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Abstract: This study demonstrates the effects of structural variations of lignins isolated via an
organosolv process from different woody and herbaceous feedstocks on their thermal stability profiles.
The organosolv lignins were first analysed for impurities, and structural features were determined
using the default set of gel permeation chromatography, FT-IR spectroscopy, quantitative 31P NMR
spectroscopy and semi-quantitative 1H-13C HSQC analysis. Pyrolysis-, O2- and CO2-reactivity of the
organosolv lignins were investigated by thermogravimetric analysis (TGA), and volatile formation
in various heating cycles was mapped by head-space GC-MS analysis. Revealed reactivities were
correlated to the presence of identified impurities and structural features typical for the organosolv
lignins. Data suggest that thermogravimetric analysis can eventually be used to delineate a lignin
character when basic information regarding its isolation method is available.

Keywords: lignin; organosolv fractionation; TGA; 31P NMR; HSQC; heat treatment

1. Introduction

Lignocellulosic feedstocks hold a potential for large-scale production of second-generation biofuels
leading to a decarbonization of the energy sector [1]. The fractionation of biomass into cellulose,
hemicellulose, lignin and extractives provides valuable feedstocks for the energy sector and the
chemical industries [2]. While cellulose and hemicellulose represent structurally regular polymers,
extractives and lignin represent a more difficult starting material for valorisation. In case of lignin,
not only the (presumably) uncontrolled biosynthesis leading to random polymer linkages, but also the
biomass-dependent distribution of monomeric building blocks mark challenging aspects. The relative
abundance of these monomers within a lignin polymer leads to the common differentiation between
lignins isolated from softwood, hardwood or herbaceous biomass [3]. The polymeric lignin structure
present in the plants is more resistant to most forms of biological attacks, sunlight and temperature
changes compared to polysaccharides, contributing thus to the industrial challenges faced in lignin
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valorisation [4]. Once separated from the other biopolymers, lignin has nevertheless been utilized as a
primary feedstock for composites, PU-based foams, films, paints, and plastics [5]. From a different
technical point of view, lignin rich feedstocks present challenges for gas cleaning units of gasification
reactors as high concentration of lignin may increase soot yields in addition to increasing formation of
PAH precursors [6]. Thus, removal of lignin from biomass is important to prevent outlet blockages
and to ensure steady syngas production increasing overall efficiency of the gasification process.

When it comes to the production of biofuels from low cost lignocellulosic biomass,
such as agricultural or forestry residues, a typical process consists of biomass pretreatment,
enzymatic saccharification of the carbohydrates and microbial conversion of the sugars to biofuels [7].
The main aim of pretreatment is to efficiently remove hemicellulose and lignin from cellulose and
increase the susceptibility of cellulose to enzymatic hydrolysis [8]. Removal of lignin from cellulose
is particularly important as lignin has a negative influence on enzymatic saccharification due to
the irreversible adsorption of cellulolytic enzymes onto lignin and their inhibition from soluble
lignin-derived molecules [9]. Hydrothermal pretreatment is one of the most common methods to
pretreat lignocellulosic biomass, which effectively degrades hemicelluloses, even without chemicals,
increases the biomass porosity, thus enhancing the enzymatic hydrolysis of the pre-treated biomass [10].
The common challenge of hydrothermal pretreatment is that lignin cannot be directly removed and
hence partly rearranges on the surface of the lignocellulosic biomass, causing an inhibitory effect
on the saccharification process [11,12]. Organosolv pretreatment is known as an effective method to
fractionate biomass into cellulose, hemicellulose and lignin streams by using aqueous-organic solvent
mixtures, with high solvent concentration (30–70 %) at temperatures of 100–220 ◦C, with or without
the addition of catalysts [13,14]. One of the main benefits of organosolv pretreatment is the isolation of
high-quality lignin and cellulose fractions [15,16]. Another two advantages of the organosolv process
are related to the relative easy recovery and re-use of the commonly used organic solvents (such as
ethanol or acetone) and improved mass transfer and dissolution of lignin in the presence of an organic
solvent [17–19]. Previous research showed that organosolv pulps have bleachability and viscosity
retention which are comparable to those of cellulose soda and kraft pulps [20]. Most studies [21–23]
investigated the effect of feedstock on the chemical properties of lignocellulosic fractions from the
organosolv wood pre-treatment, whereas the chemical properties and reactivity of lignocellulosic
fractions after organosolv treatment of herbaceous biomass are rarely studied in the literature.

In a previous work [7], the efficiency of organosolv pretreatment on wood at different operating
conditions such as type of solvent, lack or presence of homogeneous catalyst, and type of
homogeneous acid catalyst was investigated. The aim of the present study was to evaluate the
properties of lignins isolated from various feedstocks via the previously described novel organosolv
processes [7,9]. Structural and physicochemical characteristics of five different lignins were elucidated
using established analysis methods: Gel permeation chromatography for molecular mass features,
quantitative 31P NMR and comparative two-dimensional 1H-13C HSQC analyses for more detailed
structural aspects. Another aim of this work was to investigate to which extent the structural
differences would be reflected in gas chromatographic analysis for determining initially present
volatiles and inducible volatile contents, as well as in thermogravimetric analysis for delineating
polymer characteristics and lignin reactivity in different atmospheres [12]. Structural information
obtained by the various methods was correlated to findings in head-space GC-MS and thermal
analyses. The presented analyses offer a solid base on which a specific lignin could be chosen for a
value-added application.

