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Getting Closer to Absolute Molar Masses of Technical

Lignins
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Determination of molecular weight parameters of native and,
in particular, technical lignins are based on size exclusion chro-
matography (SEC) approaches. However, no matter which ap-
proach is used, either conventional SEC with a refractive index
detector and calibration with standards or multi-angle light
scattering (MALS) detection at 488 nm, 633 nm, 658 nm, or
690 nm, all variants can be severely erroneous. The lack of cali-
bration standards with high structural similarity to lignin im-
pairs the quality of the molar masses determined by conven-
tional SEC, and the typical fluorescence of (technical) lignins
renders the corresponding MALS data rather questionable. Ap-
plication of MALS detection at 785 nm by using an infrared
laser largely overcomes those problems and allows for a relia-

Introduction

Although many readers might see it as unnecessary repetition
or a waste of their precious time—we still would like to reca-
pitulate the role of lignin as the second most abundant natural
polymer and as one of the main constituents of green plants.
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ble and reproducible determination of the molar mass distribu-
tions of all types of lignins, which has been demonstrated in
this study for various and structurally different analytes, such
as kraft lignins, milled-wood lignin, lignosulfonates, and biorefi-
nery lignins. The topics of calibration, lignin fluorescence, and
lignin UV absorption in connection with MALS detection are
critically discussed in detail, and a reliable protocol is present-
ed. Correction factors based on MALS measurements have
been determined for commercially available calibration stand-
ards, such as pullulan and polystyrene sulfonate, so that now
more reliable mass data can be obtained also if no MALS
system is available and these conventional calibration stand-
ards have to be resorted to.

However, we do this only to emphasize one obvious discrepan-
cy once more: that between lignin's abundance, both in
nature and as a product of industrial processes, and its under-
utilization. Many statements about lignin being “energetically
utilized” are confessions that come disguised as proud claims,
but we still do not know how to utilize lignin on a large scale
more properly than burning it. Apart from the evident structur-
al differences and chemical properties in comparison to cellu-
lose, this utilization aspect also fundamentally distinguishes
these two most important organic compounds on earth. Al-
though cellulose is the basis of entire industrial branches and
economies worldwide, and every schoolkid will be able to
name cellulosic products, lignin still ekes out a shadowy exis-
tence in comparison to its bright companion. This limited un-
derstanding of lignin is even more reflected in a simple and
common confusion regarding the substance itself. The term
lignin has usually been used to denote both the natural wood
constituent and the technical product, and only recently the
term “technical lignins” for the latter type has found its way
into pertinent literature. Although we recognize the need of
paper mills to be energetically autarkic, we also acknowledge
the many efforts worldwide to employ lignin as a source of
valuable chemicals. Additionally, we think it is still safe to claim
that the vast amounts of technical lignins generated annually
by the global pulp and paper industries are still awaiting
viable ideas for large-scale and general utilization.!"

The molar mass of natural lignin is largely unknown as no
methods exist to extract lignin from biomass without signifi-
cant modification—mostly degradation—which is especially
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true for lignin from wood. The understanding of the molar
mass of lignin has changed over the last few decades from the
concept of a very large molecule®” providing three-dimen-
sional support for the comparatively flexible cellulose mole-
cule, to the theory of a very low molar mass lignin, where
some evidence suggests it consists merely of linear oligomers
with not more than approximately ten monomeric units.”’ Be-
sides the difficulty of isolating unaltered lignin from lignocellu-
losic biomass, the correct analysis of the absolute molar mass
is the second problem, which has not yet been solved in a
general way for most lignins. This issue comes into play in the
case of technical lignins in particular, for which the severe
structural changes during pulping add to the natural variability
of the ligneous starting material and make their structure and
molecular weight data even more difficult to assess precisely.

State-of-the-art routine methods for molar mass determina-
tion of polymers in mass ranges similar to those approximated
for lignin comprise mass spectrometric techniques, such as
electrospray ionization mass spectrometry (ESI-MS) or matrix-
assisted laser desorption/ionization mass spectrometry (MALDI-
MS). These methods also include size exclusion chromatogra-
phy (SEC, also known by the synonymously used term gel per-
meation chromatography, GPC) with molar mass sensitive de-
tection that is based either on viscometry and universal cali-
bration or light scattering techniques. Less available tech-
niques, such as ultracentrifugation,®'” small-angle X-ray scat-
tering, or neutron scattering"'? have also been applied."

