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Lignins are valuable renewable resources for the potential production of a large array of biofuels,
aromatic chemicals and biopolymers. Yet native and industrial lignins are complex, highly branched
and heterogenous macromolecules, properties that have to date often undermined their use as
starting materials in lignin valorisation strategies. Reliable knowledge of weight average molar mass,
conformation and polydispersity of lignin starting materials can be proven to be crucial to and improve
the prospects for the success of such strategies. Here we evaluated the use of commonly-used size
exclusion chromatography (SEC)—calibrated with polystyrene sulphonate standards—and under-

used analytical ultracentrifugation—which does not require calibration—to characterise a series of
lignin fractions sequentially extracted from soda and Kraft alkaline lignins using ethyl acetate, methyl
ethyl ketone (MEK), methanol and acetone:water (fractions FO1-F04, respectively). Absolute values
of weight average molar mass (M,,) determined using sedimentation equilibrium in the analytical
ultracentrifuge of (3.0 £ 0.1) kDa and (4.2 +0.2) kDa for soda and Kraft lignins respectively, agreed
closely with previous SEC-determined M,,s and reasonably with the size exclusion chromatography
measurements employed here, confirming the appropriateness of the standards (with the possible
exceptions of fraction FO5 for soda P1000 and F03 for Indulin). Both methods revealed the presence of
low (~1 kDa) M,, material in FO1 and F02 fractions followed by progressively higher M,, in subsequent
fractions. Compositional analysis confirmed >90% (by weight) total lignins successively extracted from
both lignins using MEK, methanol and acetone:water (FO2 to F04). Considerable heterogeneity of both
unfractionated and fractionated lignins was revealed through determinations of both sedimentation
coefficient distributions and polydispersity indices. The study also demonstrates the advantages of
using analytical ultracentrifugation, both alongside SEC as well as in its own right, for determining
absolute M,,, heterogeneity and conformation information for characterising industrial lignins.
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AIL Acid-insoluble lignin

ASL Acid-soluble lignin
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BHT Butylated hydroxytoluene
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HPSEC High-pressure size exclusion chromatography
MEK Methyl ethyl ketone

M, Weight average molar mass

M, Number-averaged molar mass
PI Average Polydispersity Index
SEC Size exclusion chromatography
SE Sedimentation equilibrium

NY Sedimentation velocity

THF Tetrahydrofuran

Lignins are abundant natural biopolymers produced by plants that account for approximately 30% of plan-
etary non-fossil organic carbon’?. Due to their high carbon content and aromatic structural units, they are
increasingly recognised as renewable resources for the production of biofuels, chemicals, aromatic compounds
including antioxidants and biopolymers®'*. Lignins are amorphous, irregular three-dimensional, and highly
branched phenolic macromolecular polymers. Though complex in chemical structure, it is generally accepted
that the native form is basically composed of three phenylpropanoid monomers, p-hydroxyphenyl, guaiacyl, and
syringyl units, derived from monomeric p-coumaryl, coniferyl, and sinapyl alcohols. These units are present in
different relative amounts depending on plant source, individual tissues and even tissue age'®, thereby affecting
chemical structure and impacting on the resulting composition of the lignocellulose biomass derived from bulk
plant sources containing heterogenous mixtures of these units. Linkages between lignin units also contribute to
the highly variable structures and compositions seen amongst different lignins. They are formed via end-wise
radical coupling reactions and are of C-C or C-O type with different abundances in different plants, including
B-O-4 (45-50%), 5-5' (18-25%), B-5 (9-12%), B-1 (7-10%), a-O-4 (6-8%), p-B’ (0-3%) and 4-O-5 (4-8%)'°.

Technical lignins are derived from lignocellulosic biomass pulping processes and constitute the most viable
starting point for most valorisation strategies. These lignins arise as side-products of industrial bioprocessing of
native lignocellulose biomass to extract the carbohydrates and therefore the remaining lignin content is relatively
high. They are mainly produced by alkaline and organosolv processes and amongst the commonly-employed
alkaline-based processes, Kraft and soda pulping involve use of either sodium sulphide under aqueous alkaline
conditions (Kraft)!” or sodium hydroxide alone (soda). In both cases, the native protolignin is broken down,
with cleavage of a large number of aryl ether bonds, dissolution of lignin fragments and production of condensed
structures bearing stable C-C bonds'®'°. Hence, preparation of technical lignins by these industrial processes
causes severe structural changes in the lignins, contributing still further to the heterogeneity of these polymers
and the challenges associated with their use as a homogenous starting material for valorisation protocols®**2!.
Indeed, to date only approximately 2% of available lignin from pulp and paper industries is recovered in value-
added activities?, though other factors including some undesirable properties of extracted technical lignin
(e.g. high glass transition temperature, solvent solubility) have also previously contributed to this low level?*?*,

