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A B S T R A C T   

Technical lignins are relatively heterogeneous and structurally not fully understood, which hinders their 
commercialization. This study involves the precipitation fractionation of organosolv (OS) lignin into different 
molecular weight (MW) classes by stepwise addition of water as an anti-solvent in acetone/water mixtures with 
varying feed lignin concentrations of 5, 10, and 15 wt. % in the lignin/solvent/anti-solvent mixture. Charac
terization of the obtained lignin fractions by SEC-MALS, TM-DSC, and 31P NMR revealed MW classes in a broad 
range from 2050 to 26500 g mol− 1, glass transition temperatures between 68 and 201 ◦C and the presence of 
different amounts of hydroxyl groups. The results verify that besides the acetone/water gradient, the lignin 
concentration has a major influence on the fractionation outcome. We demonstrate the significant impact of 
different OS lignin concentrations on the solubility of such polydisperse system and hereby establish an addi
tional way to tune the molecular weight of lignin fractions and their related physico-chemical properties.   

1. Introduction 

Lignocellulosic biomass (LCB), derived from plants, is the most 
abundant and sustainable solid carbon source available on the planet 
[1,2]. It consists of two carbohydrate polymers, cellulose and hemicel
lulose, and a non-carbohydrate aromatic heteropolymer called lignin, 
which has a rich and complex structure and is present in the vascular 
tissue walls of plants. The composition of lignin varies among plant 
species and even within different tissues of the same plant [1–3]. The 
coupling of radicals between the three major lignin monomers leads to 
the formation of a diverse range of inter-unit linkages, primarily 
involving carbon–oxygen bonds (as β-O-4, α-O-4 and 4-O-5 bonds) and 
carbon–carbon bonds (as β-β, β-5, β-1, and 5–5 bonds). The β-O-4 bonds 
are the most common ether linkages in lignin. They account for 40–65 % 
of all inter-unit linkages [4–6]. Furthermore, lignin monomers comprise 
several functional groups, including aliphatic, phenolic hydroxyl, car
boxylic, carbonyl, and methoxy groups. Thus, the structure of lignin is 
further complexed by hydrogen bonds between neighboring oxygen 
containing groups and also π-π interactions between aromatics, which 
alter and influence lignins polarity, solubility and reactivity [7–9]. The 
presence and proportion of these functional groups and chemical link
ages depend on the agricultural source and extraction methods 
employed [5,6]. 

Lignin accounts for up to 25 % of the total land-based biomass and 
consequently displays a promising candidate as the primary renewable 
source for aromatic chemicals in the future, which has led to an 
increased interest in lignin biorefinery concepts [10,11]. Currently 
produced technical lignins like Kraft lignin or lignosulfonates are ob
tained by relatively harsh pulping conditions and contain amounts of 
impurities as e.g. polysaccharides from lignin-carbohydrate complexes, 
metal salts, and sulfur [12–14]. However, alternative techniques for 
producing greener pulp and more pure and reactive lignins have been 
established since the early 20th century and have been continuously 
improved, e.g. the OS pulping process. Hereby, an aqueous organic 
solvent, frequently in combination with a small amount of an inorganic 
acid or base as a catalyst is used to extract pure lignin from the fibers, as 
recently studied by various groups [11,15–19]. Especially, the isolation 
of lignins from the acetone OS (Fabiola™) process has been shown to 
result in high purities and an overall energy-efficient process [11]. 
Despite its potential, the use of technical (OS) lignin in material appli
cations is still limited. The heterogeneous structure and wide molecular 
weight distribution (MWD) of lignin can have a significant impact on its 
potential applications in materials [1,20,21]. Numerous studies have 
demonstrated the utilization of lignin for further usage, but the afore
mentioned broad distribution of its MW, lignins intrinsic functional di
versity, and linkages often limits comprehensive, efficient and higher 
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value utilization [1,21]. 
A promising research area involves the development of well-defined, 

purified lignin fractions with narrow distribution (MW and functional 
distribution), which could potentially enhance the value and conse
quently lead to new market options. Thus, it is crucial to establish se
lective, and cost-efficient (fractionation) methods for the retrieval and 
valorization of lignin [14,22–27]. Lignin with a low MW typically pos
sesses more reactive functional groups, resulting in a higher antioxidant 
performance [10,25]. In addition, low MW lignin fractions with higher 
amounts of functionalities have been investigated with respect to bio- 
based polymer blends [28–30]. Contrarily, lignin with a higher MW 
performs well as a precursor material for carbon fibers [29,31]. Kanhere 
et al. reported that high MW lignin fractions (with low dispersity) and 
high glass transition temperature (TG) displayed excellent stability 
during dry spinning and revealed high carbon fiber strength. Hereby, the 
processing temperature needs to be below the TG of lignin as in other 
case the fibers may start to undesirably fuse. In this regard, control not 
over only MW and MWD, but also over the TG would be beneficial 
[31–34]. 

