
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 4

:4
0:

20
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Comparing chem
aDepartment of Natural Sciences, Bonn-Rh

von-Liebig-Straße 20, D-53359 Rheinbach, G
bSpectral Service AG, Emil-Hoffmann-Strass
cInstitute of Chemistry, Saratov State Unive

Saratov, Russia
dDepartment of Chemistry, Brandeis Univers

Massachusetts, USA
eInstitute of Crop Science and Resource Cons

of Bonn, Klein-Altendorf 2, D-53359 Rheinb
fField Lab Campus Klein-Altendorf, Faculty o

Klein-Altendorf 1, D-53359 Rheinbach, Germ

† Electronic supplementary informa
10.1039/c9ra10576j

Cite this: RSC Adv., 2020, 10, 10740

Received 16th December 2019
Accepted 9th March 2020

DOI: 10.1039/c9ra10576j

rsc.li/rsc-advances

10740 | RSC Adv., 2020, 10, 10740–
ical composition and lignin
structure of Miscanthus x giganteus and
Miscanthus nagara harvested in autumn and spring
and separated into stems and leaves†
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Yulia Monakhova, bc Christopher Konow,d Georg Völkering,e Ralf Pudeef

and Margit Schulze *a

Miscanthus crops possess very attractive properties such as high photosynthesis yield and carbon fixation

rate. Because of these properties, it is currently considered for use in second-generation biorefineries. Here

we analyze the differences in chemical composition between M. x giganteus, a commonly studied

Miscanthus genotype, and M. nagara, which is relatively understudied but has useful properties such as

increased frost resistance and higher stem stability. Samples of M. x giganteus (Gig35) and M. nagara

(NagG10) have been separated by plant portion (leaves and stems) in order to isolate the corresponding

lignins. The organosolv process was used for biomass pulping (80% ethanol solution, 170 �C, 15 bar).

Biomass composition and lignin structure analysis were performed using composition analysis, Fourier-

transform infrared (FTIR), ultraviolet-visible (UV-Vis) and nuclear magnetic resonance (NMR)

spectroscopy, thermogravimetric analysis (TGA), size exclusion chromatography (SEC) and pyrolysis gas-

chromatography/mass spectrometry (Py-GC/MS) to determine the 3D structure of the isolated lignins,

monolignol ratio and most abundant linkages depending on genotype and harvesting season. SEC data

showed significant differences in the molecular weight and polydispersity indices for stem versus leaf-

derived lignins. Py-GC/MS and hetero-nuclear single quantum correlation (HSQC) NMR revealed

different monolignol compositions for the two genotypes (Gig35, NagG10). The monolignol ratio is

slightly influenced by the time of harvest: stem-derived lignins of M. nagara showed increasing H and

decreasing G unit content over the studied harvesting period (December–April).
1. Introduction

Low-input crops such as Miscanthus are currently studied as
potential lignocellulose feedstock (LCF) for second-generation
bioreneries,1–5 as they possess a number of advantages over
other industrial crops. Most importantly,Miscanthus belongs to
the class of C4 plants, which binds four carbon atoms during
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oxaloacetic acid formation, as opposed to C3 plants, which only
bind three carbon atoms during phosphoenolpyruvate forma-
tion.6 Miscanthus crops are able to x a higher amount of
terrestrial carbon dioxide.

In addition, Miscanthus shows high photosynthesis yields,
requires low amounts of fertilizer and has a high water use
efficiency.7–10 Like other perennial bioenergy crops such as short
rotation coppice, Miscanthus was recently considered as an
eligible ecological focus area within the European agricultural
policy.11 Potential applications of Miscanthus plants include
renewable energy as well as the production of fuel and chem-
icals.12–14 Recent studies include the investigation of cascade
utilization of Miscanthus crops analogous to procedures re-
ported for fruits.15

In difference to wood, grass-derived lignins show a signi-
cant amount of H units which is interesting for future appli-
cations. In literature, various groups reported specic lignin
depolymerization procedures to isolate H-derived fragments.16

Lignins isolated from grass and wood-based LCF using different
pre-treatments and/or depolymerization procedures are
This journal is © The Royal Society of Chemistry 2020
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View Article Online
currently investigated for a broad variety of applications
including lignin-based fuels, chemicals and polymer compos-
ites.17,18 As a polyphenolic substance, lignin gained rising
interest as substitute for fossil-based diols/polyols in poly-
urethane synthesis.19–23 However, valorization of extracted
lignin is still restricted to a few commercial products, mainly
due to missing procedures for fast and reliable analysis of the
highly complex 3D structure consisting of three randomly cross-
linked monolignol units p-hydroxyphenyl (H), guaiacyl (G) and
syringyl (S) (Fig. 1).

