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ABSTRACT: Accurate and reliable structural characterization of
technical lignins is still challenging and inhibits industrial utilization
as only poor understanding of structure−property relationship is
available. Especially, molar mass analysis of technical lignins is of
paramount interest; however, the usage of conventional size
exclusion chromatography (SEC) and synthetic polymer standards
as a consequence of inaccessible lignin standards is predominantly
found in academia. This leads to a huge discrepancy in molecular
weight analyses of lignins between different laboratories and
consequently to fragile comparability. In this study, organosolv
(OS) lignin from beech wood was exemplarily used to develop and
evaluate a new acetone−water-based SEC method with the ability
to be coupled to an electrospray ionization-mass spectrometer
(ESI-MS) or to a multi-angle light scattering detector (MALLS or short MALS). The eluent system used shows very good solubility
for the lignins investigated and hence lowers the probability for molecular aggregation of lignin molecules in solution. Solvent
fractionation in acetone−water mixtures was conducted to acquire molecular weight classes. The starting lignin (parent lignin) was
initially dissolved in 80 wt % acetone−water. Various fractions of the parent lignin were produced by a stepwise reduction of the
acetone content. Molecular weights based on narrow polyethylene glycol (PEG)/polyethylene oxide (PEO) standards and absolute
molar masses by coupling SEC with MALS were obtained, and the drawback of using polymer standards is discussed in detail. At a
lower acetone content, low-molecular-weight fractions were found. Additionally, the specific refractive index increments (dn/dc)
were determined for the parent lignin and its fractions. The impact of dn/dc on the final molecular weight (MW) was evaluated
considering the chemical composition obtained by nuclear magnetic resonance spectroscopy (NMR) analysis. Furthermore, light
scattering revealed that the absorption behavior for this OS lignin is low and neglectable. This article proposes a new acetone-based
analytical method for direct determination of absolute molar masses of OS lignin molecules.
KEYWORDS: size exclusion chromatography, molecular weight distribution, organosolv lignin, light scattering, absolute molecular weight,
fractionation, green feedstock

■ INTRODUCTION
Along with cellulose, lignin is one of the most common organic
compounds in the world and is an important building block of
plant structures. This renewable biopolymer contributes almost
30 wt % of lignocellulosic biomass [lignified material
(LCB)].1−4 Besides the pulp and paper industry, several
biorefineries process LCB into the key components cellulose,
hemicellulose, and lignin. Hereby, the organosolv (OS) is
widely considered a promising pretreatment process in
biorefineries, which is based on the delignification of biomass
with hot organic solvent−water mixtures, such as ethanol− or
acetone−water.5−7 The combination of organic solvent
mixtures and a low amount of an acid or base catalyst in the
OS pulping is relatively mild and enables the production of
high-quality lignin in comparison to other technical lignins.8,9

In particular, lignins isolated from the acetone OS Fabiola

process show relatively high purities paired with an overall
energy-efficient process.7,9,10

From a chemical perspective, lignin is a highly complex
three-dimensional biopolymer based on three cinnamyl
alcohols as shown in Figure 1.6,11

The heterogeneity of lignin biopolymers arises from the
molecular composition and linkage types between the
hydroxycinnamyl alcohols, so called monolignols. These
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monomers in lignin are named p-hydroxyphenyl, guaiacyl, and
syringyl and different linkages among these monomer units are
found, such as β-O-4′, β- β′, β-5′, β-1′, 5−5′, and 4-O-5′of that
the content of the β-O-4′ linkage is over half whole linkages in
lignin.3,12

Technical lignins are still not sufficiently utilized even
though they hold considerable potential for production of
renewable chemicals and materials.1,13 The direct material
usage is still hindered by a number of barriers, prominently by
the lignin heterogeneity caused by a high molecular weight
(MW) dispersity, various interunit linkages, and impur-
ities.14−17 Fractionation of technical lignins by preparative
size exclusion chromatography (SEC), solvent, or membrane
fractionation has been revealed to provide narrower fractions
of MW classes, which further showed enhanced performance in
specific applications such as bio-based polyurethane foams or
carbon fibers.10,18,19 In particular, solvent fractionation, with
multiple solvents in a certain order, classifies technical lignins
in size.20 However, the solvent fractionation method, used for
this work, in only acetone−water mixtures is much more
process- and cost-efficient in regard to scale-up. Due to
acetone’s low enthalpy of vaporization, it requires less energy
for recycling than water or ethanol and does not lead to
azeotropic mixtures with water. Furthermore, lower process
costs, for example, for tanks, are needed using only acetone−
water mixtures. Additionally, in the literature, it is reported that
the acetone−water system has been successfully used to obtain
monodisperse and homogeneous lignin nanoparticles for Kraft
lignin,21 which underlines its wider applicability.

The MW analysis can give significant structural insights to
understand the reactivity and physicochemical properties of
lignin. Furthermore, the width and shape of MW distributions
(MWDs) can decisively impact the physical properties of
polymeric materials.22 However, current methods for molar
mass analysis of polymeric lignin suffer from accuracy and
provide poor reliable structure−property−application correla-
tions. Thus, accurate and absolute characterization of MWD
and related molar mass-dependent parameters is of paramount
importance.14

Since the beginning of this century, the capability to
determine the molecular weight (MW) of native and technical
lignins has been primarily focused on SEC approaches. SEC
ideally separates polymers solely in terms of their size in
solution rather than by their absolute MW and requires,
therefore, the use of a previous calibration.23 Technical lignin
molecules are challenging solutes in SEC since their solubility
is hampered in common solvents, and usually, derivatization is
necessary for full solubilization.15,24 As no narrow lignin
standards are available, the conventional molar mass analysis is
based on narrow synthetic polymer standards. However,
applying this calibration method is not sufficiently accurate

for lignin, and obtained molecular weights remain question-
able.14 Numerous studies reported this issue in the literature,
as isolated lignin structures entirely differ from linear polymer
standards.14,23,25−28

This obstacle is further complexed by lignin species obtained
from different raw materials with various phenylpropanoid
monomer unit ratios, resulting essentially in a cluster of
copolymers.29 Additionally, interactions of lignin molecules
with the stationary phase are almost inevitable due to its three-
dimensional and intrinsic branched structure, which can
prolong the elution time and consequently lead to misleading
molar masses.15,30 In this context, the aggregation of lignin
molecules by intermolecular forces, especially initiated by
hydrogen bonding of hydroxyl groups, has been discussed
earlier.31 Furthermore, it has been reported that clustering of
lignin aggregates occurs due to the π−π interaction between
the aromatics.32 Suppression of this severe associative behavior
of lignin molecules in solution can be diminished by the
addition of salts.31 Due to the aforementioned factors,
comparing results from different research groups is challenging
and remains under discussion until today. Baumberger and
others marked the demand for standardized SEC analysis and
evaluated lignin samples by using different column config-
urations and eluents and reported that the number-average
molecular weight (Mn) seemed to be more reproducible within
laboratories than the weight-average molecular weight Mw.

33,34

To tackle this challenge, absolute molar mass determination
techniques are of huge interest since they are independent of
the separation method and calibrations. To get closer to the
absolute molar masses of (technical) lignins, mass spectrom-
etry (MS) approaches for lignin have been tested. Jacobs et al.
investigated molar masses of lignin with SEC in combination
with offline matrix-assisted laser desorption ionization
(MALDI) MS.35 Fractions of lignin were collected by SEC,
and absolute MWDs were determined by MALDI MS for hard
and softwood lignin.35,36 Presently, MALDI is considered the
only approachable technique for the determination of MWD in
synthetic polymers, proteins, and polysaccharides. However,
due to partial fragmentation, it is challenging to differentiate
between small and large molecule fragments and to interpret
the m/z patterns precisely.

