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1 | INTRODUCTION

As the demand for fossil oil has increased in recent dec-
ades and tends to continue this way, the demand for

Abstract

Separation of the heterogeneous lignin macromolecule in fractions with increased
homogeneity, as well as different structural (molar mass) and functional (hydroxy
groups, -OH) features is important in terms of its use as a chemical building
block. For this purpose, three thermal separation techniques were investigated and
compared: solvent extraction, successive precipitation and ultrafiltration. One
important issue in this context is the utilization of organic solvents with low boil-
ing points to ensure a simple and efficient recovery. In addition to a softwood
Kraft lignin (Indulin AT) as reference lignin, two sulfur-free Organosolv lignins
from short rotation coppice (“poplar with bark) and from the energy grass Mis-
canthus x gigantheus were investigated. The lignins were separated into low,
medium and high molecular weight fractions. Due to the different initial structural
features and the associated varying solubility properties in such lignins, different
organic solvents were needed for dissolution and precipitation of the individual
lignin fractions. The polarity of the used solvent is one key factor regarding the
yield of the soluble fraction and the success of molecular sorting into low, med-
ium, and high molecular weight. Further structural features, for example the ali-
phatic OH-group content increased with rising molecular weight of poplar,
miscanthus, and Kraft lignin from minimum 0.72, 0.3, and 1.6 mmol/g to maxi-
mum 2.4, 1.6, and 2.8 mmol/g, respectively. The number of phenolic OH-groups
decreased from maximum 3.8, 4.3, and 4.2 to minimum 1.4, 2.7, and 2.9, respec-
tively. The presented work illustrate options regarding the molecular sorting of
several lignin types with three thermal techniques into fractions differing in key
properties (yield, molecular weight, polydispersity, functional groups) for material

applications.

alternative and renewable resources has also increased with
regard to substitute limited fossil resources (International
Energy Agency, 2013; Laurichesse & Avérous, 2014). A
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sustainable substitution for this fossil resources in chemical
applications might be lignin due to its phenolic basic struc-
ture as bio-based building block for value-added products
like epoxy resins or polyurethane foams (Asada, Basnet,
Otsuka, Sasaki, & Nakamura, 2015; Wysocka, Szymona,
McDonald, & Maminski, 2016).

Lignin is a three-dimensional polymer and as part of the
lignocellulosic biomass the second most abundant natural
polymer next to cellulose. The lignin structure consists of
three phenolic monomer building blocks p-hydroxyphenyl
(H), guaiacyl (G), and syringyl (S) which are linked irregu-
lar through ether and carbon-carbon bonds resulting in
heterogenic and hydrophobic macromolecules (Dorrestijn,
Laarhoven, Arends, & Mulder, 2000; Sjostrom, 1993). The
structure of lignin as well as the amount of the three mono-
mer units depends on the origin and type of the lignocellu-
losic biomass. Softwood lignin is almost exclusively built
of G units, hardwood contains S and G units while grass
lignin consists of an almost equal H/G/S mixture (Gellerst-
edt & Henriksson, 2008).

To separate lignin from the lignocellulose compound,
intermolecular linkages are broken during the pulping pro-
cess. Molecular weight as well as the composition of sev-
eral functional group (hydroxy, methoxy, carboxyl) bearing
moieties are affected by the choice of separation process
(del Rio et al., 2012; Toledano, Garcia, Mondragon, &
Labidi, 2010).

The most widely available lignin is produced as a by-
product in the pulp and paper industry during the Kraft
process and is usually burnt for energy production and
recovery of pulping chemicals. Due to the application of
sodium sulfide in the Kraft process, sulfur is incorporated
in the form of aliphatic thiol groups into the lignin struc-
ture (Azadi, Inderwildi, Farnood, & King, 2013). In addi-
sulfur content, Kraft lignin has further
drawbacks with regard to subsequent processes or applica-
tions as for example its low reactivity (Doherty, Mousavi-
oun, & Fellows, 2011). Furthermore, new C-C bonds (5—
5") are formed in condensation processes especially in soft-
wood lignin, leading to an increase in the molecular weight
(Duval, Vilaplana, Crestini, & Lawoko, 2015).

The percentage of lignin used in the production of com-
mercial applications is about 5% of the more than 70 mil-
lion tons of lignin produced annually. These applications
include binders, dispersants, additives, and surfactants.
Next to the industrial production of vanillin and dimethyl-
sulfoxide (DMSO), the development of lignin-based poly-
ols as precursors for polymer synthesis has been advanced
(Laurichesse & Avérous, 2014). Furthermore, a thermoplas-
tic polymer from lignin and natural fibers called Arbo-
form©, which can be injection-molded, was produced and
launched by Tecnaro (Germany; Inone-Kauffmann, 2009).
Further developments were lignin-based carbon fibers
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(Norgren & Edlund, 2014), carbon nanoparticles (Kame-
gawa et al., 2016) and polyolefine-based composites con-
taining amounts of lignin (Schorr, Diouf, & Stevanovic,
2014).

Chemical applications of lignin require well defined
polydispersity, functionality, reactivity, and homogeneity
which can be improved by fractionation of the lignin. The
number of functional groups in lignin is connected to the
molecular weight distribution; therefore, it can be expected
that the thermal and mechanical properties of possible lig-
nin-based polymer applications can be influenced by the
choice of the lignin fraction used (Yoshida, Morck, Kring-
stad, & Hatakeyama, 1990) as it was already proven for
copolymers of lignin with highly branched prepolymer (Li,
Sivasankarapillai, & McDonald, 2014).

Commonly applied fractionation techniques are solvent
extraction, pH-depended successive precipitation of black
liquor and membrane filtration, which have already been
investigated in many studies, in particular for the fractiona-
tion of Kraft lignin (Duval et al., 2015; Li & McDonald,
2014). Although some studies on the fractionation of
Organosolv (OS) lignin already exist, these are primarily
limited to the solvent fractionation using water to precipi-
tate lignin fractions from organic solvents (Dominguez-
Robles et al., 2018; Sadeghifar et al., 2016). However,
aqueous waste streams are always a problem of disposal
and sample drying. Therefore, it seems more economical to
focus on the use of organic solvents, which can be easily
recovered by distillation. Furthermore membrane filtration
and selective precipitation of OS lignin are poorly uninves-
tigated.

