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Abstract

Molar masses, Mark-Houwink-Sakurada (MHS) exponents, and refractive index increments (dn/dc) for three lignins were
determined without derivatization by multi-detector gel permeation chromatography (GPC) in dimethylformamide
(DMF) with 0.05 M lithium bromide (LiBr). The lack of effectiveness of fluorescence filters on molar mass determination
by GPC-multi-angle laser light scattering (MALS) was confirmed for softwood kraft lignin (Indulin AT) and revealed for
mixed hardwood organosolv lignin (Alcell) as well as soda straw/grass lignin (Protobind 1000). GPC with viscometry
detection confirmed that these lignins were present as compact molecules. The MHS exponent α for Indulin AT and
Alcell was in the order of 0.1. Additionally, the intrinsic viscosity of Protobind 1000 for a given molar mass was much
lower than that of either Alcell or Indulin AT. This is the first report of dn/dc values for these three lignins in DMF with
0.05 M LiBr.

Keywords: Lignin analysis, Molecular weight, Gel permeation chromatography (GPC), Size exclusion chromatography
(SEC)

Introduction
The molar mass of lignin is a key parameter which gov-
erns its reactivity and physical properties. The accurate
determination of molar mass of lignins has posed a
major challenge for a number of years for various rea-
sons such as its highly complex and variable structure,
and the lack of suitable standards (Baumberger et al.,
2007). There are numerous publications describing gel
permeation chromatography (GPC) methods for differ-
ent types of lignins. Baumberger et al. gave a compre-
hensive summary on commonly used GPC conditions
for the analysis of isolated industrial and model lignins
(Baumberger et al., 2007). Tolbert et al. summarized
current and future methodological developments used
for determining the molecular weight of lignin from

various sources at different points in the biorefining
process (Tolbert et al., 2014). Liao et al. gave a conclu-
sive review on current advancements on the isolation,
characterization, and application of lignin (Liao et al.,
2020). Andrianova et al. evaluated the applicability of
size exclusion chromatographic systems and the effect of
undesired secondary interactions to the lignin molar
mass (Andrianova et al., 2018). Lange et al. set out to
standardize experimental set-up and data treatment for
GPC analysis of derivatized lignins in THF in combin-
ation with NMR, adding in a lignin-type (mainly in re-
gard to linkage units p-hydroxyphenyl (H), guaiacyl (G),
or syringyl (S)) dependent correction factor to render
more precise molecular weight data (Lange et al., 2016).
Most publications focus on organic GPC using tetra-
hydrofuran (THF) as an eluent and analyzing acetylated
lignin (mainly kraft, organosolv, and milled wood lignin
(MWL)) with ultraviolet (UV) detection at a wavelength
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of 280 nm (Baumberger et al., 2007; Glasser et al., 1993;
Pellinen & Salkinoja-Salonen, 1985; Gellerstedt, 1992;
Gosselink et al., 2004). However, as reported by Cathala
et al., THF is a poor solvent even for acetylated lignins,
and new systems for molar mass determinations of lig-
nins are desirable (Cathala et al., 2003). Gidh et al. char-
acterized lignin produced after purification from Kraft
black liquor in water, dimethylsulfoxide (DMSO), and
0.1M NaOH (Gidh et al., 2006). As an alternative to
THF, the use of N,N-dimethylformamide (DMF) with
and without the addition of lithium bromide (LiBr) has
been reported in literature for molar mass determination
of lignin (Tolbert et al., 2014; Gosselink et al., 2004;
Cathala et al., 2003; Connors et al., 1980; Dong & Fricke,
1995). Many lignins are readily soluble in DMF, and de-
rivatization such as acetylation, acetobromination, and
benzoylation of the lignin is not required. This is benefi-
cial as derivatization is a time-consuming procedure that
changes the functionality of the lignin. Additionally,
many high molar mass lignin fractions are not readily
soluble in the derivatization reagent, and functionalized
lignins cannot be derivatized without losing the func-
tional groups. As DMF is well-known for promoting as-
sociation effects resulting in bimodal elution profiles
(Cathala et al., 2003; Connors et al., 1980), the addition
of lithium chloride or bromide to DMF was recom-
mended to minimize aggregation and to obtain mono-
modal elution curves (Cathala et al., 2003).
Conventional GPC employing a single concentration

detector, such as a refractive index (RI) or ultraviolet
(UV) detector, is most commonly used for the determin-
ation of the relative molar mass of lignins (Baumberger
et al., 2007). This is done by comparing their elution vol-
ume against that of standards with known molar mass. If
the standards used in the calibration and the sample are
of the same chemical and topological structure, then, ac-
curate molar masses can be obtained. Unfortunately, lig-
nin standards are not commercially available, and
therefore, other calibrants are usually applied. Andria-
nova et al. addressed the issue of calibration standards
by investigating the suitability of four sets of commer-
cially available polymeric standards as well as low molar
mass lignin model compounds on several GPC column
sets with different functional groups, confirming min-
imal stationary phase interactions except for size exclu-
sion effects. They confirmed that both poly(styrene) (PS)
and poly(methyl methacrylate) (PMMA) standards can
be used for accurate GPC column calibration (Andria-
nova et al., 2018). However, if the standards and the
sample are dissimilar molecular structures, the results
are merely comparative. In multi-detector GPC, a visc-
ometer, or a light scattering detector, or both are
employed together with a concentration detector to ad-
dress the limitations of conventional GPC. When