To improve the homogeneity and properties of lignins as starting materials in lignin valorisation strategies,
there has been considerable focus on introducing chemical substitutions such as methylation?, esterification®
and benzylation? and blending with other polymers e.g.”’. However, to address the multiple challenges of lignin
heterogeneity, solubility in (and miscibility with) other polymers as well as properties, organic solvent parti-
tioning has proved to be a particularly successful strategy. For example, Sivasankarapillai and McDonald?,
Sivasankarapillai et al.* and Li and McDonald*® used methanol to separate out low and high molecular mass
fractions of lignin, and Saito et al.>’-** successfully utilised similar methanol fractions for thermoplastics and
lignin-polymer systems. Fractionation of industrial lignins using successive extractions with multiple organic
solvents proved useful for obtaining mass-fractionated lignins of differing chemical and thermal properties®*~,
an approach utilised, for example, by Arshanitsa et al.*’, Ponomarenko et al.*® and Majira et al.!° (in the latter
case, in combination with ionic liquid treatment) to isolate lignin fractions with improved antioxidant activi-
ties. Indeed, sequential solvent extraction has become a widely-adopted strategy to isolate lignin fractions with
controlled properties*~*!, with their own characteristics, depending on the lignin source*.

For implementation of valorisation strategies, it is frequently crucial to have knowledge of molar masses, espe-
cially weight average molar mass (M,,) and the number average molar mass (M), conformation or shape and lev-
els of polydispersity for these heterogenous macromolecules. Lignin M, and M, values are currently most com-
monly determined using size exclusion chromatography (SEC) including high pressure SEC (HPSEC)!%2235:38:41-43,
Electrospray ionisation mass spectrometry (ESI-MS) has also been used for molar mass determinations*~° but
these do not relate to a solution environment. SEC is relatively rapid to perform but depends on the choice of
experimental setup, mass calibration standards—assumed to be of the same conformation as the unknown—and
calculation methods applied, which can vary between different laboratories?®** and can lead to a spectrum of
values for the same polymer. Values of molar mass obtained by SEC are therefore used in relative comparisons,
rather than a source of absolute values. Surprisingly, we were only able to find one recent report in the literature
for technical lignins**, and no recent reports at all for solvent-derived lignin fractions, on the use of hydrody-
namic determinations of M,, and other lignin characteristics using analytical ultracentrifugation (AUC). Yet AUC
has been successfully employed for lignin studies in the past**~*%. Indeed, the technique offers many advantages
for lignin characterisation. Sedimentation velocity (SV) measurements in the analytical ultracentrifuge give
combined information on sample heterogeneity, molar mass and conformation whilst sedimentation equilibrium
(SE) measurements using the same instrumentation facilitates the determination of absolute values of molar
mass, principally the weight average M,,**->'. Moreover, AUC is a matrix-free method (having its own inherent
fractionation ability, without the need for columns or membranes and associated assumptions regarding inert-
ness), with no reliance on mass calibration standards. Reasons why it has not been more widely adopted include:
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(1) complex data capture and analysis; however, this situation has now been rectified with the development of
relatively easy to use analysis software packages such as SEDFIT-MSTAR for the analysis of the principly aver-
age molar masses®> and MULTISIG for molar mass distributions®* facilitating the determination of absolute M,
data and distributions on a routine basis****; and (2) the complication of thermodynamic non-ideality, which
arises from the large size of macromolecules, their high exclusion volumes and in the case of charged molecules,
polyelectrolyte repulsive effects; again, these past disadvantages have also now been addressed™.