Various fractionation methods have been reported to date, including 
membrane-assisted filtration, acidification, and sequential solvent 
fractionation [10,22,24,35–39]. Ultrafiltration can provide a narrow 
distribution of lignin classes as reported. However, membrane fouling 
and expensive instrumentation made this approach unsuitable for pro
spective industrial implementation [40]. Acidification, by varying the 
pH from high to low, revealed a simpler way to classify alkali-soluble 
lignin by size. This approach is comparably simpler, but the usage of 
strong and harmful acids is economically not attractive and limits the 
scalability of such a fractionation process [37]. 

The basic principle of (solvent) fractionation techniques is the sub
division of the polymer sample into fractions due to the different solu
bility of the molecular species of different MWs, respectively by 
changing the dissolution power [41]. By varying the solvent/anti- 
solvent system or temperature the dissolution power can be manipu
lated. A precipitation fractionation is conducted once the dissolution 
power is decreased by enrichment of an anti-solvent in a solvent/anti- 
solvent mixture or by varying the temperature (mostly a lowering). 
Hereby, the MW decreases from the first fractions towards the last. An 
extraction fractionation is conducted once the dissolution power in
creases, respectively by sequential or continuous enrichment of the 
solvent in the fractionation mixture or by a rise of the temperature. 
During the extraction fractionation, the MW increases stepwise from the 
first fraction [41]. 

It is well known, that the Hildebrand (and Hansen) solubility 
parameter (δ) can give a good indication of the solubility for substances 
and solvents. Hereby, similar values of δ represent good solubility and 
miscibility between solvent and solute [10,42,43]. Mohan et al. and 
others found depending on the isolated lignin structure a range of sol
ubility parameter values between 22.5 and 27 MPa1/2 [9,44]. The group 
of Sixta reported for OS hardwood beech wood lignin as used in this 
work a value of 25.5 MPa1/2 [45]. 

Sequential solvent fractionations using multiple organic solvents (e. 
g. ethyl acetate, ethanol, acetone, or methanol) have shown to produce 
classes of lignins with narrower dispersity [2,16,24,38,46,47]. This is 
eligible on a lab scale but complicates and limits the scaling up due to 
various solvent usages with its consequent solvent recycling. This limi
tation can be overcome by fractionating lignin in one aqueous solvent 
system (e.g. with acetone) and stepwise adding water as an anti-solvent 
as mentioned above [20,22,23,26,48]. Acetone/water is a practicable 
solvent system for this investigation, not only for the lignin fractionation 
but also for the extraction of lignin from LCB, and is considered as green, 
non-toxic, and easily recyclable [11]. 

In this paper, we have deeper investigated the potential of the lignin 
precipitation fractionation in acetone/water as solvent/anti-solvent 
system to enhance the fundamental understanding towards a realistic 
and industrially applicable fractionation process design. An increase in 

the feed lignin concentration in the fractionation process can potentially 
raise its overall yield and productivity significantly. Hence, the solvent/ 
anti-solvent fractionation was investigated starting with three different 
initial feed lignin concentrations. Hereby, the fractionation steps, 
respectively the acetone concentration in the lignin/solvent/anti- 
solvent mixture in each step, were kept equal to compare the fractions 
in terms of their chemical and physical properties. These comprise MWD 
and MW analysis, elemental analysis, TG analysis, functional group 
determination, and antioxidant activity. Currently, to the best of the 
author’s knowledge, no characterization and comparison of lignin 
fractions obtained through anti-solvent precipitation fractionation from 
different lignin feed concentrations under otherwise identical conditions 
have been reported for OS lignin in the literature. Furthermore, the 
importance and therefore the necessity of understanding the phase 
behavior of lignin and the phase separation process of such a poly
disperse system will be emphasized and discussed. 

2. Materials and methods 

2.1. Materials 

The OS beech wood lignin has been produced by the lignocellulose 
biorefinery pilot plant at Fraunhofer CBP in Leuna, Germany. It pro
cesses up to 70 kg of wood chips per batch, whereby lignin precipitation 
from the pulping liquor is performed continuously by the LigniSep 
process. Detailed process conditions and parameters can be found in 
previous works [11,15]. 

All reagents used in this work were commercially purchased and 
used as received. Tap water was purified using a Millipore filter system 
(resistivity 18.2 MΩ cm, total organic carbon (TOC) 3 ppb). 