MALDI-MS is unfortunately only applicable to narrow frac-
tions of lignin with low dispersity. In some cases, MALDI was
successfully applied to isolated narrow lignin fractions"* ' but
it has not yet evolved into a generally applicable routine
method for different types of lignin."®'” ESI-MS also has some
inherent problems to grasp lignin as a whole: the analyte
cannot be ionized uniformly owing to its rather heterogeneous
chemical nature so that usually only smaller fragments are de-
tected, and larger molecules are suppressed. Furthermore, the
correct assignment of the detected fraction is still a major chal-
lenge if it has just to rely on mass spectra without getting ad-
ditional input from complementary methods, such as nuclear
magnetic resonance (NMR) spectroscopy.'® '

The classical approach for molar mass determination of lig-
nins is sample fractionation using SEC combined with ultravio-
let (UV) or refractive index (RI) detection.”” Because no lignin
SEC standards are available, the molar mass is assessed based
on narrow polystyrene (PS) standards or PS sulfonate (PSS)
standards in the case of lignosulfonates. To avoid any confu-
sion, we would like to point out that polystyrene is insoluble
in DMSO, but PSS can be dissolved.?" Our point assumes that,
among the suitable standard compounds commercially avail-
able, these polymers structurally resemble the lignin molecules
most closely. However, applying this calibration approach
shows that the hydrodynamic radii of lignin and PSS mole-
cules, which are the basis of the SEC elution behavior, are not
sufficiently comparable. This difference results from the differ-
ent molecular structure and its arrangement in solution and
causes considerable deviations between the true lignin molar
mass and the values obtained according to the calibration ap-
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proach.”? Generally, the molar mass determined by SEC with

PSS standard calibration leads to significantly underestimated
molar mass values compared with those obtained by small-
angle X-ray (SAXS) and neutron (SANS) scattering tech-
niques.”® Application of viscometry and universal calibration
helps to some extent but does not fully overcome this prob-
lem, because viscometry is not an absolute method for molar
mass determination as molar mass is not measured directly
and the universal calibration approach requires the absence of
any non-SEC secondary separation mechanisms.*-

Nevertheless, the calibration approach also offers some ben-
efits. SEC with classical calibration is the cheapest available
technique to estimate the molar masses of lignins as it requires
only one detector, that is, UV or RI, and the calibration stand-
ards are readily available from commercial suppliers. In addi-
tion, the knowledge of exact molar mass data is often unnec-
essary in daily work with relative data being sufficient for a
comparison of samples.

Application of light scattering, in the most advanced case,
multi-angle light scattering (MALS), allows the determination
of absolute molar mass. The term absolute means that there is
a theoretically derived relationship between the molar mass
and the intensity of light scattered by macromolecules in a di-
luted solution, meaning no calibration standards are required,
and only the specific refractive index increment at chemical
equilibrium (dn/dc), has to be accurately known. A certain limi-
tation of the MALS technique appears when a sample exhibits
UV absorption and fluorescence close to the laser wavelength
applied. The latter point is quite important as lignins fluoresce
that might cause extremely overestimated values as the fluo-
rescence radiation interferes with the scattered laser light in
the MALS detector.?’>% Some examples are found in literature
presenting lignin weight-average molar masses (M,) up to
400000 gmol™" in SEC-MALS analysis with the overestimation
caused by this fluorescence problem.?’="

If technical lignins from the kraft process are to be analyzed,
the errors originating from fluorescence issues become more
critical. The process conditions during kraft pulping result in
the formation of various chromophores and condensed struc-
tures,”" including a broad range of fluorescing moieties (con-
jugated aromatic and quinoid systems). The fluorescence of
these structures covers the whole wavelength range of MALS
detectors (488-690 nm). To our knowledge, no mild procedure
exists to remove or quench this fluorescence or to prevent the
underlying UV absorption, at least not without significantly
changing the molar mass distribution of the lignin to be ana-
lyzed. The fluorescence interference can be partly reduced by
applying narrow bandwidth filters that are transparent only for
the light wavelength of the MALS detector. However, the filters
do not solve the fluorescence problem completely. The filters
have a certain bandwidth of 10 or 20 nm, and thus a part of
the fluorescent light from lignin passes through filters at the
laser wavelengths available in MALS detectors (488 nm,
633 nm, 658 nm, and 690 nm). This is particularly true for kraft
lignins. The MALS instruments with a red laser (633-690 nm)
equipped with narrow band filters can be completely sufficient
only in case of selected lignosulfonates and mildly extracted
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lignins, which have a reduced number of fluorescent
groups.?3

In this paper, we introduce MALS with an infrared (IR) laser
as a method of more accurate molar mass determination of
lignins. The approach minimizes the fluorescence and absorp-
tion issues in a general way, and it works well with all types of
lignins and, for the first time, kraft lignins. More exact numbers
for molar masses of lignins will not only contribute to our gen-
eral understanding of lignin structure but evidently are a pre-
requisite to future lignin utilization efforts. As the infrared
MALS instrument might not be readily available in most indus-
trial and academic research labs, we have determined correc-
tion factors for commercially available PSS and pullulan stand-
ards. These correction factors can now be used together with
the conventional calibration-based approaches to obtain more

realistic values for lignin molar masses.