The fractionation of Kraft lignin by successive extrac-
tion using organic solvents with varying polarity was first
described by Morck, Yoshida, and Kringstad (1986). The
authors used dichloromethane, n-propanol, methanol, and
methanol/dichloromethane mixtures. Investigations on the
applicability of low boiling organic solvents like diethy-
lether and acetone (Ropponen et al., 2011), diethylether
and methanol (Thring, Vanderlaan, & Griffin, 1996) and
several others (Wang, Xu, & Sun, 2010) followed. Ionic
liquids and organic solvents as fractionation reagents of
soda lignin were compared by (Lauberts et al., 2017).

For selective precipitation the lignin fractions can be
isolated directly from the black liquor by stepwise reduc-
tion of the pH value (Toledano, Serrano, Garcia, Mon-
dragon, & Labidi, 2010). In a different approach, the solid
lignin is first dissolved in an organic solvent and subse-
quently precipitated by adding nonpolar or aqueous sol-
vents. (Cui, Sun, & Argyropoulos, 2014) demonstrated a
selective precipitation method for several softwood Kraft
lignins by adding hexane to an acetone-lignin solution.

Membrane technology was used in ultrafiltration, apply-
ing membranes with differing cutoffs for the free-reagent
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fractionation of various black liquors (Costa, Pinto, &
Rodrigues, 2018; Toledano, Garcia, et al., 2010; Toledano,
Serrano, et al., 2010). As membranes of various material
compositions are available, ceramic membranes were found
to be the most suitable option for lignin fractionation due
to their temperature and pH resistance (Jonsson & Wall-
berg, 2009).

So far, there is no study available comparing the appli-
cation of three different fractionation methods on the same
feedstocks, particularly considering the functionality of the
product fractions obtained. Therefore, two OS lignins from
short rotation poplar with bark and Miscanthus x gigan-
theus as well as a softwood Kraft lignin (Indulin AT) were
fractionated into low (LMW), medium (MMW), and high
molecular weight (HMW) fractions by means of three dif-
ferent thermal separation techniques: solvent extraction,
successive precipitation, and membrane filtration. Suitable
solvent mixtures for each lignin and fractionation method
were determined. Indulin AT is used as reference to com-
pare the investigated hardwood and grass lignins with an
industrial lignin. The obtained lignin fractions were investi-
gated regarding mass yield, structural (molecular weight
distribution, elemental composition) and functional (OH-
group number) features. Finally, the use of the lignin frac-
tions as bio-based building blocks for the generation of
polyfunctional intermediates and other applications will be
discussed.

2 | MATERIALS AND METHODS

2.1 | Materials

Indulin AT was purchased from Westrock Company
(Atlanta, USA), delivered by Interchem Austria (Woergl,
Austria) and used without further purification.

Both OS lignins (short rotation poplar with bark,
“Poplar” and Miscanthus x gigantheus, “Misc”) were pro-
duced in an acid-catalyzed ethanol-water Organosolv pro-
cess, performed in a 13 L batch reactor. The process
parameters were set to 190°C, 205 min reaction time, 59
wt.% ethanol content, solid/liquid ratio as 1:7 for poplar
and 190°C, 180-min reaction time, 40 wt.% ethanol content
with a solid/liquid ratio of 1:8 for miscanthus, respectively.
Sulfuric acid (0.5 wt.% of dry biomass) was used as cata-
lyst. Lignin precipitation was performed by evaporation of
the ethanol at 35°C and reduced pressure. The received lig-
nin was washed several times with demineralized water
(approx. 10 L for 200 g lignin) to remove sugars and all
samples were air-dried.

All chemical reagents in this study were purchased
from VWR, Sigma-Aldrich or deuterated solvents from
Deutero GmbH and used as received without further
purification.

2.2 | Fractionation methods

2.2.1 | Solvent extraction

Ten grams of Kraft lignin was first dissolved in 100 ml of
various organic solvents by stirring for one hour. The insol-
uble lignin fraction was filtered off, dried in a vacuum oven
over night at 30°C, and subsequently dispersed in 50 ml of
another organic solvent. After stirring again for one hour, the
precipitate was separated by filtration. The dissolved lignin
fraction was obtained by evaporating the organic solvent at
reduced pressure and dried in a vacuum oven at 30°C.

Following the same protocol, the OS lignins were frac-
tionated using different organic solvents.

2.2.2 | Successive precipitation

Ten grams Indulin AT were dissolved in a 100-ml methanol/
dichloromethane solution (3:2). The insoluble lignin fraction was
filtered off and dried at reduced pressure at 30°C. The liquid
phase was precipitated twice by adding 50 ml several organic
solvents successively. Each precipitate was filtered, the soluble
fraction as received by evaporation of solvents at reduced pres-
sure and all samples were dried in a vacuum oven at 30°C.

Ten grams of the two OS lignin samples was dissolved
in 100 ml acetone. The fractions were processed by adding
organic solvents as described above.

2.2.3 | Membrane filtration

Membrane filtration was performed using ceramic mem-
branes (ZrO,) supplied by TAMI Industries (Nyons,
France). Multichannel and tubular membranes (2.5 mm
length) with 1, 15, 50 and 150 kDa cutoffs, with an
hydraulic diameter of 2.0 mm and a surface of 133.3 cm?
were used. Ultrafiltration was performed in a cross flow
mode, filtrating the lignin solutions successively through
two membranes with decreasing cutoffs.

The lignin samples were dissolved in acetone/water
(5:1) with a concentration of 10 g/L. The dissolved lignin
samples were first filtered through a membrane with bigger
cutoff producing a concentrate and a permeate fraction.
The obtained permeates were subsequently filtered again
through a smaller cutoff membrane. The resulting three lig-
nin fractions were precipitated by solvent evaporation and
dried in a vacuum oven at a temperature of 30°C.

2.3 | Analytical characterization of lignin
fractions

Elemental analysis of Organosolv (CHON) and Kraft lignin
(CHONS) was performed using an Electron Flash EA 1112
device by Thermo Fisher Scientific (Karlsruhe, Germany).
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The lignin samples were additionally analyzed by gel
permeation chromatography (GPC) in tetrahydrofuran
(THF) after acetylation with pyridine and acetic anhydride
(2:1) with a concentration of 2-3 g/L. to determine M,,
(molar average molecular weight) and M, (number average
molecular weight) (Glasser, Davé, & Frazier, 1993). The
measurements were performed on a HPLC series 1100
device by Agilent Technologies (Germany) with a PSS
SDV precolumn, 3 PSS SDV columns (100 A, 1,000 A,
10°A; 5 W) and a Diode Array Detector. Tetrahydrofuran
(THF) was used as mobile phase with a flow rate of 1 ml/
min. The column temperature was 35°C and polystyrene
standards in a range of 682—66,000 g/mol were used for
calibration. Although GPC of lignins using a linear calibra-
tion standard due to secondary effects introduces inaccura-
cies, it provides useful and comparable average values
regarding molecular weight distribution of low molecular
weight lignins with low polydispersity (Baumberger et al.,
2007).

