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Abstract
Lignin is the second most abundant natural biopolymer and potentially a valuable alternative energy
source for conventional fossil fuels. In this study, Fourier-transform ion cyclotron resonance-mass
spectrometry (FTICR-MS) in conjunction with phase correction was applied to study photooxidation
products of lignin using a 7 Tesla (T) mass spectrometer. The application of 7 T FTICR-MS has often
been inadequate for the analysis of complex natural organic matter because of insufficient resolving
power as compared with high-field FTICR, which led to incorrect assignments of elemental formulae
and discontinuous plots in graphical and statistical analyses. Here, the application of phase correction
to the FTICR mass spectra of lignin oxidation products greatly improved the spectral quality, and
thus, readily permitted characterization of photooxidation processes of lignin compounds under
simulated solar radiation conditions.
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Introduction
Petroleum is the most important energy source today, which is unlikely to change in the foreseeable
future. Because natural reserves of petroleum are finite and are declining faster than new sources
are discovered (Fichman 2012), it is important to supplement fossil energy resources with biofuels.
Biofuels do not only serve as alternatives to conventional fuels but also greatly reduce greenhouse
gas emissions as compared to fossil fuels (Simmons et al. 2010). Although conventional biofuels are
mostly derived from agriculture products such as corn starch and sugar cane, municipal and
agricultural wastes such as lignin are of growing interest.

Lignin is a component of the cell wall in woody plants and second most abundant natural biopolymer
after cellulose (Calvo-Flores and Dobado 2010). Lignin is considered a promising source of biofuel
because its composition is very similar to that of fossil fuels (Mohan et al. 2006). As a side product
in the wood industry, the global production of lignin exceeds 50 000 000 tons annually (Banoub
et al. 2015). In contrast, the commercial utilization of lignin remains limited and focuses mostly on
low-value products, such as dispersants in cement, raw materials for chemical syntheses, and
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dust suppression agents for roads (Torney et al. 2007; Simmons et al. 2010), leaving the high-value
components of lignin highly underutilized as a biofuel alternative (Margeot et al. 2009).

Lignin compounds are cross-linked polymers derived from three basic monolignols: coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol (Fig. S1). Catalyzed by oxidative enzymes, these
monolignols can generate macromolecules with molecular masses up to 10 000 Da (Tolbert et al.
2014). The production and storage of lignin is unavoidably accompanied by extended weathering
processes in the environment and one of the major natural transformation processes affecting lignin
is photooxidation. To better explore the fate of lignin as a petroleum substitute, fundamental research
on such natural processes is required. In fact, various photooxidation experiments have been per-
formed for petroleum and natural organic compounds to estimate compositional changes and their
environmental impact (Bobinger and Andersson 2009; D’Auria et al. 2009; Fathalla and Andersson
2011; Islam et al. 2013; Griffiths et al. 2014). For lignin, an oxidation study has only been performed
under artificial UV-C light (Qi et al. 2016a). Here, we extended the previous study and used a dedi-
cated photooxidation chamber to closely simulate the solar emission profile on the earth’s surface.
Thus, the focus of the present study was to study the effects of solar irradiation on lignin compounds,
to properly assess their chemical changes, and to provide data that will aid the evaluation of the
environmental impact of the solar irradiation of lignin.

Structurally, lignin is a complex heterogeneous mixture of tens of thousands of different compounds
with variable relative abundances (Kiyota et al. 2012). The major challenge of lignin analysis is a result
of this complexity, similar to those of the analysis of crude oil (Cho et al. 2014). Various analytical
methods have been developed to characterize lignin composition, including gel permeation chroma-
tography, total organic carbon analysis, UV, and Fourier-transform infrared spectroscopy (Hanson
et al. 2010; Hasegawa et al. 2011). These methods merely provided overviews of lignin compositions
and sometimes gave differing estimates of the composition (Brinkmann et al. 2002). Considering
the immense complexity of lignin compounds, ultra-high resolution Fourier-transform ion cyclotron
resonance-mass spectrometry (FTICR-MS) was applied here for the detailed analyses of lignin sam-
ples at the molecular level.