Results and Discussion

Shortcomings and limitations of conventional approaches to
molar mass characterization of technical lignins

The most prevalent approach to molar mass characterization
of technical lignins, SEC, suffers from one major problem—the
absence of reliable calibration standards, that is, standards that
are structurally similar to lignin itself. In fact, the standards
soluble in DMSO, pullulan, poly(ethylene glycol), poly(methyl
methacrylate),”>*3" are linear polymers with hydrodynamic
volumes, and therefore elution behavior, that is rather incom-
parable to the more compact lignin molecules. A contribution
of possible non-SEC separation mechanisms, besides interac-
tion of the lignin with the column packing, must be consid-
ered because branched macromolecules have a general ten-
dency of being delayed by anchoring in the pores of SEC pack-
ing. As a consequence of such interactions and/or anchoring,
the elution may not be governed purely by steric exclusion.
Calculated statistical moments of molar mass distributions de-
rived from the calibration with these standards must signifi-
cantly differ from the (unknown) true values. Up to now, it was
impossible to improve the existing methodology because
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narrow molar mass lignin standards have been simply not
available commercially.

Other polymers with somewhat higher structural similarity
to technical lignin, such as sodium poly(styrene sulfonate) (Na-
PSS) as a calibrant for lignosulfonates, cannot always be easily
implemented in SEC characterization owing to their limited sol-
ubility in the most commonly utilized organic mobile phases.
Recently, a simple protocol employing a Na-PSS protonation
procedure has been proposed allowing for the complete disso-
lution of protonated PSS in DMSO.”" Considering that DMSO
is a universal solvent system capable of dissolving almost all
lignin types, the SEC setup with DMSO as the eluent and PSS-
based calibration represents a reasonable approach to ligno-
sulfonate characterization. However, the errors in lignin molar
mass calculations, as a result of the structural dissimilarities be-
tween calibrant and analyte, remain quite large."*? This can
easily be visualized by superimposing the molar mass versus
elution volume plots of synthesized lignin model compounds
and PSS standards (Figure 1).

As shown in Figure 1, the use of PSS-based calibration
always results in an underestimation of the true lignin molar
masses, independent of the regression curves applied to fit the
data to the standards. Nevertheless, it must be admitted that
despite the complications, calibration with standards is still the
method of choice for molar mass characterization of lignins,
simply because of the lack of better alternatives that would be
able to provide more precise results.

The determination of the molar mass of polymers absorbing
incident light and emitting fluorescence

Lignin samples, in particular, technical lignins, show absorption
of light in the ultraviolet and the visible (Vis) range as well as a
broad fluorescence, almost independent of the excitation
wavelength. The absorption of laser light by the sample ana-
lyzed in a light scattering experiment—or in MALS—distorts
the outcome by underestimating the amount of scattered light
and calls for a correction. To decide if the sample absorbs light,
the signal of the laser forward monitor (FM) of the detector
can serve as an indicator and correction tool. While the laser
monitor (LM) reports the intensity of the incident laser energy,
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Figure 1. lllustration of the difference in the elution behavior between oligomeric lignin model compounds and Na-PSS standards.
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the FM measures the light intensity after the flow cell. For
non-absorbing samples, the outputs of LM and FM are ideally
the same whereas absorbing samples reduce the light intensity
available for light scattering. This is shown in Figure 2 for a
typical lignin sample (kraft lignin) measured with two different
MALS detectors operating at 658 nm and 785 nm. The absorp-
tion of the incident light is visible from the signal of FM. In the
case of infrared light (785 nm), the absorption is significantly
lower although not completely eliminated.
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Figure 2. Signals of the FM recorded upon analysis of a kraft lignin sample
(Indulin) with MALS detectors operating at 658 nm (red line) and in the in-
frared region at 785 nm (blue line).

