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ABSTRACT: The effect of temperature on the molecular properties of a
“liquid-lignin” phase recovered from Kraft black liquor via CO, acidification at
elevated temperatures was investigated. For softwood black liquors, up to a 4-
fold increase in the molecular weight (mol wt) of the recovered liquid-lignin
phase was observed as the acidification temperature was increased from 100 to
150 °C. Thus, experiments were carried out in which the CO,-acidification
steps of preheating, acidification, and phase separation were decoupled from
each other in order to elucidate the mechanisms for the observed changes in
molecular weight. Results indicate that some lignin cleavage and a
corresponding decrease in molecular weight occur during the black-liquor
preheating step. However, a significant net increase in molecular weight occurs
after the lignin has phase-separated from the black liquor in the form of a new,
denser liquid phase, pointing to condensation reactions as the most likely cause.
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Minimal changes in lignin aromatic content were observed in the new liquid-lignin phase. Because elevated-temperature, CO,
acidification can be carried out continuously via the SLRP process, adjusting residence times in the black liquor—liquid lignin
phase separator would be an effective method for controlling the molecular weight of the recovered lignin for a given product

application.
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Bl INTRODUCTION

Processes for recovering and purifying lignin from paper-mill
black liquors have been developed in which lignin is
precipitated by acidifying the black liquor.'™® The recovered
lignin is envisioned as a clean-burning biofuel,** as well as a
renewable precursor and substitute for petroleum-derived
polymers and other materials (e.g., polyurethane foams,
thernéloglastic and thermoset composites, phenolic resins,
etc.).””

In recent years, three processes have been proposed for the
recovery of lignin from Kraft black liquor: LignoBoost,
LignoForce System, and sequential liquid-lignin recovery and
purification (SLRP)."'™ Each has its advantages and disadvan-
tages. In two of the lignin-recovery processes (ie., LignoBoost
and LignoForce System), the lignin is recovered as a
precipitated solid phase, whereas with SLRP, the lignin
phase-separates out and is recovered as a new, dense liquid
(a so-called “liquid-lignin”) phase. The fact that the lignin is in
the form of a liquid means that the SLRP process can be
operated in a continuous manner (see Figure 1). Clearly, this
can be a significant advantage on a commercial scale.

For the CO,-acidification step, the temperature at which the
lignin first phase-separates as a liquid (vs a solid) phase is about
100 °C. Temperatures as high as 200 °C can be employed for
forming liquid lignin, as long as enough pressure is maintained
on the black-liquor and liquid-lignin phases such that all
components remain in the condensed state. However, the
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economics of operating at such elevated temperatures would be
expected to be untenable.

Extensive characterization work on the molecular properties
of both residual and soluble lignins, and how they change
during the Kraft pulping process, has been performed over the
past 20+ years by a number of groups. (Residual lignins are
those that remain with the cellulose, whereas soluble lignins are
those that are dissolved in the black-liquor phase.) Some of the
earliest work in this area was carried out by Gellerstedt and co-
workers;'*"'* in more recent years, the work of Argyropoulos’
group™>~"* has been prominent. For example, it is well-known
that as the pulping process proceeds (and as a result the Kappa
number decreases), the molecular weight of both the residual
and soluble lignins decreases primarily because of the cleavage
of the $-O-4 linkages, which has also been shown to result in a
corresponding increase in phenolic OH content.">'¢ However,
information on the molecular-property changes that lignin
undergoes when it phase-separates from the black liquor to
form a new phase during lignin-recovery processes, such as
those mentioned above, is scarce. Zhu et al.'” investigated
changes in molecular weight and functional-group composition
for the solid lignin phase that precipitates during the CO,
acidification step of the LignoBoost process. The focus of this
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Figure 1. Sequential liquid-lignin recovery and purification (SLRP) process for the production of low-ash lignin.