The aims of the present study were to expand on the recent AUC study of Alzahrani et al.*, to explore further
the suitability and practicality of using AUC (and accompanying state-of-the-art analysis tools described above)
for characterisation of small technical alkaline lignins and their solvent fractions and to compare with current,
more commonly used SEC methods that give relative M,, M,, and polydispersity determinations. Although
experimental setups for SEC vary amongst laboratories and thus can produce varying values of M,, for structur-
ally complex macromolecules such as lignins?’, we compare the M,, values attained using an alkaline HPSEC
setup that has been optimised following comparisons between laboratories?, with those obtained using AUC
measurements which provide absolute values of M,,, M, distributions (heterogeneity), and information on lignin
shape and conformation. We therefore present, first and foremost, a comparison of mass determination methods,
but also include resulting yields and properties (e.g. functional groups) of the pre- and post-fractionated alkaline
lignins used in this comparative methods study.

Materials and methods

Lignin sources, fractionation and composition determination. Soda lignin from mixed wheat
straw/sarkanda grass (P1000) was obtained from Green Value SA, Orbe, Switzerland. Softwood Kraft lignin
(Indulin AT) was obtained from Ingevity, Richmond, VA, USA. Both lignins are alkaline lignins; soda lignin is
produced using alkaline pulping whilst Kraft lignin is extracted using alkaline sodium sulphide.

Lignins were fractionated by a four-step sequential solvent extraction process similar to the three-step process
described and used by us previously'®*. In short, a fixed bed of lignin of 1 kg was prepared in a glass column
setup. The solvents sequentially used, by pumping in the column with a Waters analytical pump, in turn were of
increasing relative polarity: ethyl acetate (“solvent 1”), methyl ethyl ketone (“solvent 2”), methanol (“solvent 3”)
and acetone:water (4:1) (“solvent 4”). Following solvent extraction and retention of soluble material, extracts were
concentrated under reduced pressure and the solvent is re-used, and the final traces of solvent were removed by
vacuum drying. The residual lignin fraction was also retained and dried at 40.0 °C.

Fraction composition analysis (carbohydrates, ash, acid-soluble and acid-insoluble material) was under-
taken as described previously?. In short, the lignins and their fractions were characterised after a two-step
hydrolysis in sulphuric acid to determine the acid insoluble lignin (AIL, Klason lignin). In the hydrolysate, the
soluble lignin (ASL) was determined spectrophotometrically at 205 nm, the carbohydrates by high-performance
anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) and the uronic acids by
the Blumenkrantz protocol. The ash content was determined after calcination at 900 °C for 4 h in a muffle oven.
The functional groups in the lignins and the corresponding fractions were characterised by *'P NMR using the
standard phosphitylation procedure with cyclohexanol as internal standard. *P NMR spectra were obtained on
a Varian 400 MHz NMR spectrometer.

Preparation of lignins for AUC experiments. Lignins and lignin fractions were prepared for AUC
experiments as described previously*:. Briefly, vacuum dried samples were dissolved in dimethylsulphoxide:water
(9:1) to a concentration of 2 mg mL™' ASL+ AIL (Table 1) and roll-mixed at room temperature overnight. Sus-
pensions were centrifuged at room temperature (6500 g for 15 min) and the supernatants retained. Final con-
centrations after clarification were determined by an Atago Co. (Tokyo, Japan) DD-7 differential refractometer
and a refractive index increment of 0.218 mL g™! ¥’ Supernatants were analysed immediately and were adjusted
to 0.20 mg mL™ for sedimentation velocity experiments or 0.65 mg mL™! for sedimentation equilibrium.

Sedimentation equilibrium (SE) measurements. Sedimentation equilibrium experiments in the ana-
Iytical ultracentrifuge were performed in a Beckman (Palo Alto, CA, USA) Optima XL-I analytical ultracen-
trifuge equipped with Rayleigh interference optics and data capture system reporting equilibrium concentra-
tion distribution profiles. Lignin samples (0.65 mg mL™) and reference DMSO:water (9:1) solutions (80 ul)
were loaded into 12 mm optical pathlength double-sector cells and equilibrium speeds of 35,000, 40,000 and/or
48,000 rpm were employed. Scans were taken once every hour until equilibrium had been reached (after approx.
24 h). The relative concentration distributions of the solute at equilibrium were analysed to give the weight
(mass) average apparent molar mass M,,,, using the SEDFIT-MSTAR algorithm®. The algorithm utilises the
M* function®®, together with the hinge point method which evaluates the weight average molar mass at the radial
position within the distribution at which the local macromolecular concentration c(r) is equal to the initial load-
ing concentration, ¢>%. At the low concentration of 0.65 mg mL™ (at which non-ideality effects are considered
to be very small), the reasonable approximation is made that M,,,,, is equal to the true weight average molar
mass, M.