2.2. Stepwise anti-solvent precipitation fractionation 

The used fractionation method is based on a previously published 
study [20]. Besides a 10 wt. % (5 g lignin / 45 g solvent), the impact of a 
5 and 15 wt. % (2.5 or 7.5 g lignin and 47.5 or 42.5 g solvent) feed lignin 
solution on the fractionation was investigated. Eight consecutive anti- 
solvent fractionation steps have been proceeded to obtain eight main 
fractions (F1 to F8) from the starting lignin material (parent lignin) 
leading to acetone contents of 80, 60, 40, 35, 30, 25, 20, 10 wt. % in the 
precipitation solution. The last fraction F8 is finally obtained by solvent 
evaporation. Earlier we found, that a minor amount of the starting lignin 
is not soluble in 80 wt. % acetone, which is separated (and defined as F0) 
before the actual fractionation starts. Furthermore, we observed that 
during the first anti-solvent precipitation step (80 to 60 wt. % acetone) 
only a marginal amount is precipitated, which showed minor differences 
to the parent lignin concerning molecular weight and functionality [20]. 
Therefore, F1 is not further taken into account for the characterization 
and discussion in this study. Further fractionation conditions, equili
bration times, and phase separation can be found in detail in the earlier 
work [20]. 

2.3. Klason lignin, elemental analysis, ash and moisture content 

The Klason lignin analysis was performed according to the National 
Renewable Energy Laboratory (NREL) standard analytical procedure 
[49]. A Flash 2000 CHNS&O Analyzer (ThermoFisher) was used for 
elemental analysis with a max. 5 mg sample to determine the C/H/N/S 
content. 2,5-Bis-(5-tert-butyl-benzooxazol-2-yl)thiophene (BBOT) 
served as a standard. Combustion and reduction tubes were operated at 
900 ◦C with oxygen and helium flow at 140 ml min− 1. Each analysis was 
repeated three times. The oxygen content in the sample was determined 
by subtraction from 100 %. The ash content was determined by a lab
oratory chamber furnace (Carbolite CWF 13/23, Carbolite Gero) with a 
temperature ramp and combustion at 575 ◦C as described in the above- 
mentioned standard protocol [49]. The moisture content was 
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determined after freeze drying (VaCo 2, Zirbus Technology) of the lignin 
sample for 24 h until constant weight was reached. 

2.4. SEC-MALS analysis 

The MWD of the lignin samples was obtained by coupling three in 
series connected size exclusion chromatography (SEC) columns 
(Acetone-AQ-Phil-P 350 Å, 250 Å, and 150 Å, AppliChrom GmbH) with 
a multi angle light scattering detector (MALS) (Wyatt Technology 
Europe) as reported recently [20]. The wavelength of the laser light was 
664 nm. Acetone, deionized water, and traces of formic acid were used 
as the eluent (79.2/19.8/1 vol. %). The flow rate was set at 1 ml min− 1. 
An injection volume of 100 µl and a sample concentration of 3 mg mL− 1 

were chosen. Additional information with respect to dissolving time, 
analysis, and interpretation of the chromatograms are described in 
previous work [20]. 

2.5. 31P NMR spectroscopy analysis 

Sample preparation of the lignin samples for quantitative 31P NMR 
experiments followed the protocol of earlier methods. The analysis was 
performed on a Bruker 600 MHz spectrometer. Briefly, 30 mg of a lignin 
sample was dissolved in a mixture of pyridine/CDCl3, and derivatization 
of the sample in 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane 
concluded. Cholesterol served as the internal standard. The pulse pro
gram “zgig”, 128 scans, the spectral width of 98 ppm, acquisition time of 
1.38 sec, and a probe temperature of 298 K were selected. The OH 
content analyses were done using the quantitative approach as reported 
earlier [20,50]. 

2.6. Antioxidant activity 

The DPPH (2,2-diphenyl-1-picrylhydrazyl) method according to 
Santos [48] can be used to demonstrate the antioxidant effect of lignin. 
The method has been slightly adapted for the analysis in this work. 
Different lignin sample concentrations were prepared using 90 vol. % 
dioxane. The samples are measured after dilution (1 to 40) with DPPH 
solution (23.65 g/l DPPH in methanol) in a cuvette by a UV/VIS spec
trometer (Genesys 6, Thermo Fisher Scientific). The absorbance and 
inhibition of DPPH were recorded in triplicate at a wavelength of 517 
nm. Trolox as a gold assay standard was tested on its radical scavenging 
activity. The inhibition strength was calculated as: 

I =
(Ab0 − Abc)

Ab0
*100 (1)  

where Ab0 is the absorbance of the control (pure DPPH) and Abc is the 
absorbance of DPPH with the lignin sample or trolox. 

2.7. Glass transition temperature analysis 

Temperature-modulated differential scanning calorimetry (TM-DSC) 
was performed on a DSC 3 system (Mettler-Toledo) to investigate the 
thermal behavior, mainly the TG of the lignin samples. Lignin samples 
(5–10 mg) were measured in solid state in pinned 40 µl aluminum cru
cibles. The temperature ramp was set from 25 to 250 ◦C with a heating 
rate of 1 ◦K min− 1. The nitrogen flow rate during the analysis was held at 
30 ml min− 1. The evaluation of the TM-DSC data was conducted using 
the STARe software (Mettler Toledo) and TG was determined by 
selecting the “Midpoint ISO” point for evaluation. 