2. Materials and Methods

2.1. Raw Materials

In the present study, both wood (pine sawdust and spruce bark) and herbaceous biomass (cotton
stalks and sweet sorghum bagasse) were used as raw materials. Pine sawdust and spruce bark were
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obtained from mills from Northern Sweden, cotton stalks were obtained from fields in Thessaly (Greece),
and sweet sorghum (Keller cultivar) was obtained from fields in the Kopaida plain (Central Greece). The
materials, apart from sweet sorghum, were immediately air-dried upon receive, milled to particle size <

1 mm and stored at room temperature. For the preparation of sweet sorghum bagasse, the sugars were
extracted from the sweet sorghum stalks as previously described [24] and bagasse was dried, milled and
stored at room temperature. Finally, spruce bark was treated in hot-water extraction (75 ◦C for 2 h) with
the addition of sodium bisulfite (2 % w/wbiomass) and sodium carbonate (0.5 % w/wbiomass) to remove
the tannin and other water soluble extractives [25]. After hot-water extraction, the tannin-extracted bark
solids were removed from the process by vacuum filtration, washed with water and air dried.

2.2. Organosolv Fractionation

Pine sawdust and cotton stalks were treated in a hybrid organosolv: steam explosion reactor
which was previously described [9], whereas sweet sorghum bagasse and tannin-extracted spruce bark
were treated in an autoclave organosolv reactor, as reported previously [7]. The organosolv treatment
conditions for the different feedstock were as follows: pine sawdust was treated at 190 ◦C for 60 min in
a 60 % v/v ethanol solution with the addition of 1 % w/wbiomass sulfuric acid; cotton stalks were treated
at 200◦ for 45 min in a 50 % v/v ethanol solution with the addition of 1 % w/wbiomass sulfuric acid; sweet
sorghum bagasse was treated at 180 ◦C for 30 min in a 60 % v/v ethanol solution; tannin-extracted
bark was treated at 180 ◦C for 1 h with 60 % v/v ethanol content, with and without the use of 1 %
w/wbiomass sulfuric acid. At the end of the organosolv treatment, the pretreated solids were separated
from the liquor by vacuum filtration. Lignin was recovered from the liquor by centrifugation after
ethanol removal in a rotary evaporator. Finally, lignin was air-dried and stored at room temperature.
In the manuscript, the abbreviations of lignin fractionated from pine sawdust (PL), cotton stalks (CL),
sweet sorghum bagasse (SSL), spruce bark with (SBAL) and without acid addition (SBNL) were used.

2.3. Lignin Characterization

2.3.1. Elemental Analysis

The elemental analysis was performed on two instruments of the same model (Eurovector, model
EA3000). Acetanilide was used as a reference standard. The ash content was determined using a
standard ash test at 550 ◦C, according to the procedure described in DIN EN 14775.

2.3.2. Headspace Gas Chromatography-Mass Spectroscopy

Approximately 20 mg of a lignin sample was accurately weighed and directly sealed into a 20 mL
headspace vial. Headspace gas chromatography-mass spectroscopy (HSGC-MS) analysis was performed
using an Agilent 7694E Headspace sampler (Agilent Technologies, Santa Clara, CA, US), connected to
an Agilent 7890B series gas chromatograph coupled with an Agilent 5977A series mass spectrometer
and equipped with a HP-5MS Agilent column (0.25 mm × 30 m × 0.25µm). The headspace operating
conditions were as follows: The equilibration time was 20 min; the headspace oven, loop, and transfer
line temperatures were 110, 180 and 270 ◦C; 130, 200 and 280 ◦C; and 130, 200 and 280 ◦C respectively; the
shaking time was 2 min at low intensity; the injecting time was 2 min. GC operating conditions were as
follows: the carrier gas (helium) was set at a flow rate of 1.0 mL min−1 with the split ratio was 5:1; the
column temperature program was initially set at 50 ◦C for 1 min, and was gradually increased to 100 ◦C
at 3 ◦C min−1, then kept for 3 min before being gradually increased to 110, 180, or 270 ◦C at 10 ◦C min−1;
for MS detection, an electron ionization (EI) system was used with the ionization energy at 70 eV; the
temperature of the ion source and the quadrupole temperature was 230 and 150 ◦C, respectively; the
mass range was 50–550 amu in the full-scan acquisition mode with 3 min of solvent delay. The HSGC-MS
collected data were processed by MassHunter Qualitative Analysis B.06.00 for the peak deconvolution.
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The mass spectra with the well-resolved overlapping peaks were imported into the mass spectra library
software NIST MS Search 2.3 [26].

2.3.3. Molecular Weight Determination of Lignin

Lignin molecular weight and molecular weight distribution were determined by gel permeation
chromatography (GPC) as described previously [27] after being acetobrominated according to the protocol
proposed by Asikkala et al. [28]. More specifically, approximately 5 mg of lignin was initially reacted in a
1 mL solution of 9:1 v/v of glacial acetic acid/acetyl bromide (Sigma Aldrich, St. Louis, MO, USA) for
2 h, followed by removal of the solvent in a rotary evaporator. The sample was then dissolved in THF
(tetrahydrofuran; VWR Chemicals, Radnor, PA, USA), followed by solvent removal. This process was
done twice, to ensure that glacial acetic acid and acetyl bromide were properly removed. Finally, the
sample was dissolved in 1 mL of THF and used for the determination of the molecular weight. GPC
analysis was done in an HPLC apparatus equipped with a UV detector (PerkinElmer Flexar, Watham,
MA, USA) and a Styragel HR 4E (Waters; Miford, MA, USA) chromatographic column. THF was used as
mobile phase at 0.6 mL min−1 flow rate, and the column was kept at 40 ◦C. The UV detector was set at
280 nm. The calibration curves were prepared by using polystyrene standards (Sigma Aldrich). Molecular
masses calculated based on the calibration were rounded to the full hundreds.

2.3.4. FTIR Spectroscopy

The lignin samples were analyzed by a Cary 630 FTIR spectrometer (Agilent Technologies,
Santa Clara, CA, USA). All absorption spectra were obtained in the 4000–600 cm−1 range by 100 scans
at 4 cm−1 resolution. For background, 200 scans were acquired. Good contact between sample and
ATR-crystal surface was ensured before all measurements. All samples were measured in triplicate.