applying GPC with molar mass-sensitive detectors (such
as a viscometer or a light-scattering detector), absolute
molar mass and molar mass distribution can be calcu-
lated that is not dependent on the chemistry of any stan-
dards used in calibration. In addition, use of molar
mass-sensitive detectors allows the determination of
other polymer properties that cannot be obtained by
conventional GPC.
A viscometer measures the specific viscosity of mate-

rials as they elute from the column. Combining this with
concentration information from a RI or UV detector al-
lows determination of the intrinsic viscosity, which in
turn allows for molar mass determination at each elution
volume based on the universal calibration concept (Gru-
bisic et al., 1967). Since both, molar mass and intrinsic
viscosity, are known across the chromatogram, signifi-
cant insights into the behavior of polymer molecules in
solution can be obtained.
Using viscometry, the value of α in the Kuhn-Mark-

Houwink-Sakurada plot (often referred to as just the
Mark-Houwink-Sakurada (MHS) plot) gives information
about the structural behavior of the polymer molecules
in solution. Values of α between 0 and 0.5 indicate a
compact dense structure (following the “hard sphere”
model). Values of α of 0.7–0.8 are expected for linear
random coils in a good solvent, and even larger values of
α are found for larger, more solvated structures. An
upper limit of 2.0 is indicative of the “rigid rod” model,
where most of the segments of the molecule are far from
the center of gravity, similar to that expected for a spin-
ning rod structure in solution. Thus, the MHS relation-
ship is an excellent way of probing the structure of
polymer molecules in solution (Technologies, 2017).
Dong et al. reported MHS parameters for kraft lignin in
DMF at two temperatures (α = 0.11 at 45 °C and α =
0.13 at 78 °C) (Dong & Fricke, 1995). Additionally, MHS
parameters for different types of lignins in solvents such
as THF, dimethylformamide, acetone, and sodium hy-
droxide solutions have been reported (Glasser et al.,
1993; Cathala et al., 2003; Ringena et al., 2006). All these
investigations showed low α values well below 0.5, indi-
cating dense structures.
Using a light-scattering detector to determine absolute

molar mass of lignins is challenging because fluores-
cence interferes strongly and leads to overestimation of
the molar mass (Cathala et al., 2003; Froment & Pla,
1989; Merkle et al., 1992). However, reports in literature
are incongruous regarding the efficiency and role of
fluorescence filters and if light scattering provides true
molar masses for lignin. For example, Siochi et al. re-
ported that in order to use low-angle laser light scatter-
ing (LALLS) detection, one has to consider not only the
influence of the sample absorbance and fluorescence on
molecular weight determination but also the effect of
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beam polarization (Siochi et al., 1990). Fredheim et al.
stressed the importance of including fluorescence filters
in the multi-angle laser light scattering (MALS) detector
in the study of lignosulfonates, even when using a laser
at 632.8 nm (Fredheim et al., 2002). In the present study,
the effect of fluorescence filtering on the molar masses
of softwood kraft lignin (Indulin AT), a hardwood orga-
nosolv lignin (Alcell), and a soda straw/grass lignin (Pro-
tobind 1000) in DMF with 0.05 M LiBr was investigated
by GPC-MALS.
Knowledge of the sample refractive index increment

(dn/dc) in the eluent is a requirement for the molar
mass determination by GPC using MALS and viscom-
etry detection. Contreras et al. determined dn/dc values
of 0.140 ± 0.011 and 0.165 ± 0.008 mL g−1 for Norway
spruce enzymatic mild acidolysis lignin (EMAL) and Eu-
calyptus globulus (E. globulus) EMAL, for freshly dis-
solved acetobrominated samples in THF (Contreras
et al., 2008). Siochi et al. measured dn/dc values of hy-
droxypropyl (HP) derivatives of a red oak organosolv lig-
nin, an aspen organosolv lignin, and a Westvaco
hardwood kraft lignin freshly dissolved in THF (Siochi
et al., 1990). The determined dn/dc values were 0.145 ±
0.016, 0.152 ± 0.017, and 0.163 ± 0.023 mL g−1, respect-
ively. To the best of our knowledge, dn/dc values for
Indulin AT, Alcell, and Protobind 1000 in DMF with
0.05 M LiBr have not been reported yet.
Molar mass distributions of lignin in solutions are influ-

enced by not only the type of solvents used but also by the
time in solution (incubation time) otherwise called the ef-
fect of aging (Glasser et al., 1993; Guerra et al., 2007).
Guerra et al. observed a dependency of molecular weight
distribution upon incubation time for acetobrominated
EMAL from Southern pine and Eucalyptus globulus solu-
bilized in THF (Guerra et al., 2007). Samples were ana-
lyzed after 5, 10, and 20 days. Glasser et al. found when
examining the effect of aging on Indulin AT Kraft lignin
acetate and Eucalin Eucalyptus hardwood lignin in THF
that there were variations between the lignin types (Glas-
ser et al., 1993). The molar mass data was constant for the
Eucalin sample as was the number average molar mass
(Mn) for the Indulin AT lignin acetate. However, the
weight average molar mass (Mw) of Indulin AT exhibited
a 16% reduction after 3 days and further reductions with
longer times. The steady reductions in Mw were explained
by lignin acetate associations being disrupted with time
(Glasser et al., 1993). However, no information has been
found in literature on the aging effect of lignins in 0.05 M
LiBr in DMF. Hence, the influence of incubation time on
the molar mass distribution of Indulin AT solubilized in
0.05 M LiBr in DMF solution was investigated over the
duration of 48 h.
Using concentration detectors (UV and RI) in combin-