Cell wall composition and lignin contents of various Mis-
canthus genotypes including M. x giganteus andM. sinensis have
intensively been investigated.24–26 Fieen Miscanthus genotypes
(e.g. M. sinensis, M. sacchariorus, M. x giganteus) harvested
between November and April over a period of ve years have
been analyzed regarding their composition (ash, silicon,
nitrogen, potassium, phosphorous, calcium, chlorine, and
sulfur content). Compared to switchgrass and reed canary grass,
Miscanthus genotypes showed signicantly lower ash contents
(1.6–4.0%, compared to 1.9–11.5%). In contrast to harvesting
season, weather and/or ageing only slightly affected the crop
composition.27 Da Costa et al. reported a comprehensive study
including 25 different Miscanthus genotypes (M. x giganteus, M.
sacchariorus, M. sinensis and hybrids of M. sinensis/M. saccha-
riorus) separated by plant portions (stem, leaf). Mid-infrared
spectroscopy was combined with chemometric analysis (e.g.
principal component analysis, PCA) for quantication of the
cell-wall composition, in particular structural carbohydrates.
Results showed that the cell wall composition is a function of
the tissue type: structural polysaccharides mainly cause differ-
ences in compositional variability for stem and leaf tissue.
Therefore, the recalcitrance of stem and leaf might be deter-
mined by the carbohydrate composition.28 In another very
recent study, the authors presented a cell wall analysis to gain
a deeper understanding of the cell wall recalcitrance including
a huge number of genotypes of two main species: M. sinensis
and M. sacchariorus (and the hybrid M. x giganteus), separated
into stems and leaves. Based on the results, future exploitation
of Miscanthus should be directed to “specialized cultivars”.29
Fig. 1 The three monolignols and their corresponding structure units
p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) of the lignin polymer.

This journal is © The Royal Society of Chemistry 2020
Besides cell wall composition analysis, lignins have been
isolated from Miscanthus plants and analyzed regarding their
detailed 3D structure. Focus of most studies is the inuence of
the pre-treatment methods and corresponding parameters (e.g.
temperature, pressure, solvent, catalyst) on the resulting lignin
structure. In a comprehensive review, molecular weights and
polydispersities and their dependencies on pre-treatment
conditions are reported for a broad variety of lignins isolated
from various biomasses (so/hard wood, grasses) via different
techniques (kra, organosolv and others).30

El Hage et al. found correlations between the Miscanthus-
derived lignin structure and the organosolv pre-treatment
process parameters (temperature, sulfuric acid and ethanol
concentration).31,32 In another study, they conrmed the inu-
ence of process parameters on the resulting phenolic and
aliphatic hydroxyl content, resulting in different lignin antiox-
idant activity.33 Bauer et al. investigated a variety of lignins
isolated from Miscanthus x giganteus using the organosolv
process under reux condition (using ethanol, acetone,
dioxane). The increase of ethanol concentration resulted in
a decreased carbohydrate content in the extracted lignin.
Changes in monolignol ratio could be correlated with the
biomass source.34 In another approach, M. x giganteus lignins
isolated via formosolv, organosolv, and cellulolytic enzyme
treatments have been evaluated. Degradation was applied
(acidic hydrolysis, reductive cleavage and thioacidolysis).
According to 2D NMR results, b-O-4 linkages (82%) and acylated
structures were the most dominant linkages. Highest purity
(lowest carbohydrate content) has been achieved using the
alkaline organosolv treatment.35 Chan et al. reported the cata-
lytic depolymerization of M. x giganteus using a vanadium
catalyst for the organosolv process. Results showed signicant
differences in the reactivity of the lignin towards the catalyst
and a selective cleavage of b-O-40 linkages.36 Luo et al. used
a nickel catalyst for the depolymerization of Miscanthus-derived
lignins into soluble fractions.37 Enzymatic depolymerization of
Miscanthus biomass has been studied mainly for bioethanol
production38 using wood rot fungi,39 Lentinula edodes40 or ther-
motolerant Saccharomyces cerevisiae,41 which showed particu-
larly signicant depolymerization activity. Timilsena et al. used
2-naphthol and enzymatic hydrolysis for lignin isolation and
studied the inuence on the delignication of various crops
including palm, typha grass andM. x giganteus.42 Villaverde and
Vanderghem compared lignins isolated from M x giganteus also
using different pre-treatment methods, e.g. formic and acetic
acid43,44 and ammonia.45

Within the last decade, various ionic liquids have been
studied for rapid pre-treatment of Miscanthus biomass, e.g.
triethyl ammonium hydrogen sulfate resulting in specic
correlation of treatment conditions and lignin structure.46

According to Brandt et al., ionic liquids preferably split the
lignin–hemicellulose linkages, glycosidic, ester and b-O-4 ether
bonds accompanied by a solubilization of the resulting lignin
fragments. Increasing the pre-treatment time to 12 hours,
repolymerization was observed. Furthermore, pre-treatment
using ionic liquids could result in condensation reactions
replacing aromatic C–H by C–C bonds.47
RSC Adv., 2020, 10, 10740–10751 | 10741
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Groenewold et al. specied the monolignol ratio of 34 M. x
giganteus samples using both HSQC NMR and quantitative
pyrolysis two-dimensional gas chromatography mass spec-
trometry method and compared both methods in detail.48 This
quantitative Py/GCxGC/MS is useful to describe thermal pro-
cessing, but not appropriate to discover quantitative biomass
composition. Compared to results obtained from HSQC NMR,
Py/GCxGC/MS resulted in signicantly lower values for S/G units
versus much higher amount of H (4-vinylphenol).48