NMR spectra were recorded at 7= 300 K on a Bruker
Avance III 400 spectrometer operating at 400.18 MHz for
'"H and 161.99 MHz for *'P. The spectrometer was
equipped with a z-gradient broadband observe room tem-
perature probe (BBFOP'™) optimized for x-magnetization
detection. Chemical shifts are referenced internally to TMS
(Tetramthylsilane, 8('H) = 0 ppm) by the lock signal of
the deuterated solvents. >'P Chemical shifts were calibrated
relative to the phosphitylated cyclohexanol peak
(144.9 ppm). For all direct excitation and correlation spec-
tra, standard Bruker pulse sequences were used. Twenty
milligrams of lignin sample was accurately weighed and
dissolved in a 400-ul pyridine/CDCl; (1.6:1 v/v) mixture.
Cyclohexanol (3.6 mg/ml) as internal standard and Cr(III)
acetylacetonate (4.95 mg/ml) were added to further 150 pl
of the pyridine/CDCl; mixture and also added to the lignin
solution. The sample was then phosphitylated with 50 ul 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane. The
detailed procedure is described and published by (Granata
& Argyropoulos, 1995).

Instead of a 25-s prescan delay (Granata & Argy-
ropoulos, 1995) to allow complete relaxation of the *'P
spins, a delay of 15 s was used and a 30° pulse angle was
applied. The 7 relaxation times of the phosphorylated lig-
nin samples were determined by an inversion-recovery
experiment using power-gated decoupling (“lirpg” Bruker
pulse program). Evaluation of the resulting spectra (7}
guide of Bruker TopSpin 3.5pl7) showed that T relaxation
times were in a range between 328 ms and 2.31 s (see
Supporting Information Table S1).

3'P_NMR spectra were analyzed using TopSpin 3.5pl7,
and the OH-group content was calculated based on the
OH- group content of the internal standard cyclohexanol in
mmol/g. Integration regions based on adjusted data
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published by (Pu, Cao, & Ragauskas, 2011) were used (see
Supporting Information Table S2).

3 | RESULTS

The three investigated lignins were successfully fraction-
ated into low (LMW), medium (MWW) and high molecu-
lar weight (HMW) fractions by extraction,
successive precipitation and membrane filtration. Several
organic solvents and mixtures were investigated using a
nonpolar or a low-polar solvent for the first fractionation
step of solvent extraction followed by an organic solvent
with higher polarity. As the native lignin samples already
differ in elemental composition as well as in molecular
weight distribution, different organic solvents were neces-
sary for the fractionation processes.

solvent

3.1 | Kraft lignin

Investigations for solvent extraction of Indulin AT with
THF and different methanol/dichloromethane mixtures (2:8,
4:6, 6:4, 7:3, and 8:2 v/v) were carried out. Extractions
with these solvents or mixtures resulted in large amounts
(>51%) of undissolved lignin (THF, methanol/dichloro-
methane 2:8 v/v), thus a too large HMW fraction, or an
insufficient distribution of the molar mass between the frac-
tions (methanol/dichloromethane 4:6, 6:4, 3:7, 8:2 v/v),
respectively. The best fractionation results generated by
solvent extraction of Indulin AT were reached using ace-
tone followed by methanol.

The methanol/dichloromethane 6:4 mixture was then
used for successive precipitation due to the good solubility
properties. The resulting solid residue was considered as a
fourth and additional HMW fraction. To compare the
results with those of the OS lignins, weight percentages are
indicated as proportion of the dissolved lignin. For success-
ful precipitation isopropanol, diethyl ether and ethanol were
emerged as suitable solvents, still, successive precipitation
with ethyl acetate provided the best fractionation results
regarding, molecular weight and polydispersity of fractions.
Ultrafiltration of Indulin AT with 50 kDa membranes
yielded too high amounts of concentrate (70%). The filtra-
tion of 150 kDa followed by an 8 kDa membrane resulted
in only 7% LMW lignin.

According to the high initial molecular weight of Indu-
lin AT, ceramic membranes with 150 and 50 kDa cutoffs
were needed for uniform separation regarding mass distri-
bution of the three generated fractions.

3.2 | Poplar lignin

Investigations on solvent extraction of Poplar lignin
demonstrated suitable fractionation results using ethanol,



ROHDE ET AL.

whereas diethyl ether and hexane extracted only 8% or no
proportion of lignin, respectively. Acetone dissolved the
raw lignin sample and was therefore used as dissolving
agent for selective precipitation. In this case, hexane as pre-
cipitation solvent led to a heterogeneous mass distribution
and was therefore unsuitable. Ultrafiltration, performed in
an ethanol-water solution by means of a 150 kDa ceramic
membrane, resulted in high amounts (71%) of concentrate.
Appropriate results were reached by filtration of lignin dis-
solved in acetone/water (5:1) using a 50 kDa followed by
1 kDa cutoff membrane. For Poplar lignin isopropanol and
methanol turned out to be the most suitable solvents for
the generation of fractions with different molecular weight
distributions and decreased polydispersity. For the precipi-
tation of Poplar lignin out of an acetone solution, diethyl
ether as a nonpolar organic solvent was suited.

3.3 | Miscanthus lignin

Ultrafiltration of Misc lignin in an ethanol-water solvent
mixture using membranes of 150 kDa cutoff lead to a suc-
cessful fractionation regarding mass distribution, but no
fractionation in molecular weight.

The lignin solubility in acetone, ethanol, tetrahydrofu-
ran, and methanol was too high (93%—100%) to be used as
extraction solvents, whereas diethyl ether dissolved only
11% of substance. Isopropanol did not generate well-sepa-
rated fractions regarding molecular weight. The combina-
tion of dichloromethane followed by ethanol extraction
resulted in small amounts of LMW lignin. Precipitation of
Misc lignin by adding ethyl acetate to an acetone solution
generated a LMW fraction with more than 90% of the orig-
inal mass.

Regarding solvent extraction, Misc lignin was most suc-
cessfully fractionated by diethyl ether and ethyl acetate.
Hexane was well suited for the precipitation of the Misc
lignin out of an acetone solution. For ultrafiltration of Misc
lignin out of an acetone solution, 50 and 1 kDa cutoff
membranes gave the best results, equal to Poplar lignin.

In the following section, only the best fractionation
results are shown and discussed.