3. Results and discussion 

3.1. Klason lignin and element analysis 

The quality, respectively the purity of the parent lignin obtained 

from the relatively mild acetone OS process (Fabiola™) was analyzed by 
the Klason method, where lignin is divided into an acid soluble (AS) and 
an acid insoluble (AIS) lignin fraction. Table 1 summarizes the respec
tive results for the parent lignin together with its ash and moisture 
content. 

The purity of the processed lignin exceeds 95 wt. % and is compa
rable to other technical OS lignins [17,51]. However, the ash content 
found in this extracted beech wood lignin is negligibly small (<1 wt. %). 
Once including the moisture content, a minor residue of possible ex
tractives (such as terpenes, flavonoids, oils, etc.) of less than 2 wt. % can 
be concluded. The parent lignin and the fractions F0 and F2 - F8 of the 10 
wt. % feed lignin fractionation row were analyzed on their elemental 
composition to further elaborate the quality with regard to nitrogen or 
sulfur traces. Fig. 1 displays the van Krevelen diagram for the afore
mentioned samples. The parent lignin and its fractions are located in a 
narrow range of O/C 0.37–0.41 and H/C 1.07–1.15. These values are 
typical for hardwood lignin and therefore represent polymeric lignin 
without any major indication of carbohydrates or proteins present [17]. 
Enlarging the lignin region in the van Krevelen diagram, it becomes 
visible that solely F8 is slightly shifted to a lower degree of aromaticity 
(H/C 1.14; O/C 0.405). Furthermore, no traces of nitrogen or sulfur 
were detected, which supports the results from the Klason analysis 
revealing a high-quality pure lignin. 

3.2. Impact of feed lignin concentration on precipitation behavior and 
solubility during stepwise anti-solvent precipitation fractionation 

Fig. 2 displays the precipitated amount for the fractions F0 to F8 
during the stepwise precipitation fractionation for all three fractionation 
rows. The amount of precipitation within a fractionation step at the 
same acetone concentration increases with higher feed lignin concen
tration for F0 to F2. The amount of the first (insoluble) fraction F0 in
creases, respectively from 1.3 to 2.29 wt. %. Earlier we reported F0 as 
non–soluble, potentially a fraction of impurities [20]. However, the van 
Krevelen plot in Fig. 1 clearly shows that F0 lies in the same region as the 
other fractions and therefore likely represents a similar polymeric lignin 
sample as the others. The effect of co-solvent phenomena of certain 
lignin fractions on each other has not been studied in a broader subject 
in our work but current observations led to the hypothesis that F0 may be 
a fraction of certain (high MW) lignin molecules that are not soluble in 
the mixture of 80 wt. % acetone/water, and the “purified parent lignin” 
(sum of the distribution from F1 till F8). These hypothetic conclusions of 
lignin co-solvent effects are supported by the findings by others [14,23]. 
The low yields of F0 in Fig. 2 imply a good solubility of the parent lignin 
in 80 wt. % acetone. The reported solubility parameter for OS beech 
wood lignin of 25.5 MPa1/2 [45] matches relatively well with the solu
bility parameter of the starting solvent system of 24.93 MPa1/2 (pure 
acetone: 20.4 and water: 47.9 MPa1/2 [53]). Similar high affinity for 
different OS lignins and this specific solvent mixture have been reported 
and support the results found here [10,25]. Throughout the precipita
tion fractionation procedure, the amount of the anti-solvent water in
creases stepwise, which leads to an increase of the solubility parameter 
of the lignin/solvent mixture towards water (47.9 MPa1/2) [54]. The 
largest difference in precipitation quantity is found within the fractions, 
where the solubility decreases significantly. The precipitated amount in 
F2 displays a 53 % higher yield for the 15 wt. % feed lignin in 

Table 1 
Analysis of Klason lignin, ash and moisture content of OS beech wood lignin.   

Organosolv beech wood lignin (wt. % on dry matter) 

Total Klason Lignin 95.18 
Acid Insoluble (AIS) 92.89 ± 0.04 
Acid Soluble (AS) 2.29 ± 0.09 
Ash content 0.035 ± 0.0002 
Moisture content 3.13 ± 0.08  
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comparison to the 5 wt. % feed lignin fractionation row. Starting from 
F3, we observe a decrease in the yields for the fractions derived at higher 
feed lignin concentrations. Within the 15 wt. % feed lignin fractionation 
row, over 70 % of the lignin is precipitated within the first three frac
tionation steps (F0 to F3), and may explain its lower yields for the 
following fractions. Besides this, the decrease in yields from F3 for all 
fractionation rows is likely explainable by the minor change in the 
acetone concentration (steps of 5 wt. % acetone) for the followings 
fractions, which were conducted after F2. 