ation with a calibration curve, it is known that the

sample concentration can influence molar mass evalu-
ation by GPC (Hofe, 2007; Striegel et al., 2009). Large
injected masses could lead to column overloading and
reduced separation efficiency resulting in increasing er-
rors in the average molar masses. The influence of sam-
ple concentration on the molar mass determination of
Indulin AT, Alcell, and Protobind was evaluated to
choose the best suited concentration for the concentra-
tion detector (RI) in combination with viscometer and
MALS detector.
To the best of our knowledge, multi-detector GPC,

using both MALS and viscometry detection, has not pre-
viously been used to determine molar masses of lignins
and their polymeric structure in DMF with the addition
of 0.05 M LiBr. This study aims to fill this gap by
employing multi-detector GPC to determine molar
masses as well as MHS exponent α and dn/dc values for
a softwood (G-type) kraft lignin (Indulin AT), a hard-
wood (S- and G-type) organosolv lignin (Alcell), and a
soda straw/grass (S, G and H-type) lignin (Protobind
1000) (Constant et al., 2016). In addition, the effective-
ness of fluorescence filters for MALS detector measure-
ments was investigated.

Experimental section
Chemicals and solvents
The lignins investigated were Indulin AT (MeadWest-
vaco, USA), Alcell (Repap Technologies Inc, USA), and
Protobind 1000 (Asian Lignin Manufacturing Private
Limited, India) (see Table 1). Alcell and Protobind 1000
were received from the International Lignin Institute
(ILI) (Switzerland). DMF, for high-performance liquid
chromatography (HPLC), ≥ 99.9%; and LiBr anhydrous,
beads, ~ 10 Mesh, ≥ 99.9% trace metal basis were pur-
chased from Sigma-Aldrich (New Zealand). Toluene
LiChrosolv, for HPLC, ≥ 99.9% purchased from Merck
(New Zealand), was used as an internal flow marker.
A narrow-distributed PS standard certified as European

Reference Material (ERM FA001) by BAM (Federal Insti-
tute for Materials Research and Testing, Berlin, Germany)
was used to perform a detector set-up. The standard had
a certified molar mass Mw of 87,600 g mol−1.
A PMMA ReadyCal Kit consisting of 12 standards

(Polymer Standards Service (PSS), Germany) in the
molar mass range between 800 and 988,000 g mol−1 was
used for column calibration.

Table 1 Sample descriptions

Lignin Description

Indulin AT Softwood kraft lignin

Alcell Mixed hardwood organosolv lignin

Protobind 1000 Soda lignin from straw/grass (Constant et al., 2016)
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GPC instrumentation
Experiments were performed on 2 different GPC sys-
tems. Detector set-ups were performed for both systems
using the narrow-distributed PS standard (ERM FA001)
to determine the MALS detector instrument constants
as well as the normalization coefficient for every angle
and the interdetector delays and response factors for the
concentration detectors (RI and UV). A dn/dc of 0.159
mL g−1 was applied for this standard in 0.05 M LiBr in
DMF at 55 °C. More details regarding detector set-up is
given in the supplementary information.

GPC system 1
The multi-detector molar mass determinations were per-
formed on a GPC system consisting of the following
Smartline (Knauer, Germany) and SECcurity (PSS,
Germany) components: a pump (Smartline 1050), a 2-
channel inline degasser (SECcurity), an autosampler
(Smartline 3950), a column thermostat (Smartline), a RI
detector using light-emitting diode (LED) light with a
wavelength of 950 nm (Smartline 2300), an UV detector
(Smartline 2550), a viscosity detector (SECcurity ETA-
2010), and an online MALS detector with a red laser using
a wavelength of 637 nm (SECcurity SLD 7100). The
MALS detector worked simultaneously at 7 angles and
was equipped with a fluorescence filter. The fluorescence
filter had a center wavelength of 637.5 nm with a band-
width of 13 nm.

GPC system 2
The effectiveness of fluorescence filters during GPC-
MALS measurements were investigated for Indulin AT
and Alcell on a GPC system at the laboratory of PSS in
Mainz (Germany). A SECcurity GPC system (PSS,
Germany) equipped with pump, autosampler, RI detector
using LED light with a wavelength of 950 nm, and an on-
line MALS detector with a red laser using a wavelength of
637 nm (SECcurity SLD 7100) was used. Two different
SDL7100 MALS instruments were applied, where one in-
strument was equipped with a fluorescence filter, while
the other was not. Samples were analyzed in duplicate.