2.3.5. Quantitative 31P NMR Analysis

In general, a procedure similar to the one originally published and previously applied was
used [29]. Approximately 30 mg of the lignin were accurately weighed for analysis in a volumetric flask
and suspended in 400 µL of a solvent mixture of pyridine and deuterated chloroform (dCDCl3) (1.6:1,
v/v) the above prepared solvent solution. One hundred microliters of the internal standard solution,
i.e., cholesterol at a concentration of 0.1 M in the aforementioned NMR solvent mixture, were added.
50 mg of Cr(III) acetyl acetonate were added as relaxation agent to this solution, followed by 100µL of
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxa-phospholane (Cl-TMDP). After stirring for 120 min at ambient
temperature, 31P NMR spectra are recorded on a Bruker 400 MHz NMR spectrometer controlled by
TopSpin software, using an inverse gated decoupling technique with the probe temperature set to 20 ◦C.
The maximum standard deviation of the reported data is 0.02 mmoL g−1, while the maximum standard
error is 0.01 mmoL g−1. NMR data were processed with MestreNova (Version 8.1.1, Mestrelab Research,
Santiego de Compostela, Spain). Technical loadings are determined by comparing the abundancies of
total aromatic hydroxyl groups of the product lignin with the starting lignin.

2.3.6. Qualitative 1H-13C HSQC Analysis

Samples of around 90 mg were dissolved in 600µL DMSO-d6; chromium acetyl acetonate was
added as spin-relaxing agent at a final concentration of ca. 1.5–1.75 mg mL−1. HSQC spectra were
recorded at 27 ◦C on a Bruker 400 MHz instrument equipped with TopSpin 2.1 software. 1H-13C HSQC
spectra were obtained applying the following parameters for acquisition: TD = 2048 (F2), 512 (F1).
The Bruker hsqcetgp pulse program in DQD acquisition mode was used, with NS = 32; TD = 2048
(F2), 512 (F1); SW = 15.0191 ppm (F2), 149.9819 ppm (F1); O2 (F2) = 2000.65 Hz, O1 (F1) = 7545.96 Hz;
D1 = 2 s; CNST2 (1J(C-H) = 145; acquisition time F2 channel = 85.1968 ms, F1 channel = 8.4818 ms;
pulse length of the 90◦ high power pulse P1 was optimised for each sample. NMR data were processed
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with MestreNova; spectra were referenced to the residual signals of DMSO-d6 (2.49 ppm for 1H and
39.5 ppm for 13C domain, respectively).

2.3.7. Thermogravimetric Analysis

The lignin samples were firstly crushed to a fine powder in a mortar with a ceramic pestle.
The thermal decomposition of lignin samples was determined using an atmospheric thermogravimetric
instrument (Mettler Toledo, Columbus, OH, USA). The pyrolysis of lignin samples was investigated in
100 % volume fraction N2 (100 cm3 min−1 of N2 measured at 20 ◦C and 101.3 kPa). The reactivity of
lignin samples in 20 % volume fraction CO2 (20 cm3 min−1 of CO2 and 80 cm3 min−1 of N2 measured
at 20 ◦C and 101.3 kPa) and 5 % volume fraction O2 (5 cm3 min−1 of O2 and 95 cm3 min−1 of N2

measured at 20 ◦C and 101.3 kPa) was determined by loading 5 mg of sample in an Al2O3 crucible.
The lignin samples were firstly heated up to 110 ◦C and kept for 30 min isothermally for drying.
The dried samples were subsequently heated to 1100 ◦C at a constant heating rate of 10 ◦C min−1.
All measurements were conducted in duplicate to verify sufficient reproducibility.

3. Results and Discussion

3.1. Ultimate and Proximate Analysis

The ultimate and proximate analysis of fractionated lignin was carried out and the results are
shown in Table 1. Organosolv lignin fractions were free from sulphur, confirming previous results [30].
Table 1 shows carbon (C), oxygen (O), hydrogen (H), nitrogen (N) and sulphur (S) contents of all lignins
according to CHNS analyzer. The carbon content of lignin from sweet sorghum bagasse was slightly
lower than that of lignin samples from other feedstocks. Nitrogen content found in lignin reflects
contamination by residues of proteins or industrial fertilisers, especially in the case of the annual
plant-derived sorghum and cotton lignins. In most lignins except pine sawdust lignin, nitrogen amount
is in the range of 0.4–1.1 wt. % [31,32].

Table 1. Proximate and ultimate analysis of lignin that was fractionated from cotton, sweet sorghum,
pine sawdust, spruce bark (with and without the acid catalyst). The abbreviations of lignin fractionated
from pine sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce bark with (SBAL)
and without acid addition (SBNL) were used. The standard error for all measurements was <10 % of
the value.

Properties PL CL SSL SBAL SBNL

Proximate and ultimate analysis (% on dry basis)

Moisture a 2.1 0.1 0.4 0.1 0.2

C 65.2 64.9 61.9 66.5 64.6

H 6.3 7.0 5.9 6.7 6.4

O 28.0 26.3 31.0 25.8 27.8

N 0.4 1.7 1.1 0.9 1.1

S 0.1 0.1 0.1 0.1 0.1
a wt. % (as received).

Table 2 shows the results of analyses of impurities, cellulose and hemicellulose sugars and
ash in the various lignins, determined according to the NREL technical report [33]. The results
indicate that lignin samples are of high purity, exhibiting only low ash and carbohydrate contents.
Specifically, the highest carbohydrate impurities were observed in SSL and reached 7 % w/w,
whereas for the rest of lignins it was less than 2.3 % w/w. The ash content in all lignin samples
was less than 0.6 % w/w, with most of the samples to be below 0.3 % w/w (Table 2).
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Table 2. Composition in impurities ( %, w/w) and GPC analysis of the lignin samples. The abbreviations
of lignin fractionated from pine sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce
bark with (SBAL) and without acid addition (SBNL) were used. The standard error for all measurements
was <10 % of the value.