Sedimentation velocity (SV) experiments. Sedimentation velocity experiments in the analytical ultra-
centrifuge were performed in a Beckman (Palo Alto, CA, USA) Optima XL-I analytical ultracentrifuge equipped
with Rayleigh interference optics and an automatic on-line data capture system. Lignin solutions (~350 pl) in
DMSO:water (9:1) or reference DMSO:water (9:1) (density=1.09036 g mL™; viscosity =0.029 Poise at 20.0 °C),
were loaded into 12 mm pathlength double-sector epoxy cells with sapphire windows. A low loading concentra-
tion of 0.2 mg mL™! was used to minimise the effects of hydrodynamic non-ideality. Samples were run at a rotor
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Fraction
Component Untreated lignin® Fo1' F02 F03 Fo4 FO5 residue
Soda lignin
Yield (wt%)* - 31.1 19.4 23.4 8.7 17.4
Carbohydrates® 2.8 0.4 0.5 1.1 2.4 242
Ash 1.9 0.0 0.0 0.5 1.3 16.5
Acid-soluble lignin 4.8 5.8 2.6 1.5 0.9 1.5
Acid-insoluble lignin 83.5 76.5 87.4 89.7 93.8 44.6
Other 7.0 17.3 9.5 7.2 1.6 13.2
Kraft lignin
Yield (wt%)* - 9.3 20.6 19.5 18.7 31.9
Carbohydrates® 1.5 0.2 0.2 0.3 0.9 45
Ash 2.1 ND ND ND ND ND
Acid-soluble lignin 0.5 1.2 0.7 0.3 0.2 0.2
Acid-insoluble lignin 87.4 54.2 91.1 91.8 93.5 77.9
Other 8.5 ND ND ND ND ND

Table 1. Yield and composition data (weight %) for P1000 soda lignin and Indulin AT Kraft lignins and their
solvent fractions used in the present study. Details of fractions are provided in Methods: F01, ethyl acetate
fraction; F02, methyl ethyl ketone fraction; FO3, methanol fraction; F4, acetone:water (4:1) fraction; and

F05, residue. ‘Other’ materials are 100% minus the sum of the identified and quantitated components, and
typically can be assumed to be proteins (P1000 Soda lignin) or possibly wood extractives (Indulin AT). ND,
not determined. *wt%, dry wt basis of initial starting lignin. ®Calculated as polysaccharide. Error analyses < 5%
relative. "Data for untreated soda lignin and its ethyl acetate fraction (FO1) have been previously published®?.

speed of 49,000 rpm (~ 120,000 g) at 20.0 °C. Concentration profiles and movement of the sedimenting bounda-
ries within the AUC cells were recorded using the Rayleigh interference optical system registering concentra-
tion (in fringe displacement units relative to the meniscus) versus radial position, 7*°. The data were analysed
by means of the SEDFIT analytical algorithm®, which gives a distribution of sedimentation coefficient, s, and
provides an assessment of the polydispersity. The c(s) vs s model was used to analyse the data, thereby generating
an apparent distribution of sedimentation coeflicients (s, in Svedberg units S=107"*s) in the form of c(s) versus
s, rather than the Is-g(s) model, because of the very low s values and incomplete resolution of the sedimenting
boundaries from the air-solution meniscus. Because of the very low concentrations employed, correction for
non-ideality (extrapolation to infinite dilution) was not necessary, and the assumption s°, ~ s, is reasonable.
A value for the partial specific volume, ¥, of 0.61 mL g™ was used®'.

Size exclusion chromatography (SEC). Determinations of weight average molar mass, M,, and num-
ber-averaged molar mass, M,, of lignin samples were carried out using alkaline SEC as described previously*.
The lignins were analysed by alkaline SEC using two serial connected TSKgel GMPWxI columns at 30 °C with
1 mL/min 0.5 M NaOH. Detection was performed at 280 nm. Measurements were relative to polystyrene sulpho-
nate (sodium salt) standards obtained from Polymer Standards Service (SPS) GmbH (range 891-258,000 g/mol)
and phenol (94 g/mol). Phenol (=99.5%; GC grade) was purchased from Sigma-Aldrich.