For fractions 7 and 8, the yields increased again for all three frac
tionation rows in comparison to the previous fractions as the amount of 
anti-solvent was increased (steps of 10 wt. % acetone). Similar 
decreasing lignin precipitation yields with increasing water and 

different fractionation steps have been found earlier and support these 
results [10,25]. Depending on the fractionation row, 94–96 % of the 
starting lignin was recovered. The absolute masses are listed in Table S1. 
In [22], using a similar fractionation procedure, losses of ~20 % were 
registered even when the initial lignin mass was approx. 300 g. 

3.3. Impact of stepwise anti-solvent precipitation fractionation on MW 

The obtained fractions, namely the parent lignin separated from the 
non–soluble fraction F0 (purified parent lignin; P.L.) and fractions F1 to 
F8 of all three fractionation rows were analyzed by SEC-MALS. The 
specific incremental refractive indices for each fraction (listed in 
Table S2) were determined beforehand to analyze the MWD and its 
average moments as accurate as possible. In Fig. 3 the weight average 
molecular weight (Mw) is displayed against the acetone concentration. 

Note, that the Mw of F1 obtained at 60 wt. % acetone is very similar to 
the purified parent lignin and hence not further discussed in this work as 
stated and reported earlier [20]. From F2, respectively at 40 wt. % 
acetone, a clear monotonic trend towards lower Mw with increasing 
water content is noticeable for each fractionation row. The solubility of 
lignin(s) decreases as the acetone concentration reduces due to the 
gradual polarity shift of the solvent mixture during the stepwise frac
tionation precipitation process, whereby the solubility of each fraction 
changes differently due to different MWDs and phase compositions 
[14,23]. Generally, when the polarity increases, larger lignin molecules, 
which are less polar, tend to precipitate. Additionally, independently 
from the polarity, larger molecules follow a lower solubility than smaller 
molecules in the same solvent system. However, as stated earlier the MW 
is not the only factor that describes the solubility behavior of such 
polydisperse system. Similar MW trends by tuning the gradient of po
larity in acetone–water mixtures have been previously documented 
[10,20,25,26]. 

Further, it becomes obvious that the Mw in each fraction is lower 
towards higher feed lignin concentrations. For the purified parent lignin 
it varies from 9360 g mol− 1 (15 wt. % feed lignin) to 12800 g mol− 1 (5 
wt. % feed lignin). The difference within a fraction is most significantly 
visible for F2. Hereby, the Mw values increase from 14450 (15 wt. % feed 
lignin) to 26500 g mol− 1 (5 wt. % feed lignin). The differences in Mw 
within the fractions decrease slightly towards the latter fractions. 

Fig. 1. Van Krevelen diagram displaying the elemental composition of the 
parent lignin and its fractions obtained for the 10 wt. % lignin feed fraction
ation row. Qualitative regions are displayed for cellulose (light grey), lipids 
(green), proteins (blue) and condensed hydrocarbons (dark grey). 
adapted from [52] 

Fig. 2. Precipitated amount of each fraction for three different feed lignin fractionation rows. On the x-axis the fraction is given together with its specific acetone 
concentration (e.g. F0/80 corresponds to F0 at 80 wt. % acetone). 
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Nevertheless, the differences are still remarkable for fractions 3 to 6, 
presenting the largest difference of 44 % in F5 between the 15 wt. % and 
5 wt. % feed lignin fractionation row. The last fraction F8 is in the Mw 
range between 2050 and 3300 g mol− 1. In Table 2 , the number average 
molecular weight (Mn), Mw, and dispersity (D) are summarized for all 
fractions. 

The Fig. 4 illustrates the influence of the lignin concentration on the 
Mw of the obtained lignin fractions. Hereby, the Mw is plotted against the 
specific lignin concentration from which the fractions are separated. 

The lignin concentrations were determined after phase separation 
occured and after each incremental addition of water. The black lines in 
Fig. 4 are isopleths of the acetone content as the acetone steps are equal 
in each fractionation row. The almost linear dependency between the 
lignin concentration and Mw is noticeable. Both, Fig. 3 and Fig. 4, reveal 
distinctly that the initial and consequently the following lignin con
centration during the fractionation procedure have a significant impact 
on the solubility of the present lignin MWD and consequently on the 
final lignin MWs found in each fraction, respectively in the polymer-rich 
and polymer-lean phase. 

It is well understood from classical polymer fractionation that the 
initial polymer concentration has an impact on the phase separation, 
leading to different compositions and thus MWs in each phase [41]. 
Hereby, a decrease in the average MW of the polymer-rich fraction was 
reported by initial higher polymer concentration in a system of solvent 
and two polymer-homologous species, in which one represents the 
smaller polymer molecules and the other larger polymer molecules. 