In the case of a UV/Vis-active sample, a part of the incident
energy is absorbed, and the light energy inducing scattering is
thus lower compared with the non-absorbing polymers. Con-
sequently, the intensity of the scattered light is also reduced,
and the molar mass calculated from the scattering intensity is
underestimated. Correction for changed light intensities is au-
tomatically affected in the case of MALS detectors used in this
study. Changes in laser flux are monitored by the LM, and
changes induced by the analytes’ light absorption are reported
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by the FM. Relating the diminished intensity of scattered light,
in the case of absorbing samples, to the full laser power would
result in underestimated deduced values. Note that in the case
of highly absorbing samples, the scattering signal can be se-
verely reduced or even completely disappear if it is related to
the LM only, but not the FM. Therefore, in the case of light-ab-
sorbing samples, the scattered light intensity must be based
on the intensity of the FM, that is, the detector positioned
after the flow cell. This way the loss of the incident energy is
compensated for, and the scattering intensity is related to the
light intensity decreased by sample absorption (Figure 3). For
samples that do not absorb incident light, the results obtained
with and without consideration of the FM are virtually identi-
cal. Figure 3, left, shows this effect for a non-absorbing milled-
wood lignin (MWL) sample.

Absorption of incident light may not necessarily indicate the
occurrence of fluorescence, but if present, the intensity of fluo-
rescent light may be markedly higher than that of scattered
light itself, which results in an overestimation of molar mass.
There are two ways of eliminating fluorescence. They are:
(i) fluorescence filters transparent solely for the wavelength of
the incident light (10 nm) and (i) by using a MALS detector
operating at a wavelength that does not induce the fluores-
cence.

The UV/Vis absorption of lignin reaches a maximum at
280 nm and slowly decreases with higher wavelengths. It is
still significant in the region of 650-660 nm, and further drops
towards the infrared region. Fluorescence emission by excita-
tion through the laser used for the MALS measurement follows
the same trend, becoming less intense with increasing excita-
tion wavelengths. Using higher laser wavelengths thus implies
smaller fluorescence effects.

It should be mentioned that the approach of increasing the
laser wavelength to get less fluorescence distortion is not com-
pletely new in lignin analysis. It has been utilized in Raman
spectroscopy, where a near-IR laser source with photon energy
below the electronic transition energy of lignin helped to re-
solve problems related to lignin fluorescence.®®
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Figure 3. Effect of using the LM and FM in MALS detection. Left: A non-absorbing sample (pine milled-wood lignin) . Results based on LM and FM are largely
identical. Right: Lignoboost kraft lignin with absorption at 785 nm. Usage of the LM alone produces faulty results because of sample absorption, which can
be compensated for by using the FM. Insets show the absorption in relation to the corresponding RI peak.
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The efficiency of the methods for fluorescence suppression,
that is, fluorescence narrow band filters and infrared laser, is
demonstrated in Figure 4, which shows a typical lignin MALS
measurement affected by fluorescence.
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Figure 4. Molar mass vs. elution time plots of a kraft lignin (Indulin AT) mea-
sured with different MALS systems: MALS at 658 nm without filters (green),

MALS at 658 nm equipped with fluorescence filters (blue), MALS with an in-
frared laser at 785 nm without filters (orange), and MALS at 785 nm with fil-
ters (red). The RI chromatogram is shown as an overlay (black curve).

From Figure 4, it is evident that the molar mass versus elu-
tion time plots tend towards lower molar masses from the
laser at 658 nm with no fluorescence filters to the infrared
laser with fluorescence filters. An interesting finding is that the
molar mass plots roughly overlap at the very beginning of the
chromatograms (except for the 658 nm laser without filters).
This overlap can be explained as follows: the intensity of fluo-
rescence is directly proportional to the concentration of elut-
ing molecules whereas the intensity of the scattered light is di-
rectly proportional to the product of concentration times
molar mass. At the very beginning of the chromatogram,
where the concentration of eluting molecules is low but their
molar mass is high, the scattered light dominates, and fluores-
cence effects are very minor. The molar masses are correct or
just slightly affected by the fluorescence. With increasing elu-
tion time, the concentration increases whereas the molar mass
decreases and thus the fluorescence becomes increasingly
prominent and the molar masses are increasingly overestimat-
ed. As a consequence, the z-average molar mass (M,), which
emphasizes the fractions with high molar mass, can be expect-
ed to be the most accurate molar mass moment of fluorescent
polymers measured by MALS.