This issue could be overcome by coupling liquid
chromatography (LC) to MS, but due to sample preparation
for MALDI analysis, MS detection with MALDI is limited as
the ion source cannot be used for online analysis with the LC
eluent.37,38 Furthermore, MALDI ionization reveals predom-
inantly formation of single-charged species, which leads to
suppression of the ionization of high-MW species.35 Electro-
spray ionization (ESI) high-resolution time-of-flight (TOF)
MS was developed by Andrianova et al. for Kraft lignin.39,40

The method was optimized regarding ion formation and
enabled a detection range of lignin species between 150 and
9000 g mol−1.39 The accurate analysis of lignin molecules,
especially for larger molecules, is so far limited due to the
above-mentioned reasons.

Alternatively, the absolute molar mass can be determined
without any calibration by multi-angle laser light scattering
detector (MALS) detection. In comparison to (calibrated)
SEC, where correct calibration for the polymer of interest and
also the pure SEC separation mechanism are obligatory, MALS
provides correct Mw even if non-SEC mechanisms
occur.14,23,41 Briefly speaking, the molar mass is determined

Figure 1. Major monomer structures of lignin.
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from the intensity of scattered light at different angles
extrapolated to a zero scattering angle.

The fundamental light scattering equation describes the
angular and concentration dependence of the intensity of
scattered light:41

R
K c

M P A cM P( ) 2 ( ) . . .w 2
2 2

* ×
= +

(1)

where Rθ is the excess Rayleigh ratio, c is the concentration of
the polymer in solution, Mw is the weight-average molecular
weight, A2 is the second virial coefficient, K* is the optical
constant, and P(θ) is the particle scattering function. The
Rayleigh ratio Rθ represents the ratio of the scattered and
incident light intensities at one measured angle θ. The optical
constant K* is further described by
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where n0 is the refractive index (RI) of the solvent, λ the
wavelength of the incident light, NA the Avogadro number, and
dn/dc the specific RI increment.41

In case of online SEC-MALS, the second term of eq 1
(2A2cM ≪ 1) can be neglected since typical values for A2 and c
lie in a magnitude of 10−4 and 10−3. It becomes visible that Mw
is inversely proportional to the square of dn/dc.42,43 This
demonstrates the significant and critical knowledge of dn/dc
values for the determination of MWs of a polymer. For a
periodically ordered polymer (homopolymer), it is well
accepted that the specific RI increment value is primarily
dependent on the monomer and minimally dependent on the
MW. However, for copolymers, a single value of dn/dc cannot
always be assumed since the composition may change with
increasing MW. If the composition of a copolymer varies by
increasing weight, the specific RI increment will change, and
ultimately, uncertainties in the MW determination will occur.43

Lignin is certainly not a homopolymer and is much more
complex due to its variety of inter-unit linkages and cross-
linkings.1 Classifying the size and chemistry by (solvent)
fractionation leads to classes of more homogeneous lignin
molecules, which will most likely influence the dn/dc value.
Additionally, technical lignins can exhibit absorption (and
fluorescence) behavior.15,41 Once the sample absorbs incident
light, this can cause a change in the scattered intensity and lead
to misleading calculation in the MW. In a recent work,
Zinovyev et al. discussed the dependency of the dn/dc value on
the MW and the absorption phenomena for Kraft lignin and
fractions. The latter could be compensated by installing band
pass filters on the detectors and correcting the absorbance
using the forward monitors.14,26,31 Furthermore, they reported
a dn/dc trend behavior of Kraft lignin fractions (up to 9000 g
mol−1) as that found for homopolymers.14

Currently, to the best of the author’s knowledge, no acetone-
based SEC method for the MW analysis of lignin has been
reported. The aim of this study was to implement and establish
a versatile SEC-ESI−MS method for the absolute molar mass
determination of (OS) lignin, where no modification of the
isolated lignin (i.e., derivatization steps) is necessary. However,
in the course of the investigations, the focus was switched to a
more robust and handy SEC-MALS technique because of
unpredictable uncertainties in the ESI-MS method. In addition,
we discuss the acquired MW differences based on the relative
SEC and absolute MALS method by investigating fractions

obtained by solvent fractionation in acetone−water mixtures.
Moreover, we stress the influence and importance of the
correct dn/dc value for each lignin MW class and attempt to
visualize the range of accuracy regarding the MW analysis
depending on these parameters.

■ MATERIALS AND METHODS
Chemicals and Solvents. The parent lignin used in this work is

obtained from the lignocellulose biorefinery pilot plant at Fraunhofer
CBP in Leuna, Germany. Beech wood lignin is processed with a mild
acetone OS process (Fabiola) and subsequently precipitated by the
LigniSep process7,44 from the pulping liquor. Further details of the
process conditions can be found in the literature.9 Lignin samples are
dried and stored at room temperature prior to use. Acetone >99.9%
was purchased from VWR International (CAS: 67-65-1), formic acid
from Fisher Scientific (CAS: 64-18-6), and polyethylene glycol/
polyethylene oxide (PEG/PEO) standards from Agilent Technolo-
gies, and tap water was purified using a Millipore filter system
[resistivity 18.2 MΩ cm, total organic carbon (TOC) 3 ppb].
Size Exclusion Chromatography. For the implementation of

acetone−water as an eluent, completely newly developed polymeric
GPC columns were installed. Three AppliChrom Acetone-AQ-Phil-P
analytical columns [each 8 mm × 300 mm, Acetone-AQ-Phil-P 350/
250/150 (pore sizes 350 Å/250 Å/150 Å)] and a guard column (8
mm × 50 mm) were connected in series to separate lignin molecules
by size in a range of 100−106 g mol−1. SEC measurements were
carried out using an Agilent HPLC 1200 system equipped with an RI
detector, a two-channel degasser, a quaternary pump, a column
thermostat, and an autosampler, followed by a MALS detector
(DAWN HELEOS, Wyatt Technology) or ESI-MS (Accurate Mass
Q-ToF LC/MS 6530, Agilent Technologies) for absolute molar mass
determination. The following SEC conditions were derived after
rigorous optimization: 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 and the column oven controlled at 35 °C. An
injection volume of 100 μL and a sample concentration of 1−5 mg
mL−1 were chosen. A series of 12 narrow single PEG/PEO standards
in the molar mass range from 640 to 538,000 g mol−1 were used for
column calibration.
SEC Preparation and Data Evaluation. The trace of formic acid

in the above-mentioned eluent is included to suppress possible self-
association behavior of lignin molecules and to enhance ionization of
the molecules for the SEC-ESI-MS measurement. This specific solvent
system has been chosen since the acetone OS lignin obtained by the
Fabiola process showed very good solubility in preliminary experi-
ments, which is a sign of high solvent−lignin interactions, leading to
the assumption of minimal lignin−lignin interactions and thus low
molecular lignin aggregation in solution. Furthermore, the eluent
allows potential SEC-ESI-MS measurements due to its volatile nature.
The eluent is filtered (nylon filter, 0.45 μm, Agilent Technologies)
and further degassed for 15 min with helium before being connected
to SEC. Prior to analysis, lignin samples and PEG/PEO standards
were dissolved in the eluent for 24 h at room temperature using an
overhead shaker (Reax 2, Heidolph) to complete dissolution. All
lignin and calibration standard samples were fully soluble in the eluent
(no solid residues observed) and were filtered using a 0.2 μm syringe
filter (ROTILABO, PA 0.2 μm, Carl Roth) prior to injection.
Software WinGPC (PSS Perfect Separation Solutions) was used for
data acquisition and evaluation of the MWD by conventional analysis
(SEC + RI), and software ASTRA 8.1.1 (Wyatt Technologies) was
used for data interpretation and evaluation of absolute molar mass
analysis (SEC + RI + MALS). The baseline and integration limits (∼
tretention 18−31.8 min) are set in a way that all lignin peaks, shoulders,
and potential agglomerates eluted from the columns are included.
Determination of the Specific Refractive Index Increment

dn/dc. The dn/dc for lignin samples and its fractions were
determined by using the above-mentioned RI detector. Four different
concentrations of the samples (0.1−2.0 mg mL−1) were prepared in
the eluent and filtered prior to direct manual injection into the RI
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detector. The analysis and evaluation were done by using software
ASTRA 8.1.1 (Wyatt Technology).
Determination of the Amount of Hydroxyl Groups by 31P