Harvesting effects on cell wall composition and sacchari-
cation of M. x giganteus have been investigated by several
groups.49–53 Huyen et al. reported that late harvesting correlates
with increasing amounts of phenolic acids linked via ester
bonds. Similar digestibilities have been observed for two har-
vesting times in case of enzymatic pre-treatment (using cellu-
lases, b-glucosidase and xylanase).53

However, compared to M. x giganteus, little data is available
for M. nagara, an interspecies hybrid of Japanese M. sacchari-
orus and European M. sinensis, cultivated for example in Ger-
many.54 Characteristics of M. nagara are high stability due to
strong stems, late mature, fast rhizome formation, good frost
tolerance and a lower leaf loss during winter compared to M. x.
giganteus. Published studies onM. nagara focus particularly the
winter cold-tolerance thresholds, cultivation conditions and
corresponding yields.28,55–60 So far, these studies did not include
structural details of lignins isolated from M. nagara cultivated
in Europe.

In this study, twelve M. x giganteus (Gig35) and M. nagara
(NagG10) samples (separated into stem and leaf) are analyzed
for a side-by-side comparison regarding their chemical
composition and lignin structure. Besides genotype and plant
portion differences, the inuence of the harvesting time
(September, December, April) on the lignin chemical composi-
tion, most abundant linkages and G/H/S ratio is investigated.
2. Materials and methods
2.1 Miscanthus eld trial

The crops presented in this study are cultivated at the Campus
Klein-Altendorf (eld lab of the Agricultural Faculty of the
University of Bonn, Rheinbach, Germany).8,9,61 The eld stand
was established in 2012. The replicates were obtained from eld
plots (each trial had four repetitions). Genotypes used in this
study are M. x giganteus (cultivars 35, named as Gig35) and M.
nagara, a hybrid of M. sinensis and M. sacchariorus (NagG10).
Samples were harvested in December 2014, April 2015, and
September 2015. Stem material was taken from six different
planting sites in the core parcel of the trial parcel (10 shoots). To
investigate single plant portions (stem versus leaf), stem and
leaves were separated at the ligule. All samples were dried
before milling (24 hours, 105 �C).
2.2 Lignin isolation via organosolv pulping

All Miscanthus samples were milled (Pulverisette 6, Fritsch,
Germany) and sieved (Modell AS 200 basic, Retsch, Germany) to
a particle size <0.5 mm. The organosolv pulping was then
10742 | RSC Adv., 2020, 10, 10740–10751
performed according to recently published procedures.62–64 50 g
Miscanthus biomass was mixed with 400 mL of an 80% (v/v)
ethanol solution in a Parr reactor (1.0 L stainless steel) with
a 4848 Reactor Controller and heated to 170 �C under contin-
uous stirring. The maximum temperature was held for 90
minutes. Aer cooling down the autoclave, the biomass was
ltered and washed with an 80% (v/v) ethanol solution (50 mL)
for ve times. The lter cake was rejected and the ltrate was
mixed with approx. three volumes of water and 10 mL hydro-
chloric acid (HCl, 37%) to precipitate the organosolv lignin. The
precipitate was separated by centrifugation (Hettich Rotina 420,
3500 rpm, 5 minutes), washed three times with dist. water and
freeze-dried for 72 h.

2.3 Composition analysis including lignin, ash and sugar
content

The chemical composition (%, w/w) of Miscanthus genotypes
was determined according to the Laboratory Analytical Proce-
dures (LAP) published by the National Renewable Energy
Laboratory (NREL).65 These measurements were performed at
the Biopos Institute in Teltow-Seehof, Germany. In short,
structural carbohydrates and lignin in biomass were deter-
mined following NREL/TP-510-42618, water and ethanol soluble
extractives in biomass according to NREL/TP-510-42619, total
solids in biomass according to NREL/TP-510-42621 and ash
content according to NREL/TP-510-42622.66–69

2.4 Size exclusion chromatography (SEC)

SECmeasurements were performed using a PSS SECcurity2 GPC
System (Mainz, Germany) with two PSS SDV 8 � 300 mm
Linear M 5m columns and pre-column with UV detection (280
nm). Tetrahydrofuran (THF) was used as eluent with a ow rate
of 1.0 mL min�1, an injection volume of 60 mL and a total run
time of 30 minutes. Samples were dissolved in THF (10 mg
mL�1) with gentle stirring and ltered through a 0.2 mm PTFE
lter prior to analysis. For calibration, polystyrene was used in
a calibration range of 376–2 570 000 g mol�1.

2.5 Ultraviolet-visible (UV-Vis) spectroscopy

UV-Vis spectra were recorded on a PerkinElmer Lambda 35 with
UV WinLab 6.0.2.0723. Lignins were dissolved in THF (0.5 mg
mL�1) and measured at room temperature in a range of 200–
400 nm against THF.

2.6 Fourier-transform infrared (FT-IR) spectroscopy

FT-IR spectra were recorded with a Jasco FT/IR 410 spectrometer
with Spectra Manager Version 1.54.03 over 8 scans with a resolu-
tion of 4 cm�1 in awave number range of 4000–700 cm�1. A 300mg
KBr disk containing 2 mg of nely grounded sample was used.