Results and discussion

Compositions of P1000 and Indulin AT lignins and their solvent fractions. The compositions of
soda (P1000) and Kraft (Indulin AT) alkaline lignins determined by the acid hydrolysis methods described
previously®® and the yields and compositions of their solvent-extracted fractions used in the present study are
summarised in Table 1. Overall, yields obtained after each solvent extraction step differed between the two
lignin types, especially after ethyl acetate extraction (F01) and the resultant residue (F05), though similar yields
resulted using MEK and methanol extractions (FO2 and F03). The different yields obtained confirm that we
are testing our methodologies on different lignin types that exhibit different dissolution characteristics. The
proportions of acid-soluble and -insoluble lignins, carbohydrates and ash for both lignins were broadly simi-
lar to those reported previously by us**®* and others®. The Indulin AT lignin possessed a slightly lower acid-
soluble lignin (ASL) content (0.5 wt %, compared with 1.9% found previously*’), but in common with previ-
ous studies*®?, soda lignin P1000 possessed higher ASL (~5%) compared with those reported previously for
other similar alkaline lignins such as straw, hemp, flax and hardwood-derived lignins (0.4-0.9%)* and wheat
straw (1.0-1.1%)%. Residual carbohydrate compositions of both untreated lignins (2.8% and 1.5% for soda and
Kraft, respectively) (Table 1) were higher than those reported previously for organosolv lignins (e.g. 0.3-0.8%°5;
0.2-1.1%"), consistent with previous reports that residual carbohydrate is generally higher in alkaline lignins
compared with these other lignins, possibly originating from polysaccharides remaining covalently-bound to
the lignin as a Lignin-Carbohydrate Complex (LCC) or from trapped, non-covalently-bound carbohydrates
that arise during the lignin precipitation step*>“. Considerable amounts of residual minerals are also typically
associated with lignin fractions derived from alkaline separation methods*, and the amounts measured here
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for both lignins were similar with those reported previously (Table 1)*. Table 1 also shows the effects on lignin
proportions of successive extraction using solvents of increasing polarity (ethyl acetate, MEK, methanol and
acetone:water (4:1)), which resulted in a high-yielding > 90% (by weight) total lignins in successive MEK, metha-
nol and acetone:water fractions derived from both of these alkaline lignins (Table 1).

For details of functional groups associated with the initial lignins and their fractions as determined by *'P
NMR measurements, see Table S1.

Molar mass determinations: comparison of sedimentation equilibrium (SE) and size exclusion
chromatography (SEC). P1000 and Indulin AT lignins and solvent fractions were subjected to molar mass
(molecular weight) determinations by SE and SEC analyses as described in Methods. Although not as resolving
as SV described below that gives s values influenced by both molar mass and conformation/shape, SE is a direct
and absolute measure of molecular weight (molar mass) unaffected by conformation, and for mixtures of more
than one component (Table 1), yields principally the apparent weight average molar mass (M,,,,). SE data were
analysed using the SEDFIT-MSTAR algorithm of Schuck et al.>>, which provides two ways of analysing the data
for evaluating M,,,,, (i) using the M* function method of Creeth and Harding>*—developed for the analysis of
polydisperse systems: the value of the M* function extrapolated to the cell base (radial position r=b) = the appar-
ent weight average molar mass of the whole distribution of macromolecular components in the solution M,
and (ii) using the hinge point method* which employs point or local weight average molar masses M,y () as
a function of radial position r in the ultracentrifuge cell: the value of M,,,,(r) at the “hinge point” (the radial
position in the cell where the local concentration ¢(r) = the initial loading concentration ¢°) = the apparent weight
average molar mass of the whole distribution of macromolecular components in the solution M, . Because
of the small molar masses and the low loading concentrations used, no correction for the effects of thermody-
namic non-ideality are necessary so we make the reasonable assumption that the “ideal” M, = M,,,,. Example
SEDFIT-MSTAR outputs are shown in Fig. 1 (for unfractionated Soda and Kraft lignins). Figure 1a,b(i) shows
plots of In ¢(r) vs 1%, where c(r) is in fringe displacement units; the non-linear nature of this plot for Kraft lignin
(Fig. 1b(i)), is indicative of significant polydispersity. The M* extrapolation (Fig. 1a,b(ii)) and hinge point esti-
mation (Fig. 1a,b(iii)) methods (see Schuck et al.)** give overall M,, values of (3.0+0.1) kDa and (2.8 +0.2) kDa
for P1000 lignin, and (4.2+0.2) kDa and (4.1+0.3) kDa for Indulin AT lignin, respectively (Table 2).