NMR. NMR spectroscopy was performed on a Bruker 600 MHz
spectrometer. 31P NMR was measured after derivatization of the
samples with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(95%, Sigma-Aldrich) in pyridine/CDCl3 (1.6:1 v/v), in the presence
of cholesterol as the internal standard, according to the standard
protocol.45,46 Hydroxyl content analyses were performed using a
quantitative procedure as published by Meng et al.46

Fractionation of Beech Wood Organosolv Lignin. 5 g of the
parent lignin was added to 80 wt % acetone (45 g) in 250 mL
centrifuge tubes. The tubes were set in an overhead shaker (Reax 2,
Heidolph) for 2 h to allow phase equilibration. Afterward, the solution
is transferred into a centrifuge (Rotanta 460, Hettichlab) and run at
4600 rpm at 23 °C for 30 min. The undissolved solid fraction is
separated and defined as non-soluble lignin and named F0.
Subsequently, water was added in each fractionation step to reduce
the acetone content of each supernatant from roughly 80 to 60,
60−40, 40−35, 30, 25, 20, and 10 wt % acetone to receive the lignin
fractions F1−F8, respectively, after equilibration for 60 min in the
overhead shaker before centrifugation of the sample under the
condition described above. The acetone content of each liquid phase
(supernatant) was determined using an offline beforehand calibrated
FT-IR spectrometer (ALPHA II, Bruker). The final remaining soluble
lignin in ∼10 wt % acetone was obtained by solvent evaporation with
a rotary evaporator. Each obtained fraction was dried prior to analysis
in a vacuum oven at 40 °C and <10 mbara for 24 h or until stable
weight was reached.
ESI-MS Analysis. An Agilent 6530 ESI Q-TOF LC/MS system

was used for the initial development of the absolute molar mass
determination method for OS lignin. A flow rate of 0.1 mL min−1 into
the ionization chamber of MS was guaranteed facilitated using a T−
splitter behind the SEC setup. The flow rate was set by adjusting the
length of the capillary between the T-splitter and ESI chamber
resulting in a constant backpressure.

A preliminary study of LC−MS conditions (sample concentration,
injection volume, ionization polarity, and fragmentor potential) was
tested. MassHunter software package B.06.00 was used for data
processing. The spectra of OS lignin and PEG standards (1000, 3350,
and 8000 Da) were recorded, and possible multiply charged ions were
deconvoluted using a built-in software tool.

■ RESULTS AND DISCUSSION
SEC-ESI-MS Method Development. The solvent system

(79 vol % acetone +1 vol % formic acid) used in this work not
only displays high solubility toward OS lignin but is also suited
due to its volatile nature for the injection in a series-connected
ESI-MS. The ionization of the molecules of interest is one of
the critical steps in the ESI-MS method. The usage of formic
acid in the solvent system can increase the ionization efficiency
of lignin molecules. Here, we have found that a positive
ionization increases the signal to noise ratio more than a
negative ionization mode does. This observation agrees with
the reports of Andrianova et al. They reported that a positive
ionization mode was found to be more effective, especially for
methoxy-substituted arenes and polyphenols. Furthermore,
they reported an effective formation of multiply charged
species for Kraft lignin by the usage of 100 mmol L−1 formic
acid in their system.39 On top of this reason, we acetified the
solvent system with formic acid to avoid any potential lignin
cluster in the solvent system. Sodium, magnesium, or other
metal traces in the sample exhibit ionic bonds with phenolates,
which indicate a more hydrophilic character than that of the
more hydrophobic solvent system. The samples fully dissolve;
however, not inevitably every lignin molecule is completely
surrounded by a solvation shell. To avoid any micelle formed

by phenolates at any concentration, the stronger formic acid is
used to minimize the amount of phenolates by protonation.
Kubatova et al. have reported a similar assumption. They
reported an unfolding of lignin polymers by the usage of 100 to
200 mm formic acid.40

For the SEC-ESI-MS analysis, we kept a flow rate of 0.1 mL
min−1 and the positive ionization mode constant and varied
primarily the injection volume and the fragmentor potential
(Table S1) to observe any differences in the quality of the
obtained spectra. Based on the signal to noise ratio, the setting
with an injection volume of 10 μL and a fragmentor voltage of
200 V showed the best results. However, we observed during
data processing missing charge (z) values for most masses
which does not lead to a complete representative deconvolu-
tion spectrum for the OS sample (Figure S1). Due to the
extensive number of peaks in the mass spectrum, partially
resulted by fragments, the reading of the isotopic pattern
becomes challenging for the deconvolution tool. Nevertheless,
solely the 1000 Da PEG sample displays a clear distributed
spectrum around the expected mass (Figure S2). At higher
molecular weights, we found difficulties in interpreting the
spectra due to missing charges. Within the PEG 3350 Da
spectrum, we observed three main peaks, of which one lies
around 3350 Da and the two others are fragmentation peaks at
lower masses (around 1000 and 2000 Da). However, toward
higher MW (3350 and 8000 Da), the interpretations of the
obtained deconvoluted spectra become very weak (Figures S3
and S4). In comparison to the 3350 Da PEG sample, the 8000
Da PEG sample displays another peak around 2500 Da. Other
than this, the spectra are very similar. Thus, a similar
fragmentation by these MS conditions can be concluded for
the analyzed higher-MW PEG samples. Detailed information
regarding the ESI conditions and the deconvoluted spectra is
available in the Supporting Information (Table S1 and Figures
S1−S4). The dispersity of a sample plays a critical role during
the ionization process as suppression of bigger molecules can
occur. Considering a polymer sample with a low dispersity
(<1.03) and a repetitive chemical identity as the PEG standard
(1000 Da), the analysis by ESI-MS seems elegant and robust.
However, by increasing the MW, the MS conditions need to be
adjusted and experimentally optimized. Hence, considering
lignin as a sample distributed in size and functionality, we
decided to move toward a more applicable and more robust
absolute analysis method by SEC-MALS.
Fractionation of OS Beech Wood Lignin. Eight dilution

steps were followed to obtain fractions from the parent lignin.
Figure 2 displays the precipitated amount for each fraction
during the sequential fractionation. The non-soluble part F0
contains around 1.87 wt % of the starting OS lignin. In the first
diluting step, a marginal amount of 1.09 wt % for F1 was
precipitated. F2 shows the highest yield of 27.4 wt %. F3,
obtained at an acetone content of 34.3 wt %, leads to a yield of
20.38 wt %. Lowering the acetone content to 29.3 wt % depicts
a yield of 12.72 wt % for F4. Starting from F5 to F8, similar
yields from 9.39 to 9.12 wt % could be observed.