2.7 Nuclear magnetic resonance (NMR) spectroscopy

Measurements were performed on an NMR spectrometer
Avance III 600 (Bruker, Karlsruhe, Germany) to obtain 2D HSQC
NMR spectra with 4 scans and 16 prior dummy scans (using ca.
100 mg of lignin solved in 1 mL deuterated d-DMSO). Data of
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Compositional analysis data (according to NREL protocol) ofM.
x giganteus (Gig35) andM. nagara (NagG10) separated into leaf (L) and
stem (S), all harvested in April 2015. AIL: acid-insoluble lignin. ASL:
acid-soluble lignin. Ash description: total ash (in %). Further details see
Table S1.†

Table 1 Compositional analysis data (according to NREL protocol) of
Miscanthus genotypes (Gig35, Nag10) harvested in April 2015. AIL:
acid-insoluble lignin. ASL: acid-soluble lignin. AIR: acid-insoluble
residuals. AIA: acid-insoluble ash. Errors are given as standard devia-
tion of triplicates

Portion Leaf Stem

Genotype Gig35 NagG10 Gig35 NagG10

Galactan (%) n.d. n.d. 0.2 � 0.4 n.d.
Mannan (%) n.d. n.d. 1.0 � 1.4 n.d.
Arabinan (%) 3.1 � 0.3 4.1 � 0.1 1.7 � 0.3 1.7 � 1.5
Xylan (%) 24.9 � 0.5 25.4 � 1 21.4 � 0 21.9 � 0.5
Glucan (%) 41.2 � 0.9 39.8 � 2.2 45.1 � 0.4 43.1 � 1.3
AIL (%) 16.4 � 0.8 15.1 � 0.3 20 � 0.1 19.5 � 0.1
ASL (%) 4.3 � 0 4.2 � 0 4.6 � 0.1 4.2 � 0.1
AIR (%) 17.1 � 1.0 16.5 � 0.2 20.4 � 0.1 19.9 � 0.1
Total lignin (%) 22.9 � 0.7 19.3 � 0.3 24.6 � 0.2 23.6 � 0.1
AIA (%) 0.7 � 0.1 1.4 � 0.1 0.5 � 0.02 0.5 � 0.1
Total ash (%) 5.2 6.4 2.4 1.9
Dry matter (%) 91.2 91.4 92.2 93.0
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4000 points were recorded with 7211 Hz spectral width, 2050
receiver gain and 0.28 s total acquisition time. O1 was set to
5 ppm for 1H and 80 ppm for 13C.

2.8 Thermogravimetric analysis (TGA)

TGA measurements were performed with approx. 10 mg of
lignin using a TGA 209 F1 (Netzsch, Selb, Germany) with
a heating rate of 20 �C min�1 under nitrogen atmosphere from
ambient to 900 �C. Synthetic air was used for an isothermic
combustion at 900 �C.

2.9 Pyrolysis-gas chromatography/mass spectrometry (Py-
GC/MS)

For Py-GC/MS measurements, a combination of an EGA/PY-
3030D multi-shot pyrolyzer (Frontier Lab, Fukushima, Japan),
two GC 2010 Plus gas chromatographs with two fused silica
capillary columns (Ultra Alloy columns: UA5-30M-0.25F and
UACW-20M-0.25F; length of 30 m and 20 m respectively, inside
diameter 0.25 mm, lm thickness 0.25 mm) and a GCMS-
QP2010 Ultra mass spectrometer (Shimadzu, Kyoto, Japan)
was used. For the measurement the Shimadzu soware MDGC
Analysis GC solution 2.41.00. SU1 was used, evaluation was
performed with Shimadzu GC/MS solution 2.72.70 The lignin
sample (0.5 mg) was placed in a stainless-steel pyrolysis crucible
(PY1-EC50F) and pyrolyzed at 550 �C. For GC separation,
a temperature program (1 min at 75 �C, then 280 �C for 25 min
with a heating rate of 7 �Cmin�1) was used for the rst column,
the second one was isothermally tempered at 200 �C. The carrier
gas used was helium 4.0 (Westfalen AG, Münster, Germany). For
the MS detection, ionization was carried out via electron impact
(EI) at 70 eV. Ions were detected by their mass/charge ratio (m/z);
the measuring range was 35–740 u.

3. Results and discussion
3.1 Miscanthus crop compositional analysis

Both genotypes, M. x giganteus (Gig35) andM. nagara (NagG10),
show comparable plant growth: from September to December,
the leaf-to-stem ratio increases to a maximum at the end of the
Fig. 2 Leaf versus stem content of M. x giganteus (Gig35) (top row)
and M. nagara (NagG10) (bottom row) harvested in September,
December and April.

This journal is © The Royal Society of Chemistry 2020
year. Then, as the crops start to lose most of their leaves the leaf-
to-stem-ratio reaches its minimum (Fig. 2).

As stated in the introduction, the leaf loss during winter for
M. nagara is less intensive compared to other types such asM. x
giganteus.54–60 Biomass composition including ash, carbohy-
drate and lignin content was determined for stem and leaf
samples of both genotypes (Gig35 and NagG10) harvested in
April (Fig. 3 and Table 1).