Feedstock Cellulose Hemicellulose Ash Mn Mw PDI
%, w/w Da

PL 0.2 0.9 0.2 1900 7700 4.4

CL 0.3 0.6 0.2 3400 16,800 4.9

SSL 4.1 2.9 0.3 1600 6600 4.1

SBAL 1.5 0.7 0.6 1600 10,600 6.6

SBNL 1.5 0.6 0.2 1600 8900 5.6

3.2. GPC Analysis

The molecular weight of lignin samples is given in Table 2. The lignin number average molecular
weight (Mn) varied from 1600 to 3400 Da with the highest weight for the cotton stalk lignin. The size
exclusion analysis showed a broad variation of the weight average molecular weight (Mw) from 6600
to 16,800 Da, emphasizing eventually the effect of feedstock and the structural characteristics between
the lignins of the various feedstocks in combination with the fractionation protocol applied. In general,
the molecular weight found for the lignin samples can be attributed to the milder reaction conditions
of the organosolv treatment used in the present study. Overall, lower number average molecular
weight samples exhibited also a lower polydispersity, corresponding to previous results [34–37].

3.3. FTIR Analysis

FTIR analysis was conducted to investigate the differences in main functional groups and
monomer composition in the tested lignin samples, as shown in Figure 1; band assignments are
summarized in the Appendix A (Table A1).
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Figure 1. Experimental IR spectra of lignin samples. The abbreviations of lignin fractionated from pine
sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce bark with (SBAL) and without
acid addition (SBNL) were used.
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The bands at 1514 and 1597 cm−1 were significantly pronounced in all lignin samples and represent
the aromatic skeletal vibrations [38,39]. All organosolv lignins from the different feedstocks presented
the vibration of C-H stretching in -CH2- and -CH3 group at 2960–2933 and 2853 cm−1, respectively,
as well as the C=O group stretching of carbonyl groups of α-oxidized structural motifs with bands
at 1694–1701 cm−1. Aromatic skeletal vibrations at 1514 cm−1, C-H deformations in CH2 and CH3

group (1450–1460 cm−1), aliphatic C-H stretch in CH3, not in OCH3 (1372 cm−1), G ring breathing
(1267–1272 cm−1), and aromatic C-H in plane deformation (G > S) (1028 cm−1) can be observed in
all lignin samples with different intensities. The intensity of the guaiacyl unit in CL and SSL was
represented by the peak at C-C and C-O stretch. FTIR absorptions indicative of syringyl units were
found to be stronger in CL and SSL, as one would expect based on the type of feedstock.

3.4. 31P NMR and 1H-13C HSQC Analysis

Quantitative 31P NMR analyses of the lignins under study reveal structural differences and
dominating types of aromatic structures given the starting biomasses. Results are summarized in
Table 3.

Table 3. 31P NMR analysis of lignin samples. The abbreviations of lignin fractionated from pine
sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce bark with (SBAL) and without
acid addition (SBNL) were used.

Lignin Aliph OH Aromatic OH Acidic Total Arom/Aliph

Cond G p-OH Total OH OH OH

mmoL g−1 mmoL g−1 mmoL g−1 mmoL g−1

PL 1.41 0.32 0.58 0.06 0.96 0.16 2.37 0.68

CL 1.06 0.46 0.41 0.14 1.00 0.26 2.06 0.95

SSL 1.64 0.55 0.39 0.45 1.39 0.27 3.03 0.85

SBAL 0.83 0.39 0.45 0.36 1.21 0.32 2.04 1.46

SBNL 0.87 0.25 0.43 0.32 1.01 0.31 1.88 1.16

Noteworthy, only the two bark lignin samples exhibit more phenolic OH than aliphatic OH,
with a significant difference in the SBAL sample. The positive effect of the presence of the acid
catalyst with respect to generating free phenolics is obvious in this case. The higher amounts of
S-type-phenolics found for CL and SSL reflect the presence of the syringyl monomers in the structure,
while overall notable presence of condensed units suggests that the treatment might cause, to a low
extend, intramolecular condensations.

HSQC spectra of lignins were acquired using fixed, standardised conditions in terms of
concentrations of samples and acquisition parameters to allow a comparative analysis without
quantification. Non-acetylated samples were dissolved in DMSO for analysis. Results are summarized
in Table 4. HSQC-analyses essentially confirm structural differences of the lignins as it can be expected
based on the starting biomasses. In terms of monomer composition, PL which has been chosen
as a base for its essentially ’pure G’ character compared to the other samples, shows the typical
G-units as essentially only monomer type present, and the presence of typical interunit binding motifs.
Cross peaks indicative for α-oxidized β-O-4’ motifs are present. Cinnamyl alcohol and aldehyde
are detectable end motifs in PL. The overall intensities of cross-peaks in the lower aliphatic region,
eventually attributable to the presence of further extractable aliphatic impurities and aliphatic end
groups of various nature are comparable to those found for CL and SSL, but inferior to those of the
bark samples. Traces of hemicellulose residues, especially xylan residues, in the lignin are detectable,
signs indicative of lignin-carbohydrate complexes (LCCs) in PL are de facto absent. CL shows the
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typical distribution of monomer types for herbaceous lignins, and standard interunit motifs are present
as well as typical termination motifs. Cross peaks indicative for α-oxidized β-O-4’ motifs are less
intense than for PL. Traces of hemicellulose residues in the lignin are detectable, signs indicative of
lignin-carbohydrate complexes (LCCs) are absent here as well. The sample contains a significant
amount of para-coumarates as one could expect compared to PL.