Column sets
For both systems, the separations were performed on a
GRAM column set consisting of a 10 μm GRAM guard
column (50×8 mm) and two 10 μm GRAM linear col-
umns (300 × 8 mm) in Lux quality for light-scattering
experiments (PSS, Germany). The column separation
range was between 500 and 1,000,000 g mol−1. Eluent
was 0.05 M LiBr in DMF at 55 °C at a flow rate of 1.0
mL min−1. An injection volume of 100 μL was used.

Procedures
Sample preparation
GPC samples were prepared (in triplicate) in 0.05 M
LiBr in DMF solution. Sample solutions for GPC had lig-
nin concentrations ranging between 0.3 and 6.0 mg
mL−1. Standards were prepared to 2.0 mg mL−1. Lignins
revealed a very low viscosity, due to their compact struc-
ture (see below). Therefore, multi-detector (RI, UV,
MALS, and viscometry) GPC experiments were per-
formed using a concentration of 6.0 mg mL−1, to obtain
a suitable signal/noise ratio for the viscosity detector.
For conventional GPC experiments, a concentration of
1.5 mg mL−1 was chosen. The samples were dissolved
under agitation at room temperature and analyzed by
GPC within 2 h unless otherwise stated. Prior to use, so-
lutions were filtered through 0.45-μm hydrophilic poly-
tetrafluoroethylene (PTFE) syringe filters (Hydraflon,
MicroAnalytix, New Zealand). Toluene was added to the
prepared samples and the standards as an internal stand-
ard to define the end of integration and to detect pos-
sible system fluctuations (column aging, flow rate
fluctuations, leakages, etc.).

Column calibration
Column calibration was performed using PMMA stan-
dards (PSS, Germany). PMMA is the recommended poly-
mer standard in DMF as explained in the supplementary
information (Andrianova et al., 2018; Kuo et al., 1991;
Coffey & Harmer, 2015; Dubin et al., 1977). A dn/dc of
0.061 mL g−1 was applied for the PMMA standards in
0.05 M LiBr in DMF at 55 °C. A conventional calibration
curve was established by plotting the elution volume of
the PMMA standards against the log molar mass. A
fourth-order polynomial fit function provided an excellent
fit (R2 = 0.9999). It described the calibration points well,
especially at the low molar mass end, where the major part
of the samples eluted. Care was taken to avoid overfitting.
The calibration data and curve are given in the supple-
mentary information (Table s1 and Figure s1).
A universal calibration curve was established by measur-

ing intrinsic viscosities of the PMMA standards via the
viscometer. The log of the product of intrinsic viscosity
[η] and molar mass M was plotted versus the retention
volume. The [η]M product is related to the hydrodynamic
volume (Grubisic et al., 1967). A fourth order polynomial
fit function provided an excellent fit (R2 = 0.9999). The
MHS parameters (K and α) for the PMMA standards, cal-
culated with the WinGPC UniChrom software (PSS,
Germany), were K = 0.019 and α = 0.71.

Data evaluation
For the purpose of sample evaluation, the baseline and
the integration limits were applied in a way to include
all sample eluting from the column even the high molar
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mass agglomerates, if present. The baseline was applied
from 12.5 to 31.5 mL. The low molar mass integration
limit was set to 25.8 mL which marks the beginning of
the elution of the low molar mass marker toluene. The
high molar mass integration limit was adjusted individu-
ally for the different lignins between 12.9 and 20.0 mL.
The WinGPC UniChrom software (PSS, Germany)

was used for recording and evaluating light scattering,
viscosity, and RI and UV profiles. Molar masses, weight
average molar mass (Mw) and number average molar
mass (Mn), were calculated from the RI detector re-
sponse. For both MALS and viscometry detection, the
slice concentration was determined based on the

measured RI intensity, the RI instrument constant deter-
mined during detector setup, and the experimentally de-
termined dn/dc values (Note, 2010; Wyatt, 1993). A
basic equation for concentration or dn/dc calculation is
given in the supplementary information.

Determination of the refractive index increment (dn/dc)
The dn/dc values for the three lignins were determined
by measuring a concentration series consisting of 6 sam-
ples with concentrations ranging between 0.3 and 6.0
mg mL−1 for each lignin using RI detection (LED light
with a wavelength of 950 nm).

Fig. 1 Comparison of molar mass dependencies on the elution volume for Alcell with and without fluorescence filter
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The area for the six concentrations was plotted ver-
sus the injected mass, and the dn/dc was determined
from the slope which reflects the detector constant
multiplied by the dn/dc. The WinGPC UniChrom
software (PSS, Germany) calculated dn/dc values for a
concentration series using the “detector linearity test”
function.
The dn/dc values for PS and PMMA standards in 0.05

M LiBr in DMF at 55 °C were determined experimen-
tally in the laboratory of Prof. Brent S. Sumerlin (De-
partment of Chemistry, Southern Methodist University,
Dallas, USA). More detail regarding experimental set-up
is given in the supplementary information.