Stems show higher lignin content than leaves for both
genotypes (Fig. 3 and Table 1): M. x. giganteus leaves (Gig35L)
showed 16.43� 0.78% acid-insoluble lignin (AIL) versus 19.92�
0.10% for stems (Gig35S); M. nagara leaves (NagG10L) showed
15.10 � 0.31% AIL versus 19.49 � 0.08% for stems (NagG10S).
These results are in accordance with previously reported data
for two otherM. x giganteus genotypes.61 Other literature studies
focusing on the chemical composition of specic plant portions
RSC Adv., 2020, 10, 10740–10751 | 10743
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Fig. 4 FTIR spectra of stem-derived lignins obtained from M. x
giganteus (Gig35S), harvested in September, December and April.
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reported lignin contents varying between 19–25% for M. x.
giganteus Soerensen, Cha.38,41

The lowest lignin content was observed for leaves in NagG10,
whereas stems of Gig35 showed highest lignin content. Signif-
icant differences in cell-wall composition of Miscanthus stem
and leaf samples were also observed by other groups: compared
to leaves, increased lignin contents were found in stems.31,32 For
both genotypes the glucan (cellulose) content was only slightly
higher in stems (statistical signicance has to be conrmed in
ongoing measurements). There is about 2% more cellulose
overall in Gig35 than NagG10. Hemicellulose has been deter-
mined to mostly consist of xylan with minor contents of ara-
binan, which was also observed in previous studies for M. x
giganteus genotypes.13,14,61 The content of both hemicellulose
monomers were higher in leaves than in stems.
3.2 Structural differences of isolated lignins

FTIR data obtained for both M. x giganteus and M. nagara
(Gig35 and NagG10) are in good accordance with reported data
Fig. 5 FTIR spectra of stem-derived lignins obtained from M. nagara
(NagG10), harvested in September, December and April.
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for other Miscanthus-derived lignins.31–34,47,61 Leaf-derived
lignins of both genotypes (Gig35 and NagG10) showed
comparable development from September to April. In detail,
the C]O stretching signal (1708 cm�1) is very weak in
September and increases until April for both Gig35 and
NagG10. In contrast, the intensity of this signal decreases in
stems (Fig. 4 and 5, see also ESI Fig. S1† for signal numbering
and Table S1† for signal assignment).

From September to April, the signal intensity of the anti-
symmetric deformation C–H in methoxy groups at 1424 cm�1

and the aromatic skeletal C–O stretching band at 1331 cm�1

increase in stems and leaves, representing the S unit formation
in lignin biosynthesis (see Fig. 1).

In general, information obtained by FTIR spectroscopy is
limited due to strong signal overlap. Here, multivariate data
analysis is a very helpful tool to “extract” details that are not
available using conventional univariate analysis as shown also by
other groups for lignins of different origin and pre-treatment
method.71,72 In a previous study, we also used chemometric pro-
cessing of infrared data to specify differences of lignins obtained
from six different Miscanthus genotypes including M. nagara
(NagG10) and M. x giganteus (Gig35) separated by plant portions:
stem versus leaf-derived lignins could be differentiated by their
aromatic in-plane deformation signals at 1160 cm�1 corre-
sponding to the monolignol substitution pattern.61
3.3 Ultraviolet-visible absorption of isolated lignins

Due to a strong signal overlap of absorption bands of the
manifold functional groups in lignin, UV-Vis is only used for
purity control and quantitative analysis rather than compound
identication, as shown for various biomasses (e.g. willow,
aspen, sowood, canary grass and hemp).73 For kra lignins
isolated from industrial black liquor, the UV absorbance is
directly correlated to the purity level: at higher pH values for
lignin isolation, a lower absorbance is observed due to the co-
precipitation of degraded polysaccharides and/or lipids.74

Furthermore, solvent extraction of kra lignin results in four
distinct absorption bands.75

UV-Vis spectra are shown in the ESI (Fig. S2–S5)† for stem-
and leaf-derived samples ofM. x giganteus (Gig35) andM. nagara
(NagG10) harvested in September, December and April.
Although all samples showed comparable spectra, there are
some distinct differences: the plant development from
September to April could be observed for both genotypes, more
clearly for the leaf-derived lignins than those isolated from
stems. In accordance to literature data for wood- and grass-
based lignins,76,77 at 280 nm a strong absorption band was
observed corresponding to the p–p* transition of the aromatic
core. At higher wavelengths around 310 nm, fragments of
enhanced conjugation were obtained (e.g. hydroxy cinnamoyl
derivatives). As opposed to lignins isolated from whole plants
(mixtures of stem and leaves), in leaf-derived lignins the
amount of structural fragments of higher conjugation showed
a clear increase from September to April (see ESI, Fig. S2 and
S4†). This is in accordance with previously reported results for
other Miscanthus-derived lignins.61
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Pyrolysis-GC/MS pyrogram of a stem-derived lignin obtained
fromM. x giganteus (Gig35S) harvested in April with peak picking for all
aromatic fragments listed and assigned in Table 3.

