique for characterizing the mixtures or heavy components of biomass,
crude oil, and natural organic matters [18–21].
FT-ICR MS has also been applied for lignin analysis since the 1990s [22]. The technique
offers high broadband mass resolution (>300,000) and mass accuracy (<1 ppm), which
enables accurate elemental assignments of tens of thousands of compounds present in a
complex sample such as lignin and bio-oils from lignocellulosic biomass [23,24]. Multiple
ionization methods, such as electrospray ionization (ESI) [25] and atmospheric-pressure
photoionization (APPI) [26], have been used with FT-ICR MS or other high-resolution MS
(HRMS) techniques for the characterization of bio-oil, lignin, and lignin-derived compounds.
Finally, lignin is one of the most commonly employed molecular tracers for terrestrial organic matters in the marine environment [27]. Its structural composition has been
extensively investigated to characterize the source and transformation of geological deposits [28–30]. However, it is challenging to assess the structure of lignin due to its large
and insoluble features. Lignin is traditionally regarded as a very stable compound, which
is insensitive to biological and chemical degradation. However, increasing evidence points
to the fact that lignin is not as stable as usually assumed [31,32]. It has been demonstrated
that lignin phenols exhibit various degradation processes due to weathering in the environment, which are affected by the polymer composition, size, crosslinking, and functional
groups. For instance, angiosperm-derived syringyl phenols and non-woody-tissue-derived
cinnamyl phenols are reported to decay faster than vanillyl phenols [33,34]. Considering
the significance of lignin in industrial and geological application, a better understanding
of lignin compounds at the molecular level is vital. The primary objective of this review
is to provide comprehensive information on the MS analysis of lignin. Specifically, we
summarized the literature regarding ionization techniques, tandem MS procedures, and
data-processing methods for lignin analysis.
2. Role of Ionization Technique on Compounds Coverage
Atmospheric pressure ionization (API) techniques are most commonly used for the
mass spectrometric study of lignin compounds. However, as the lignin components vary in
size, heteroatom content, number of functional groups, etc., there is no universal ionization
technique or MS instrument setting that will analyze each of these components with
equal efficiency.
The mass spectra of a lignin sample measured by various ion sources often differ
drastically in the spectral appearance, due to unknown methodological problems [35].
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positive and negative ion modes [23]. A significant number of nitrogen-containing species
were detected, when ammonia, ammonium acetate, or formic acid was added (Figure 2).
This study showed the importance of a well-controlled composition of the sample solution
toREVIEW
ensure both sensitivity and repeatability for the ESI measurement.
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key fragment
ions of5-5
model
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4. Graphical and Statistical Methods for the HRMS Data
Considering the immense complexity of lignin mixtures, LC-MSn is the most straightforward way to distinguish the structural information of both native and degraded lignins.
Unfortunately, due to cost and low throughput levels, most LC-MS and MSn protocols are
not well suited for obtaining detailed data on tens of thousands of individual components
with
abundances
that vary over several orders of magnitude. Consequently, 8data
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Figure 6. Mass-scale-expanded segments (0.25 u) of lignin broadband mass spectra. Reprinted from
Figure 6. Mass-scale-expanded segments (0.25 u) of lignin broadband mass spectra. Reprinted from
Qi et al. with permission from Elsevier [43].
Qi et al. with permission from Elsevier [43].