Determination of MHS exponent α
The MHS exponent α of the samples was determined by
manually plotting log [ƞ] versus log M for the individual
GPC slices. The slope of the plot is α. MHS parameters

Fig. 2 Molar mass distribution (MMD) profiles at different concentrations for investigated lignins

Table 2 Molar mass for Indulin AT at various incubation times
using RI detection and a conventional calibration (c = 1.5 mg
mL−1)

Sample Incubation time (h) Mn (g mol−1) Mw (g mol−1) D

Indulin AT 0 1630 4580 2.8

Indulin AT 24 1680 4730 2.8

Indulin AT 48 1640 4730 2.9
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(K and α) of PMMA in the eluent, required to establish
a universal calibration curve, were calculated from the
linear fit of the MHS plot in the calibration window in
the WinGPC UniChrom software (PSS, Germany).

Results and discussion
System evaluation
Influence of sample concentration
The influence of sample concentration on the molar
mass determination of various types of lignin was inves-
tigated using RI detection. For this purpose, lignins were
analyzed using six different concentrations ranging be-
tween 0.3 and 6.0 mg mL−1. The molar masses (Mn and
Mw), determined by RI detection using a conventional
PMMA calibration curve, were plotted versus the
injected sample concentrations to determine their con-
centration dependency (Figs. 1 and 2). The concentra-
tion dependencies of molar masses differed for the
various types of lignins. The number average molar
masses (Mn) of Indulin AT increased with increasing
sample concentration from 490 g mol−1 at 0.3 mL−1 to
1410 g mol−1 at 6.0 mL−1. The weight average molar
masses (Mw) of Indulin AT increased with increasing
sample concentration from 2100 g mol−1 at 0.3 mL−1 to
6020 g mol−1 at 6.0 mL−1 (Figs. 1 and 2). Values for the
number average molar mass (Mn) and weight average
molar mass (Mw) for Indulin AT increased about three
times. For Alcell, no significant effect of concentration
on the number and weight average molar masses was
observed. The number molar masses (Mn) of Alcell
remained in the range between 700 and 760 g mol−1 and
the weight average molar masses (Mw) between 1880
and 2280 g mol−1 independent of the concentration.
Sample concentrations below 6.0 mg mL−1 did not affect

the derived number and weight average molar masses
(Mn and Mw) of Protobind 1000. In contrast, the weight
average molar mass (Mw) of Protobind at a concentra-
tion of 6.0 mg mL−1 was affected by the sample concen-
tration. It was about 1.5 times higher at 6.0 than at 0.8
mg mL−1 (increasing from 3040 to 4650 g mol−1).
Typically, elution volumes become higher leading to

lower molar masses with increasing concentration. How-
ever, in this case, a peak at lower elution volume in-
creases with concentration due to aggregation, especially
in the case of Indulin AT. The elugrams for the concen-
tration series for Indulin AT indicate a growing bimo-
dality with concentration. This can be expected as the
concentration of Indulin AT is increased as the LiBr
concentration remains constant. Connors et al. showed
the extreme case of GPC of Indulin AT with no LiBr in
DMF (bimodal) versus in 0.1 M LiBr in DMF (monomo-
dal) (Connors et al., 1980). For Alcell, the concentration
series only shows increased detector response with con-
centration. For Protobind 1000, the elugram becomes
much broader at 6.0 mg mL−1, which is likely an indica-
tion of aggregation. This behavior emphasizes the im-
portance of choosing the sample concentration carefully
and stresses the difference between the investigated lig-
nins. The general recommendation is to keep the sample
concentration as low and as consistent as possible to

Fig. 3 MMD profiles of Indulin AT at different incubation times

Table 3 Molar mass using MALS detection derived with and
without fluorescence filter (n = 2; c = 1.5 mg mL−1)

Sample Mw—no filter (g mol−1) Mw—filter (g mol−1)

PS 214,000 213,500

Indulin AT 319,000 44,600

Alcell 827,000 65,600

Gaugler et al. Journal of Analytical Science and Technology           (2021) 12:30 Page 7 of 15



avoid this effect (Dong & Fricke, 1995). It is generally
recognized that the sample concentration has to be
chosen to suit the lignin type, the eluent, and the
employed GPC detectors. Glasser et al. used concentra-
tions ranging between 3.0 and 6.0 mg mL−1 for various
types of lignin acetates in THF employing RI detection
(Glasser et al., 1993). Zinovyev et al. dissolved their lig-
nin samples in DMSO LiBr (0.5% w/v) at 10.0 mg mL−1

for analysis using GPC-MALS (Zinovyev et al., 2018).
For the analysis of lignins by multi-detector GPC includ-
ing viscometry detection, a concentration of 6.0 mg
mL−1 was the lowest suitable concentration to obtain
good S/N ratios. However, such a high concentration
will result in overestimation of the molar mass of Indu-
lin AT and possibly Protobind 1000. This issue could
potentially be overcome with the development of more
sensitive viscosity detectors.

Influence of incubation time
The influence of incubation time on the molar mass dis-
tribution of Indulin AT solubilized in 0.05 M LiBr in
DMF solution was investigated over the duration of 48
h. The molar mass of the sample relative to a conven-
tional PMMA calibration curve was determined immedi-
ately after dissolution (T0), after 24 h (T1), and after 48
h (T2) at room temperature. The average molar masses,
dispersities, and molar mass distributions are summa-
rized in Table 2.
The average molar masses and dispersity of Indulin

AT samples did not change over a period of 48 h sug-
gesting that the molar mass is independent on timing of

exposure in 0.05 M LiBr in DMF (Table 2, Fig. 3). Such
independence is beneficial for establishing a reliable and
reproducible GPC method. This is in contrast to the re-
sults previously reported in literature on the aging of
acetylated or acetobrominated lignins in THF (Glasser
et al., 1993; Contreras et al., 2008; Guerra et al., 2007).
The aging of derivatized lignins in THF may be either
due to lack of stability of derivatized products or the for-
mation of reactive peroxides in unstabilized THF. How-
ever, further investigations using other lignins and
increased incubation times are needed to confirm this
finding.