FTICR-MS offers the highest mass resolving power among the various modern mass spectrometry
platforms (Jonathan Amster 1996; Marshall et al. 1998) and hence has become the instrument of
choice for highly complex mixtures. For example, it provides analyses that distinguish between the
3.4 mDa difference of the isotopic fine structures of C3 and those of SH4 (Cho et al. 2014). In princi-
ple, the resolving power of FTICR-MS increases linearly with the strength of the applied magnetic
field, and therefore, high-field magnets are advantageous (Qi et al. 2012a). At present, 12 or even
15 T FTICR-MS instruments are recommended for the analysis of crude oil and natural organic mat-
ter (NOM) (Bae et al. 2011; Griffiths et al. 2014). The cost of the magnet increases approximately
quadratically with field strength, however, and thus, it would be highly beneficial if measurements
of complex samples could be performed using less expensive FTICR-MS instruments with smaller
magnets. This issue was addressed in recent years by a new data processing method called “phase cor-
rection” (Xian et al. 2010; Qi et al. 2011). This method allows the Fourier-transformed mass spectra to
be plotted in absorption mode rather than the conventional magnitude mode. In principle, the resolv-
ing power of absorption mode data improves by a factor of between

ffiffiffi

3
p

and 2 accompanied by a
ffiffiffi

2
p

increase in the signal-to-noise ratio (S/N) from the raw data (Comisarow 1971; Marshall 1971; Beu
et al. 2004; Qi et al. 2012a). The above advantages and several other benefits (Xian et al. 2010; Qi
et al. 2012b; Smith et al. 2013) of the absorption mode greatly improve the spectral quality. For exam-
ple, Cho et al. (2014) applied the phase correction technique to crude oil mass spectra acquired from
a 7 T FTICR-MS and found that the results matched those of magnitude mode data acquired using
a 9.4 T FTICR-MS. In the present study, phase correction was applied to lignin data obtained using
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a 7 T FTICR-MS, and the results were evaluated in terms of improvements in the characterization of
the photo-transformation products of lignin.

Experimental materials and methods

Reagents and chemicals
Methanol, acetonitrile, ammonium hydroxide, and alkali lignin powder were purchased from
Sigma-Aldrich (Steinheim, Germany). The lignin powder was dissolved in a methanol–acetonitrile–
ammonium hydroxide mixture (50:50:1 v/v/v) prior to analysis. Organic-free water was generated
using a Millipore (Bedford, Massachusetts, USA) Direct-Q8 purification system.

Photooxidation
Photooxidation experiments were performed using a custom-built oxidation chamber (see Fig. S2)
consisting of a light source array of 8 white light-emitting diodes (LED; λ = 400–800 nm; λmaximum
at 620 nm; luminous intensity 7.8 cd at 65 mA; luminous flux 23.3 lm at 65 mA), 10 blue LED
(λ = 410–540 nm; λ maximum at 465 nm; luminous intensity 2.5 cd at 20 mA), and 5 UV LED
(λ = 355–420 nm; λ maximum at 385 nm; radiant flux 350 mW at 500 mA), which simulated the
intensity and spectral profile of the solar radiation on the earth’s surface (more technical details of
the implemented LEDs are given by Nichia Corp. (2017)). Two lignin samples were used in the
photo-degradation experiment: a control sample, and a solar-irradiated sample that was kept in the
oxidation chamber for 14 d. For the control, the lignin powder was placed in a sealed conical flask that
was wrapped in aluminum foil to prevent exposure to light.

High-resolution mass spectrometry
Samples were analyzed using electrospray ionization in negative ion mode. Mass spectra were
recorded using a 7 T FTICR-MS instrument (Bruker, Bremen, Germany), equipped with an Infinity
Cell (Caravatti and Allemann 1991). For each mass spectrum, 100 individual transients (duration of
1.89 s) were collected and co-added to enhance S/N (Marshall and Verdun 1989).