For the evaluation of type and average number of OH-
groups, all generated lignin fractions and unfractionated lignin
samples were analyzed by *'P-NMR after phosphitylation
with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP). The OH-group numbers were attributed to aliphatic,
phenolic and carboxylic OH-groups. The number of phenolic
OH-groups of Poplar and Misc lignin summarizes the groups
associated to S, G, and H units. As Indulin AT contains no S
units, groups substituted at the C5-carbon were attributed to G
and H units (Figure 1).

The results concerning 3IP_NMR of LMW, MMW, and
HMW lignin fractions as well as the unfractionated

samples of Indulin AT, Poplar and Misc lignin are shown
in Figure 2.

4 | DISCUSSION

The objective of this study was the examination of techni-
cal options for the molecular sorting of several lignin types
(soft wood Kraft lignin, hard wood and grass OS lignin)
into LMW, MMW and HMW fractions with respect to
their yield (mass distribution) and additional structural fea-
tures (polydispersity, type, and amount of functional OH-
groups, elemental composition) by three different thermal
separation techniques. However, significant differences in
properties of the resulting lignin samples were observed,
due to the lignin origin and the separation techniques
applied.

4.1 | Elemental composition

The three investigated lignins show only little differences
in elemental composition except for the sulfur content as
presented in Table 1. The OS lignins contain no sulfur,
whereas Indulin AT has a sulfur content of 1.4%. The sul-
fur content found in Indulin AT samples was not enriched
in any fraction, except for the methanol/dichloromethane
insoluble lignin generated by successive precipitation. The
remaining sulfur is distributed evenly among the three frac-
tions. With solvent extraction, sulfur content decreases
from HMW to LMW fractions and using membrane filtra-
tion the highest percentage of sulfur is found in the LMW
fraction.

The relative carbon content of the lignin samples
increased from HMW to LMW lignin. The increasing car-
bon content is accompanied for the most part by enhanced
hydrogen content and, accordingly, a decrease in the oxy-
gen content. This is related to the distribution of OH-
groups within the fractions. In addition, a higher share of
available and intact ether bonds in the HMW lignin is
assumed due to the lower depolymerization degree of
HMW lignin fragments.

Small amounts of nitrogen were detected in the lignin
samples, probably originating from cell proteins (Domin-
guez-Robles et al., 2018), and did not differ greatly within
the fraction. The determined content varies from 0% to
1.2%.

4.2 | Molecular weight

The original lignins differed strongly regarding their molec-
ular weight: Indulin AT had a more than three times higher
and Poplar lignin an almost twice as high molecular mass
than Misc lignin. Irrespective of the molar mass difference,
all three lignin samples were successfully fractionated into
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(b)

(a)
FIGURE 1 Quantitative >'P-NMR
spectra of Indulin AT fractions
phosphitylated with TMDP using
cylcohexanol as internal standard: (a) LMW

Aliphatic

Cyclohexanol Phenolic

FH \
[ |
C5-substituted
+ Syringyl

p-Hydroxy-

Guaiacyl phenyl Carboxyl

fraction, (b) MMW fraction and (c) HMW T T T

fraction

150 149 148 147 146 145 144 143 142 141 140 139 138 137 136 135 134 133 ppm

T T T T T T T T T T T T

one fraction owning a higher or equal molecular weight
than the original lignin sample, in one fraction with a sig-
nificantly lower molecular weight and one fraction with a
MMW. Meaning, both M, and M,, decrease from HMW to
LMW fraction, accompanied by a simultaneous decrease in
polydispersity. Weight average, number average molecular
weight, and polydispersity of the lignin samples are shown
in Table 2.

The mass distribution (yield) of the generated fractions
(as also presented in Table 1) generally show a tendency to
higher amounts of the HMW fraction (40%—70%) followed
by MMW and LMW fractions, which mostly show the
lowest yields. However, there are some exceptions. From
Misc lignin, only 31% of HMW are separated by solvent
extraction. Regarding successive precipitation, it was found
that the MMW fractions are separated with lower amounts
(3%—-13%) compared to those of the LMW fractions for
Indulin AT and Misc with 48% and 33%, respectively.

The molecular weight distribution of lignin is an impor-
tant factor for possible end use applications of lignin, as it
determines solubility, viscosity or thermal stability proper-
ties (Aro & Fatehi, 2017; Asada et al., 2015). Therefore,
different organic solvents had to be found to ensure suc-
cessful separation regarding molar mass. In particular,
LMW lignin is of great interest due to its good processing
properties (Duval & Lawoko, 2014) and as raw material
for applications like bio-based epoxy resins (Asada et al.,
2015). HMW lignin, for example, provides potential use in
adhesives, carbon fibers, and blends (Wells, Kosa, &
Ragauskas, 2013).

The molecular weight could be reduced by fractionation
to a minimum of 780 and 530 g/mol (Myy) for Poplar and

Misc lignin, respectively, whereby accompanied by an
increase in the solubility and processibility of these lignin
fractions. The lowest My for Indulin AT was 1,100 g/mol
and therefore reduced by a factor of four compared to the
unfractionated Kraft lignin. Polydispersity (M,/M,) of
Indulin AT was reduced to a minimum of 1.9, whereas for
Poplar and Misc lignin it was decreased to 1.6 and 1.4,
respectively. In comparison with studies using pH-depen-
dent fractionation of Kraft lignin black liquor, all three
techniques applied on Indulin AT using organic solvents
resulted in a lower M,, (249-2,440 g/mol difference) and
polydispersity (0.9-2.5 difference), with the exception of
membrane filtration. Another advantage is saving the
removal of residual acid or formed salts (Alekhina,
Ershova, Ebert, Heikkinen, & Sixta, 2015).

The results of the molecular weight determination
demonstrated the complexity of the relation between the
nature of the suited solvent for fractionation and the native
molar mass of the lignin. For example, methanol turned
out to be a suitable solvent for the extraction of MMW lig-
nin of Poplar lignin and Indulin AT, although the unfrac-
tionated lignin samples differed by more than 2000 g/mol.
In conclusion, the polarity of the required solvent for disso-
lution increased with enhanced molar mass of the original
lignin sample. Simultaneously, the molar mass of the dis-
solved portion decreases as the polarity of the organic sol-
vent also decreases. This becomes evident, for example,
when comparing successive precipitation of Poplar und
Misc lignin from acetone solution: Ethyl acetate with a rel-
ative polarity value of 0.228 for poplar with a higher initial
molecular weight lignin and diethyl ether with a value of
0.117 for Misc with a lower initial molecular weight lignin
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and Indulin AT, generated by successive solvent extraction, selective precipitation, and membrane filtration

were required for the precipitation of lignin fractions (po-
larity values from Reichardt, 2006).