Influence of autofluorescence
The effect of fluorescence filtering on the molar masses
of lignin was investigated by GPC-MALS. For this pur-
pose, two light-scattering instruments, one of which was
equipped with a fluorescence filter, were applied. To ac-
count for the effect of different sensitivities at the photo-
diodes and optical alignments of both light-scattering
instruments, a PS sample was analyzed to compare RI
and 90° light-scattering intensities. As expected, the RI
peaks were nearly independent of the installed MALS
unit. In addition, the intensities of the 90° light-
scattering signal for PS were very similar. Consequently,
as expected, the installation of a fluorescence filter did
not affect the molar mass determination of PS. The
weight average molar mass (Mw) of PS was independent
of the filter installation, remaining at 214,000 g mol−1

(Table 3, Fig. 4). In contrast, application of a fluores-
cence filter strongly diminishes the 90° light-scattering

Fig. 4 Overlay of RI and MALS traces of narrowly distributed PS for measurements with and without fluorescence filter
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signals of lignin samples (Fig. 5), which results in much
lower values for the apparent Mw of Indulin AT and
Alcell at each elution volume. Consequently, the appar-
ent weight average molar masses are reduced as well, as
shown in Table 3. A reduction in apparent weight aver-
age molar mass (Mw) of about 86% (from 319,000 to
44,600 g mol−1) was achieved for Indulin AT when using
a fluorescence filter. The reduction was even higher for
Alcell (92%, from 827,000 to 65,600 g mol−1). However,
a comparison of the molar masses derived by GPC-
MALS even with fluorescence filtering (Table 3) shows
that these are still much higher than the ones obtained
by either RI or viscometry detection (Tables 2 and 5).
This discrepancy is discussed below together with the
molar mass versus elution volume dependencies.
When plotting elution volumes versus molar masses

determined by MALS detection, it was observed that the

molar mass versus elution volume dependencies deviated
from normal behavior for both lignins, Indulin AT and
Alcell (Figs. 6 and 7). Though application of the fluores-
cence filter significantly reduced the apparent molar
mass, it appeared as if the molar mass was constant or
even increased with increasing elution volume. This
gives the impression that the GPC separation mechan-
ism was not operating correctly; however, the unex-
pected shape of the molar mass vs. elution volume curve
is probably a consequence of the incomplete elimination
of fluorescence. In contrast, for PS, the molar mass de-
pendence was as expected for a GPC-like separation,
and the molar mass decreased with increasing elution
volume (Fig. 8), irrespective of the installation of a fluor-
escence filter. It was assumed that the phenomena ob-
served with Indulin AT and Alcell was a consequence of
residual fluorescence of the lignins.

Fig. 5 Overlay of MALS traces of lignins Indulin AT and Alcell for measurements with and without fluorescence filter
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An explanation for the different effectivities of fluores-
cence filters on the molar mass of lignins is that only a
certain wavelength-dependent fraction of the fluorescence
intensity will be eliminated, while the residual percentage
of the fluorescent light passes through the filter. Conse-
quently, for highly fluorescent samples, there is a relatively
high amount of non-absorbed fluorescent light passing
through the filter which interferes with the true scattering

intensity. If the intensity of this residual fluorescent light
is comparable or significantly higher than the true scatter-
ing intensity, an incorrect apparent molar mass will be
derived because the detected light intensity is dominated
by fluorescence. Additionally, the fluorescence intensity
depends on the wavelength of the MALS detector. With
increasing wavelength, the probability of fluorescence de-
creases. To clearly identify the minimum wavelength

Fig. 6 Comparison of molar mass dependencies on the elution volume for Indulin with and without fluorescence filter

Fig. 7 Comparison of molar mass dependencies on the elution volume for Alcell with and without fluorescence filter
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providing absence of fluorescence requires measuring
molar masses at different wavelengths. Fluorescence is ab-
sent if identical molar masses are obtained for measure-
ments at a minimum of two significantly different
wavelengths. However, a minimum wavelength must be
identified for each lignin type individually because the
relative contribution of fluorescence to detected light scat-
tering intensity depends on the sample itself.
In conclusion, whether a fluorescence filter is suitable

to determine reliable molar masses depends on the sam-
ple characteristics. Simply introducing a fluorescence fil-
ter will not guarantee obtaining correct molar masses.
This is in line with and explains recently published re-
sults by Zinovyev et al. (Zinovyev et al., 2018). They
stated that MALS instruments with commonly available
red lasers (633, 658, or 690 nm) equipped with a fluores-
cence filter were only sufficient for select lignosulfonates
and mildly extracted lignins, not for Kraft lignins (Zinov-
yev et al., 2018). As part of this study, we were able to
report that MALS instruments with a red laser equipped
with a fluorescence filter are also not sufficient for
mixed hardwood organosolv lignin (Alcell) as well as
soda straw/grass lignin (Protobind 1000).