SEC-determined values of M,, were also obtained as described in Methods. M,, was calculated from M,,,,
values derived relative to polystyrene sulphonate standards*® assumed to have similar conformation as the soda
and Kraft lignin fractions being analysed here. Comparisons of M,, data obtained using alkaline SEC and the
absolute values of M,, obtained by the two SE-based methods are shown in Table 2. There is generally good agree-
ment between the SE-derived and SEC-derived M,, values obtained for these low mass lignins: this confirms the
appropriate choice of the SEC standards. The SE-determined M,, values for untreated lignin starting materials in
particular show excellent agreement with previously reported data for these two lignins obtained using alkaline
SEC (3.3-4.7 kDa for P1000; 4.3-4.7 kDa for Indulin AT)*-%,

The SEC setup used here produced M,, estimations similar to those of absolute M,, values for many samples,
usually in the lower M, ranges of less purified material (~ 1-4 kDa), and with less agreement in the higher M,,
ranges. Tables 1 and 2 also suggest that whilst the yields of total lignins in F02-F04 fractions was >90 wt% for
both lignins, the M,, values increased, demonstrating that the MEK, methanol and acetone:water (4:1) sequence
of solvents contained successively lower amounts of low-mass, non-lignin components. In related studies®, a
different range of solvents (of decreasing dissolving capacity) was used to fractionate sugarcane bagasse Kraft
lignin, and reported (in common with our findings for F02-F04) approximately similar yields of lignin extracted
into each solvent extract, but unlike our study this was accompanied by decreasing M,, (and M, and polydis-
persity index) values.

Sedimentation velocity measurements: sedimentation coefficient distributions and assess-
ments of heterogeneity. Fractionated and unfractionated lignin samples were subjected to SV measure-
ments in the analytical ultracentrifuge to obtain the distributions of sedimentation coefficient values (s values).
These distributions reflect not only the macromolecular masses present within samples but also their range of
conformations, and thus can be useful for revealing heterogeneity amongst samples. Figure 2 shows that both
untreated lignins and all lignin fractions exhibited heterogeneity, evidenced by the relatively broad and differing
distributions of very low s values in all cases. In the case of P1000 soda lignin, the s distributions usually occurred
within one broad peak ranging up to 0.5S, with indications of more than one peak in untreated and the MEK
(F02) fractions, whilst for Indulin AT samples, one broad peak of s distribution (peaking~0.2-0.4S) occurred
and in some cases there were additional very minor peaks at~ 1.7 S (untreated), 0.9 and 2.0S (F01) and 2.0S (F05
residue), confirming further heterogeneity amongst Kraft samples and contrasting with the very narrow distri-
bution of s observed in a previous study of untreated Indulin AT lignin*, thus distinguishing batch differences
amongst these technical lignin types.

As described above, heterogeneity is an intrinsic feature of native and extracted technical lignins such as
alkaline lignins, and is well documented'>-'. Therefore, the heterogeneity revealed here using SV experiments
is entirely consistent with expectation and confirms once again the suitability of the SV approach for revealing
heterogeneity amongst lignins and lignin fractions. It was not possible to discern any increases or reductions in
heterogeneity amongst the lignin samples following successive solvent extraction (Fig. 2), but it should be borne
in mind that the s values obtained here were very low (often <0.5S) occurring close to the limits of the technique.
This also unfortunately precludes the use of the sedimentation coeflicients for an accurate representation of
hydrodynamic conformation®-%°. However it is possible to represent the fractions in an approximate way if we
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Figure 1. Sedimentation equilibrium SEDFIT-MSTAR output for the analysis of (a) P1000 soda lignin; and
(b) Indulin AT Kraft lignin in DMSO:water (9:1) at 20 °C at loading concentrations of 0.65 mg mL™ in 12 mm
pathlength cells. (i) log concentration, c, versus the square of the radial displacement, r; (ii) extrapolation of the
M* function to the cell base to yield the whole distribution apparent weight average molar mass M, ,,; and (iii)
plot of the point average molar mass (local molar mass), obtained by taking the derivative of the data from plot
(i) versus the local concentration ¢(r) in the analytical ultracentrifuge cell. The value at the ‘hinge point’ (where
c(r) = cell loading concentration) yields the value for the whole distribution M,, values shown in Table 2.