Table 1. Origin, Kappa Numbers, Black-Liquor Solids Content, and CO, Acidification Temperatures of the Three Kraft Black
Liquors Used To Produce Liquid-Lignin Phases

origin Kappa no. solids content (wt %) CO,-acidification temperature (°C)
Kraft black liquor “A” softwood 90 20, 30, and 40% 100, 125, and 150
Kraft black liquor “B” softwood 25 20, 30, 42, and 50% 100, 125, and 150
Kraft black liquor “C” hardwood 18 20, 27, and 35% 100, 125, and 150
work was on the effect of precipitation pH, ion Strength, and recovered as a solid for analysis after the reactor had been cooled to 65
temperature on product yield, molecular weight, and func- °C. A more detaﬂec}gdescription of the 'experimental. apparatus is
tional-group composition for the Precipitated solid lignin phase. presented elsewhere.”” The three black liquors used in this work,

selected properties, and the CO, acidification temperatures used are
shown in Table 1.

Softening Points of Liquid Lignins. The softening points of
selected liquid lignins were measured in a pressurized, water-saturated
atmosphere, so that the chemical composition of the liquid-lignin

Temperature effects were minimal for the 45—75 °C range that
was investigated (where solid lignin is the precipitating
product), and so were not the focus of this work.

The objective of the study herein was to investigate the effect

of elevated processing temperatures (i, 100150 °C) on the phase would be unchanged from the equilibrium state formed in the 2
molecular properties of the liquid-lignin phase that phase- L batch reactor (i.e., with heating, water will evaporate from the liquid
separates from the black-liquor solution during CO, acid- lignin under atmospheric pressure). For a given experiment, a cup-and-
ification at these conditions. No previous investigations have ball assembly from a Mettler dropping-point apparatus (model no.
been Performed’ at least arﬂy because only recently have FP83HT) was filled with the hgmn sample and then pllt inside a PVT
researchers discovered™'®!” that lignin recovery from black- cell (DB Robinson & Assoc., model no. 150-10-155). As the cell was

heated up, the lignin sample would fall from the cup and block the
path of a laser beam focused on a photoresistor. The temperature at
which a step change in the photoresistor response was observed was

B EXPERIMENTAL SECTION reported as the softening point. This procedure is described in detail

18
Materials. Three black liquors, two softwood and one hardwood, elsew%le.re. . . o ;

were obtained from commercial Kraft pulp mills and used to produce ACId.IﬁcatIOIjl ?nd Acetylation (_)f Iqul.,lld. Lignins f‘.)r H NMR

the liquid lignins discussed herein. High performance liquid Analysis. A solidified sample of the liquid-lignin phase of interest was

liquor solutions can be carried out at such temperatures.

chromatography (HPLC)-grade dimethylformamide (CAS 68-12-2, obtained from the 2 L batch reactor, crushed with a mortar and pestle,
purity of 99.7%) and lithium bromide (CAS 7550-35-8, purity 99.9%), and redissolve.d.in a0SN :sodium hydroxide solution. This s.olution
used for gel permeation chromatography (GPC) analysis, and was t}.1en %'ea.adlﬁed at ambler'xt'temperature's t9 a.pH of 2 with 1 N
deuterated chloroform (CAS 865-49-6) and pentafluorobenzaldehyde sulffurlc acid in order to .repre.>c1p'1tate t.he entire lignin sample back as a
(CAS 653-37-2), used for NMR analysis, were all obtained from Alfa solid phase. The resulting lignin—acid slurry was vacuum-filtered to
Aesar. Pyridine (CAS 110-86-1, 99.0%), acetic anhydride (CAS 108- recover the ligl?in, which was then 'driec.l un.de? nitrogen at 40 °C. The
24-7, 99.0%), chloroform (CAS 67-66-3, 99.8%), diethyl ether (CAS actual acetylatlz%n procedure, which is similar to the method of
60-29-7, 99.0%), and ethanol (CAS 64-17-5, 99.5%), used for the Gosselink et al.™ except for the rlgplacement of methanol with ethanol,
acetylation of liquid lignins, were all obtained from VWR. is described in dc.atail elsewhere.