The amount of precipitated lignin in F1 is very low, probably
due to the similar solubility in this acetone range. Sadeghifar et
al. reported for switch grass and pine OS lignin full solubility
between 60 and 90 wt % acetone.10,13 In addition, Duval et al.
reported recently a high solubility of isolated OS lignin in
acetone based on the evaluation of Hansen and Kamlet−Taft
solubility parameters.10 The solubility decreases, mainly
starting from 60 wt % acetone. F2 shows the highest yield
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due to the greater acetone decreasing step from 58.1 to 41.1 wt
%. The overall mass recovery lies over 99%. The distribution
results clearly prove that the acetone concentration has a major
influence on the solubility and consequently on the
fractionation process. However, the obtained yields do not
display a relationship with different acetone concentrations.
The obtained fractions were dried and subsequently analyzed
by SEC-MALS. The elution profiles of the parent lignin and
the fractions are shown in Figure 7 later. For the sake of
simplicity, F1 is not displayed in the upcoming figures since the
yield is relatively low, and obtained MWs and the dn/dc value
of F1 are in the comparable range of the parent lignin (see
Tables 2 and 3). Therefore, we strongly assume that fraction 1
majorly consists of unfractionated parent lignin.
Influence of Absorption and Fluorescence Behavior

of Lignin in Light Scattering. Analyzing the molar mass of
lignin by MALS brings the question of how greatly the
absorption and fluorescence phenomena occur on the incident
light. Technical lignins, especially Kraft lignin, have been
reported to show absorption of light in the ultraviolet and the
visible range, which is often accompanied by fluorescence
behavior.26,47 To diagnose, if the sample significantly absorbs
light at a certain wavelength, the signal obtained by the forward
monitor (FM) is taken into account. The laser monitor (LM)
only displays the intensity of the incident laser, whereas the
FM displays the intensity of the incident laser light after the
flow cell. Once a sample shows absorption behavior, the FM
signals appear to be an inverted or flipped copy of the light
scattering signal. The wavelength of the MALS detector was
664 nm.

In Figure 3, the light scattering signal at 90° and the FM
signal for the parent lignin are displayed. The FM signal does
not mirror the light scattering signal. Furthermore, the voltage
of the FM does not drop or change drastically. The FM can
correct sample absorbance as long as the FM signal does not
change by more than approximately 20%.

The OS lignin used in this work only shows a change of
0.15% in the signal intensity, which represents marginal
absorption behavior. Due to the very low, almost neglectable
amount of absorption, no further considerations (higher
wavelength, bandpass filters, or correction) have been taken
regarding the MALS setup.
SEC Calibration and Analysis. Prior to MW analysis of

the parent lignin and fractions, the new acetone-based SEC

columns were primarily calibrated with narrow PEG/PEO
standards. Figure 4 shows the narrow distributed standards (a)
eluted from the three columns connected in series. An elution
window of 13.61 mL covers the necessary MW range. By using
WinGPC software, a calibration curve [sigmoidal course (b)]
could be obtained and fitted with a third-degree polynomial
function (Figure 4b) (R2 = 0.999).
Analysis and Determination of dn/dc Values for

Beech Wood Lignin and Its Fractions. The specific RI
increments of the parent lignin and its fractions were
determined by batch measurements beforehand. Figure 5
shows the RI detector response plotted against the injected
mass. By using a linear fit (R = 0.999), a specific RI increment
of 0.1865 mL g−1 could be obtained for the parent lignin. This
value lies in the comparable range for OS lignins.14

Molecular Weight Distribution and Analysis by SEC
and SEC-MALS. MWD and weight-average molecular weights
were obtained by the relative calibration based on PEG/PEO
standards. The starting parent lignin shows an Mw of 11,063 g
mol−1. The eight produced fractions exhibit higher (e.g.,
21,000 to 11,400 g mol−1) and lower (9600 to 2800 g mol−1)
Mw than the parent lignin. In Figure 6, the weight (blue)- and
number (green)-average MWs are displayed for F2 to F8.

A tendency to lower MW classes toward a higher water
content can be derived from the figure. Through the polarity
change in the stepwise fractionation, lignin solubility decreases
with the change of the acetone concentration. By increasing
the polarity, larger lignin molecules, which exhibit more of an
unpolar character, tend to precipitate. This could explain the
tendency toward smaller MW distributions by increasing the
water content. Similar trends of MW classification have been
reported earlier.10,13,48 Sain et al. have also reported that the
solubility of lignin in an organic solvent depends primarily on
the MW and on the functionality as the aliphatic hydroxyl
number of the lignin.49

Furthermore, the dispersity (ratio of Mw and Mn) reduces
during the course of the fractionation as represented in Table
1. The highest irregularity with a dispersity of 3.08 is found in
F2.

Fraction 7 shows the lowest value of 1.40. This is most likely
explainable by the range of the acetone content. F2 has been
obtained with a bigger acetone step (∼20 wt %) than that of F7
(∼5 wt %), and hence, the dispersity is lower in smaller

Figure 2. Precipitated amount for obtained fractions in sequential
dilution fractionation.

Figure 3. Diagnosis of absorption behavior of the lignin sample by
using the FM signal.
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acetone steps. Both the average MWs and dispersity lie
distributed around the parent lignin as summarized in Table 1.

For SEC-MALS analysis, the dn/dc of the parent lignin and
of each fraction has been included. In Figure 7, the differential
MWD is displayed for the parent lignin and each fraction. The
MWDs of the fractions do overlap with each other to some
extent; however, the peak maxima (MP) of the fractions are
clearly distributed around the parent lignin. All samples display
at least bimodal behavior, which is likely explainable by the
wide analytical separation range of 90 cm. It is noticeable that
the parent lignin covers the complete molar mass range and
thus displays the biggest dispersity (see Table 2). F2 is
represented by the higher-MW fraction; however, due to the
bigger acetone jump of ∼20 wt %, F2 shows the highest
dispersity among the fractions.

The MWD of F3 and F4 (brown dashed and rose lines) are
mostly overlying, representing a similar average MW.
Furthermore, F3 and F4 only depict a minor shoulder beside
a narrow distribution, which leads to similar lower dispersity

values. The lowest dispersity value is found for F7 even though
it represents two major peaks. However, the range of MW in F7
is lower than that in F8, and therefore, F8 displays a slightly
higher dispersity. From F5 to F8, a stronger shift to lower Mp

Figure 4. Narrow elution profiles of PEG/PEO standards (a) and column calibration curve with PEG/PEO in 80 wt % acetone following a
sigmoidal function (b).

Figure 5. dn/dc determination of beech wood lignin in 80 wt %
acetone.

Figure 6. MWs of lignin and its fractions based on PEG/PEO
standards.

Table 1. Summarized Values for Mn, Mw, and Dispersity
Obtained by Relative Calibrationa

sample Mn [g mol−1] Mw [g mol−1] dispersity [−]

Parent Lignin 4200 11,000 2.62
F1 4000 10,000 2.50
F2 6800 21,000 3.08
F3 5600 11,400 2.03
F4 5000 9600 1.92
F5 4200 8100 1.93
F6 4100 6000 1.46
F7 3000 4200 1.40
F8 1800 2800 1.56

aMaximal standard uncertainties are U(Mn) = 223 g mol−1, U(Mw) =
843 g mol−1, and U(D) = 0.08 (for the 0.95 level of confidence).
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can be observed. Statistical moments as average Mw can be
consequently derived from the MWD and are summarized in
Table 2. A similar trend for the molar masses by the
fractionation is obtained via SEC-MALS analysis. Nevertheless,
Figure 8 clearly indicates that absolute values (blue dots) for
the average MWs are slightly higher than those obtained by the

conventional method (green dots). The biggest discrepancy in
MW is found for F4, where a correction factor of 1.33 would be
needed to obtain the absolute value based on the relative
analysis. All other values lie within a range from 1.00 to 1.21.
Additionally, the absolute dispersity values are much lower
than those obtained by the relative method.