A more densely populated aliphatic region indicates the presence of larger amounts of extractives
in the sample compared to PL. Moreover, SSL contains still some extractives/aliphatics but in overall
lower concentrations when normalizing abundancies to PL. Apart from standard monomer units for
this lignin, the sweet sorghum bagasse sample contains the standard bonding motifs, seemingly in less
abundance than PL and CL. However, given the fact that the sample due to the presence of the S-units,
contains significantly more methoxy groups per C9-unit, differences as highlighted in Table 4 must not
be overinterpreted. Nevertheless, coumarate residues can be seen as significantly enhanced also with
respect to CL. The sample contains significantly higher concentrations of hemicellulose residues than
PL and CL.

Both bark extracts, i.e., SBAL and SBNL, give rather different HSQC spectra compared to the
other lignin samples as is expectable. The two samples are overall very similar, showing mainly β-O-4’
and β-O-5’ interunit bondings. The clear presence of LCC-indicating cross-peaks in SBNL vs. traces
of these peaks in SBAL is in agreement with the 31P NMR findings discussed above, hinting at the
effectiveness of the acid treatment for eventually cleaving LCC bonding motifs and facilitating thus
removal of carbohydrates. Both bark samples are characterized by high intensities of cross-peaks
in the lower aliphatic region, eventually attributable to the presence of higher amounts of polar
extractable impurities.
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Table 4. Summary of identified structural motifs in the lignins under study based on HSQC-analyses. PL has been set as base for comparison across all samples; SBAL
and SBNL compared directly. The abbreviations of lignin fractionated from pine sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce bark with
(SBAL) and without acid addition (SBNL) were used.

Bonding Motif δ 1H δ 13C Comparison to PL, % Comparison SBAL, SBNL, %

ppm PL CL SSL SBAL SBNL SBAL SBNL

H2,6-H 7.23 128.23 0.86 0.85 1.13 1.52 1.27 2.17 −0.10

G2-H 7.00 110.64 13.34 −0.47 −0.74 −0.29 −0.45 9.47 −0.23

S2,6-H 6.72 103.65 1.71 5.10 3.29 0.28 0.02 2.19 −0.20

Hγ in cinn-OH 4.04 59.85 1.34 1.82 0.75 4.72 4.37 7.67 −0.06

Hα in β-O-4’ 4.87 71.35 3.33 0.26 −0.47 −0.46 −0.47 1.79 −0.02

Hβ in β-O-4’ 4.34 83.12 3.57 −0.41 −0.69 −0.55 −0.55 1.62 −0.01

Hβ in β-O-4’ α-C=O G 7.48 110.83 1.14 −0.15 −0.54 −0.18 −0.43 0.94 −0.31

Hα in β-5’ 5.47 86.74 2.35 −0.51 −0.84 −0.50 −0.55 1.18 −0.10

Hα in β-β’ 4.65 85.11 0.68 0.34 −0.71 −0.40 −0.22 0.41 0.29

Hβ in β-β’ 3.06 53.66 1.21 0.31 −0.67 0.03 −0.04 1.25 −0.07

Hβ in epi-β-β’ 2.86 53.61 0.55 −0.04 −0.73 −0.09 −0.29 0.50 −0.22

benzaldehyde 6.84 126.49 0.57 −0.84 −0.81 4.98 4.89 3.41 −0.01

G-hydroxyethylketone 1.24 21.93 7.49 0.16 −0.74 0.95 0.58 14.57 −0.19

Aryl ethyl ketone 2.21 33.2 2.37 3.27 0.02 7.57 5.80 20.31 −0.21

Cinnamyl aldehyde 6.96 123.8 0.61 −0.79 −0.87 4.41 4.15 3.30 −0.05

FA-H6 7.16 123.97 0.92 −0.60 −0.61 3.14 3.01 3.81 −0.03

PCE-H2,6 7.47 129.91 0.23 0.65 21.17 1.35 2.04 0.54 0.30

xylan signals
3.05 72.47

3.29 73.64 0.36 0.31 2.57 0.99 1.11 0.73 0.10

3.52 75.26
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3.5. Headspace Gas Chromatography-Mass Spectrometry

The formation of main compounds during HSGC-MS treatment of lignin was investigated at
treatment temperatures of 110, 180 and 270 ◦C. Only compounds with a spectral match quality greater
than 85 % and an abundance of greater than 0.5 % are listed in the Table 5.

The HSGC-MS analysis at 110 ◦C indicated only a few compounds in the vapor of lignin samples:
Isovanilline in CL, PL, SSL, vanillin in SBNL and SBAL, eugenol in PL, coumaran, α-curcumene,
o-guaiacol and succinic acid in CL, cadelene in SBAL, CL and PL. The presence of coumaran in CL
agrees with the literature as lignin in grasses generally contains significant greater amount of coumaryl
(H) (5–35 %) than in softwoods [40]. The detected vanillin-based compounds represent the G-group
unit [41]. The increase of vanillin concentration during the heating is the result of the oxidative
degradation of guaiacyl structures [42]. The other released aromatic compounds, i.e., isovanilline,
etc., have other aromatic origins or can be seen as products of more complex degradation/migration
and rearrangements occuring upon heating under air. The relative amounts of vanillin were less
abundant in CL and SSL for the reason of smaller proportion of guaiacyl units in herbaceous
biomass than in softwood. Both bark lignin samples retain greater concentrations of extractives
bonded to their structure than other samples, as the results listed in Table 5 show. Even using the
additional ethanol-water or water-diethyl ether washing of lignin indicated that extractives can remain
partially linked to lignin fibers due to their affinity [43]. In addition, previous results showed that
α-curcumene and cadelene could be formed during low temperature heating of resins [44]. The most
abundant fragment released during HSGC-MS analysis was calamenene in SBNL and SBAL and PL
samples, which were previously found in the released compound vapor of coniferous wood [45]. This
result agrees with the thermogravimetric analysis of lignin samples, whereas lignins fractionated
from softwood showed a pronounced DTG peak at low temperatures, as discussed in Section 3.6.
Overall, cotton stalks lignin showed the broadest distribution of released compounds during headspace
analysis at 110 ◦C.