Additionally, lowering of the initial polymer concentration reduces the 
dispersity of the MWD in the polymer-rich phase. These conclusions 
based on two defined polymer species should be at least qualitatively 
valid for a polydisperse polymer in a solvent/anti-solvent mixture [41]. 
The listed dispersity values for each fraction in Tab. 2 also support this 
trend for the studied lignin/acetone/water system. With increasing 
lignin feed concentration, the dispersity in the fractions increases as 
well. The values rise for the purified parent lignin from 1.55 (5 wt. % 
feed lignin solution) to 1.78 (15 wt. % feed lignin solution). For F2, an 
increase from 1.28 to 1.43 in the lignin feed concentration range studied 
is found. Therefore, these results prove that lignin behaves similarly to 
synthetic polymers during precipitation fractionation, whose fraction
ation behavior is well described in the literature [41]. The influence of 
the initial polymer concentration and a similiar MW trend have also 
been found for much higher (Kraft) lignin concentrations (14 and 25 wt. 
%) in ethanol/water and acetic/water systems. [14,23]. 

3.4. Impact of stepwise anti-solvent precipitation fractionation on glass 
transition temperature 

With the variety in MW for each fraction, subsequently the impact on 
the TG was investigated. Many factors influence the TG of lignin, 
including its chemical structure (such as functional groups, linkage 
distributions, and linearity), purity, MW, and dispersity [55]. Among 
these factors, the chemical structure plays a crucial role in the softening 
capacity of lignin. For the processed OS beech wood lignin in this work, 

Fig. 3. MW of the different obtained fractions for three fractionation rows plotted against the acetone concentration.  

Table 2 
Absolute average molecular weights [kg/mol] and dispersity D [-] values obtained during fractionation for three different initial lignin feed concentrations (5, 10 and 
15 wt. %).  

- Mn 

[5 wt. %] 
Mn 

[10 wt. %] 
Mn 

[15 wt. %] 
Mw 

[5 wt. %] 
Mw 

[10 wt. %] 
Mw 

[15 wt. %] 
D [5 wt. %] D 

[10 wt. %] 
D 
[15 wt. %] 

P.L 8.3 ± 0.14 7.10 ± 0.28 5.25 ± 0.49 12.8 ± 0 12.35 ± 0.35 9.35 ± 0.35  1.55  1.73  1.78 
F2 20.70 ± 0.42 16.35 ± 1.62 10.20 ± 0 26.5 ± 0.21 22.30 ± 0.28 14.55 ± 0.21  1.28  1.37  1.43 
F3 14.45 ± 0.78 11.35 ± 0.21 8.5 ± 0.14 15.7 ± 0.71 13.1 ± 0.28 10.10 ± 0.14  1.09  1.15  1.19 
F4 13.15 ± 0.92 10.85 ± 0.49 6.8 ± 0.28 14 ± 0.99 12.1 ± 0.42 8.65 ± 0.21  1.07  1.11  1.27 
F5 10.85 ± 0.78 6.6 ± 0.14 5.1 ± 0.42 12.25 ± 1.06 7.40 ± 0.28 6.85 ± 0.21  1.13  1.12  1.35 
F6 8.3 ± 0.42 4.5 ± 0 3.9 ± 0.14 9.15 ± 0.49 5.95 ± 0.07 5.3 ± 0.14  1.10  1.32  1.37 
F7 3.70 ± 0.28 2.65 ± 0.07 2.15 ± 0.07 4.85 ± 0.07 3.8 ± 0.14 3.3 ± 0  1.31  1.42  1.53 
F8 2.35 ± 0.07 2.7 ± 0.28 1.40 ± 0.14 2.9 ± 0.0 3.3 ± 0.42 2.05 ± 0.07  1.24  1.20  1.45  
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glass transition temperatures were clearly verified for all fractions. 
In Fig. 5a, the TG values determined for the different lignin fractions 

are shown as a function of the number weight average molecular weight 
Mn. The glass transition temperatures decrease steadily from F2 to F8 for 
all three fractionation rows. The fractions lay in the TG range between 68 
and 201 ◦C. A summary of the TG data is given in Table S3. Each glass 
transition temperature was determined in duplicate and deviations 
lower than ± 1.5 ◦C were observed. In general, the larger a (lignin) 
polymer molecule is, the more intramolecular bonds it consists of. Since 
these are more stable than intermolecular forces between molecules, 
more energy is required to transform the molecule from a glassy into a 
rubbery/softening state. Although, the purified parent lignin samples do 

not differ notably (Table S2), starting from F2 significant differences 
between the three different fractionation rows can be found. Similar to 
the monotonic trend in the Mw plot (Fig. 3), the absolute differences in 
TG for each fraction decrease towards the end of the fractionation (see 
Table S3), respectively revealing a TG range for F8 from 68 to 80 ◦C. The 
differences in F2 are (absolutely) slightly higher from 181  to 201 ◦C. 

In polymer chemistry, the glass transition temperature of amorphous 
polymers can be predicted using the Flory-Fox equation, which takes Mn 
into account: 

TG(Mn) ≈ TG,∞ −
K

Mn
(2) 

Fig. 4. Mw of the obtained fractions F2 – F8 plotted against the lignin concentration present after phase separation occurred for all three fractionation rows (black line 
represents qualitatively the isopleths of acetone). 