The underestimation of the lignin molar mass obtained by
the relative calibration has been reported in the literature.26,47

To understand the discrepancy in MW analysis obtained by
the relative method, the PEG/PEO standards have been
analyzed via SEC-MALS. In Figure 9, the molar mass course

for the parent lignin (black) and the PEG/PEO standards
(green) is displayed. Furthermore, the RI detector and light
scattering signal (blue and red, respectively) are shown. The
signals of the detectors do not overlap due to the
polydispersity of lignin.

An amount of less than 1 wt % of the injected sample is
eluted at a retention time (tr) of 20 mL. This amount is taken
into account for the full molar mass analysis and most probably
represents agglomerated lignin molecules due to anchoring
effects and not a perfect SEC separation mechanism. The
major amount of lignin starts eluting at tr = 22 min. The MW
decreases for the parent lignin as shown by the black line in
Figure 9. In the major separation window (tr = 22 to 32 min),
we observe that each of the PEG/PEO standards (green dots)
shows lower MW than the parent lignin. Since SEC separates
not by MW but only by hydrodynamic volume, this
observation supports strongly the hypothesis that lignin
molecules (likely branched and folded due to intra-molecular
interactions) are more compact than (linear) PEG/PEO
standards in this solvent system. This leads to the earlier
shown mismatch and underestimation of lignin MWs by
considering the relative method.

This is in agreement with previously found differences in the
literature. Fredheim et al. found for Kraft lignin absolute
values, which are 1.7 times higher than those obtained by the
conventional method. Wang et al. even showed differences of a
factor between 6.2 and 6.5 between the absolute and relative
method for acetylated hardwood Kraft lignin.26,47 Zinovyev et
al. reported an Mw of 10,000 g mol−1 for an OS hardwood
sample analyzed in their SEC-MALS system.14 The absolute

Figure 7. MW distribution of beech wood lignin and its fractions
determined by SEC-MALS.

Table 2. Summarized Values for Mn, Mw, and Dispersity
Obtained by Absolute Molar Mass Analysis

sample Mn [g mol−1] Mw [g mol−1] dispersity [−]

Parent Lignin 8700 12,600 1.45
F1 9300 13,000 1.40
F2 18,400 23,900 1.30
F3 11,800 13,300 1.13
F4 11,700 12,800 1.10
F5 7300 8100 1.11
F6 5900 6800 1.15
F7 4100 4500 1.10
F8 2900 3400 1.17

Figure 8. Average MWs, Mw, obtained by SEC (blue dots) and SEC-
MALS (green dots).

Figure 9. MW course plotted against the elution volume for the
parent lignin (black) and standards (green dots).
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weight-average MW for the OS beech wood lignin used in this
work lies in a similar range with 12600 g mol−1.
Influence of the Specific Refractive Index Increment

(dn/dc) on the Molecular Weight Determination. The
dn/dc value is a crucial parameter affecting the molar masses
determined by SEC-MALS and needs particular consideration.
The dn/dc value is a discrete number for a given polymer in a
given solvent system at a certain wavelength. Lignin is not a
periodically ordered biopolymer, and therefore, specific
incremental indices for each fraction were determined. The
structural dependency of technical lignins is not only based on
three monomer units and their various binding types but also
on the type of lignin, the isolation conditions, and the
fractionation method. Hence, every lignin and fraction display
a unique distribution of various molecule sizes and a cluster of
functional activities as described in the introduction.23,41 In
Table 3, dn/dc values determined for the different fractions are

collected. It is noticeable that the values for the parent lignin
and for F1 are in the same range, which underlines the
hypothesis of mostly undissolved parent lignin remaining in F1
derived above.

In the lower MW range from 3400 to 8100 g mol−1,
represented by fractions F8 to F5, an increase in the dn/dc
value from 0.1638 to 0.22 mL g−1 is observed. For the fractions
with higher MWs, starting from F4 to F2, an additional
asymptotic course starting from 0.1832 to 0.2176 mL g is
exposed. The results are illustrated in Figure 10a revealing two

trends for the dn/dc values obtained by the solvent
fractionation. For comparison, Zinovyev et al. reported dn/dc
values for Kraft lignin and its fractions obtained by an
ultrafiltration process. They observed a significant increase in
dn/dc up to 2000 g mol−1 and a constant value above up to
9000 g mol−1.14

As described earlier, the dn/dc values change significantly for
(bio)polymers based on different monomers by the MW. In
this connection, phosphorous NMR (31P NMR) can exhibit,
based on the amount of hydroxyl groups, structural insights
into lignin molecules regarding the chemical composition.
Lignin molecules are polymerized of three phenylpropanoid
monomer units, which consist of a polyphenolic skeleton with
nine carbon atoms and only differ in the number of methoxyl
groups (Figure 1). In Figure 10b, the determined amount of
hydroxyl groups present in the phenolic (red), aliphatic
(green), and carboxyl (blue) region is plotted against the
weight-average MW for the parent lignin (stars) and its
fractions (dots). A significant decrease in phenolic OH and a
slight decrease for aliphatic and carboxylic OH contents with
increasing MW are observed. Thus, by the solvent fractiona-
tion, not only a classification by MW appears but additionally
on the chemical composition, here displayed for hydroxyl
groups.

The lower the average MW, the fewer the amounts of
bindings between the monomers are formed, which con-
sequently leads to a higher amount of free functional groups as
hydroxyl endings. This trend is clearly noticeable for the
fractions in Figure 10b. However, potentially two linear trends
with different slopes can be observed. The slope from F8 to F5
is much higher for all three hydroxyl regions than the slope
from F4 to F2 and may explain the drop in the dn/dc values
found between F4 and F5.

The parent lignin and F4 represent almost the same Mw
(Table 2). Furthermore, the analysis by 31P NMR reveals an
approximately similar amount of hydroxyl groups in all regions
for the parent lignin and F4. Both sets of information have an
impact on the specific RI increment and result in comparable
dn/dc values (see Table 3). Thus, we may have found a
description for the chemical composition by the amount of
OH groups for the lignin molecules. This hypothesis is further

Table 3. dn/dc Values for Parent Lignin and Its Fractions

sample dn/dc [mL g−1] R2

parent lignin (P.L.) 0.1865 ± 0.0081 0.999
F1 0.1836 ± 0.0065 0.999
F2 0.2131 ± 0.0021 0.999
F3 0.2097 ± 0.0035 0.999
F4 0.1826 ± 0.0085 0.998
F5 0.2219 ± 0.0070 0.999
F6 0.2168 ± 0.0020 0.999
F7 0.2135 ± 0.0009 1
F8 0.1632 ± 0.0011 1

Figure 10. Obtained dn/dc values (a) and amount of OH groups (b) plotted against Mw for the parent lignin (stars) and its fractions (dots).
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strengthened by the fact that the main linkage type in lignin
samples is represented by β-O-4 bindings obtained via
phenolic OH groups. The influence of the main linkages in
lignin on the functionality in the fractions can be further
understood and investigated by, for example, 1H−13C NMR.
The amount of β-O-4 binding most likely decreases with the
course of the fractionation. Wang et al. reported a similar
trend, where a decrease in the 5−5′ interunit was observed by
decreasing MW.50

To the best of the author’s knowledge, a split in the dn/dc
trend for fractions obtained of a technical lignin has not been
reported before. This split indicates that by the fractionation,
not only the molar mass is classified, but also, most probably, a
non-linear clustering of the chemical composition especially by
functional groups within the fractions occurs.

In Figure 11, the weight-average MW is plotted for the
parent lignin and its fractions obtained by the relative method

(blue curve, analogous to Figure 8), the absolute method by
considering only the dn/dc value for the parent lignin (red
curve), and the absolute method by considering the dn/dc
value for each sample (black curve).