Table 2 TGA results including first and secondmass loss (ML), residual
mass (RM), and decomposition temperature (Td) for two leaf-derived
(Gig35L, NagG10L) and two stem-derived (Gig35S, NagG10S) Mis-
canthus lignins harvested in September, December and April

Sample
First ML
(120 �C)

Second ML
(350 �C) RM Td

Gig35L Sept 1.4% 72% 26.6% 363.6 �C
Gig35L Dec 1.8% 74.1% 24.1% 363.8 �C
Gig35L April 0.4% 69.5% 30.1% 346.1 �C
NagG10L Sept 0.9% 78% 21.1% 353.7 �C
NagG10L Dec 1.7% 77.7% 20.5% 352.2 �C
NagG10L April 0.3% 68.7% 31% 357.3 �C
Gig35S Sept 3.6% 60.9% 35.4% 364.6 �C
Gig35S Dec 3.2% 64.2% 32.5% 385.5 �C
Gig35S April 2.3% 67.0% 30.7% 356.8 �C
NagG10S Sept 1.3% 64.2% 34.5% 381.3 �C
NagG10S Dec 1.7% 72.1% 26.2% 351.9 �C
NagG10S April 1.1% 67.2% 31.6% 362.7 �C

Table 3 Pyrolysis-GC/MS fragments of the sample Gig35S (stem-
derivedM. x giganteus) harvested in April and assignment to H, G, and S
units

Peak
no.

Retention
time (min)

Content
(%) Name Assignment
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3.4 Thermal stability of isolated lignins

The thermal behavior of the lignins was determined using
thermogravimetric analysis. In Table 2, the TGA data obtained
in this study are summarized including temperature-dependent
mass loss (ML), residual masses (RM) and decomposition
temperatures (Td) for leaf (Gig35L, NagG10L) and stem-
separated samples (Gig35S, NagG10S).

In general, the rst mass loss (measured aer a few minutes
at about 120 �C) can be assigned to the elimination of low
molecular weight substances and moisture (carbon monoxide,
carbon dioxide, water). The depolymerization of lignin occurs
within a rather broad temperature range between 170–700 �C.
The monolignol linkages show different thermal stabilities,
with lower values for propanoid side chains degraded into
methyl, ethyl, and vinyl guaiacol derivatives. Highest stabilities
were assigned to C–C linkages.78–80 In both, wood-derived kra
Fig. 6 Size exclusion chromatography results including the weight
average molecular weight (MW, columns) and polydispersity index
(PDI, squares) of lignins obtained from M. x giganteus and M. nagara,
respectively, separated into leaves (Gig35 L, NagG10L) and stems
(Gig35S, NagG10S). Further details see ESI Table S2.†

This journal is © The Royal Society of Chemistry 2020
and Miscanthus lignins, the monolignol units are mainly con-
nected by b-O-4 linkages resulting in comparable decomposi-
tion temperatures74 as recently also shown for other M. x
giganteus samples Bergs.61 Regarding genotype, plant portion
and/or harvesting time, no correlations could be specied for
TGA data.

3.5 Lignin molecular weight and polydispersity

The molecular weight is a fundamental characteristic inuencing
the biomass recalcitrance mainly depends on the biomass source
(wood, grass etc.) and procedure used for lignin isolation (kra,
organosolv, ionic liquids etc.). As shown in previous studies for
beech wood81,82 and Miscanthus-derived lignins,31–34,61 ethanol
organosolv pre-treatment is an appropriate method to produce
lignins of rather low molecular weight (MW) and narrow MW
1 9.338 2.29 Phenol H
2 11.105 0.51 o-Cresol H
3 11.325 9.99 Guaiacol G
4 11.630 2.42 p-Cresol H
5 12.942 0.36 2,6-Xylenol H
6 13.248 0.15 2,4-Xylenol H
7 13.518 2.25 4-Ethylphenol H
8 13.720 10.60 Creosol G
9 15.536 17.00 Coumaran H
10 15.688 7.70 4-Ethylguaiacol G
11 16.875 7.51 4-Hydroxy-2-

methyl acetophenone
H

12 17.698 2.06 Eugenol G
13 17.873 5.17 Syringol S
14 19.000 1.14 cis-Isoeugenol G
15 20.180 7.40 4-Methylsyringol S
16 20.272 5.89 trans-Isoeugenol G
17 20.914 2.65 Vanillin G
18 24.321 2.10 4-Allylsyringol S
19 26.019 1.69 4-Propenylsyringol

isomer
S

20 28.335 6.61 4-Propenylsyringol
isomer

S

21 32.066 2.25 Syringylaldehyde S
22 34.875 1.23 Acetosyringone S

RSC Adv., 2020, 10, 10740–10751 | 10745
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Table 4 Monolignol ratio (G, H, S) of lignins according to pyrolysis –
GC/MS data of M. x giganteus (Gig35) and M. nagara (NagG10)

Sample H (%) G (%) S (%)

Gig35L Sept 55 34 11
Gig35L Dec 54 41 5
Gig35L April 49 39 12
NagG10L Sept 61 30 9
NagG10L Dec 52 36 12
NagG10L April 41 46 13
Gig35S Sept 42 35 23
Gig35S Dec 46 41 13
Gig35S April 33 41 26
NagG10S Sept 45 32 23
NagG10S Dec 39 37 24
NagG10S April 35 40 25
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distribution. Thus, the molecular weight and polydispersities
determined for Gig35 and NagG10 are signicantly lower
compared to so/hard wood-derived kra lignins.