Fig. 5a. Glass transition temperature plotted against the number weight average molecular weight Mn for F2 – F8 for all three fractionation rows. Fractions are not 
individually indicated as this would overfill the figure. The overall trend is indicated on the bottom right in a grey box. Dashed line as guide for the eye only. 
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where TG,∞ is the limiting value of the TG at very high MWs and K rep
resents a constant considering the free volume for a given polymer (only 
for high MWs) [56]. According to equation (2), TG increases with an 
increase in MW and eventually reaches a plateau at moderate to high 
molecular weights. However, the accuracy of this equation is limited 
when applied to the entire range of MWs, particularly for the lower 
range [56]. The equation describes many polymers, mostly linear 
polymers of low dispersity and uniform functional group distributions 
throughout the entire molar mass distributions of the sample. These 
conditions cannot be consistently found in lignins [27]. Nevertheless, 
the dashed lines for the lignin fractions in Fig. 5a follow a typical Flory- 
Fox course, although the Mn values are here rather small. Ogawa 
modified the Flory-Fox equation to obtain better accuracy for samples 
with broad MWD by including the Mw value [57]. Although plotting 
different representations (Fig. 5b, Fig. S1 and Fig. S2) no clear linear 
dependency throughout the whole range (one could put a linear trend 
for the first five data points in Fig. 5b) could be observed as for synthetic 
polymers, and no reliable values for K or TG,∞ could be identified within 
the lignin fractions. The outliers in Fig. 5b display the last fraction F8 
with the lowest MW, which may be too low to be considered in the 
modified Flory–Fox (Ogawa) equation. 

The course in Fig. 5a may explain the polymeric behavior of lignin in 
general, however, its inherent complexity (variety in conformation, 
broad distribution, functionality) limits the usage of further predictions 
by these rather simple empirical models. A significant difference be
tween F7 and F8 (the first two fractions) in Fig. 5a is visible. Although the 
Mw change between these fractions is comparable to the other ones, the 
glass transition temperatures of F8 (68 to 80 ◦C) are with up to 52 % 
substantially lower than found of F7 (140–150 ◦C). The glass transition 
temperature depends on further parameters such as the number of side 
chains in the polymer or the flexibility of the polymer molecules [58]. 
The free volume of a system can be among other parameters described 
by the number of polymer chain ends present in a sample. In a polymer 
sample with long chain lengths (high MW) and low dispersity, the total 
number of chain ends is lower, resulting in less free volume. Conversely, 
a polymer sample consisting of lower MW will have more chain ends. As 
a general rule, an increase in chain ends leads to a decrease in TG. 
Further, the stiffer and branched a (bio)-polymer is, the higher its glass 
transition temperature [58]. Bing Li et al. have reported that the number 
of the major linkage, β-O-4, reduces by solvent fractionation in ethanol/ 
water mixtures [59]. Gaspar et al. further found a decrease in the link
ages of β-O-4, β- β, and β-5 with decreasing MW of lignin fractions ob
tained by sequential anti-solvent fractionation of hydrotropic Kraft 
lignin with the addition of water [60]. The NMR results found in this 

study (Tab. S4) support this trend. The number of free functional groups 
(higher free volume) is up to 45 % higher in the lower MW fractions than 
in the high ones (see also next section). These observations may explain 
the lower MW and the consequent glass transition temperature obtained 
in this fractionation procedure. It is noteworthy to mention, that such 
broad classification in TG for untreated/non-modified hardwood OS 
lignin as processed here, including the shown MW–TG correlation are 
notably and (to the best of authorś knowledge) have not been reported 
before in such detail. The possibility to obtain target TG ranges is prone 
to be more attractive for more specific polymer blends and formulations 
[61]. For example, concerning lignin-based carbon fibers, it has been 
reported that a higher TG leads to better carbon fibers (strengths) [34]. 

3.5. Impact of stepwise anti-solvent precipitation fractionation on 
functionality 

The harvested fractions were further analyzed on their amount of 
carboxyl, aliphatic, and phenolic hydroxyl groups via 31P NMR. By 
classification in different MWs, the functional dimension reveals a dis
tribution and hence a scattering as well. In Fig. 6 the carboxyl (bottom 
greyed block), aliphatic (middle greyed blocked), and phenolic hydroxyl 
amounts (upper data points without a greyed block) in mmol per glignin 
are displayed for F2 till F8 for all three fractionations rows. 