The structural difference between calibration standards and
technical lignin leads often to an underestimation by only
considering the relative method via SEC. An overestimation of
the MWs occurs by considering only the dn/dc value of the
parent lignin. Using the dn/dc values for the individual
fractions shows that the real absolute MWs for the samples are
found in-between as shown in Figure 11 (black curve). These
results clearly show that the dn/dc value for each lignin type
plays a significant part in the MW determination and can lead
to misleading analysis if not addressed. Therefore, we
emphasize for the accurate MW analysis of lignin by MALS
the consideration of individually determined dn/dc values.

■ CONCLUSIONS
A new aqueous acetone-based SEC−MALS method has been
developed for the analysis of OS lignin to provide insights into
the relative and absolute molar mass distribution and MWs.
This unique analytic method provides elegantly the analysis of
molar mass distribution and average MWs without any further
derivatization steps of the sample. In comparison to other
widely used solvent systems (e.g., DMSO or NaOH) in SEC

for lignin, this new solvent system can be easily recycled, and
instruments as MS (not suitable with DMSO) or the RI
detector (not long-term suitable with NaOH) are less prone to
get damaged, which leads toward a more practical and
sustainable approach. Furthermore, this SEC method allows
the coupling of ESI-MS for additional absolute characterization
of lignin molecules, especially of narrow fractions in the lower-
MW range. However, in this work, ESI-MS was found to be
not suitable for samples >1 kDa due to dispersity, not optimal
MS conditions, and poor deconvolution reasons.

OS lignin from beech wood produced by the Fabiola process
has been fractionated by a stepwise decrease in the solvent
content to obtain more homogeneous fractions. Both analytical
methods (calibrated SEC and absolute SEC-MALS) reveal the
classification in MW by the fractionation. Hereby, a trend
toward lower MW by increasing the water content has been
identified.

Technical lignins such as Kraft lignin often display high
absorption and fluorescence behavior. Contrarily, the pro-
cessed lignin in this work shows almost no absorption behavior
probably due to its prior relatively mild extraction process
conditions. This work further addresses the unreliability due to
structural difference in molecular conformation between lignin
and PEG/PEO standards used to determine the MW. The
analysis of calibration standards in solution by SEC-MALS
reveals lower molar masses than those of lignin molecules at
equal elution time, which leads to the strong assumption of a
less compact molecular structure for the synthetic standards in
this solvent system. In cases of heterogeneous polymers, the
most significant errors in molar mass can be observed when the
parent homopolymers are of notable different dn/dc. We
investigated the dn/dc for each fraction and found expected
differences but also surprisingly two distinguishable dn/dc
trends for two groups of lignin fractions. A difference in the
abundance of OH groups between those two lignin fraction
groups was found to be a possible explanation of the unsteady
dn/dc trend with increasing molar mass.

The further characterization of physicochemical properties
for understanding the effect of the fractionation on the molar
mass−structure-−property relationships is addressed in current
studies.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06309.

Additional experimental details regarding the ESI-MS
conditions and ESI-MS spectra of lignin, PEG 1000,
PEG 3350, and PEG 8000 Da (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Arulselvan Ponnudurai − Physical and Chemical Foundations
of Process Engineering, Max Planck Institute for Dynamics of
Complex Technical Systems, Magdeburg, Saxony-Anhalt
39106, Germany; orcid.org/0000-0002-4272-3229;
Email: ponnudurai@mpi-magdeburg.mpg.de

Authors
Peter Schulze − Physical and Chemical Foundations of Process
Engineering, Max Planck Institute for Dynamics of Complex

Figure 11. Influence of dn/dc and relative calibration on lignin MW.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c06309
ACS Sustainable Chem. Eng. 2023, 11, 766−776

774

https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06309?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c06309/suppl_file/sc2c06309_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arulselvan+Ponnudurai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4272-3229
mailto:ponnudurai@mpi-magdeburg.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Schulze"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06309?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06309?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06309?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06309?fig=fig11&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c06309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Technical Systems, Magdeburg, Saxony-Anhalt 39106,
Germany; orcid.org/0000-0002-1089-746X

Andreas Seidel-Morgenstern − Physical and Chemical
Foundations of Process Engineering, Max Planck Institute for
Dynamics of Complex Technical Systems, Magdeburg,
Saxony-Anhalt 39106, Germany; orcid.org/0000-0001-
7658-7643

Heike Lorenz − Physical and Chemical Foundations of Process
Engineering, Max Planck Institute for Dynamics of Complex
Technical Systems, Magdeburg, Saxony-Anhalt 39106,
Germany; orcid.org/0000-0001-7608-0092

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.2c06309

Funding
Open access funded by Max Planck Society.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank the European project UNRAVEL, especially
the Fraunhofer Institute for CBP in Leuna, Germany, and
TNO, Petten, Netherlands, for providing lignin samples. The
authors further thank AppliChrom for developing the analytic
acetone-based SEC columns. The authors thank the group of
Prof. Markus Zweckstetter and Dr. Antonia Moll from the Max
Planck Institute for Multidisciplinary Sciences in Göttingen for
initial testing of lignin molar mass analysis by MALS in their
laboratory. The authors thank Dr. Liane Hilfert from the
Institute of Chemistry at University of Magdeburg for running
31P NMR experiments and the related discussions. The authors
further thank Dr. Arthur Porfetye from Wyatt Europe for
fruitful discussions regarding the analysis of lignin samples.
Further, the authors thank Jacqueline Kaufmann and Stefanie
Oberländer for enabling smooth working conditions in the
laboratory and helping in the development of the analytical
setup. This research is supported by the International Max
Planck Research School for Advanced Methods in Process and
Systems Engineering (IMPRS ProEng), Magdeburg, Germany.

■ REFERENCES
(1) Rinaldi, R.; et al. Paving the Way for Lignin Valorisation: Recent

Advances in Bioengineering, Biorefining and Catalysis. Angew. Chem.,
Int. Ed. 2016, 55, 8164−8215.
(2) Thoresen, P. P.; et al. Recent advances in organosolv

fractionation: Towards biomass fractionation technology of the
future. Bioresour. Technol. 2020, 306, 123189.
(3) Sannigrahi, P.; Ragauskas, A. J.; Tuskan, G. A. Poplar as a

feedstock for biofuels: A review of compositional characteristics.
Biofuels Bioproducts & Biorefining-Biofpr 2010, 4, 209−226.
(4) Lange, H.; Rulli, F.; Crestini, C. Gel Permeation Chromatog-

raphy in Determining Molecular Weights of Lignins: Critical Aspects
Revisited for Improved Utility in the Development of Novel
Materials. ACS Sustainable Chem. Eng. 2016, 4, 5167−5180.
(5) Rasche, C.; et al. Effect of Process Parameters in Pilot Scale

Operation on Properties of Organosolv Lignin. Bioresources 2019, 14,
4543−4559.
(6) Kamm, B.; Kamm, M. Principles of biorefineries. Appl. Microbiol.
Biotechnol. 2004, 64, 137−145.
(7) Schulze, P.; et al. Continuous Separation of Lignin from

Organosolv Pulping Liquors: Combined Lignin Particle Formation
and Solvent Recovery. Ind. Eng. Chem. Res. 2019, 58, 3797−3810.