Producing Liquid Lignin via CO, Acidification of Kraft Black Gel Permeation Chromatography (GPC). The relative molec-
Liquors. Liquid-lignin phases were produced via CO, acidification of ular weights of the precipitated liquid lignins were determined via
three different black liquors of various solids content over a range of GPC in a Waters Alliance GPCV 2000. Two columns were used in
acidification temperatures. Briefly, black liquor with a pH of 13—14 series: a Waters Styragel HT4 followed by an Agilent PolarGel-L
and a given solids content was loaded into a specially modified, 2 L column. The mobile phase consisted of dimethylformamide (DMF)
batch reactor (see Figure S1 in the Supporting Information), heated with 0.05 M lithium bromide (LiBr) delivered at a flow rate of 1 mL/
up with stirring at a rate of 60 rpm to the desired operating min. Detection was by a UV—vis spectrophotometer (Waters, model
temperature, and then acidified with carbon dioxide at a flow rate of no. 2487) at a wavelength of 280 nm. The lignin samples were
~250 std mL/min down to a pH of 9.3 + 0.3 in order to separate out dissolved in the mobile phase at 1 mg/mL and filtered using a 0.2 yim,
the desired, liquid-lignin phase. Once the desired pH was achieved, the nylon membrane syringe filter (VWR, part no. 28145-487).
liquid-lignin phase was allowed to settle for 2 h at the operating Monodisperse poly(ethylene glycol)/poly(ethylene oxide) (PEG/
temperature and pressure. This hydrated, lignin-rich phase was then PEO) standards (part no. PL2080-0101, Agilent Technologies) were
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used to calibrate the GPC for determination of the weight-average and
number-average molecular weights of the liquid lignins.

Nuclear Magnetic Resonance (NMR). Quantitative '"H NMR
was performed with a 300 MHz Bruker Avance 300 spectrometer
following the procedure used by Stoklosa et al.'® Acetylated liquid-
lignin samples were prepared at a concentration of 44 mg/mL in
deuterated chloroform, which contained a trace amount of
trimethylsilane (TMS) as a reference peak. Pentafluorobenzaldehyde
(PFB) was added as an internal standard for functional-group
quantification. Samples were run using a 30° pulse with a 2 s pulse
delay and a total of 128 scans. Integration was performed using
TopSpin 2.1 software (Bruker Corp.); integration regions were used
according to Froass et al.:"® 4.2—3.6 ppm for methoxyl groups, 2.6—2.2
ppm for acetylated aromatic hydroxyl groups, and 2.2—1.6 ppm for
acetylated aliphatic hydroxyl groups.

B RESULTS AND DISCUSSION

The lignin originally present in the three black liquors used in
this study was precipitated at ambient temperature by acidifying
with sulfuric acid to a pH of ~2. The aromatic hydroxyl
content, number-average, and weight-average molecular
weights of these solid lignins are presented in Table 2 as a
basis for reference.

Table 2. Number-Average Molecular Weight, Weight-
Average Molecular Weight, and Aromatic Hydroxyl Content
of the Solid Lignin Precipitated at Ambient Temperatures
and pH ~ 2 from the Three Kraft Black Liquors Used in
This Study

MW,* i aromatic OH
black liquor (BL) (Da) (Da) (mmol/g lignin)
softwood BL “A” 1900 6950 13
softwood BL “B” 2800 10800 1.5
hardwood BL “C” 1000 3400 1.9

“MW,: Number-average molecular weight based on PEG/PEO
standards. bMWw: Weight-average molecular weight based on PEG/
PEO standards.

Molecular Weight vs Softening Point for Liquid
Lignins. The number-average molecular weight (MW,) of
the liquid-lignin phase as a function of the CO, acidification
temperature at various black-liquor solids contents is presented
in Figure 2. (The weight-average molecular weight (MW,,) and
PDI are given in Tables S1—S3 in the Supporting Information.)
Here we can see how MW, for the liquid lignins derived from
softwood black liquors “A” and “B” increases by up to a factor
of 4 as the CO, acidification temperature is increased from 100
to 150 °C.