An increase in heat treatment temperature from 110 ◦C to 180 ◦C and then 270 ◦C during HSGC-MS
analysis led to an increase in aromatic compounds and esters, and decrease in aldehydes which mainly
originated from remaining impurities of hemicellulose and cellulose, as previously discussed [46]. The
ethyl levulinate found in SSL, SBNL, SBAL and CL and dehydroabietal detected in SSL were released at
180 ◦C, emphasizing the presence of cellulose-related compounds, which were, however, not observed
any more at 270 ◦C. Moreover, HSGC-MS treatment at 180 ◦C led to the formation of 5-formylfurfural
in SBNL, SBAL, and SSL, confirming the presence of hemicellulose-related species, in accordance with
HSQC data. This result agrees with the thermogravimetric analysis (see Section 3.6), whereas both bark
lignins showed a pronounced DTG peak at low temperatures that indicates the presence of remaining
extractives and carbohydrates. Results further indicate that compounds in the vapor phase at 270 ◦C
analysis were mainly oxygenated aromatic chemicals. The main products in the HSGC-MS analysis of
SSL, PL, SBAL, SBNL and CL at 270 ◦C were vanillin, acetovanillone and o-guaiacol, stemming from
G-based structural units. Isoeugenol, 4-ethylguaiacol, vanillin and methyl vanillate were present in all
lignin samples, with noteworthy exception of SBAL, whereas 4-vinylguaiacol was detected in all lignin
samples with the exception of both spruce bark lignins. These results are in agreement with data of
thermogravimetric analyses indicating an increased release of guaiacol and its derivatives with higher
heating temperatures. At 180 and 270 ◦C, all lignin samples, except PL at both temperatures and CL at
270 ◦C, formed succinic acid, stemming from oxidative cleavage under the severe conditions.
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Table 5. List of identified compounds from HSGC-MS analysis at headspace oven temperature of 110, 180, 270 ◦C of lignin fractionated from pine sawdust (PL),
cotton stalks (CL), sweet sorghum (SSL), spruce bark with an acid catalyst (SBAL) and spruce bark without the acid catalyst (SBNL).

No Compound Presence with More than 0.5 % of Total Amount in Lignin Samples at T Equal

110 ◦C 180 ◦C 270 ◦C

1 Acetosyringone PL

2 Acetovanillone SSL, PL, CL, SBNL, SBAL

3 5-Acetoxymethyl-2-furaldehyde PL

4 4-Acetylsyringol SSL, CL, PL, BNL SSL, CL

5 1,2-Benzenediol CL, SBNL, SBAL

6 Benzoic acid PL

7 Cadelene SBAL, CL, PL SBNL, SBAL SBNL

8 α-Calacorene SBAL

9 Calamenene SBAL, SBNL, PL SBAL, SBNL, PL SBAL, SBNL, PL

10 γ-Caprolactone CL

11 γ-Carboethoxy-γ-butyrolactone SBAL, CL

12 Cembrene SBNL

13 Coumaran CL, SSL CL, SSL

14 α-Curcumene CL

15 Decanal SBAL, SBNL

16 2-Decanone CL

17 Dehydroabietal SBAL, SBNL

18 Dehydroabietan SBAL, SSL

19 Dihydroeugenol PL

20 Ethyl coumarate SSL, SBNL

21 Ethyl DL-malate SSL, SBAL, SBNL

22 Ethyl elaidate SSL, CL

23 Ethyl heptadecanoate SBAL, SBNL
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Table 5. Cont.

No Compound Presence with More than 0.5 % of Total Amount in Lignin Samples at T Equal

110 ◦C 180 ◦C 270 ◦C

24 Ethyl homovanillate SSL

25 Ethyl levulinate CL, SBAL, SBNL, SSL

26 Ethyl linolenate SBAL, CL CL

27 Ethyl oleate SBNL, CL

28 Ethyl pentadecanoate SSL

29 Ethyl pyroglumate SSL

30 4-Ethylguaiacol SSL, SBNL, SBAL SSL, SBNL, CL, PL

31 Ethylhexyl benzoate PL

32 Eugenol PL

33 4-Ethylphenol SSL, SBNL, SBAL, CL SBAL, CL, SSL

34 Ferulic acid ethyl ester SSL SSL, CL

35 5-Formylfurfural SBAL, SBNL, SSL

36 4-Formylphenol PL SSL, PL

37 2-Furoic acid SBAL SBNL

38 Guaiacylacetone SSL, CL SSL, SBNL, CL

39 5-Hydroxymethylfurfural SSL, PL, SBAL SSL, PL

40 Isoeugenol CL CL, SBNL, SBAL, PL, SSL SSL, SBNL, CL, PL

41 8-Isopropyl-1,3-dimethylphenanthrene PL

42 Isovanilline CL, PL, SSL PL

43 Levoglucosan SBNL

44 Methoxyeugenol SSL, CL, SBNL

45 (1-Methoxy-pentyl)-cyclopropane SBAL, SBNL SBNL

46 Methyl dehydroabiatate PL SBAL, SBNL

47 Methyl pimarate SBNL, SSL

48 Methyl vanillate SSL, PL, CL, SBNL

49 Mono(2-ethylhexyl)phthalate SSL, PL, SBAL, CL SSL, PL, SBAL, CL
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Table 5. Cont.