It is noticeable, that the phenolic OH content reveals the highest 
amount of free hydroxyl groups and exhibits a range from 2.05 to 4.26 
mmol per g-1

lignin. The aliphatic OH content ranges from 1.74 to 2.11 
mmol g-1

lignin, while the carboxyl OH amount shows the lowest amount 
below 0.5 mmol g-1

lignin for all fractions in all fractionation rows. Whereas 
the differences within the fractions for the aliphatic and carboxyl re
gions are not that strong, tremendous differences within the fractions 
and lignin feed concentration are found in the phenolic hydroxyl region. 
The phenolic OH content increases from F2 towards F8 for all three feed 
lignin fractionation rows. The fractionation row with the lowest feed 
lignin concentration (5 wt. %) and the highest Mw exposes the lowest 
value in each fraction (2.05 – 3.66 mmol g-1

lignin). Further, Fig. 6 reveals 
that the phenolic OH content is the highest for almost every fraction in 
the 10 wt. % feed lignin solution. Solely, F8 of the 15 wt. % feed lignin 
fractionation row shows a higher value of 4.26 mmol g-1

lignin. This is over 
50 % more free phenolic OH groups than found in F2 of the lowest (5 wt. 
%) feed lignin fractionation row. The observed trend in decreasing 
phenolic OH amounts with increasing Mw seems plausible as 50 to 60 % 
of the inter-unit linkages in hardwood lignin are found in the β-O-4 
linkage [62]. A complete listing of all obtained NMR values is given in 
Tab. S4. 

To increase the value of lignin, fractions with more accessible OH 
groups, especially aliphatic and phenolic OH groups can be attractive for 
higher-value applications. Lignin comes with natural antioxidant and 
antibacterial characteristics. A significant role during the scavenging 
effect is based on the methoxy and phenolic group structure. Hence, the 
scavenging effect of the purified parent lignin, and exemplary of F5 and 
F8 of the 10 wt. % feed lignin fractionation row were investigated and 
the values were compared with trolox, as a gold standard. The results are 
shown in Fig. 7 depicting the inhibition of DPPH for three different time 
points (10, 30, and 45 min). Trolox, a monodisperse and small molecule 
neutralizes quickly and exhibits an inhibition of 95 % already after 10 
min. The inhibition increases for the lignin samples from the parent 
towards F8, with an inhibition of 80 and 83 % after 10 and 45 mins, 
respectively. This trend underlines the results from the NMR analysis, 
representing higher reactivity due to functionality in samples of smaller 
MW fractions. In comparison to trolox, a kinetic dependency is observed 
for all lignin samples. This is again probably caused by the dispersity of 
lignin as not only do functional groups play a major role during the 
scavenging of DPPH but also most likely the steric hindrance. 

Thus, the distributed lignin samples react further with DPPH and 
additional inhibition is registered with time. The flexibility and tune- 
ability in functional groups can be very promising for certain 

Fig. 5b. Glass transition temperature plotted against the inverse of the product 
of Mn and Mw (Flory-Fox (Ogawa)) for F2 - F8 of all three fractionation rows. 
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applications. The antibacterial and antioxidant properties of lignin are 
attractive for the food and health sector. Hereby, bio-based products 
with high phenolic content and consequently lower MW among other 
parameters (e.g. solubility) are desirable. Further, lignin is a natural UV 
blocker with huge potential for usage in sunscreens. Hereby, the current 
visual appearance of lignin limits the production of lignin-based sun
screens. However, it was shown that with efficient fractionation and 
following modification of the fractions both reduction of the dark color 
and an improved sun-blocking activity was achieved [63]. Lignin-based 
polyurethane foams have been under research for a while. Here, the 
interplay between aliphatic and phenolic OH groups is important 
[39,64]. The obtained NMR results demonstrate that different amounts 
of aliphatic/phenolic ratios can be produced, which is e.g. attractive for 
the substitution of synthetic polyols in the polyurethane (PU) foam 
production. Recently, Henry et al. reported the implementation of low 
MW lignin, which accounted for 80 % substitution of polyols in rigid PU 

foams [30]. The amounts of lignins needed for PU foam formulation are 
relatively high (e.g. 19 wt. % in [30]). The sequential precipitation 
demonstrated in this work shows low mass yields due to the large 
number of fractions. To increase absolute yields one could e.g. start with 
a higher lignin amount in the beginning of the fractionation procedure 
or by reducing the number of fractions during the fractionation. How
ever, the latter leads probably to a higher dispersity of the fractions, 
which subsequently impact the MW, its distribution and the 
functionality. 

4. Conclusion 

Different lignin feed concentrations were prepared to investigate the 
effect of lignins dispersity during stepwise solvent/anti-solvent precip
itation fractionation. The lignin concentration in each stage affected the 
solubility and phase separation of the obtained lignin fraction with its 
particular MWD during the fractionation process. Hence, this is 
addressed as another process parameter for tailoring lignin fractions 
with specific physicochemical characteristics. The lignin concentration, 
TG, the amount of free OH groups and the scavenging activity correlated 
notably with the MW of the fractions. This work demonstrates the sig
nificance of the feed lignin concentration (wt. %) in the lignin/solvent/ 
anti-solvent mixture (in addition to solvent selection) on the lignin 
fractionation process and enhances the understanding of lignins struc
ture–property correlations. 
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