(8) Smit, A.; Huijgen, W. Effective fractionation of lignocellulose in
herbaceous biomass and hardwood using a mild acetone organosolv
process. Green Chem. 2017, 19, 5505−5514.
(9) Smit, A. T.; et al. Laboratory- to Pilot-Scale Fractionation of

Lignocellulosic Biomass Using an Acetone Organosolv Process. ACS
Sustainable Chem. Eng. 2022, 10, 10503−10513.
(10) Duval, A.; et al. Isolation of Low Dispersity Fractions of

Acetone Organosolv Lignins to Understand their Reactivity: Towards
Aromatic Building Blocks for Polymers Synthesis. ChemSusChem
2021, 14, 387−397.
(11) Zakzeski, J.; et al. The Catalytic Valorization of Lignin for the

Production of Renewable Chemicals. Chem. Rev. 2010, 110, 3552−
3599.
(12) Yuan, T. Q.; Xu, F.; Sun, R. C. Role of lignin in a biorefinery:

separation characterization and valorization. J. Chem. Technol.
Biotechnol. 2013, 88, 346−352.
(13) Sadeghifar, H.; et al. Fractionation of Organosolv Lignin Using

Acetone:Water and Properties of the Obtained Fractions. ACS
Sustainable Chem. Eng. 2017, 5, 580−587.
(14) Zinovyev, G.; et al. Getting Closer to Absolute Molar Masses of

Technical Lignins. Chemsuschem 2018, 11, 3259−3268.
(15) Musl, O.; et al. High-Resolution Profiling of the Functional

Heterogeneity of Technical Lignins. Biomacromolecules 2022, 23,
1413−1422.
(16) Khalili, K. N. M.; et al. Monitoring Molecular Weight Changes

during Technical Lignin Depolymerization by Operando Attenuated
Total Reflectance Infrared Spectroscopy and Chemometrics. Chem-
SusChem 2021, 14, 5517−5524.
(17) Gaugler, E. C.; et al. Molar mass determination of lignins and

characterization of their polymeric structures by multi-detector gel
permeation chromatography. J. Anal. Sci. Technol. 2021, 12, 1−15.
(18) Duval, A.; et al. Scalable single-step synthesis of lignin-based

liquid polyols with ethylene carbonate for polyurethane foams. Mater.
Today Chem. 2022, 24, 100793.
(19) Li, Q.; et al. Non-Solvent Fractionation of Lignin Enhances

Carbon Fiber Performance. ChemSusChem 2019, 12, 3249−3256.
(20) Liu, R.; et al. Fractionation of Lignin with Decreased

Heterogeneity: Based on a Detailed Characteristics Study of
Sequentially Extracted Softwood Kraft Lignin. ACS Sustainable
Chem. Eng. 2021, 9, 13862−13873.
(21) Li, X.; et al. Acetone/Water Cosolvent Approach to Lignin

Nanoparticles with Controllable Size and Their Applications for
Pickering Emulsions. ACS Sustainable Chem. Eng. 2021, 9, 5470−
5480.
(22) Andrianova, A. A.; et al. Size exclusion chromatography of

lignin: The mechanistic aspects and elimination of undesired
secondary interactions. J. Chromatogr. A 2018, 1534, 101−110.
(23) Cathala, B.; et al. Association behaviour of lignins and lignin

model compounds studied by multidetector size-exclusion chroma-
tography. J Chromatogr A 2003, 1020, 229−239.
(24) Asikkala, J.; Tamminen, T.; Argyropoulos, D. S. Accurate and

reproducible determination of lignin molar mass by acetobromination.
J. Agric. Food Chem. 2012, 60, 8968−8973.
(25) Gidh, A. V.; et al. Determination of lignin by size exclusion

chromatography using multi angle laser light scattering. J. Chromatogr.
A 2006, 1114, 102−110.
(26) Wang, W.; et al. Determination of the absolute molar mass of

acetylated eucalyptus kraft lignin by two types of size-exclusion
chromatography combined with multi-angle laser light-scattering
detectors. Holzforschung 2018, 73, 363−369.
(27) Sulaeva, I.; et al. Fast Track to Molar-Mass Distributions of

Technical Lignins. ChemSusChem 2017, 10, 629−635.
(28) Tolbert, A.; et al. Characterization and analysis of the molecular

weight of lignin for biorefining studies. Biofuels Bioproducts &
Biorefining-Biofpr 2014, 8, 836−856.
(29) Tobimatsu, Y.; Schuetz, M. Lignin polymerization: how do

plants manage the chemistry so well? Curr. Opin. Biotechnol. 2019, 56,
75−81.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c06309
ACS Sustainable Chem. Eng. 2023, 11, 766−776

775

https://orcid.org/0000-0002-1089-746X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Seidel-Morgenstern"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7658-7643
https://orcid.org/0000-0001-7658-7643
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heike+Lorenz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7608-0092
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06309?ref=pdf
https://doi.org/10.1002/anie.201510351
https://doi.org/10.1002/anie.201510351
https://doi.org/10.1016/j.biortech.2020.123189
https://doi.org/10.1016/j.biortech.2020.123189
https://doi.org/10.1016/j.biortech.2020.123189
https://doi.org/10.1002/bbb.206
https://doi.org/10.1002/bbb.206
https://doi.org/10.1021/acssuschemeng.6b00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.15376/biores.14.2.4543-4559
https://doi.org/10.15376/biores.14.2.4543-4559
https://doi.org/10.1007/s00253-003-1537-7
https://doi.org/10.1021/acs.iecr.8b04736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b04736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b04736?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7gc02379k
https://doi.org/10.1039/c7gc02379k
https://doi.org/10.1039/c7gc02379k
https://doi.org/10.1021/acssuschemeng.2c01425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c01425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.202001976
https://doi.org/10.1002/cssc.202001976
https://doi.org/10.1002/cssc.202001976
https://doi.org/10.1021/cr900354u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900354u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jctb.3996
https://doi.org/10.1002/jctb.3996
https://doi.org/10.1021/acssuschemeng.6b01955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b01955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201801177
https://doi.org/10.1002/cssc.201801177
https://doi.org/10.1021/acs.biomac.1c01630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c01630?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.202101853
https://doi.org/10.1002/cssc.202101853
https://doi.org/10.1002/cssc.202101853
https://doi.org/10.1186/s40543-021-00283-5
https://doi.org/10.1186/s40543-021-00283-5
https://doi.org/10.1186/s40543-021-00283-5
https://doi.org/10.1016/j.mtchem.2022.100793
https://doi.org/10.1016/j.mtchem.2022.100793
https://doi.org/10.1002/cssc.201901052
https://doi.org/10.1002/cssc.201901052
https://doi.org/10.1021/acssuschemeng.1c04725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c04725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c04725?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chroma.2017.12.051
https://doi.org/10.1016/j.chroma.2017.12.051
https://doi.org/10.1016/j.chroma.2017.12.051
https://doi.org/10.1016/j.chroma.2003.08.046
https://doi.org/10.1016/j.chroma.2003.08.046
https://doi.org/10.1016/j.chroma.2003.08.046
https://doi.org/10.1021/jf303003d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf303003d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chroma.2006.02.044
https://doi.org/10.1016/j.chroma.2006.02.044
https://doi.org/10.1515/hf-2018-0119
https://doi.org/10.1515/hf-2018-0119
https://doi.org/10.1515/hf-2018-0119
https://doi.org/10.1515/hf-2018-0119
https://doi.org/10.1002/cssc.201601517
https://doi.org/10.1002/cssc.201601517
https://doi.org/10.1002/bbb.1500
https://doi.org/10.1002/bbb.1500
https://doi.org/10.1016/j.copbio.2018.10.001
https://doi.org/10.1016/j.copbio.2018.10.001
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c06309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(30) Balakshin, M.; et al. Spruce milled wood lignin: linear, branched
or cross-linked? Green Chem. 2020, 22, 3985−4001.
(31) Ji, L.; et al. Revisiting the Molar Mass and Conformation of