assume—Dbased on previous work**>%, that the lignins are hydrodynamic oblate ellipsoid or disc structures,
scaled according to their respective molar masses and Fig. 3 gives the comparisons.
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Weight average molar mass, M,, (kDa)*

SE
Lignin/lignin fraction From M* extrapolation From hinge point SEC
Soda P1000 3.0 2.8 22
FO1 ethyl acetate 1.0 1.0 1.3
F02 MEK 12 1.3 1.9
F03 methanol soluble 3.7 3.2 33
F04 acetone/water (4:1) 10.2 9.0 6.8
F05 residual fraction 8.9 7.3 28.3
Indulin AT Kraft 4.2 4.1 35
FO1 ethyl acetate 1.2 0.9 1.0
F02 MEK 1.1 1.0 1.4
F03 methanol soluble 6.5 6.5 2.8
F04 acetone/water (4:1) 11.1 9.5 53
FO5 residual fraction 11.9 9.5 8.4

Table 2. Comparison of sedimentation equilibrium (SE) and alkaline size exclusion chromatography (SEC)
methods to determine the weight average molar masses (M,,) of P1000 soda lignin from mixed wheat straw/
sarkanda grass and Indulin AT Kraft softwood lignin. Solvents used to derive fractions FO1-F04 are shown.
FO5 is the residual fraction remaining after the four-step solvent extraction with ethyl acetate, MEK, methanol
and acetone:water (4:1). Sedimentation equilibrium (SE) analysis was carried out at 20.0 °C as described in
Methods. M,, data were derived using the Sedfit-MStar suite of programmes. *Standard error is 3-5%. Size
exclusion chromatography was performed as described in Methods. MEK: methyl ethyl ketone.
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Figure 2. Sedimentation coefficient concentration distribution, c(s) vs s, profiles for (a) soda (P1000) and (b)
Kraft (Indulin AT) lignins and their fractions derived from a four-step solvent extraction comprising ethyl
acetate (FO1), methyl ethyl ketone (MEK) (F02), methanol (F03) and acetone:water (4:1) (F04). Data for Kraft
lignin residue following extraction was also obtained (F05). Dried samples were dissolved in DMSO:water (9:1)
prior to SV experiments at 20.0 °C at loading concentrations of 0.2 mg mL™" and a rotor speed of 49,000 rpm, as
described in “Methods” section.
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Figure 3. Relative sizes, depicted as oblate ellipsoids**” of (a) P1000 soda and (b) Indulin AT Kraft lignins and
solvent-extracted fractions. Untreated P1000 soda and untreated Indulin AT Kraft lignins are shown; F01, ethyl
acetate fraction; F02, methyl ethyl ketone fraction; FO3, methanol fraction; F04, acetone:water (4:1) fraction; and
F05, residue.

M, and polydispersity index. Size exclusion data were also used to estimate the M,, (the number-averaged
molar mass) values for each lignin/lignin fraction using the determined values of total lignin weight and total
number of lignin molecules. In turn from these data, polydispersity indices were determined (M,,/M,,), which
provide a measure of the broadness of the molecular weight distributions of the lignins or lignin fractions and
related to heterogeneity. The larger the polydispersity index, the broader the molecular weight range.

Figure 4 shows the distributions of eluted lignins and their lignin fractions obtained by the SEC analysis.
Inspection of the overlayed distributions, together with the quantification of these data (Table 3) reveals high
polydispersity amongst untreated lignins and most lignin extract fractions (generally in the range 2-5 (Table 3),
apart from the residual fractions which display higher polydispersity values (Table 3), and revealed in the broader
distributions shown in Fig. 4. Interestingly, there are sequential increases in M, values amongst fractions FO1-F04
following each solvent extraction, mirroring the increasing M,, values (Tables 2, 3). For soda lignin, polydispersity
indices remain similar amongst untreated and fractions FO1-F03 inclusive and it is only the final acetone:water
solvent of highest polarity that contains a significant increase in polydispersity. Indulin AT fractions FO1-F04
were approximately equally polydisperse or slightly decreased compared with untreated samples. The F05 frac-
tions of both lignins, which contain residual material following extraction with all four solvents in succession,
contains material of depleted lignin with very high polydispersity and highest M, values.