Considering the immense complexity of these mass spectral datasets, simplification
Considering
the immense
complexity
of required.
these mass
spectral
datasets,
simplification
and
and classification
methods
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In recent
years,
Volmer’s
group modified
classification
are methods
clearly required.
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methods
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spectra
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visualize hidden information (Figure 7). A linked m/z series with identical KMD appear as horizontal
lines, normalized to 14 u (the CH2 unit), and therefore, the differences of mass defect along a vertical
line are able to provide information on the oxygen content of the sample; that is, higher KMD values
show higher oxygen contents. The degradation products were mostly observed in the m/z range 200–
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identical KMD appear as horizontal lines, normalized to 14 u (the CH2 unit), and therefore,
the differences of mass defect along a vertical line are able to provide information on the
oxygen content of the sample; that is, higher KMD values show higher oxygen contents.
The degradation products were mostly observed in the m/z range 200–500, showing the
formation of monomeric to trimeric lignin units, and a longer alkylation series of related
substance classes within a narrow KMD band illustrate controlled breakdown reactions to
common substance classes, e.g., oxidized resinols (O7 , DBE = 11), oxidized β-O-4 linked
products (O6 , DBE = 10), and 5–5 linked compounds (O6 , DBE = 9; O6 , DBE = 11).
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expanded view, three series of data points are highlighted with red, green, and brown
brown colors. The measured m/z value for the first (red) data point was at m/z 163.0389. The structure
colors. The measured m/z value for the first (red) data point was at m/z 163.0389. The
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the slopes of the slanted lines also have diagnostic potential. Reactions that involve a loss or gain of
a specific functional group can be identified from these trend lines, as in theory, each reaction
pathway has its own trend line with characteristic slopes and intercepts.
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acid core. Apart from the horizontal and vertical axes in the 2D plot, the slopes of the
slanted lines also have diagnostic potential. Reactions that involve a loss or gain of a
specific functional group can be identified from these trend lines, as in theory, each reaction
pathway
has its own trend line with characteristic slopes and intercepts. 10 of 18
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processes.
Graphical
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lignin precursor materials, including the chemical transformations from weathering processes. of these
degradation processes of lignin samples [70], including van Krevelen diagrams, bar charts,
Graphical methods can also be applied to study the effects of these degradation processes of lignin
KMD, DBE, and carbon number plots. Figure 9 illustrates that generally, oxidation ocsamples [70], including van Krevelen diagrams, bar charts, KMD, DBE, and carbon number plots.
curred extensively for different classes of lignin compounds, especially for those with a
Figure 9 illustrates that generally, oxidation occurred extensively for different classes of lignin
higher number of oxygen atoms [32]. DBE abundance plots additionally showed that small
compounds, especially
for those
with
a higher
number
of were
oxygen
atoms [32].
DBE abundance
plots multimolecules
with
a single
benzene
ring
particularly
sensitive
to light, whereas
additionally showedaromatic
that small
molecules
with
single benzene
ring
were particularlySurprisingly,
sensitive to relative
rings
protected
thea compounds
from
photodegradation.
light, whereas multi-aromatic
rings
protected
the
compounds
from
photodegradation.
Surprisingly,
abundances of compounds with DBE < 10 remained almost unchanged, which may enable
relative abundances these
of compounds
with
DBE
< 10
almost
unchanged,
may enable
compounds
to be
used
as remained
markers for
the original
ligninwhich
species.
these compounds to be used
as markers
lignin
Recently,
Terrellfor
etthe
al. original
presented
the species.
application of stochastic structure generation
as an alternative to assign potential structures to lignin-related oligomers with the given
chemical formulae detected by FT-ICR MS [71]. Data visualization techniques such as van
Krevelen diagrams, KMD, DBE, and carbon number plots were combined and revealed
that some structural feature of lignin can be elucidated, for example, the aromatic units
(Figure 10), the group modifications/subtractions, and structure assignments.
In summary, high-resolution mass spectrometry such as FT-ICR MS offers new possibilities for the analysis of complex mixtures, permitting the assignment of elemental
formulae to detected m/z signals. Nevertheless, assigning a specific molecular structure
to a given formula and distinguishing isomers still remains a challenge. Graphical and
statistical processes eliminate some mass spectral data obfuscation and allow for a better
visualization and interpretation of the lignin analyses.
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Recently, Terrell et al. presented the application of stochastic structure generation as an
alternative to assign potential structures to lignin-related oligomers with the given chemical formulae
detected by FT-ICR MS [71]. Data visualization techniques such as van Krevelen diagrams, KMD,
DBE, and carbon number plots were combined and revealed that some structural feature of lignin
can be elucidated, for example, the aromatic units (Figure 10), the group modifications/subtractions,
and structure assignments.

Figure 10. H/C ratio vs. nominal mass for the studied lignins: (A) for hybrid poplar lignin with color
Figure 10. H/C ratio vs. nominal mass for the studied lignins: (A) for hybrid poplar lignin
representing relative MS intensity; (B) for Douglas fir with color representing relative MS intensity;
with color representing relative MS intensity; (B) for Douglas fir with color representing
(C) for HP with color representing clusters segregated by number of aromatic units; (D) for DF with
relative
MS intensity;
for HP with
colorofrepresenting
clusters
segregated
byetnumber
color
representing
clusters(C)
segregated
by number
aromatic units.
Reprinted
from Terrell
al., with
of
aromatic
units;
(D)
for
DF
with
color
representing
clusters
segregated
by
number of
permission from Wiley [71].