No Compound Presence with More than 0.5 % of Total Amount in Lignin Samples at T Equal

110 ◦C 180 ◦C 270 ◦C

50 Naphthalene SBAL

51 Nonanal SBAL SBAL, PL

52 Nonanoic acid CL CL

53 9,12-Octadecadienoic acid SSL SSL

54 Octadecenoic acid SSL, SBNL

55 o-Guaiacol CL CL, PL, SSL, SBNL, SBAL CL, PL, SSL, SBNL, SBAL

56 o-Pyrocatechualdehyde SBAL, SBNL

57 4-Oxononanal CL

58 Palmitic acid SBAL, CL

59 Palmitic acid ethyl ester CL SBAL, SSL, SBNL, CL SBAL, SSL, SBNL, CL

60 p-cresol PL, SSL

61 p-Formylphenol CL

62 Propenal SSL, PL

63 3-Pyridinol SSL SBNL, CL

64 Retene SSL, SBAL, SBNL, CL, PL SSL, SBAL, SBNL, CL, PL

65 Succinic acid CL CL, SBNL, SBAL, SSL SBAL, SBNL, SSL

66 Syringa aldehyde SSL, CL SSL

67 Syringaldehyde SSL, CL, PL

68 Syringol CL CL

69 Tetradecanal CL

70 2-Tetradecanone CL

71 2-Undecanone CL

72 Vanillin SBNL, SBAL SSL, CL, PL SBNL, SSL, SBAL, CL, PL

73 4-Vinylguaiacol CL SSL, CL, PL, SBNL, SBAL SSL, CL, PL



Processes 2020, 8, 860 14 of 21

The major difference of CL and SSL to other samples lies in the presence of acetylsyringol and
ferulic acid ethyl ester in their structure confirming the typical presence of dimethoxyphenols for these
lignins. Ferulate and coumarate esters present the major part of LCC linkages in herbaceous biomass
which can produce ester linkage with polysaccharides and proteins due to the presence of carboxylic
acid groups at the end of propenyl groups [47]. In comparison to previous results, esterified fatty
alcohols were detected in significant smaller numbers in this study, hinting at the effectiveness of the
treatment in terms of removing these impurities [48,49].

No p-cresol was detected in cotton and spruce bark lignins. Free fatty acids were present in the
range from palmitic to 13-octadecadienoic acid. The esterified fatty acids were detected in all lignin
samples as impurities. In addition, the HSGC-MS analysis of all lignin samples at 180 and 270 ◦C
showed the presence of retene in the vapor phase, indicating the presence of such lipid components as
impurities in all lignin samples, including the lignin from herbaceous cotton stalks (CL). The presence
of dihydroabietal at 180 ◦C in both spruce bark lignin samples and absence at 270 ◦C emphasizes the
impact of temperature on the released products during HSGC-MS analysis as well as their potential
stability limits.

3.6. Thermogravimetric Analysis

The thermogravimetric analysis showed that the conversion of all lignin samples was similar.
The main difference in O2 and CO2 reactivity of lignin samples was observed in the higher maximum
temperature of PL compared to other lignin samples due to the shift of the DTG peak to the higher
temperatures. The DTG curves show a double broad peak that indicates a heterogeneous lignocellulosic
mixture with respect to O2 and CO2 reactivity [50,51].

The DTG peaks of lignin degradation can be interpreted on the basis of the above discussed
structural differences between various lignin samples, taking into account also impurities [52].
In agreement with HSQC-analyses, the first DTG peak during pyrolysis ranging from 200 to 300 ◦C
can be referred to as the degradation of carbohydrates and contained extractives, i.e., fatty acids,
pheromones, etc., as observed in the GC-MS headspace analysis, respectively. The second DTG
peak located between 300 and 380 ◦C can be associated with the presence of mixed HGS structures
as common in CL and SSL, followed by the third DTG peak that can be seen as reflecting G-only,
or G-dominant lignin structures as typical in PL, SBAL and SBNL between 375 and 500 ◦C. The three
DTG peaks indicate the development of three main components: A reactive carbon constituent,
a carbon constituent with intermediate reactivity, and a less reactive carbon structure with reactivity
that approaches that of commercial guaiacol [53]. The reactivities of lignin isolated from spruce bark
with or without the use of the acid catalyst during the organosolv process were similar in terms of
thermal characteristics, reflecting the basic structural similarity.

Data further underline the fact that both bark lignins have a similar composition. The first DTG
peak was in absolute terms more visible for the bark lignins compared to other samples. This eventually
reflects the greater amount of extractives remaining in the lignin after fractionation, as reported by
the HSQC-analyses. SSL showed only a shoulder of the DTG peak with the maximum temperature
shifted by 10 ◦C to higher temperatures compared to both bark lignins. Accumulative analysis of the
curves indicate that lignins fractionated from herbaceous species are thermally less stable than those
of softwood, which is in line with previous results [54,55]. Interestingly, the thermal data do not seem
to reflect the ratio of aliphatic to aromatic OH-groups, or the impact of phenolic OH-group content.
Both bark lignin, i.e., SBAL and SBNL, exhibiting significantly more phenolic than aliphatic OH-groups,
show similar DTG curves compared to the other lignins. SBAL and SSL, representing the two lignins
with the highest amount of phenolic OH, do not show drastic differences to the other samples.
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4. Discussion

Thermogravimetric experiments demonstrated that the intrinsic reactivity of organosolv lignin
under pyrolysis conditions or towards O2 and CO2 was similar due to the presence of DTG peaks in the
same temperature range, with noteworthy exception of the PL sample. The PL sample was less reactive
than other lignin samples. In principle, the reactivity of lignin can be affected by differences in organic
composition and ash content [56,57]. However, the ash content of both spruce lignin SBAL and SBNL
was below 0.6 %, db, as shown in the proximate analysis (Table 2). Both bark lignin samples showed
similar peak temperatures at 250 and 400 ◦C. Moreover, the first DTG peak of ash lean CL is shifted
to the lower temperatures emphasizing that the degradation of organosolv lignin strongly depends,
apart from fundamental structural differences, on the remaining carbohydrates and extractives after
fractionation and less on the ash content. The results have shown that lignins richer in guaiacol unit
are less reactive than herbaceous lignins containing additionally H- and S-type phenolics, as shown in
Figure 2b,c. This could be explained by the formation of large condensed and polyaromatic structures
from guaiacol during heating of softwood lignin, whereas the HGS and GS lignins contain a high
number of methoxy groups leading to less thermal stability on the basis of an altered reactivity [58,59].
On the basis of the array of lignins studied in here it is not possible, however, to identify points in
the curves that would clearly reflect differences in phenolic OH-group content or the ratio between
aliphatic and aromatic OH-groups. Even when comparing G-lignin PL with structurally similar SBAL
and SBNL, spectroscopically observed trends in terms of OH-group contents are not clearly delineable
in thermogravimetric analysis.