Reliable measurements of the molecular weights (mol wt) of
lignin can be a challenge. GPC continues to be the method of
choice, but as discussed in the literature,*! misleading results
can occur due to association effects. Thus, of interest to us was
an assessment of the validity of our GPC results via an
independent alternative. For that purpose, we chose the
softening point, as it has been shown to have a good correlation
with molecular weights for other poorly defined systems.””
Figure 3 gives softening-point results for liquid lignins
recovered from the same three black liquors as given in Figure
2, with results shown for black-liquor solids content of 30 wt %.
Clearly, the trends are consistent with those obtained by GPC:
softening-point increases track mol wt increases for “A” and
“B”, while for “C” both softening point and mol wt are
essentially constant. Softening-point measurements by Velez™
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Figure 2. MW, of the liquid-lignin phases as a function of CO,
acidification temperature at solids contents of (blue ) 20, (red H)
30, (green A) 40, and (purple X) S0 wt % for softwood black liquors
“A” and “B” and hardwood black liquor “C”.
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Figure 3. Softening points of the liquid-lignin phases derived from
black liquors “A” (black square), “B” (white square), and “C” (gray
square) as a function of the CO, acidification temperature, with all
black liquors at a solids content of 30 wt %.

for other softwood and hardwood black liquors demonstrated a
similar, well-behaved correlation of GPC mol wt with softening
point. Thus, we concluded that our GPC system could be used
to reliably detect mol wt changes in our lignin phases.
Molecular Weight of Liquid Lignins: Temperature
Effects. Two possible explanations for the increases in
molecular weight with CO, acidification temperature seen in
Figure 2 for the “A” and “B” liquid lignins were considered: (1)
the equilibrium distribution of lignin species between the
liquid-lignin phase and the spent black-liquor phase is such that
higher mol wt lignin species distribute preferentially into the

DOI: 10.1021/5¢500703m
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Figure 4. (a) GPC elution profiles for lignins precipitated from black liquor “B” at ambient temperatures down to pHs of 9.3 (blue) and 2.0
(purple), compared to liquid lignins precipitated at elevated temperatures (green, 100; red, 125; blue, 150 °C) down to a pH of 9.3. (b) GPC elution
profiles for lignin derived from black liquor “B” heat-treated for 4 h at 125 °C: lignin phase precipitated from “B” at ambient (blue); lignin phase
precipitated from “B” at ambient, heated to 125 °C, and then held there for 2 h (red).

liquid-lignin phase at higher temperatures, and (2) a reaction is
causing an increase in the molecular weight of the liquid lignin.

To evaluate the above two possibilities, several elucidating
experiments were carried out. First, (solid) lignin was
precipitated from black liquor “B” via CO, acidification to a
pH of ~9.3 using ambient instead of elevated temperatures.
Then another ambient-temperature experiment was performed
where the lignin again was precipitated as a solid phase from
black liquor “B”, but this time with 1N sulfuric acid down to a
pH of 2.0; this experiment would be expected to precipitate out
all of the acid-insoluble lignin present in the black liquor. A
comparison of these two ambient-temperature precipitations
with those carried out at elevated temperatures (i.e., at 100,
125, and 150 °C) down to a pH of 9.3 is given in the GPC
chromatograms of Figure 4a. Clearly, the higher mol wt lignins
are not initially present in the “B” black liquor, but are being
generated by processing at elevated temperatures.

To determine at what point in the acidification process the
higher mol wt species were being formed, an additional set of
experiments was performed in which black liquor “B” was first
held at 125 °C for 4 h, cooled down to ambient temperatures,
and then acidified with CO, to precipitate a solid lignin phase.
In a second experiment, black liquor “B” was again held at 125
°C for 4 h and then cooled down to ambient for CO,
acidification. But this time, the precipitated solid lignin phase
was subsequently heated to 125 °C and then held there for 2 h.
As shown in Figure 4b, the molecular weight of the lignin
precipitate increased significantly after it was heated in the form
of a separate lignin phase, but not when it was preheat-treated
as a solute within the black-liquor “solution”.