Another conclusion from Figure 4 is that the minimum
molar mass at the end of the chromatogram acquired with the
infrared MALS equipped with filters is approximately
10* gmol™". According to the elution times of model lignin
molecules shown in Figure 1, one would expect molar mass
values on the order of several hundred gmol ™" at the end of a
chromatogram. This suggests that the effect of fluorescence is
not fully eliminated, not even in the case of the infrared laser
equipped with fluorescence filters.
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The fact that the molar masses at the beginning of the chro-
matogram are not affected by the fluorescence can now be
used for an extrapolation of the molar mass versus elution
time plot and thus an approximation of the true molar mass
distribution. As the extrapolation is an uncertain procedure,
the elution position of a standard compound, such as one of
the model lignin oligomers shown in Figure 1, can be used as
a test for the quality of the extrapolation. The extrapolation
procedure is demonstrated in Figure 5 for the Indulin sample.

Using the FM instead of the LM results in markedly less
linear plots in the bulk part of the distribution, indicating that
the fluorescence of Indulin is not even fully eliminated with an
infrared laser and filters (Figure 5, red line).
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Figure 5. Molar mass distribution of a kraft lignin (Indulin AT) measured on a
MALS with an infrared laser (785 nm) with LM and FM. Additional correction
by extrapolation from the high molar mass region was applied to both
methods, LM measurement (dotted line) and FM measurement (solid line).
The RI chromatogram is shown as an overlay (black curve).

The cumulative molar mass distribution plots corresponding
to the plots in Figures 4 and 5 are given in Figure 6. The distri-
bution curves overlap at the region of very high molar masses
no matter what setup was used for the measurement, which
proves that the lignin samples contain fractions with molar
masses up to approximately 10° gmol™". On the other hand,
the distribution proves the presence of much smaller mole-
cules with molar masses around 10® gmol ™" as expected.

Figure 7 shows the molar mass versus elution time plots of
different lignin samples including a model lignin (dehydrogen-
ation polymer; DHP), which was synthesized by enzymatically
induced dehydrogenative polymerization of lignin precursor
compounds. We have used DHP based on coniferyl alcohol to
have a polymeric, non-fluorescent lignin model at hand. The
DHP is prepared under very mild, ambient conditions avoiding
extreme pH and temperatures. The overlap of the plots for the
model DHP and milled-wood lignin indicates that for only
slightly fluorescent lignins, such as milled-wood lignin, the in-
frared MALS with fluorescence filters is fully sufficient to com-
pletely reduce fluorescence effects. For strongly fluorescent
samples, such as Indulin, the data indicate that the regions of
medium and long elution times are affected by the residual
fluorescence, and only the extrapolation procedure yields cor-
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Figure 6. Cumulative molar mass distribution plots of Indulin AT measured
with different MALS systems: 658 nm without filters (green), at 658 nm
equipped with fluorescence filters (blue), at 785 nm without filters (orange),
and at 785 nm with filters (red), and MALS at 785 nm with filters, FM and ex-
trapolation according to Figure 4 (black). The molar mass averages from ex-
trapolated data are shown in Table 2.
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Figure 7. Comparison of calibration lines derived from SEC-MALS (785 nm)
with the extrapolation approach for different lignin types in comparison to
the PSS standards and lignin model compounds. Data for lignin dimers and
oligomers are given as single dots.

rect results. Other lignins, such as soda lignin, Organosolv
(OSL), or even lignosulfonates (LS) yield curves not extremely
different from kraft lignin or milled-wood lignin (MWL).

Determination of the refractive index (RI) increment (dn/dc),

The application of MALS detection to any polymer requires a
correct refractive index increment at chemical equilibrium (dn/
dc),. The dn/dc number is a discrete value for a given polymer
in a given solvent at a certain wavelength of measurement.
The precise knowledge of dn/dc is essential for the accurate
determination of the molar mass by MALS because this value
is part of the Zimm equation, which is the basis of calculating
the weight-average molar mass. However, the dn/dc determi-
nation at 785 nm is challenging owing to the absence of com-
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mercially available Rl detectors operating at this wavelength.
Therefore, the analysis of the dn/dc values for lignin samples
was carried out at 658 nm. Data on wavelength dependence
of dn/dc are available in the literature for several polymers®*"
and protein®**¥ systems. For all examined samples, the dn/dc
was shown to be dependent on the reciprocal square of the
wavelength according to the Cauchy relation: dn/dc=A+ B//?,
with A and B being constants.

According to this equation, variations in dn/dc values are
smaller at higher wavelengths, as large A values result in a low
absolute (B/A%) parameter. This leads to just a few-percent dif-
ference (1-3%) between the values measured with lasers oper-
ating in red and infrared regions. In the case of online MALS
measurements, small changes of x% in dn/dc cause the same
x% error in the calculated molar masses.***! Therefore, the
possible errors in a calculated M,, originating from the dn/dc
inaccuracy in this study are considered to be non-significant.