Data processing
Broadband phase correction of the mass spectra was performed using the Bruker FTMS processing
software version 2.1.0 (a screenshot of the instrument settings is shown in Fig. S3). Both magnitude
mode and absorption mode spectra were analyzed using a combination of DataAnalysis 4.2
(Bruker) and Composer 1.5.0 (Sierra Analytics, Modesto, California, USA). The full-scan mass spectra
were internally calibrated throughout them/z range from 121 to 927 using a series of homologous lig-
nin compounds consisting of well-characterized building blocks. Elemental formulae were only
assigned to the peaks inside the calibrated m/z range, with the following constraints for the lignin
compounds: composition was restricted to C, H, and O; H/C ratios from 0.6 to 2, O/C ratios from
0 to 0.9, and double bond equivalents (DBE) from 4 to 30; the acceptable mass error was set to
±1 ppm for singly-charged ions.

Apodization of mass spectra
When a Fourier transformation is performed for a finite transient recorded by FTICR-MS, it will gen-
erate “tails” for the peaks, the extents of which vary depending on the damping mode of the signal.
These tails can interfere with adjacent low-intensity peaks (Marshall et al. 1979). For this reason,
the time-domain transient is often multiplied by a window function prior to Fourier transformation
to smooth peak shapes and to minimize the sideband intensities (Marshall and Verdun 1989). This
procedure is called “apodization”. An optimal window function removes the sidebands at a cost of
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resolving power and S/N (Qi et al. 2013). However, the success of apodization depends on the
transient acquisition time and its damping constant; detailed investigations have shown that its effect
varies significantly from sample to sample and from spectrum to spectrum (Kilgour and Van Orden
2015). In principle, it has been shown that a full-window apodization is optimal for the magnitude
mode (Lee and Comisarow 1987), whereas a half-window is suitable for the absorption mode
(Lee and Comisarow 1989). In general, this practice is widely accepted to optimize the different mass
spectra obtained from FTICR-MS (Beu et al. 2004; Xian et al. 2012), in particular, in petroleomics
applications (Xian et al. 2010; Cho et al. 2014). In this study, lignin degradation provided very com-
plex mixtures consisting of tens of thousands of species with variable relative abundances (Reale
et al. 2004; Owen et al. 2012), similar to petroleum compounds. Hence, the magnitude and absorption
mode spectra acquired were apodized based on the above rule to achieve optimum performance.

Results and discussion

Advantages of the absorption mode
Direct analysis of complex mixtures—without chromatographic pre-separation—is commonly per-
formed with FTICR or orbitrap mass spectrometers, as these instruments provide much higher
resolving powers than instruments such as quadrupole-time-of-flight-MS. In crude oil analyses, the
petroleum compounds appear regularly in the mass spectrum according to the heteroatom, hydrogen
deficiency, and DBE (Rodgers and McKenna 2011). For lignin, in contrast, no universal methodology
has yet been proposed for classification; however, several strategies have been reported to identify the
characteristic lignin components. For example, the classic Kendrick mass defect (KMD) plot was
modified to quickly characterize the different linkages in the lignin oligomers (Qi et al. 2016b).
These two-dimensional (2D) matrix plots provided systematic lineups of the different lignin linkages
using structure-specific KMD bases, and higher lignin oligomer structures originating from the same
linkages were immediately visualized in these matrix plots.

In the present work, broadband mass spectra of lignin were acquired using a 7 T FTICR-MS instru-
ment. Mass spectra were then plotted for both magnitude and absorption modes. The original
FTICR-MS signal is a composite signal of all sinusoidal waves of the frequencies of different ions.
The sinusoidal waves are Fourier transformed to extract the frequency information from the recorded
signal, followed by calibration to obtain the m/z domain. Unfortunately, Fourier transformation pro-
duces a complex output expressed in polar terms—magnitude and phase (Comisarow and Marshall
1974; Marshall and Roe 1978). Therefore, the projection of the frequency spectrum ranges from pos-
itive to negative as a result of the phase. To overcome this problem, the vector sum is calculated to
yield a phase-independent magnitude-mode spectrum, which is displayed by most commercial and
custom-made FTICR instruments (Marshall and Verdun 1989). However, the absorption-mode spec-
trum can be obtained if the phase shift correction is possible. The absorption-mode display offers
superior mass resolving power (up to a factor of 2), mass accuracy, and sensitivity over the conven-
tional magnitude mode (Qi et al. 2012a; Kilgour et al. 2013).