Compared with the study by Dominguez-Robles et al.
(2018) on the fractionation of OS lignin with a similar ini-
tial molecular weight as Poplar (2,520 g/mol), for the
HMW fraction a similar but for the LMW fraction a much
lower mass was achieved. Polydispersity is approximately

consistent with LMW lignin, although it increased about
1.0 for HMW lignin.

Despite good fractionation results, differences in the
quality of the fractionation processes are evident, depend-
ing on the separation technique used. Indulin AT for exam-
ple was successfully fractionated by membrane filtration
into three fractions with optimally divided M, and M, but
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TABLE 1 Mass percentages and elemental composition of HMW, MMW, and LMW dry matter fractions of Poplar, Misc, and Kraft lignin,
generated by successive solvent extraction, selective precipitation and membrane filtration

Mass (%) Nitrogen (%) Carbon (%) Hydrogen (%) Oxygen (%) Sulfur (%)
Indulin AT 0.69 63 5.6 28 1.4
Solvent extraction
HMW 66 0.62 62 54 29 1.6
MMW 24 0.88 65 5.8 27 1.3
LMW 13 0 68 6.6 24 1.0
Successive precipitation
MeOH/DCM insoluble 20 0.86 55 52 32 24
HMW 40 0.48 63 5.7 28 0.76
MMW 13 0.53 63 5.8 29 0.89
LMW 48 0.40 67 6.5 25 0.64
Membrane filtration
HMW 52 0.77 63 5.6 28 1.4
MMW 33 0.73 64 5.6 27 1.3
LMW 12 1.1 63 6.0 26 1.9
Poplar 0.84 64 5.6 29 -
Solvent extraction
HMW 50 0.87 64 5.7 29
MMW 28 0.74 65 5.8 28
LMW 16 0.76 67 6.2 26
Successive precipitation
HMW 49 1.2 63 5.5 30
MMW 3 1.2 64 5.7 30
LMW 16 0.85 66 6.0 29
Membrane filtration
HMW 50 0.92 65 59 28
MMW 40 0.87 67 7.2 25
LMW 6 0.86 65 6.3 27
Misc 0.62 65 5.5 27
Solvent extraction
HMW 31 1.29 65 5.5 28
MMW 69 0 67 5.9 28
LMW 4 0 68 6.1 27
Successive precipitation
HMW 50 0.84 66 5.6 28
MMW 10 0.63 67 5.7 28
LMW 33 0 68 5.8 27
Membrane filtration
HMW 43 0.75 67 5.8 27
MMW 39 0.77 67 59 26
LMW 13 0.57 68 6.4 26

the polydispersity was hardly decreased and has even weight (M, and M,), but the polydispersity has signifi-
increased for two fractions. Ultrafiltration of Misc lignin cantly increased from HMW to LMW fraction. An impor-
led to fractions with only slight differences in molecular tant point in ultrafiltration, in addition to the adaption of
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TABLE 2 Weight average molecular weight (Myy), number
average molecular weight (M,,) and polydispersity (M, /M,) of HMW,
MMW, and LMW fractions of Poplar, Misc, and Indulin AT,

generated by successive solvent extraction, selective precipitation, and

membrane filtration

M,, (g/mol) M, (g/mol) M,/M,
Indulin AT 4,500 1,100 4.1
Solvent extraction
HMW 7,200 1,500 4.9
MMW 2,100 800 2.6
LMW 1,100 580 1.9
Successive precipitation
MeOH/DCM insoluble 7,500 1,100 6.6
HMW 9,700 2,300 4.2
MMW 4,900 2,100 23
LMW 1,300 760 2.1
Membrane filtration
HMW 6,300 1,200 5.5
MMW 4,300 930 4.7
LMW 2,100 610 35
Poplar 2,200 720 3.1
Solvent extraction
HMW 3,700 1,200 3.1
MMW 1800 830 22
LMW 840 520 1.6
Successive precipitation
HMW 4,200 1,300 33
MMW 2,271 1,100 2.1
LMW 930 490 1.9
Membrane filtration
HMW 2,900 800 3.6
MMW 2,100 600 3.5
LMW 780 730 1.8
Misc 1,300 640 2.0
Solvent extraction
HMW 2000 930 22
MMW 920 550 1.7
LMW 530 370 1.4
Successive precipitation
HMW 1,500 870 1.8
MMW 870 610 14
LMW 570 390 14
Membrane filtration
HMW 1,300 700 1.9
MMW 1,200 560 2.1
LMW 960 370 2.6

the membrane cutoff, is the complete dissolution of the lig-
nin in a suitable solvent as experiments in ethanol/water
mixtures for OS lignins showed.

4.3 | Functional groups

OH- groups represent the most common functional groups
in lignin and therefore have a great impact on reactivity
and other properties. Moreover, the information on type
and number of OH-groups constitutes an important indica-
tion for modification reactions or further synthesis to poly-
mers (Arbenz & Avérous, 2015).

Indulin AT contains the highest number of aliphatic
OH-groups (2.27 mmol/g) compared to Poplar lignin
(1.92 mmol/g) and Misc lignin (1.24 mmol/g). However, a
similar number of phenolic OH-groups was found in Misc
lignin and Indulin AT (3.40 and 3.32 mmol/g), whereas
Poplar lignin exhibited 2.94 mmol/g of phenolic OH-
groups.

The results of Indulin AT regarding OH-groups comply
with findings of other studies focusing on softwood Kraft
lignin (Costa et al., 2018; Liitid et al., 2014; Ropponen
et al.,, 2011; Sadeghifar, Cui, & Argyropoulos, 2012, Cui
et al., 2014).

The differences in OH-group contents originate from the
applied pulping process. As part of the delignification pro-
cess, a-O-4 and p-O-4 ether bonds are cleaved by hydroly-
sis during the acid-catalyzed Organosolv process. The acid-
catalyzed cleavage of p-O-4 ether bonds is usually accom-
panied by the separation of aliphatic OH-groups and the
formation of new phenolic OH-groups (McDonough, 1992).
The significantly lower molar mass of the Misc lignin indi-
cates that it is a more hydrolyzed lignin compared to Poplar
lignin and thus explains the different occurrence of OH-
groups. The applicability of LMW Poplar lignin for differ-
ent chemical processes, such as modification reactions, is
further enhanced by a considerably higher number of more
reactive and sterically unhindered aliphatic groups com-
pared to Misc lignin. The number of aliphatic and phenolic
OH-groups is not only an important factor for the reactivity
of the lignin, but these groups also essential for subsequent
reactions on the existing OH-groups in order to incorporate
various functional groups into the lignin molecule (Lau-
richesse & Avérous, 2014).