To minimize possible errors in the calculation of statistical
moments, we determined the dn/dc value for each type of
lignin prior to analysis in the SEC-MALS systems. The (dn/dc),
values were determined by using the online approach (based
on 100% sample mass recovery from the columns), and the ac-
curacy of the injection system was determined independently.
The SEC columns, in this case, play the role of a “dialysis cham-
ber”, and the (dn/dc), values determined from the Rl peak are
equivalent to those obtained according to the offline dialysis

approach.“®*) The results of the measurements are shown in
Table 1.
Table 1. The (dn/dc), of different lignin samples in DMSO/LiBr (0.5 %).
Sample (dn/dc),® [mLg™]
Indulin AT 0.1515
Lignoboost 0.1550
Soda Sarkanda 0.1503
OSL HW 0.1394
OSL Alcell 0.1666
Ammonium LS 0.1352
Magnesium LS 0.1349
Sodium LS 0.1187
MWL 0.1050
DHP 0.1179
[a] From 100 % mass recovery.

From our measurements of different technical lignins, a cer-
tain “clustering” of the (dn/dc), values was evident (Table 1),
the main factor of influence being the pulping process by
which the lignins were obtained. Different kraft lignins (Ligno-
boost and Indulin) yield very similar (dn/dc), values, also all
lignosulfonates from different processes fall in a similar range.
DHP and MWL, on the other hand, differed significantly from
the technical lignins, and so did the grass lignin (Soda Sarkan-
da). However, Organosolv lignins (OSL HW or OSL Alcell) did
not show a good agreement in their (dn/dc),, reflecting that
conditions and media of their production must have been
rather different.
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The (dn/dc),—being a constant for a polymer at - .
h . ’ diti Il be diff Table 2. Molar mass averages for different lignin types measured by SEC-MALS at
otherwise constant conditions—can well be different 785 nm with fluorescence filters and absorption correction.
for very low molecular weight fractions or oligomers
of that chemical species.*®! As technical lignins rep- Sample M, [10°gmol™l M, [10°gmol™~"] M, [10°gmol™'] ~ M,/M,
resent complex heterogeneous systems, which often Indulin AT 6.0 14 42 24
contain a large portion of degraded lignin macromo- LignoBoost 34 16 42 38
. Soda Sarkanda 3.6 19 59 53
lecules with low m('JIar mas'sesf the q’n/dc. values OSL HW 33 10 2 3
were measured for different lignin fractions isolated Ammonium LS 6.7 55 319 8.1
by ultrafiltration. The results of the measurements Magnesium LS~ 6.2 44 172 7.1
demonstrate that the (dn/dc), value increases signifi- Sodium LS 1.7 33 1204 19.7
1 MWL 5.5 27 127 49
cantly up to a molar mass'of about 2000.9 mol~, DHP 18 % 160 se
and stays constant above this mass range (Figure 8). Biolignin 30 187 1956 623
Complete lignin samples are rare to have molar
masses below this critical value although fractions of
SEC calibrated with sulfonated polystyrene are also listed there
for the sake of comparison.
0.14 4
= Correction factors for conventional calibration curves ob-
'3 0.13 tained from commercial standards
£ . .
= Based on the results of this paper, the most appropriate and
% 0.12 accurate way of determining the molar masses of lignins and
N V12 TR . .
technical lignins is the use of a MALS detector equipped with
a 785 nm laser applying an elaborated procedure, which in
1 T — some places might be regarded as overly complex or too tedi-
0 2000 4000 6000 8000 10000 ous. Also, the required equipment will not be available in

Molar mass (g mol-')

Figure 8. Dependency of the (dn/dc), on the molar mass of lignin fractions.
Example shows lignin fractions obtained from a kraft lignin by ultrafiltration.

such low molar mass might be contained. In practice, this (dn/
dc), effect will only become prominent when the lignin sample
is very degraded and low in overall molar mass. In all other
cases, the molar mass extrapolation from the high molar mass
end will compensate for (dn/dc), changes in the low molar
mass region.

The repeatability of the SEC-MALS 785 nm measurements
was tested by repeated injections of various lignin samples
over the period of one week. The tests showed only negligible
changes in the calculated molar masses (M, =14100+
500 gmol~', M,=6000+300 gmol™" for Indulin; M,,=33000+
600 gmol™', M,=1700+300 gmol™" for sodium LS), demon-
strating a good system stability (Figure ST in the Supporting
Information).