The most likely cause for the observed increases in the
molecular weights of the “A” and “B” liquid-lignin phases that
were processed at elevated temperatures (see Figure 2) are
condensation reactions similar to those that occur during the
Kraft pulping process.”*** Although condensation reactions
occur during pulping, fragmentation reactions (e.g, S-O-4
cleavage) typically take place at higher rates, resulting in a net
decrease in molecular weight of the lignin.''® Condensation
reactions are minimized because the HS™ ions present in the
black liquor act as external nucleophiles.”® However, as the pH
of the black liquor is decreased during CO, acidification, HS™
ions are reduced in concentration as they are protonated,
releasing them in the form of H,S gas.'™ Furthermore, any
remaining HS™ will distribute preferentially into the aqueous
black-liquor phase vs the more hydrophobic, liquid-lignin phase
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being formed. Lower HS™ concentrations in the lignin phase
favor condensation reactions.

Our hypothesis that the condensation reactions that increase
the molecular weight of the lignin in the liquid-lignin phase are
the same as those that have been identified as occurring during
pulping in the black-liquor phase is supported by the fact that a
similar increase in molecular weight with temperature was not
observed for the lignin phase precipitated from hardwood black
liquor “C” (see Figure 2c). This is because the most common
condensation reactions in pulping occur at the CS position,24
and this cannot occur in the syringyl-type lignin units that
dominate in hardwoods, as the C5 position is occupied by a
methoxyl group.

Figure 5 shows the number-average and weight-average
molecular weight of lignin from black liquor “B” as a function of
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Figure S. Number-average (gray square) and weight-average (white
square) molecular weight as a function of “reaction time” at 125 °C for
a lignin initially precipitated from black liquor “B” at ambient
temperatures.

the time that the lignin was held at 125 °C (ie., the “reaction
time”) after being precipitated via CO, acidification at ambient
temperatures. (GPC chromatograms for the 0 h and 2 h
reaction times were plotted in Figure 4b.) The observed
increases in molecular weight are consistent with the
occurrence of condensation reactions such as those described
above.

Hydroxyl Content of Liquid Lignins: Temperature
Effects. The effect of CO, acidification temperature on the
aromatic hydroxyl content of the liquid-lignin phase is given in
Figure 6, with results being shown for a range of black-liquor
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Figure 6. Aromatic OH content of the liquid-lignin phases as a
function of CO, acidification temperature at a solids content of (blue
@) 20, (red W) 30, (green A) 40, and (purple X) S0 wt % for (a)
softwood black liquor “A”, (b) softwood black liquor “B”, and (c)
hardwood black liquor “C”.

solids contents. For the softwood black liquors “A”, there is a
general trend of increasing phenolic content with temperature.
Recall that “A” has a high Kappa number (90). For “B” with a
much lower Kappa number (25), the increase in phenolic
content is minimal. The larger increase in OH content for the
black liquor with the higher Kappa number (“A”) was expected,
as this black hquor had previously undergone less extensive
Kraft pulping.'® We would not expect the observed increases in
phenolic hydroxyl content to occur because of condensation
reactions, as they typically occur at the CS position and thus do
not involve the OH group.”*** Note that the most consistent
increase in phenolic hydroxyl content also occurs for
hardwood-derived “C” black liquor, which the data indicate
does not undergo significant condensation reactions (see
Figure 2c), providing further verification that the hydroxyl
increase is unrelated to condensation reactions.

We thus hypothesized that the most likely source of the
aromatic hydroxyl increase was the aryl ether cleavage reactions
that occur as part of the Kraft pulping process, in particular the
reaction that commonly occurs at the f-O-4 linkage and leads
to the formation of an aromatic hydroxyl group.”*** The
simultaneous occurrence of lignin fragmentation (cleavage) and
condensation reactions during Kraft pulping has been reported
by Ragauskas and co-workers for soluble lignins and by
Argyropoulos and co-workers' for residual lignins.

But were these reactions taking place in the black-liquor
phase before lignin phase separation, or in the lignin phase after
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phase separation? To answer this question, we devised a set of
experiments to “decouple” the black-liquor heatup, the CO,
acidification/lignin precipitation, and the liquid-lignin settling
steps from each other.