In general, the aliphatic OH-number declines with
decreasing molecular weight from the HMW to the LMW
fraction. Simultaneously, the number of phenolic and car-
boxylic OH-groups increases, resulting in a lower aliphatic
to phenolic OH-group ratio which is in line with other frac-
tionation studies investigating Kraft lignin from Eucalyptus
globulus (Costa et al., 2018) or technical lignins from
spruce (Picea abies) and birch (Betula pendula) (Ropponen
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et al., 2011). In particular, for Indulin AT, this behavior
was confirmed regardless of the separation method used.

Apart from this tendency, some deviations regarding the
OS lignins can be observed. One exception is observed in
the successive precipitation of Poplar lignin: the generated
MMW fraction contains more aliphatic and less phenolic
OH-groups compared to HMW and the LMW lignin. This
results in an unexpected high number of aliphatic OH-
groups in the MMW fraction. Furthermore, the results of
ultrafiltration of Poplar and Misc lignin show discrepancies
compared to the general trend. The phenolic OH-number of
Poplar lignin declines from HMW to LMW fractions and
the content of carboxylic OH-groups gets smaller with
decreasing molecular weight of Misc lignin.

In summary, each thermal separation technique under
investigation resulted in LMW, MMW, and HMW lignin
fractions after specific experimental adjustments to the
respective lignin. In particular, methods for the fractiona-
tion of the unstudied OS lignin from Poplar and Misc were
shown. Significant differences between the evaluated tech-
niques regarding molar mass and number of the different
OH-groups in the generated fractions were observed. Indu-
lin AT showed little difference in the distribution of the
OH-groups within the fractions. However, solvent extrac-
tion and successive precipitation achieved a better separa-
tion of the molar masses and overall resulted in
significantly reduced polydispersity. The most suitable sep-
aration method for OS lignin from Poplar turned out to be
solvent extraction and successive precipitation for OS lig-
nin from Misc, regarding fraction properties in terms of
mass distribution, molar mass separation, polydispersity,
and functionality characterized by OH-group distribution.

The fractionation of lignin is an indispensable interim
step for the generation of lignin-based chemical building
blocks to provide fractions of different structural and func-
tional properties. HMW lignin, for example, provides
potential use in adhesives, carbon fibers, and blends (Wells
et al., 2013).

Particularly interesting for use in polymer synthesis are
the generated LMW fractions, which might serve as
Bisphenol A substitute in the production of epoxy resins
(Asada et al., 2015). The applicability of LMW Poplar lig-
nin is further enhanced by a considerably higher number of
more reactive and sterically unhindered aliphatic groups
compared to Misc lignin.

Lignin fractions with high phenolic OH-number are well
suited for modification reactions, leading to the conversion
of phenolic to aliphatic OH-groups under chain extension
and to the formation of lignin with polyol-like character,
which might act as a building block for polyurethane syn-
thesis (Ahvazi, Wojciechowicz, Ton-That, & Hawari,
2011). Despite the area of polymer production, LMW lig-
nin might be applicable in bioscience and medicine due to
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its high antioxidant properties (Calvo-Flores, Dobado, Isac-
Garcia, & Martin-MartiNez, 2015).

After fractionation, strategies for the use of the OS lig-
nins of Poplar and Misc as intermediates for lignin-based
polymer synthesis and various applications can be devel-
oped based on the information regarding the molar mass
and existing functional groups.

ORCID

Viktoria Rohde
Nicolaus Dahmen

http://orcid.org/0000-0002-3351-3828
http://orcid.org/0000-0002-5877-4776

REFERENCES

Ahvazi, B., Wojciechowicz, O., Ton-That, T.-M., & Hawari, J.
(2011). Preparation of lignopolyols from wheat straw soda lignin.
Journal of Agricultural and Food Chemistry, 59(19), 10505—
10516. https://doi.org/10.1021/j£202452m

Alekhina, M., Ershova, O., Ebert, A., Heikkinen, S., & Sixta, H.
(2015). Softwood kraft lignin for value-added applications: Frac-
tionation and structural characterization. Industrial Crops and Prod-
ucts, 66, 220-228. https://doi.org/10.1016/j.indcrop.2014.12.021

Arbenz, A., & Avérous, L. (2015). Oxyalkylation of gambier tannin
—Synthesis and characterization of ensuing biobased polyols.
Industrial Crops and Products, 67, 295-304. https://doi.org/10.
1016/j.indcrop.2015.01.073

Aro, T., & Fatehi, P. (2017). Production and application of lignosul-
fonates and sulfonated lignin. ChemSusChem, 10(9), 1861-1877.
https://doi.org/10.1002/cssc.201700082

Asada, C., Basnet, S., Otsuka, M., Sasaki, C., & Nakamura, Y.
(2015). Epoxy resin synthesis using low molecular weight lignin
separated from various lignocellulosic materials. International
Journal of Biological Macromolecules, 74, 413—419. https://doi.
org/10.1016/j.ijbiomac.2014.12.039

Azadi, P., Inderwildi, O. R., Farnood, R., & King, D. A. (2013). Lig-
uid fuels, hydrogen and chemicals from lignin: A critical review.
Renewable and Sustainable Energy Reviews, 21, 506-523.
https://doi.org/10.1016/j.rser.2012.12.022

Baumberger, S., Abaecherli, A., Fasching, M., Gellerstedt, G., Gos-
selink, R., Hortling, B., ... de Jong, E. (2007). Molar mass deter-
mination of lignins by size-exclusion chromatography: Towards
standardisation of the method. Holzforschung, 61(4), 205. https://d
oi.org/10.1515/HF.2007.074

Calvo-Flores, F. G., Dobado, J. A., Isac-Garcia, J., & Martin-Marti-
Nez, F. J. (2015). Lignin and lignans as renewable raw materials:
Chemistry, technology and applications (1st ed., p. 499). Chich-
ester, UK: John Wiley & Sons Ltd.