In summary, the SEC-MALS 785 nm approach combined with
fluorescence filters and extrapolation down from high molar
masses can be considered as the most accurate method for
the molar mass analysis of technical lignins currently available.
Table 2 provides example data of several technical lignins ana-
lyzed according to this approach. In addition to various lignin
samples, Table ST in the Supporting Information lists molar
mass averages obtained for several fractions of a kraft lignin
obtained by ultrafiltration. The molar mass averages deter-
mined by MALS at the wavelength of 658 nm, which has been
commonly used so far, and those obtained by conventional
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every laboratory although it finds its way also into lignin labo-
ratories.” To make the advantages of the method—better ac-
curacy and avoidance of known error sources—generally avail-
able, we propose correction factors for conventional calibra-
tions (which are based on commercially available, but less suit-
able standards). This way the accuracy of the current MALS
785 nm measurements can also be reached if such a MALS
785 nm is not at hand. These calibrations might be useful for
many laboratories dealing with lignin characterization or lignin
chemistry because the established calibration methods can be
used further on and running systems do not have to be
changed whereas their inherent errors are minimized by the
application of the correction factors. To use the correction fac-
tors, the same eluent, that is, DMSO with 0.5% LiBr, has to be
used on a similar set of columns with comparable column ma-
terial.

The correction was performed based on the results for a
kraft lignin (Indulin AT) as it is very well characterized and a
representative type of technical lignin, and for MWL. To allow
for a correction of the conventional calibration curves through
the MALS 785 nm data, Equation (1) was solved for PSS and
pullulan, the calibration standards soluble in the eluent
system. Such correcting correlations of MALS data to standards
were also shown to be efficient for cellulose.®**" Figure 9 pro-
vides a graphical representation of the corrected calibration
for PSS and pullulan. The correction factors obtained, g and p
[Eqg. (1)1, for different standards as well as M,, correction factors
for different calibrations are shown in Table 3.

logM,nq = q*logMs, (1)
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Figure 9. Correction of conventional PSS and pullulan calibration curves by
correction factors based on MALS 785 nm measurements of Indulin lignin.

Table 3. Correction factors (by MALS 785 nm) for conventional calibra-
tions based on PSS and pullulan and resulting corrected molar mass
values for kraft lignin (Indulin).

Correction factor PSS Pullulan
q factor 1.523 0.915

p factor 0.771 1.103
slope of linear calibration —-0.17 —0.16
intercept of linear calibration 11.42 10.71

The errors produced with conventional calibrations can be
estimated this way. However, any linear calibration function to
derive molar mass values can be corrected similarly by the im-
plementation of the correction factors given in Table 3.

The correction of the PSS-derived calibration data to avail-
able oligomeric model compounds is not feasible owing to the
absence of high molar mass lignin model structures. An at-
tempt to perform corrections of PSS-derived calibration consid-
ering just the available oligomeric substances would introduce
an additional deviation of the outcome values rather than
making them more precise.?

Conclusions

The current way of MALS detection at laser wavelengths of
488 nm, 633 nm, 658 nm, or 690 nm cannot be considered a
reliable approach to the molar mass determination of technical
lignins, and in particular, not for highly fluorescent and UV/Vis
absorbing kraft lignins. Although sample absorption can be ef-
ficiently counteracted by using the FM of the MALS devices,
there is currently no way to eliminate the effects of lignin fluo-
rescence that severely distorts the MALS results. Lignin fluores-
cence was seen to be less pronounced in the very high molar
mass part of all lignins, but severe in the low and medium mo-
lecular weight ranges.

A SEC-MALS system with an infrared laser operating at
785 nm and using fluorescence filters elegantly overcomes this
problem and provides reliable results for all different types of
lignins, including kraft lignins, which are notoriously trouble-
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some regarding fluorescence and absorption. Any residual
fluorescence can be corrected for by extrapolation of the
molar mass data from the beginning of the chromatogram
(high molar mass range) towards the end of the chromato-
gram (medium and low molar mass range). The absorption
problem can be eliminated by referencing with the FM. Thus,
the optimized method was shown to have higher accuracy,
leading to molar mass values, which are closer to reality than
those from any current alternative.