In one set of experiments, we heated black liquor “A”
samples at 100 and 150 °C and held each for 2 h at
temperature. Lignin was then precipitated from these black-
liquor samples via CO, acidification at ambient temperatures
down to a pH of ~9.3. A portion of these two lignin samples
were first analyzed for molecular weight by GPC; then they
were acetylated and analyzed for hydroxyl content via "H NMR
(both analytical methods were previously described). In a
second set of experiments, a portion of the lignin precipitated
in the first set of experiments was divided up into two more
samples, which were subsequently heated up to 100 and 150
°C, respectively, to form a liquid-lignin phase and held there for
2 h. These lignin samples were also analyzed for molecular
weight and hydroxyl content.

Figure 7 illustrates the results of this work. Note how the
molecular weight of the lignin when completely dissolved in the
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Figure 7. Molecular weight and aromatic hydroxyl content changes
that occur as “A” lignin is heated for 2 h while in solution in the black-
liquor phase, precipitated out with CO, to form a separate phase, and
then heated to the liquid-lignin state and held there for 2 h.

black liquor decreases as it is held at elevated temperatures;
these results are consistent with higher temperatures leading to
more lignin cleavage, probably primarily at the $-O-4 linkage.
Furthermore, we see that this cleavage process leads to an
increase in the aromatic hydroxyl content. Similar results have
been been observed by others during Kraft pulping. For
example, Jiang and Aryropoulos'* observed a drop of about 1
mmol of #-O-4 ethers/g lignin, and a significant increase in the
aromatic hydroxyl content of lignin monomer units, when a
soluble lignin was delignified by about 70%. The behavior
shown in Figure 7 is also consistent with the observations of
previous researchers that as Kraft pulping proceeds, the

DOI: 10.1021/5¢500703m
ACS Sustainable Chem. Eng. 2015, 3, 1032—1038


http://dx.doi.org/10.1021/sc500703m

ACS Sustainable Chemistry & Engineering

Research Article

aromatic OH content increases and the molecular weight
decreases."* 1

Some of the increase in aromatic OH content may also be
due to demethylation of the methoxyl group, but our results
show that the trends shown in Figure 6 are similar, whether the
y-axis denominator is in g lignin (as shown here) or in mol
OCH, (as presented elsewhere®®). The work of others'>' also
indicates that the -O-4 cleavage is the main contributor to the
increase in aromatic hydroxyl content.

The CO,-induced precipitation of the lignin from the black-
liquor phase that then takes place at ambient temperatures so
that no reactions occur is shown simply as a point and
discontinuity in the mol wt and aromatic hydroxyl curves at a
time of 2 h. Finally, we see how the mol wt and hydroxyl
content change as the precipitated liquid-lignin phase is held at
elevated temperatures for 2 h. Significant increases in the
molecular weight of lignin occur due to condensation reactions
(as previously described), but the hydroxyl content remains
constant or modestly decreases at the higher temperatures
(with the decrease in hydroxyl content being consistent with
some type of a repolymerization involving an aromatic hydroxyl
group, e.g, the a-O-4 linkage24).

B CONCLUSIONS
When the recovery of high-purity lignin from Kraft black liquor

entails an acidification step that is carried out at elevated
temperatures (e.g., 100—150 °C), the lignin separates out as a
liquid (instead of a solid) phase. As has been shown in this
study, such elevated-temperature operation can be used as a
tool for controlling the molecular weight of the recovered
lignin. To investigate the changes in both molecular weight and
chemical composition that occur during elevated-temperature
CO, acidification, experiments were carried out in which the
preheating, acidification/precipitation, and phase-settling steps
were decoupled from each other. Results indicate that by
controlling the time of both the preheating and settling steps,
the molecular weight of the recovered lignin can either be
decreased, kept unchanged, or increased. In a commercial
setting, in situ control of the molecular weight of the final, high-
purity lignin product could be effected by changing the
residence time of the liquid-lignin phase in the settler located
below the carbonation column (see Figure 1), through changes
either in the feed flow rates or in the settler volume.

B ASSOCIATED CONTENT

© Supporting Information

Batch-reactor apparatus, tables with weight-average and
number-average molecular weights of the liquid-lignin phases,
and a typical "H NMR spectrum of the analyzed lignin samples.
The Supporting Information is available free of charge on the
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