The formation of levoglucosan found in case of SBNL indicates that an acid treatment is beneficial
for facilitating removal of sugars in the generation of bark lignins. Simultaneously, the formation of
phenols and lignin recondensation was enhanced during organosolv spruce bark fractionation using
acid catalysts, as shown previously [60]. The presence of a catalyst promotes the cleavage of lignin
aryl-ether bonds, releasing lignin fractions with lower molecular weight [61]. However, the reactivity
of SBAL and SBNL samples in the thermal analysis was similar despite the differences in a polymer
size and chemical composition in terms of impurities present. In addition, HSQC data suggest that the
acid treatment in case of SBAL has no clear influence on the effectiveness of the hemicellulose removal.
Chemical and HSQC-based analysis of SSL shows that sweet sorghum bagasse contains a higher
concentration of polysaccharides impurities compared to the other lignin samples; however, headspace
analysis did not reveal the formation of compounds that could be traced back to sugar residues. This
finding is thus in line with the findings for carbohydrate-containing spruce bark lignins SBAL and
SBNL. The literature reports a linkage between cellulose and lignin in spruce bark that is resistant to
cleavage by sodium hydroxide [62]. Presence of sugar residues in the sample emphasizes, nevertheless,
the more tedious process to extract the lignin from sweet sorghum bagasse. By means of purification
techniques the residual polysaccharide content can be reduced by changing also the composition of
the residual polysaccharides, e.g., glucose content decreases and the arabinose content increases due
to the participation of this sugar in a lignin-polysaccharide linkage [63]. The compositional differences
among lignins affected the distribution of weight losses during thermogravimetric analysis.

The results of this work demonstrate that the compositional differences among the lignin samples
form the base for observed differences in the pyrolysis and O2/CO2 reactivity, as well as for the nature
of released compounds during HSGC-MS analysis at different temperatures. The level of impurities in
the organosolv lignin is generally low, and these low levels of remaining extractives and sugars in the
lignins after organosolv fractionation do not affect the thermal stability of lignin; to a limited extend,
however, they influence the formation of released products during HSGC-MS heating, leading to the
formation of furfural-based products and the detection of fatty acids and derivatives.
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Figure 2. (a–c) DTG curves of lignin samples in 100 % N2, O2 (5 % volume fraction O2 + 95 % volume
fraction N2) and CO2 (20 % volume fraction CO2 + 80 % volume fraction N2). The abbreviations of lignin
fractionated from pine sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce bark
with (SBAL) and without acid addition (SBNL) were used.

5. Conclusions

Five organosolv lignins from two different classes of biomass were chemically and structurally
analysed. Three softwood lignins and two herbaceous lignins were compared. Softwood lignin samples
consisted of one main wood sample and two bark samples. These five lignins were analysed for impurities
and structural features; the identified characteristics were correlated to data obtained in thermal treatment
and gas phase analyses at various temperatures. The analysis of volatiles showed that the composition
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of the lignin backbones can be predicted in terms of a monomer type content. Presence of potential
impurities, such as carbohydrates and fatty acids in original lignin can be identified using the head-space
GC-MS analysis of volatiles. More interestingly, it was possible to correlate the general shape of the curves
obtained in thermogravimetric analysis under various atmospheres to structural differences of lignins.
These results suggest that G-type lignins can potentially be differentiated in HGS- and GS-lignins by
comparison of mass loss curves, as long as they were isolated from the same biorefinery process, which
yields lignins of comparable impurities. With respect to valorisation approaches, important differences in
the relative amount of free phenolic OH-groups, and/or their ratio to aliphatic OH-groups in the side
chains were not explicitly reflected, but contributed in a complex manner to the shape of mass loss curves.
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Appendix A. FTIR Analysis

FTIR spectra of lignin samples are summarized in Table A1.

Table A1. Summary of FT-IR peak/band assignment for fractionated lignin samples. The abbreviations
of lignin fractionated from pine sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL),
spruce bark with (SBAL) and without acid addition (SBNL) were used.

Band Position, cm−1

Peak AssignmentSSL CL PL SBNL SBAL

2960, 2933 C-H stretch [64]

2953 C-H stretching in CH2 and CH3 [64]

1701 1694 C=O stretching, unconjugated [65]

1597 aromatic skeletal vibrations (S > G) [38]

1514 aromatic skeletal vibrations (G > S) [65]

1460 1450 C-H deformations in CH2 and CH3 [39]

1420 Aromatic skeletal vibrations [39]

1372 C-H bending [66]

1328 S ring breathing [39]

1267 1272 G ring stretching [66]

1215 1202 C-C and C-O stretch [67]

1163 1155 C-O stretch in ester groups (HGS) [39]

1115 C-O stretch, -OCH3 (S) [68,69]

1072 C-O stretching [70]

1028 C-C, C-OH, C-H ring [39]

990 HC=CH-out-of-plane deformation [45]

CH-out-of-plane deformation in ethylenic double bonds [67]

828 820 CH-out-of-plane in positions 2, 5, and 6 of G units [45]
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