Derivatized Fractionated Softwood Kraft Lignin. Biomacromolecules
2022, 23, 708−719.
(32) Sarkanen, S.; et al. Lignin. 20. Associative interactions between

kraft lignin components. Macromolecules 1984, 17, 2588−2597.
(33) Baumberger, s.; et al. Molar mass determination of lignins by

size-exclusion chromatography: Towards standardisation of the
method. Holzforschung 2007, 61, 459−468.
(34) Lupoi, J. S.; et al. Recent innovations in analytical methods for

the qualitative and quantitative assessment of lignin. Renewable
Sustainable Energy Rev. 2015, 49, 871−906.
(35) Jacobs, A.; Dahlman, O. Absolute molar mass of lignins by size

exclusion chromatography and MALDI-TOF mass spectroscopy.
Nord. Pulp Pap. Res. J. 2000, 15, 120−127.
(36) Jacobs, A.; Dahlman, O. Characterization of the molar masses

of hemicelluloses from wood and pulps employing size exclusion
chromatography and matrix-assisted laser desorption ionization time-
of-flight mass spectrometry. Biomacromolecules 2001, 2, 894−905.
(37) Morreel, K.; et al. Mass Spectrometry-Based Sequencing of

Lignin Oligomers. Plant Physiol. 2010, 153, 1464−1478.
(38) Owen, B. C.; et al. High-Performance Liquid Chromatography/

High-Resolution Multiple Stage Tandem Mass Spectrometry Using
Negative-Ion-Mode Hydroxide-Doped Electrospray Ionization for the
Characterization of Lignin Degradation Products. Anal. Chem. 2012,
84, 6000−6007.
(39) Andrianova, A. A.; et al. Electrospray Ionization with High-

Resolution Mass Spectrometry as a Tool for Lignomics: Lignin Mass
Spectrum Deconvolution. J. Am. Soc. Mass Spectrom. 2018, 29, 1044−
1059.
(40) Kubátová, A.; et al. Atmospheric pressure ionization mass

spectrometry as a tool for structural characterization of lignin. Rapid
Commun. Mass Spectrom. 2020, 34, 8813.
(41) Podzimek, S. Truths and myths about the determination of

molar mass distribution of synthetic and natural polymers by size
exclusion chromatography. J. Appl. Polym. Sci. 2014, 131, a.
(42) Velours, C.; et al. Determination of the Absolute Molar Mass of

[Fe-S]-Containing Proteins Using Size Exclusion Chromatography-
Multi-Angle Light Scattering (SEC-MALS). Biomolecules 2022, 12,
270.
(43) Coto, B.; et al. Determination of dn/dc values for ethylene−

propylene copolymers. Polym. Test. 2007, 26, 568−575.
(44) Leschinsky, M.; et al. In Method for precipitating lignin from
organosolv pulping liquors; Office, E. P., Ed.: Germany, 2017.
(45) Granata, A.; Argyropoulos, D. S. 2-Chloro-4,4,5,5-tetramethyl-

1,3,2-dioxaphospholane, a Reagent for the Accurate Determination of
the Uncondensed and Condensed Phenolic Moieties in Lignins. J.
Agric. Food Chem. 1995, 43, 1538−1544.
(46) Meng, X.; et al. Determination of hydroxyl groups in

biorefinery resources via quantitative 31P NMR spectroscopy. Nat.
Protoc. 2019, 14, 2627−2647.
(47) Fredheim, G.; Braaten, S.; Christensen, B. Molecular weight

determination of lignosulfonates by size-exclusion chromatography
and multi-angle light scattering. J. Chromatogr. A 2002, 942, 191−199.
(48) Duval, A.; et al. Solvent screening for the fractionation of

industrial kraft lignin. Holzforschung 2016, 70, 11−20.
(49) Sameni, J.; Krigstin, S.; Sain, M. Solubility of Lignin and

Acetylated Lignin in Organic Solvents. Bioresources 2017, 12, 1548−
1565.
(50) Wang, W.; et al. A branched structure provides kraft lignins a

denser morphology and a high molar mass for a given hydrodynamic
radius. Holzforschung 2020, 74, 551−558.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c06309
ACS Sustainable Chem. Eng. 2023, 11, 766−776

776

 Recommended by ACS

Sequential Downstream Process for Concurrent Extraction
of Lutein, Phytol, and Biochemicals from Marine Microalgal
Biomass as a Sustainable Biorefinery
Shreya Sadukha, Ramalingam Dineshkumar, et al.
JANUARY 05, 2023
ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ 

Co-Hydrotreatment of Yellow Greases and the Water-
Insoluble Fraction of Pyrolysis Oil. Part I: Experimental
Design to Increase Kerosene Yield and Reduce Coke Form...
Anamaria Paiva Pinheiro Pires, Yinglei Han, et al.
JANUARY 11, 2023
ENERGY & FUELS READ 

Organosolv Lignin as a Green Sizing Agent for
Thermoformed Pulp Products
Mihaela Tanase-Opedal and Jost Ruwoldt
DECEMBER 08, 2022
ACS OMEGA READ 

Performance of Structural Alloys in Bio-oil Production,
Upgrading, and Storage Systems
James R. Keiser, Michael D. Kass, et al.
JANUARY 04, 2023
ENERGY & FUELS READ 

Get More Suggestions >

https://doi.org/10.1039/D0GC00926A
https://doi.org/10.1039/D0GC00926A
https://doi.org/10.1021/acs.biomac.1c01101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c01101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00142a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00142a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/HF.2007.074
https://doi.org/10.1515/HF.2007.074
https://doi.org/10.1515/HF.2007.074
https://doi.org/10.1016/j.rser.2015.04.091
https://doi.org/10.1016/j.rser.2015.04.091
https://doi.org/10.3183/npprj-2000-15-02-p120-127
https://doi.org/10.3183/npprj-2000-15-02-p120-127
https://doi.org/10.1021/bm010050b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm010050b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm010050b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm010050b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1104/pp.110.156489
https://doi.org/10.1104/pp.110.156489
https://doi.org/10.1021/ac300762y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac300762y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac300762y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac300762y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13361-018-1916-z
https://doi.org/10.1007/s13361-018-1916-z
https://doi.org/10.1007/s13361-018-1916-z
https://doi.org/10.1002/rcm.8813
https://doi.org/10.1002/rcm.8813
https://doi.org/10.1002/app.40111
https://doi.org/10.1002/app.40111
https://doi.org/10.1002/app.40111
https://doi.org/10.3390/biom12020270
https://doi.org/10.3390/biom12020270
https://doi.org/10.3390/biom12020270
https://doi.org/10.1016/j.polymertesting.2007.02.001
https://doi.org/10.1016/j.polymertesting.2007.02.001
https://doi.org/10.1021/jf00054a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf00054a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf00054a023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41596-019-0191-1
https://doi.org/10.1038/s41596-019-0191-1
https://doi.org/10.1016/S0021-9673(01)01377-2
https://doi.org/10.1016/S0021-9673(01)01377-2
https://doi.org/10.1016/S0021-9673(01)01377-2
https://doi.org/10.1515/hf-2014-0346
https://doi.org/10.1515/hf-2014-0346
https://doi.org/10.15376/biores.12.1.1548-1565
https://doi.org/10.15376/biores.12.1.1548-1565
https://doi.org/10.1515/hf-2019-0292
https://doi.org/10.1515/hf-2019-0292
https://doi.org/10.1515/hf-2019-0292
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c06309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c04804?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03250?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acsomega.2c05416?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02018?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1674024015&referrer_DOI=10.1021%2Facssuschemeng.2c06309
https://preferences.acs.org/ai_alert?follow=1