In general, polydispersities for technical wood-based kra
lignin vary between 2.6 to 6.5 (depending on pre-treatment
conditions), whereas Miscanthus-lignins of different genotype
showed polydispersities below 1.7.30,82 Except for leaf-derived
lignin of NagG10 harvested in September, the studied leaf-
derived samples also possess polydispersities below 2 (Fig. 6
and ESI Table S2†).

Regarding the inuence of harvesting season, an increase of
the molecular weight was observed for stem-derived lignins of
both genotypes during the harvesting cycle (from September to
April). According to the literature, the polydispersity index (PDI)
should slightly decrease until April as a result of the unnished
lignin biosynthesis: during the biosynthesis process, the three
monolignol units are step-wise linked to each other thereby
decreasing the number of fragments of lower molecular
weight.83,84 The obtained results for Gig35 and NagG10 samples
showed no signicant difference in MW and PDI for the har-
vesting period. To obtain a deeper insight, ongoing studies
include diffusion ordered spectroscopy (DOSY) NMR as recently
used by Montgomery et al.85
Fig. 8 Detected Py-GC/MS fragments attributed to the three subunits (

10746 | RSC Adv., 2020, 10, 10740–10751
3.6 Monolignol ratio and linkages due to pyrolysis GC/MS

Fig. 7 shows the pyrolysis-GC/MS pyrogram of a stem-derived
lignin obtained from M. x giganteus (Gig35S) harvested in
April with numbers for all aromatic fragments listed and
assigned in Table 3.
G, H and S).

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Non-Aromatic HSQC region of a lignin obtained from M. nagara
(NagG10, stem, April harvest). Numbers are listed and assigned in Table 5.

Fig. 10 Aromatic HSQC region of a lignin obtained from M. nagara
(NagG10, stem, April harvest). Numbers are listed and assigned in Table
5.

Table 5 HSQC 2DNMR data for a lignin isolated fromM. nagara stems
(NagG10S) harvested in April. HSQC 2D NMR spectra of the non-
aromatic and aromatic region see ESI Fig. S6 and S7

No.
Integral
(rel) d 1H (ppm) d 13C (ppm) Name Assignment

1 0.0190 3.45 52.88 B b B
2 0.0254 3.06 53.34 C b C
3 0.7089 3.56 59.66 A g A
4 0.1322 3.23 59.71 B g B
5 0.1932 3.68 62.73 A g A
6 0.0321 3.82 71.00 C g C
7 0.0441 4.17 70.76 C g C
8 0.0561 4.74 70.95 A a A
9 0.1541 4.86 71.37 A a A
10 0.0435 4.47 79.78 A b A
11 0.1160 4.31 83.63 A b A
12 0.0361 4.64 84.75 C a C
13 0.1106 4.07 85.77 A b A
14 0.0626 5.45 86.79 B a B
15 0.7042 6.73 103.42 S 2/6 S
16 0.0411 6.99 103.24 S 2/6 S
17 0.0337 7.33 103.79 S 2/6 S
18 0.4662 6.96 109.88 G 2 G
19 0.1192 6.30 113.46 D b D
20 1.0000 6.71 114.80 G 5 G
21 0.1827 6.79 118.61 G 6 G
22 0.1588 7.12 127.35 H 2/6 H
23 0.4032 7.48 129.07 H 2/6 H
24 0.1315 7.43 143.84 D a D
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In Fig. 8, the detected Py-GC/MS fragments are summarized
and grouped by subunit (G, H, and S) to which they could be
attributed.

Table 4 shows the monolignol ratio (G, H, S) of lignins
according to pyrolysis – GC/MS data of M. x giganteus (Gig35)
and M. nagara (NagG10).

The studies revealed a decreasing amount of H units in
leaves (particularly in NagG10) and a simultaneous increase of
G units in both genotypes over the harvesting period. In stem-
derived lignins the H units were also decreasing, whereas G
and S were increasing. In general, the signal assignment to
monolignol units follows literature reports86–89 (although no
data are available yet forM. nagara, stem/leaf portions harvested
at different times). As stated by Groenewold et al., Py-GC/MS is
useful to describe thermal processing, but not appropriate to
discover quantitative biomass composition. Compared to
results obtained from HSQC NMR, Py/GCxGC/MS resulted in
This journal is © The Royal Society of Chemistry 2020
signicantly lower values for S/G units versus much higher
amount of H (4-vinylphenol).48
3.7 Monolignol ratio and linkages due to HSQC NMR

HSQC 2D NMR spectra have been recorded showing the non-
aromatic region and aromatic region (Fig. 9 and 10) of
a lignin obtained fromM. nagara stems (NagG10S) harvested in
April. HSQC spectra of stem-derived M. x giganteus (Gig35)
harvested in April are shown in ESI Fig. S6 and S7.† The
numbered and assigned signals are listed in Table 5.