Costa, C. A. E., Pinto, P. C. R., & Rodrigues, A. E. (2018). Lignin
fractionation from E. globulus kraft liquor by ultrafiltration in a
three stage membrane sequence. Separation and Purification
Technology, 192, 140-151. https://doi.org/10.1016/j.seppur.2017.
09.066

Cui, C., Sun, R., & Argyropoulos, D. S. (2014). Fractional precipita-
tion of softwood kraft lignin: Isolation of narrow fractions com-
mon to a variety of lignins. ACS Sustainable Chemistry and
Engineering, 2(4), 959-968. https://doi.org/10.1021/5c400545d


http://orcid.org/0000-0002-3351-3828
http://orcid.org/0000-0002-3351-3828
http://orcid.org/0000-0002-3351-3828
http://orcid.org/0000-0002-5877-4776
http://orcid.org/0000-0002-5877-4776
http://orcid.org/0000-0002-5877-4776
https://doi.org/10.1021/jf202452m
https://doi.org/10.1016/j.indcrop.2014.12.021
https://doi.org/10.1016/j.indcrop.2015.01.073
https://doi.org/10.1016/j.indcrop.2015.01.073
https://doi.org/10.1002/cssc.201700082
https://doi.org/10.1016/j.ijbiomac.2014.12.039
https://doi.org/10.1016/j.ijbiomac.2014.12.039
https://doi.org/10.1016/j.rser.2012.12.022
https://doi.org/10.1515/HF.2007.074
https://doi.org/10.1515/HF.2007.074
https://doi.org/10.1016/j.seppur.2017.09.066
https://doi.org/10.1016/j.seppur.2017.09.066
https://doi.org/10.1021/sc400545d

L CHANGE BIOLOGY

ROHDE ET AL.

216
—I—WILEY ="BIOENERGY_

del Rio, J. C., Rencoret, J., Prinsen, P., Martinez, A. T., Ralph, J., &
Gutierrez, A. (2012). Structural characterization of wheat straw
lignin as revealed by analytical pyrolysis, 2D-NMR, and reductive

cleavage methods. Journal of Agricultural and Food Chemistry,
60(23), 5922-5935.

Doherty, W. O. S., Mousavioun, P., & Fellows, C. M. (2011). Value-
adding to cellulosic ethanol: Lignin polymers. Industrial Crops
and Products, 33(2), 259-276. https://doi.org/10.1016/j.indcrop.
2010.10.022

Dominguez-Robles, J., Tamminen, T., Liitid, T., Peresin, M. S.,
Rodriguez, A., & Jaiskeldinen, A.-S. (2018). Aqueous acetone
fractionation of kraft, organosolv and soda lignins. International
Journal of Biological Macromolecules, 106, 979-987. https://doi.
org/10.1016/j.ijbiomac.2017.08.102

Dorrestijn, E., Laarhoven, L. J. J., Arends, I. W. C. E., & Mulder, P.
(2000). The occurrence and reactivity of phenoxyl linkages in lignin
and low rank coal. Journal of Analytical and Applied Pyrolysis, 54
(1-2), 153-192. https://doi.org/10.1016/S0165-2370(99)00082-0

Duval, A., & Lawoko, M. (2014). A review on lignin-based polymeric,
micro- and nano-structured materials. Reactive and Functional Poly-
mers, 85, 78-96. https://doi.org/10.1016/j.reactfunctpolym.2014.09.017

Duval, A., Vilaplana, F., Crestini, C., & Lawoko, M. (2015). Solvent
screening for the fractionation of industrial kraft lignin. Holz-
forschung, 70, 11-20.

Gellerstedt, G., & Henriksson, G. (2008). Lignins: major structure,
properties and applications, Ist edn. In M. Igacem & A. Gandini
(Eds.), Monomers, Polymers and Composites from Renewable
Resources (pp. 201-224). Amsterdam: Elsevier Science.

Glasser, W. G., Davé, V., & Frazier, C. E. (1993). Molecular weight
distribution of (semi-) commercial lignin derivatives. Journal of
Wood Chemistry and Technology, 13(4), 545-559. https://doi.org/
10.1080/02773819308020533

Granata, A., & Argyropoulos, D. S. (1995). 2-Chloro-4.,4,5,5-tetram-
ethyl-1,3,2-dioxaphospholane, a reagent for the accurate determi-
nation of the uncondensed and condensed phenolic moieties in
lignins. Journal of Agriculture and Food Chemistry, 43(6), 1538—
1544. https://doi.org/10.1021/jf00054a023

Inone-Kauffmann, E. R. (2009). ARBOFORM®-a lignin-based ther-
moplastic. International Sugar Journal, 111(1321), 10-11.

International Energy Agency (2013). Resources to reserves 2013: Oil,
Gas and Coal Technologies for the Energy Markets of the Future.
Paris: IEA Publications.

Jonsson, A.-S., & Wallberg, O. (2009). Cost estimates of kraft lignin
recovery by ultrafiltration. Desalination, 237(1-3), 254-267.
https://doi.org/10.1016/j.desal.2007.11.061

Kamegawa, K., Sakaki, T., Sakanishi, K., Kodama, M., Nishikubo,
K., & Adachi, Y. (2016). Carbon microparticle having lignin as
raw material and preparation method therefor. Google Patents.

Lauberts, M., Sevastyanova, O., Ponomarenko, J., Dizhbite, T.,
Dobele, G., Volperts, A., ... Telysheva, G. (2017). Fractionation
of technical lignin with ionic liquids as a method for improving
purity and antioxidant activity. Industrial Crops and Products, 95,
512-520. https://doi.org/10.1016/j.indcrop.2016.11.004

Laurichesse, S., & Avérous, L. (2014). Chemical modification of lignins:
Towards biobased polymers. Progress in Polymer Science, 39(7),
1266-1290. https://doi.org/10.1016/j.progpolymsci.2013.11.004

Li, H., & McDonald, A. G. (2014). Fractionation and characterization
of industrial lignins. Industrial Crops and Products, 62, 67-76.
https://doi.org/10.1016/j.indcrop.2014.08.013

Li, H., Sivasankarapillai, G., & McDonald, A. G. (2014). Lignin val-
orization by forming toughened thermally stimulated shape mem-
ory copolymeric elastomers: Evaluation of different fractionated
industrial lignins. Journal of Applied Polymer Science, 132(5).
https://doi.org/10.1002/app.41389

Liitid, T., Rovio, S., Talja, R., Tamminen, T., Rencoret, J., Gutiérrez,
A., ... Orlandi, M. (Eds.). (2014). Structural characteristic of
industrial lignins in respect to their valorization: EWLP 2014:
June 24-27, 2014. Seville, Spain: Proceedings. IRNAS-CSIS,
Séville (Espagne), 1 disque o.

McDonough, T. J. (1992). Chemistry of organosolv delignification.
IPST Technical paper Series, 455.

Morck, R., Yoshida, H., & Kringstad, K. P. (1986). Fractionation of
kraft lignin by successive extraction with organic solvents: L. func-
tional groups, 13C-NMR-spectra and molecular weight distribu-
tions. Holzforschung, 40(Suppl), 51-60.