In the magnitude mode display, the average mass resolution (full-width at half maximum; FWHM)
of the peak at m/z 400 was about 285 000 (Fig. 1), whereas the absorption mode spectrum demon-
strated a resolution of ∼485 000, together with improved S/N of the same order. For low magnetic
field FTICR-MS, the resolving power is often not sufficient to resolve the critical mass differences
of 3.4 mDa (SH4 vs. C3) and 4.5 mDa (CH vs. 13C). Whenm/z exceeds 500, this can lead to incorrect
assignments of elemental composition to mass spectral peaks and discontinuous DBE vs. carbon
number plots (Cho et al. 2014). Fortunately, after phase correction, the absorption mode spectra
provided enhanced spectral resolution to at least partially address this problem, as outlined in the
following demonstration.
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Lignins are cross-linked molecules containing various characteristic chemical linkages, and
consequently, lignin molecules with unique functional groups appear at predictable regular posi-
tions relative to each other in the mass spectra (Qi et al. 2016b). In our experiments here, we used
2D KMD plots (Kendrick 1963) to recognize series of lignin compounds that contain a dibenzyl
ether (C7H7O) linkage and methoxylation (OCH3) throughout the entire mass spectrum
(Fig. S4); m/z windows of ∼10 mDa were expanded for the chosen compounds to compare the per-
formance of the two mass spectral modes. As shown in Fig. 2, at low m/z, the elemental formula of
compound 1 was calculated to be C16H12O8, with a small adjacent isobaric signal (compound 2,
C13H16O8S) at 3.4 mDa distance (SH4 vs. C3). Because the m/z values of these two compounds were
relatively low, the two peaks were successfully resolved in the magnitude mode spectrum. In the
corresponding absorption mode display, the S/N of compound 2 increased sharply, and this
improvement reduced the mass error of the assignment from 0.78 to −0.13 ppm (Fig. 2), even
though the additional resolving power did not provide any new information in this particular exam-
ple. In general, the benefits of the absorption mode display are less pronounced for compounds of
low m/z. At higher m/z, however, due to the decrease of mass resolving power in FTICR and the
large increase of possible elemental compositions, the improvements from phase correction become
significant. This is evident in our lignin analyses, where a series of dibenzyl ether-linked polymers
with increasing m/z values were identified in the mass spectra, starting from the isobaric species
C16H12O8 and C13H16O8S (C3 vs. SH4). As illustrated in Fig. 2, the resolution of the two isobaric
peaks C3 and SH4 decreased with increasing m/z. At m/z 679, the two close mass doublets
(C38H32O12 and C35H36O12S) were only partially resolved in the magnitude mode display, whereas
in absorption mode, they were almost baseline resolved, accompanied by a significant improvement
of mass accuracy. This was generally observed in our lignin experiments; the phase correction
method often resolved very close peaks that remained unresolved in the conventional magnitude
mode mass spectra, along with greatly increased mass accuracy and a resulting lower number of
possible elemental composition assignments in the lignin mass spectra obtained from low magnetic
field FTICR-MS. To further demonstrate the magnitude/absorption mode differences, DBE vs.

Fig. 1. Broadband mass spectrum of the lignin control sample in both magnitude (top) and absorption modes
(bottom). The insets show a magnification of the 169–176 m/z range at the position indicated with an arrow.
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carbon number plots of the O7 lignin compounds class (CxHyO7) were plotted from both magnitude
and absorption mode mass spectra (Fig. 3). It was immediately obvious that the dots drawn from
the magnitude mode data exhibited gaps in the plot, and the chemical composition was not distrib-
uted continuously, especially for species with higher carbon numbers, because the mass resolving
power of the 7 T FTICR-MS was not sufficient to resolve the peaks at higher m/z. Very likely, some
of the neighbouring peaks (e.g., SH4 vs. C3, Fig. 2) merged; thus, only one of the compounds could
be identified in the magnitude mode spectrum. The dots generated from the absorption mode dis-
play, in contrast, exhibited a more continuous pattern (Fig. 3, bottom).