Characterization of various lignins via multi-detector GPC
Determination of dn/dc values
Knowledge of the sample dn/dc in the eluent is a re-
quirement for the molar mass determination by GPC
using MALS and viscometry detection. The deter-
mined dn/dc values for the three lignins in 0.05 M
LiBr in DMF at 55 °C ranged between 0.106 and

0.134 mL g−1 (Table 4). The lowest dn/dc value was
measured for Protobind 1000 and the highest for
Indulin AT, respectively. Differences in dn/dc for lig-
nins of different origin are consistent with the results
of other investigators. Independent of the type of lig-
nin, dn/dc values in 0.05 M LiBr in DMF at 55 °C re-
ported here were lower than the values reported for
lignins in THF (Siochi et al., 1990; Contreras et al.,
2008). Siochi et al. measured dn/dc values of 0.145 ±
0.016 mL g−1 for hydroxypropylated red oak organo-
solv lignin, 0.152 ± 0.017 mL g−1 for hydroxypropy-
lated aspen organosolv lignin, and 0.163 ± 0.023 mL
g−1 for hydroxypropylated Westvaco hardwood kraft
lignin in THF (Siochi et al., 1990). Contreras et al.
determined dn/dc values of 0.140 ± 0.0011 mL g−1

for EMAL Norway spruce lignin and 0.165 ± 0.008
mL g−1 for EMAL Eucalyptus globulus lignin in THF
(Contreras et al., 2008). The lower dn/dc values in
DMF are expected because as a first approximation,
the dn/dc is proportional to the refractive index dif-
ference between the polymer and its solvent (Huglin,
1972). As the refractive index of THF is lower than
that of DMF, dn/dc values of lignins in DMF are ex-
pected to be lower than those in THF. In addition,

Fig. 8 Comparison of molar mass dependencies on the elution volume for measurements of broadly distributed PS with and without fluorescence filter

Table 4 dn/dc values for investigated lignins

Sample dn/dc (mL g−1) R2

Indulin AT 0.134 0.9995

Alcell 0.133 0.9995

Protobind 1000 0.106 0.9980
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both Siochi et al. and Contreras et al. used different
types of lignins. To the best of our knowledge, this is
the first report of dn/dc values for Indulin AT, Alcell,
and Protobind 1000 in DMF with 0.05 M LiBr.
Experimentally determined dn/dc values in 0.05 M

LiBr in DMF at 55 °C were used further in this study for
the determination of molar mass of lignins by MALS
and viscometry detection.

Molar mass determination
Molar masses of various lignins determined by multi-
detector GPC using viscometry and MALS detection
were compared with conventional GPC using RI as a
concentration detector.
The analysis of lignins by MALS detection resulted in

much higher Mw values (between 4 and 29 times) for all
three lignins even though the MALS detector was fitted
with a fluorescence filter. The overestimation of molecu-
lar mass values was explained by residual fluorescence,
as discussed in the “Influence of autofluorescence” sec-
tion. For this reason, molar mass values determined by

MALS detection in the present study are only given in
the supplementary information (Table s2) for compara-
tive purposes.
The molar mass determination of the three lignins by

viscometry, based on a universal calibration curve, re-
sulted in higher weight average molar mass (Mw) values
(by 1.2 to 1.6 times) compared to RI detection using a
conventional calibration curve (Table 5). Protobind 1000
showed the biggest increase in weight average molar
mass (Mw) from 3500 ± 40 to 5690 ± 200 g mol−1. In
contrast, number average molar mass (Mn) values de-
rived by viscosity detection were lower (by 2.2 to 2.4
times) for all lignins compared to RI detection (Table 5).
Alcell showed the biggest decrease in number average
molar mass (Mn) from 980 ± 0 to 410 ± 10 g mol−1. As
a result, the dispersities resulting from conventional
GPC are significantly lower than those obtained by GPC
using viscometry detection. Assuming lignin structures
did not change greatly across the molar mass distribu-
tion, the observed higher dispersities are consistent with
a steeper lignin calibration curve and consequently with

Table 5 Multi-detector molar mass (± st dev) for investigated lignins (n = 3, c = 6.0 mg mL−1)

Detector/calibration Sample Mn (g mol−1) Mw (g mol−1) D

RI/conventional Indulin AT 1750 ± 100 5600 ± 270 3.2 ± 0.0

Viscometry/universal Indulin AT 790 ± 40 6970 ± 460 8.8 ± 0.3

RI/conventional Alcell 980 ± 0 3130 ± 30 3.2 ± 0.0

Viscometry/universal Alcell 410 ± 10 3650 ± 180 9.0 ± 0.2

RI/conventional Protobind 1000 940 ± 10 3500 ± 40 3.7 ± 0.1

Viscometry/universal Protobind 1000 430 ± 30 5690 ± 200 13.2 ± 0.6

Fig. 9 Comparison of measured viscosities of Indulin AT, Alcell, and Protobind 1000 as a function of the elution volume
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a lower MHS exponent α compared to PMMA. A lower
MHS exponent α indicates a more sphere-like structure
of lignin compared to the coil-like structure of PMMA.
The benefit of using viscometry instead of MALS de-

tection is that the viscosity and RI signals were not influ-
enced by fluorescence. When plotting the intrinsic
viscosity as a function of elution volume (Fig. 9), the ex-
pected decreasing intrinsic viscosities with elution vol-
ume were observed. However, for each lignin,
differences in intrinsic viscosities at the same elution
volume can be observed. This indicates that these lignins
have different segment densities and therefore that dif-
ferent lignin structures elute at the same elution volume.