Table 6 summarizes the ratio of the monomer units (H, G, S)
and of themost abundant linkages obtained fromM. x giganteus
(Gig35) and M. nagara (NagG10) stem and leaf-derived lignins
harvested in September, December and April.

For leaf-derived lignins, results revealed a decrease of H and
increase of G unit content from September to April, in particular
for NagG10L. For the same harvesting period, stem-derived
lignins showed a decrease of H and S, which was more clear
for NagG10S compared to Gig35S. Beside monolignol ratio, the
inuence of the harvesting season on the number and nature of
formed linkages (A: b-O-4 linkage, B: phenylcoumaran, C: res-
inol, D: unsaturated ester) has been investigated (Table 6 and
Fig. 11).

In September a higher amount of b-aryl ether linkages (A)
was observed in leaves compared to stems for both genotypes.
Until April, theses linkages (A) signicantly decrease to similar
amounts (for both leaf and stem). Phenylcoumaran (B) and
resinol (C) linkages were slightly increasing for leaves in both
RSC Adv., 2020, 10, 10740–10751 | 10747
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Table 6 Ratio of the monomer units (H, G, S) and of the most abundant linkages in lignins obtained from M. x giganteus (Gig35) and M. nagara
(NagG10) stem (S) and leaf (L)-derived, harvested in September, December and April. Corresponding structures are shown in Fig. 11

Sample H (%) G (%) S (%) A (b-aryl ether) (%) B (phenylcoumaran) (%) C (resinol) (%) D (unsaturated ester) (%)

Gig35L Sept 28 52 20 73 9 5 13
Gig35L Dec 13 63 24 69 9 5 17
Gig35L April 18 61 21 60 10 8 22
NagG10L Sept 31 48 21 72 7 4 17
NagG10L Dec 20 57 23 59 8 5 28
NagG10L April 18 62 20 59 10 8 23
Gig35S Sept 19 53 28 58 8 7 27
Gig35S Dec 17 58 25 56 9 7 28
Gig35S April 18 56 26 56 9 7 28
NagG10S Sept 21 50 29 56 9 7 28
NagG10S Dec 16 56 28 57 9 6 28
NagG10S April 16 57 27 57 9 8 26

Fig. 11 Lignin structure elements for HSQC NMR signal assignment (A: b-O-4 linkage, B: phenylcoumaran, C: resinol, D: unsaturated ester).
Reprinted from ref. 61 under open access license.
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genotypes. In stem-derived lignins, C was unchanged. The
amount of b-unsaturated esters (D) was increasing in leaves. Du
et al. reported NMR data for Miscanthus-derived lignins ob-
tained via hydrolase treatment and quantitative fractionation
containing carbohydrate residuals and corresponding link-
ages.90 The samples discussed in the present study did not show
any of those linkages, conrming the high purity (in accordance
with composition analysis data, see Section 3.1).

HSQC NMR data reported for lignocellulosic biomass sepa-
rated into stem and leaf discuss the cell wall composition
including lignin amount and polysaccharide-lignin-link-
ages.34,46,47,61,90–92 Although NMR is a rather fast and easy
method, the problem of signal overlap (even in 2D NMR)
restricts quantitative data interpretation. Here, multivariate
data processing (such as partial component analysis, linear
discriminant analysis, factorial discriminant analysis and
partial least squares-discriminant analysis) proved to be
a useful tool for origin specication of complex structures such
as lignocellulosic biomass, especially lignin.71,72,93–99

Moreover, Brandt et al. emphasized that quantication using
HSQC is generally limited since pulse sequences are usually
optimized for resolution and signal strength. In addition, signal
relaxation might not be complete particularly for some slowly
relaxing end groups. As mentioned before, Groenewold et al.
compared the ratio of monolignol units obtained by quantita-
tive Py-GCxGC-MS and HSQC NMR, respectively. In case of Py-
GCxGC-MS, the amount of S-/G-units was lower and H was
higher compared to data obtained by HSQC.48 Both genotypes
10748 | RSC Adv., 2020, 10, 10740–10751
studied here also showed higher amounts of H units in Py-GC/
MS compared to HSQC NMR.
4. Conclusions

Two different Miscanthus genotypes (M. x giganteus and M.
nagara) harvested at three different times and separated into
leaf and stem portions have been analyzed regarding their
chemical composition. Lignins of both genotypes, isolated via
ethanol organosolv pre-treatment, showed signicantly lower
polydispersities and thus higher homogeneity compared to
technical kra lignin emphasizing the promising potential of
both,Miscanthus biomass and organosolv procedure, to be used
for lignin recovery. Due to the better frost resistance and higher
stem stability, M. nagara offers some advantages compared to
M. x giganteus.

A side-by-side comparison of the two genotypes revealed only
slight differences for the chemical composition andmonolignol
linkages depending on the harvesting month (September,
December, April). Stem-derived lignins of M. nagara showed
a decrease of H and increase of G units during the studied
harvesting period. However, further studies are required since
differences still remain between G/H/S ratio obtained by HSQC
NMR versus Py-GC/MS as reported by other research groups.
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