Norgren, M., & Edlund, H. (2014). Lignin: Recent advances and emerg-
ing applications. Current Opinion in Colloid and Interface Science,
19(5), 409-416. https://doi.org/10.1016/j.cocis.2014.08.004

Pu, Y., Cao, S., & Ragauskas, A. J. (2011). Application of quantita-
tive 31P NMR in biomass lignin and biofuel precursors characteri-
zation. Energyand Environmental Science, 4(9), 3154. https://doi.
org/10.1039/clee01201k

Reichardt, C. (2006). Solvents and solvent effects in organic chemistry
(3rd ed.). Weinheim, Germany: Wiley-VCH, Online-Ressource.

Ropponen, J., Risédnen, L., Rovio, S., Ohra-aho, T., Liitid, T., Mikko-
nen, H., ... Tamminen, T. (2011). Solvent extraction as a means
of preparing homogeneous lignin fractions. Holzforschung, 65(4),
543-549. https://doi.org/10.1515/hf.2011.089

Sadeghifar, H., Cui, C., & Argyropoulos, D. S. (2012). Toward ther-
moplastic lignin polymers. Part 1. selective masking of phenolic
hydroxyl groups in kraft lignins via methylation and oxypropyla-
tion chemistries. Industrial and Engineering Chemistry Research,
51(51), 16713-16720. https://doi.org/10.1021/ie301848;j

Sadeghifar, H., Wells, T., Le, R. K., Sadeghifar, F., Yuan, J. S., &
Jonas Ragauskas, A. (2016). Fractionation of organosolv lignin
using acetone: Water and properties of the obtained fractions. ACS
Sustainable Chemistry and Engineering, 5(1), 580-587. https://d
oi.org/10.1021/acssuschemeng.6b01955

Schorr, D., Diouf, P. N., & Stevanovic, T. (2014). Evaluation of
industrial lignins for biocomposites production. Industrial Crops
and Products, 52, 65-73. https://doi.org/10.1016/j.indcrop.2013.
10.014

Sjostrom, E. (1993). Wood chemistry: Fundamentals and applications
(p. 311). San Diego, California; London, England: Academic
Press Inc.

Thring, R. W., Vanderlaan, M. N., & Griffin, S. L. (1996). Fractiona-
tion of Alcell® lignin by sequential solvent extraction. Journal of
Wood Chemistry and Technology, 16(2), 139-154. https://doi.org/
10.1080/02773819608545815

Toledano, A., Garcia, A., Mondragon, 1., & Labidi, J. (2010). Lignin
separation and fractionation by ultrafiltration. Separation and
Purification Technology, 71(1), 38-43.

Toledano, A., Serrano, L., Garcia, A., Mondragon, I., & Labidi, J.
(2010). Comparative study of lignin fractionation by ultrafiltration
and selective precipitation. Chemical Engineering Journal, 157(1),
93-99.

Wang, K., Xu, F., & Sun, R. (2010). Molecular characteristics of
Kraft-AQ pulping lignin fractionated by sequential organic solvent


https://doi.org/10.1016/j.indcrop.2010.10.022
https://doi.org/10.1016/j.indcrop.2010.10.022
https://doi.org/10.1016/j.ijbiomac.2017.08.102
https://doi.org/10.1016/j.ijbiomac.2017.08.102
https://doi.org/10.1016/S0165-2370(99)00082-0
https://doi.org/10.1016/j.reactfunctpolym.2014.09.017
https://doi.org/10.1080/02773819308020533
https://doi.org/10.1080/02773819308020533
https://doi.org/10.1021/jf00054a023
https://doi.org/10.1016/j.desal.2007.11.061
https://doi.org/10.1016/j.indcrop.2016.11.004
https://doi.org/10.1016/j.progpolymsci.2013.11.004
https://doi.org/10.1016/j.indcrop.2014.08.013
https://doi.org/10.1002/app.41389
https://doi.org/10.1016/j.cocis.2014.08.004
https://doi.org/10.1039/c1ee01201k
https://doi.org/10.1039/c1ee01201k
https://doi.org/10.1515/hf.2011.089
https://doi.org/10.1021/ie301848j
https://doi.org/10.1021/acssuschemeng.6b01955
https://doi.org/10.1021/acssuschemeng.6b01955
https://doi.org/10.1016/j.indcrop.2013.10.014
https://doi.org/10.1016/j.indcrop.2013.10.014
https://doi.org/10.1080/02773819608545815
https://doi.org/10.1080/02773819608545815

ROHDE ET AL.

JAL CHANGE BIOLOGY

extraction. International Journal of Molecular Sciences, 11(8),
2988-3001. https://doi.org/10.3390/ijms11082988

Wells, T., Kosa, M., & Ragauskas, A. J. (2013). Polymerization of
Kraft lignin via ultrasonication for high-molecular-weight applica-
tions. UltrasonicsSonochemistry, 20(6), 1463-1469. https://doi.
org/10.1016/j.ultsonch.2013.05.001

Wysocka, K., Szymona, K., McDonald, A. G., & Mamiriski, M. L.
(2016). Characterization of thermal and mechanical properties of
lignosulfonate- and hydrolyzed lignosulfonate-based polyurethane
foams. BioResources, 11(3), 7355-7364. https://doi.org/10.15376/
biores.11.3.7355-7364

Yoshida, H., Morck, R., Kringstad, K. P., & Hatakeyama, H. (1990).
Kraft lignin in polyurethanes: II. Effects of the molecular weight
of kraft lignin on the properties of polyurethanes from a kraft lig-
nin-polyether triol-polymeric MDI system. Journal of Applied
Polymer Science, 40, 1819-1832. https://doi.org/10.1002/app.
1990.070401102

& 217
="BIOENERGY s é}i—WILEYJ—
SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

How to cite this article: Rohde V, Boringer S,
Tiibke B, Adam C, Dahmen N, Schmiedl D.
Fractionation of three different lignins by thermal
separation techniques—A comparative study. GCB
Bioenergy. 2019;11:206-217. https://doi.org/10.1111/

gcbb.12546



https://doi.org/10.3390/ijms11082988
https://doi.org/10.1016/j.ultsonch.2013.05.001
https://doi.org/10.1016/j.ultsonch.2013.05.001
https://doi.org/10.15376/biores.11.3.7355-7364
https://doi.org/10.15376/biores.11.3.7355-7364
https://doi.org/10.1002/app.1990.070401102
https://doi.org/10.1002/app.1990.070401102
https://doi.org/10.1111/gcbb.12546
https://doi.org/10.1111/gcbb.12546