In addition to the improved spectral quality, it was also interesting to discover that the lowm/z region
(<200) of the absorption mode spectrum consisted of a variety of signals with negative intensities
(Fig. 1, inset). A closer look at the spectrum revealed that these signals were also present in the mag-
nitude mode spectra as regular mass spectral peaks. In fact, the negative signals were due to spectral
artefacts from harmonic signals, electronic noise, or radio-frequency interference, which are common
in some mass spectrometers (e.g., FTICR, orbitrap, and ion trap) (Mathur and O’Connor 2009; Qi
et al. 2013). Unfortunately, these artefacts are unavoidable mass spectral features; they contain no
chemical information but can seriously complicate data interpretation. For very complex mass spec-
tra, these artefacts can overlap with real peaks, cause wiggles in the baseline and deteriorate the
S/N of the spectra, and thus, have the potential to give false positive assignments. Normally,
identifying such artefacts requires a comparison and correlation of the peaks in question to higher
m/z primary signal peaks (Qi and O’Connor 2014); however, such a procedure would be time con-
suming and challenging for the complex spectra of lignin. As an example, in Fig. 1 the third harmonic
region is expanded in the lignin mass spectrum. In the conventional magnitude mode the harmonics

Fig. 2. Mass scale expansions of two adjacent compound classes (C3 vs. SH4, 3.4 mDa) for both magnitude (blue)
and absorption (red) modes chosen from different m/z values.
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appear as typical peaks, whereas in absorption mode all artefacts could be directly recognized because
artificial signals cannot be corrected properly. This ease of identifying artefacts is an important
additional advantage of absorption mode spectra, in addition to the advantages described above.
Thus, all lignin characterization experiments described in the following section were performed in
absorption mode.

Transformations induced by solar irradiation
The photooxidation study performed here consisted of simulated solar irradiation of the lignin sam-
ple and comparison of the measured product distribution using absorption mode FTICR to an iden-
tical control sample that was not exposed to the light source. The simulated solar irradiation
treatment was terminated after 14 d, and no visible physical differences were observed between the
two sample sets. First, a van Krevelen diagram (van Krevelen 1950) was plotted to visualize the trans-
formation of lignin compounds on a broader scale (Fig. 4). It is immediately obvious that the range of
O/C ratios for the lignin compounds extends much farther in the solar-irradiated sample, as illus-
trated by the product distribution shifts on the x-axis (O/C ratio). This readily demonstrates the

Fig. 3. DBE vs. carbon number distribution plots of the O7 class compounds observed from magnitude (top)
and absorption (bottom) mode Fourier-transform ion cyclotron resonance mass spectra. Note that negative
electrospray ionization generated deprotonated molecules ([M–H]−) and therefore exhibited half-integer num-
bers. DBE, double bond equivalents.
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formation of new oxygenated species during simulated solar irradiation. In contrast, the y-axis exhib-
ited similar H/C ratio ranges for the two samples. As the H/C ratio directly corresponds to the num-
ber of DBE of the lignin compounds, the unchanged H/C ratio suggests that the degree of
unsaturation and the core structure of lignin compounds were likely not influenced by the solar light.
The newly formed compounds were mostly located in two areas of the van Krevelen diagram: (1) O/C
> 0.7, indicating addition of oxygen; and (2) O/C < 0.2 and H/C< 1, corresponding to aromatic com-
pounds at low m/z resulting from photo-induced degradation reactions. A similar behavior was pre-
viously reported for lignin and crude oil compounds under UV irradiation (Islam et al. 2013; Qi
et al. 2016a) and was explained by UV-triggered radical ion fragmentation of the benzene com-
pounds. It was interesting to observe that the simulated solar irradiation produced far fewer fragment
compounds as compared with the UV degradation experiment (Fig. S5). This was probably because
the simulated solar light used here exhibited much longer wavelengths compared with the UV light
of the previous study and, hence, lacked energy to excite the ions for fragmentation. In addition, some
peaks detected in the low m/z region of the mass spectrum were artificial signals generated by elec-
tronic noise or harmonic peaks, which caused false positive assignments in the magnitude mode mass
spectrum previously applied. Here, these noise artefacts were directly eliminated from the absorption
mode display.