aromatic units. Reprinted from Terrell et al., with permission from Wiley [71].
In summary, high-resolution mass spectrometry such as FT-ICR MS offers new possibilities for
the analysis of complex mixtures, permitting the assignment of elemental formulae to detected m/z
signals. Nevertheless, assigning a specific molecular structure to a given formula and distinguishing
isomers still remains a challenge. Graphical and statistical processes eliminate some mass spectral
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5. Applications in Geochemistry
As an important structural component of vascular plants, lignin is chemically stable
and resistant to microbial degradation, in comparison to other components such as cellulose
and hemicellulose. Vascular plants are exclusively terrestrial, and this makes lignin an
important contributor to soil and sedimentary organic matters. As a result, its presence
in aquatic environments can serve as an unambiguous biomarker of terrigenous organic
matters. In the field of geochemistry, lignin plays a significant role in tracing the biospheric
carbon cycle [72,73].
In 1982, Hedges et al. described a sensitivity and reproducible method to characterize
lignin in the geochemical samples using capillary gas chromatography (GC) [74]. The entire
sample was first treated with alkaline cupric oxide at 170 ◦ C for degradation to produce
simple lignin-derived monomers that were extracted with ethyl ether and then analyzed
by GC on fused silica columns. A group of up to 11 phenols (Figure 11) was produced
and quantified to reflect the environmental sources as well as the relative concentrations
of lignin compounds present in the samples. Later, Hedges coupled GC with MS to
provide more detailed and complementary identifications for the diagenetic history of
vascular plant tissues in soils and sedimentary deposits [75]. Additionally, following GCMS analysis, the yields and ratios (S/V, C/V, acid/aldehyde) of the phenol monomers have
been used extensively to identify the specific composition of the vascular plant tissues.
Molecules 2020, 25, x FOR These
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method.

Nowadays, even advanced mass spectrometry imaging (MSI) techniques have been used for
mapping the spatial and lateral distributions of soluble lignins in stem, wood, and cell wall [78–80].
For example, hand-cut sections of stems of Eucalyptus grandis and Eucalyptus globulus were
covered with silica and directly analyzed by MALDI-MSI [81]. The proportions of syringyl and
guaiacyl monolignols were detected and relatively quantified (Figure 12).
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Figure 11. Eleven phenol monomers produced by the CuO oxidation method.

Nowadays, even advanced mass spectrometry imaging (MSI) techniques have been
used
for mapping the spatial and lateral distributions of soluble lignins in stem, wood, and
Nowadays, even advanced mass spectrometry imaging (MSI) techniques have been used for
cell
wall
[78–80]. For example, hand-cut sections of stems of Eucalyptus grandis and Eucamapping the spatial and lateral distributions of soluble lignins in stem, wood, and cell wall [78–80].
lyptus
globulus
were covered with silica and directly analyzed by MALDI-MSI [81]. The
For example, hand-cut sections of stems of Eucalyptus grandis and Eucalyptus globulus were
proportions of syringyl and guaiacyl monolignols were detected and relatively quantified
covered with silica and directly analyzed by MALDI-MSI [81]. The proportions of syringyl and
(Figure 12).
guaiacyl monolignols were detected and relatively quantified (Figure 12).

Figure 12. Phloroglucinol staining and mapping of sinapyl, coniferyl, and p-coumaroyl alcohols in freshly hand-cut
sections of Eucalyptus stems. For relative quantification, the figures were converted to gray images. Reprinted from
Mazzafera et al.,with permission from the ACS Publications [81].

6. Conclusions
The goal of this review was to provide the state-of-the-art of MS analysis of lignin.
Mostly, API methods are used for ionization to study lignin compounds, usually in the
negative ion mode. MALDI can also be applied as a shotgun method to quickly visualize the
abundant compounds in various samples. Due to the complexity of the lignin composition,
comprehensive ionization methods are recommended to ensure broader characterization
and more accurate interpretation. In addition, HPLC combined with MSn has been widely
applied for the investigation of lignin species. Coupled with CID, the real molecular
weights, valuable structural information, and reaction pathways can be obtained. Due
to the lack of MS libraries for lignin compounds, synthesizing artificial compounds to
establish a “do-it-yourself” database or non-targeted LC-MSn strategy have been employed
for the identification of lignin oligomers. To dig deeper into the mass spectral datasets,
in order to reveal “hidden” information from the HRMS analyses, the concept of KMD
plots has been expanded to “2D mass defect plots” by providing systematic line-ups of
the different lignin linkages. Several data visualization techniques were combined, which
facilitated the elucidation of structural elements of lignin species. Finally, MS of lignin has
also been regarded as a powerful tool to trace the biospheric carbon cycle.
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