Evaluation of polymeric structure
By using viscometry detection, insights into the poly-
meric structure of materials in solution were obtained
via the Mark-Houwink-Sakurada plot. For Indulin and
Alcell, nearly linear dependencies of intrinsic viscosity
on molar mass were observed (Fig. 10), allowing reliable
determination of the MHS exponent α (Table 6). The
MHS exponent α for Indulin AT and Alcell were of the
order of 0.1. Thus, the scaling behavior of these samples
in 0.05 M LiBr in DMF at 55 °C is close to a solid
sphere. This is expected due to the more highly
branched and condensed structures found in these lig-
nins (Constant et al., 2016; Wang et al., 2020). Reported
literature values for the MHS exponent α for various lig-
nins in THF with and without the addition of LiBr (Liao

et al., 2020; Pellinen & Salkinoja-Salonen, 1985) were
slightly higher. Cathala et al. (Cathala et al., 2003) re-
ported α values for spruce MWL and guaiacyl lignin
polymer models (G-DHPs) in THF with and without the
addition of LiBr as ranging between 0.18 and 0.28. α
values for 11 acetylated commercial lignins in THF vary-
ing between 0.17 and 0.35 were reported by Glasser
et al. (Glasser et al., 1993). They also reported α values
of 0.29 and 0.21 for Indulin AT and Alcell in THF,
respectively.
High scatter in the data prevented assessment on the

dependency of intrinsic viscosity on molar mass for Pro-
tobind 1000 (Fig. 10). A reason cannot be given at this
point. Nonetheless, it was apparent that the slope was
higher, indicating a less dense structure than Indulin AT
and Alcell (Fig. 10). This more linear structure found in
Protobind 1000 is likely due to the presence of H-type
lignin and less branching linkages per 100 aromatic units
than seen in Indulin AT and Alcell (Constant et al.,
2016). A double logarithmic plot of intrinsic viscosity
versus molar mass of the three lignins in triplicate mea-
surements is given in the supplementary information
(Figure s2).

Recommendations and conclusions
This work provides valuable insight and information on
the molar mass determination of three lignins and their
polymeric structure by using multi-detector GPC, in-
cluding molar mass sensitive detection, in 0.05 M LiBr

Fig. 10 Double logarithmic plot of intrinsic viscosity versus molar mass measured by viscometry detection (MVS) for one replicate sample of the
investigated lignins
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in DMF. The lignins included a softwood (G-type) kraft
lignin (Indulin AT), a hardwood (S- and G-type) organo-
solv lignin (Alcell), and a soda straw/grass (S, G, and H-
type) lignin (Protobind 1000).
DMF with LiBr was found to be a suitable solvent for

lignins for several reasons. Firstly, the three different lig-
nins were all readily soluble in 0.05 M LiBr in DMF, and
secondly, the molar mass profile of Indulin AT lignin
was stable and did not change on aging over a 48 h
period. The independence of molar mass on time in so-
lution is beneficial for establishing a reliable and repro-
ducible GPC method. This work confirmed that the
MALS detection resulted in overestimation of the molar
masses even though a fluorescence filter has been used.
This was explained by residual fluorescence. MALS de-
tectors using commonly available red laser (633, 658, or
690 nm) equipped with a fluorescence filter are not suf-
ficient for absolute molar mass determination of Indulin
AT, Alcell, and Protobind 1000 in 0.05 M LiBr in DMF
solution. It was concluded that the suitability of a fluor-
escence filter for the reliable determination of molar
masses depends on the sample characteristics. Simply
introducing a fluorescence filter will not guarantee
obtaining correct molar masses. Even though it is known
that the application of longer wavelengths in MALS
detectors can result in additional reduction of fluores-
cence, the success of such approaches depends on the
fluorescence strength of the samples themselves. There-
fore, further work is needed to determine at which wave-
length fluorescence is sufficiently reduced to allow for
reliable molar mass determination of lignins irrespective
of lignin origin and type.
As to our knowledge, this is the first report of dn/

dc and MHS exponent α values as well as molar
masses using viscometry detection for three lignins in
0.05 M LiBr in DMF. Using GPC with viscometry de-
tection confirmed that Indulin AT and Alcell are
present as very compact molecules in 0.05 M LiBr in
DMF which result from the inherent structural differ-
ences found in these different lignins. In this work a
concentration of 6.0 mg mL−1 was used for determin-
ing the molar masses using viscometry detection to
obtain good S/N ratios. However, the study confirmed
that such a high concentration will result in overesti-
mation of the molar mass of Indulin AT and possibly
Protobind 1000. A future research challenge is to im-
prove the S/N ratio when using viscometry detection

without overestimating the molar mass. This issue
could potentially be overcome with the development
of more sensitive viscometers.
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