The present study also addressed the inaccuracy resulting
from the structural dissimilarity between technical lignin sam-
ples and the calibration standards used to calculate the molar
mass parameters from Rl detection. Correlation factors for
commercially available PSS and pullulan standards were calcu-
lated based on the molar masses measured by the SEC-MALS
785 nm approach. These standards now allow for obtaining
more reliable data also if no MALS system is available and clas-
sical calibration techniques have to be resorted to. Chemical
modification and derivatizations of lignins can have a strong
effect on the corresponding hydrodynamic radius for this case
a direct analysis by SEC-MALS will be the method of choice.

In general, the molar mass of technical lignins is higher than
previous data from calibration with standards suggested, al-
though it ranged in the same order of magnitude. Auto-fluo-
rescence of lignins upon conventional MALS detection produ-
ces severely overestimated molecular weight values, a danger
that has now been eliminated with the MALS 785 nm ap-
proach. With the current study, we hope to place a general
and reliable characterization method for the molecular weight
of natural and technical lignins at the analytical chemists’ dis-
posal—and for the first time—a method undisturbed by fluo-
rescence and independent of calibration with non-lignin-like
standards.

We are very positive about presenting the SEC-MALS system
to become a standard tool in lignin characterization, especially
when considering the skyrocketing interest in technical lignins
in connection with worldwide attempts of lignin utilization in
biorefinery scenarios.

Experimental Section
Chemicals and lignin samples

The following chemicals were obtained from Sigma-Aldrich Han-
dels GmbH, Darmstadt, Germany: LS lignosulfonic acid sodium salt
(average M,,~ 54000, M,~6000 gmol™"), lithium bromide (>99%),
and dimethyl sulfoxide (HPLC grade). PSS sodium salt and pullulan
standards were obtained from Polymer Standard Service (PSS,
Mainz, Germany). Technical lignin samples were kindly provided by
associated companies: two softwood kraft lignins—Indulin AT
(MeadWestvaco Corp., USA), Lignoboost (Innventia/RISE, Sweden),
and soda lignin—Sarkanda (Granit S.A., Switzerland); two Organo-
solv lignins—OSL HW, hardwood (Fraunhofer CBP, Germany), and
OSL Alcell, mixed hardwood (Repap, Canada); two lignosulfonates
from different sulfite processes—Ammonium LS (Borregaard,
Norway) and Magnesium spruce LS (Lenzing, Austria). Biolignin is
based on wheat straw Organosolv processing (CIMV, France). Puri-
fied pine milled wood lignin (MWLp) was extracted according to
the original procedure®™ and purified according to the protocol
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described by Balakshin et al.”¥ DHP and trimer as side products of

coniferyl alcohol polymerization were obtained according to the
literature.”™ A hexameric lignin model compound was obtained ac-
cording to Kilpeldinen et al.*®

Sample preparation for SEC analysis

All lignin samples as well as standards were dissolved in DMSO/
LiBr (0.5% w/v) at 10 mgmL~', shaken overnight, and filtered
through a 0.45 um PTFE filter prior to analysis. In case of lignosul-
fonates, the samples were purified by means of adsorption on
XAD-7 resin.*” Solubilization of PSS standards in DMSO was ach-
ieved by pretreatment with cation-exchange resin according to lit-
erature.?"

SEC-MALS instrumental setup

SEC analysis was performed by using an Ultimate 3000 autosam-
pler, column oven, UV detector (all Thermo Fisher Scientific Inc.,
Waltham, MA, USA) equipped with a Dionex HPLC Pump Series
P580 (Dionex Softron GmbH, Germering, Germany), Dawn HELEOS
| MALS detectors with lasers operating at either 658 or 785 nm,
and an Optilab T-rEX differential refractive index detector, 1=
633 nm (all Wyatt Technology, Santa Barbara, CA, USA). Both MALS
detectors were equipped with 18 photodiodes at different measur-
ing angles, with narrow band pass filters (10 nm for the respec-
tive wavelength used, installed on every second photodiode). The
separation was performed with an Agilent PolarGel M guard
column (7.5x50 mm) and three PolarGel M columns 7.5x300 mm
(5 um particle size). The columns were kept at 35°C. The SEC
system was operated under the following conditions: 0.5 mLmin™'
flow rate; 10 uL injection volume; 65 min run time. Data evaluation
used ASTRA software, version 6.1.

Determination of (dn/dc), values

The determination of the specific refractive index increment at a
constant chemical potential (dn/dc), of lignin samples in DMSO/
LiBr (0.5% w/v) was performed by using the online approach by in-
tegration of the Rl peak area after sample elution from the col-
umns assuming 100% sample mass recovery. The actual volume in-
jected by the autosampler used was measured by Rhodamine B UV
dye and an external calibration curve.
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