In addition to the van Krevelen diagrams, bar charts were used to visualize the different oxygen
compositions of the lignin samples (Fig. 5). The oxygen number distribution shows that the abun-
dance of compounds with two to five oxygen atoms decreased sharply and shifted to classes with
higher O content (O6–10). That is, the compounds with low oxygen content were either degraded

Fig. 4. van Krevelen diagrams for species detected from the control (top) and solar irradiated (bottom) lignin
samples. The abscissa is the ratio of oxygen-to-carbon atoms (O/C) and the ordinate is the ratio of hydrogen-
to-carbon atoms (H/C).
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or oxidized during solar irradiation. Furthermore, compounds with more than 10 oxygen atoms in
their structures appeared to be less reactive under photooxidation conditions, as the change of
abundance was not significant. This phenomenon was probably caused by the photo-stability of
the conjugated π-systems in lignin. Compounds with a low oxygen number are likely lignin mono-
mers with a simple aromatic ring structure and methoxy groups; hence, they have a strong tendency
to undergo rapid excited electronic state quenching by photooxidation, which results in either com-
pound fragmentation or oxidation (Ashfold et al. 2010). In contrast, lignin compounds with a
higher oxygen number are obviously polymers, likely consisting of several adjoined aromatic rings.
Such conjugated π-systems can readily redistribute vibrational energy over the entire system and
stabilize their core structures.

The result of simulated solar irradiation can also be observed on a micro-scale, from individual peaks of
expanded segments of the mass spectra. Figure 6 shows a ∼0.25m/z segment of the two samples,
allowing 11 and 19 peaks to be assigned with unique elemental formulae in the two spectra. As lignin
is composed of only three elements(C, H, and O), only six species in the control and nine species in
the oxidized sample were confirmed to be lignin compounds. The other peaks were not related to
lignin as they contained nitrogen or sulphur. This finding agrees with our previous oxidation
experiment using UV light (Fig. S6). Several other abundant low peaks were detected in comparison
with the previous UV-oxidation experiments, which was due to the enhanced capabilities of the
absorption mode mass spectral analysis used in the present study, offering greatly improved S/N and
mass resolution over the previous study. Nevertheless, the new lignin compounds generated by the
simulated solar irradiation experiment were consistent with the compound distribution from UV
experiments, indicating very similar oxidation pathways. In the solar-irradiated FTICR spectra, the
overall peak abundance shifted to species with lower mass defects, due to the negative mass defects of
oxygen, except for three new lignin compounds with much higher O content that were observed here.

Fig. 5. Relative abundances of the oxygen-containing compounds detected in the control and oxidized lignin
samples. The percent relative abundance is the individual compound mass spectral peak abundance divided by
the summed magnitudes of all peaks in the spectrum.
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Conclusions
This work applied the phase correction technique to mass spectra of lignin acquired using a
7 T FTICR instrument. The new absorption mode display simultaneously eliminated false positive
assignments from artificial signals and improved resolving power to distinguish isotopic fine
structures (such as SH4 vs. C3), which often remain unresolved in conventional magnitude mode
spectra. These benefits greatly improve the performance of low magnetic field FTICR-MS for the
measurement of lignin or other NOM. For lignin, we expanded the previous UV exposure experi-
ments to simulated solar irradiation, which closely resembled the intensity and the spectral profile
of sunshine on the earth’s surface. The mass spectrometry measurements demonstrated that photo-
oxidation occurred extensively for lignin and resulted in significant abundance changes of
compounds with a low number of oxygen atoms, which were particularly sensitive to the photo-
irradiation. In contrast, compounds with high oxygen content were more stable than in the experi-
ment using UV irradiation. The major difficulty of lignin analysis is the complexity of the molecular
structures, with various lignin components varying over several orders of magnitude in the samples.
The mechanism of lignin oxidation is not well understood, but global product shifts within the
“lignome” induced by the controlled photo-transformation processes, as shown here, may provide
useful insight into remediation of industrial waste, thus, supporting the use of lignin as advanced
source of biofuels.
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