By contrast, Kumar et al.** undertook sequential fractionation of a soda lignin using other sequential sol-
vents—chloroform, dichloromethane and n-butanol—and found that polydispersity decreased dramatically com-
pared with the untreated lignin, whilst (in common with our study) M, values gradually increased from fraction
1 to 3*°. Of course different sequential solvent fractionation strategies such as those based on increasing polarity
(as used in the present study and in ref'®) or on decreasing dissolving capacity®, together with individual solvent
choices, all impact on the types, proportions and size of lignins and other components extracted at each step.

Our strategy is most similar to that used by Majira et al. previously'’, in which ethyl acetate, MEK and
methanol were used in successive fractionation of PB1000 soda lignin followed by ionic liquid treatment. The
sequence of solvents produced an increasing proportion of B-O-4 linked lignin, a linkage type very sensitive
to ionic liquid cleavage and thus producing lignins of significantly smaller sizes and polydispersity indices to
those produced here'.

Conclusions

This has been the first combined molecular weight and heterogeneity characterisation study on lignins using the
absolute (i.e. not requiring calibration standards) method of sedimentation equilibrium (SE) measurements in
the analytical ultracentrifuge, reinforced by size exclusion chromatography and sedimentation velocity analyti-
cal ultracentrifugation. In terms of the specific finds for the Soda P1000 and Indulin AT Kraft alkaline lignins
under scrutiny here, these revealed absolute M,, values of (3.0 +0.1) kDa and (4.2 +0.2) kDa, respectively, in
close agreement with previous non-absolute determinations made using SEC and some agreement with the
commonly-applied alkaline SEC method used in the present study.

The values of M,, obtained using both methods were also in overall agreement (especially in the low M,,
ranges) for the five successive solvent-fractionated extracts of these lignins; the first two extracts (from ethyl
acetate and MEK fractionations), contained low (~ 1 kDa) M,, material whilst further solvent fractionation
resulted in extracts of progressively higher M,,. Compositional analysis showed that the F02-F04 (MEK, methanol
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Figure 4. Alkaline SEC chromatograms of (a) P1000 soda lignin; and (b) Indulin AT Kraft lignin, and their
solvent fractions (FO1-F05). Alkaline SEC was undertaken as described in Methods and analysed to give M,,, M,
and polydispersity indices (Tables 2 and 3) according to ref*.

Size exclusion chromatography
Lignin/lignin fraction M, (Da) | Polydispersity index*
Soda P1000 800 2.8
FO1 ethyl acetate 610 2.1
F02 MEK 820 24
F03 methanol soluble 1130 2.9
F04 acetone/water (4:1) 1430 4.8
FO5 residual fraction 1950 14.5
Kraft Indulin AT 840 4.1
F01 ethyl acetate 450 23
F02 MEK 570 2.5
F03 methanol soluble 910 3.1
F04 acetone/water (4:1) 1180 4.5
FO5 residual fraction 1340 6.3

Table 3. M, and polydispersity index determinations for P1000 soda and Indulin AT Kraft lignins using
alkaline size exclusion chromatography. *M, /M.

and acetone:water (4:1)) extracts of both soda and Kraft lignins studied here contained the highest yields of total
lignin (> 90 wt%).

Again, a combined hydrodynamic approach showed that all fractions were heterogenous, revealed through
determinations of sedimentation coefficient distributions in sedimentation velocity (SV) and SEC polydispersity
indices, whilst the average conformations expressed as equivalent hydrodynamic ellipsoids were estimated to be
approximately the same for all fractions.

Finally we would like to stress that analytical ultracentrifugation has not been extensively used for lignin
characterisation studies in modern times (not since Goring’s pioneering work in the relatively early years of the
technique): this study highlights the advantages of the modern application of this method for such studies, both
alongside SEC as well as individually for absolute M, determinations that can be critically important for success-
ful implementation of downstream valorisation strategies, including the consolidation of decayed archaeological
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WOO

d’®7! or for use as functional additives for insect repellency in packaging material®>. We would like to suggest

this combined SEC-AUC approach becomes the benchmark approach for the molecular weight (molar mass)/
heterogeneity characterisations of lignin and lignin-like materials.
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