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ARTICLE INFO ABSTRACT

Keywords: Lignin as a natural antioxidant is currently gaining interest as a renewable substitute for fossil-based antioxi-

Lignin dants. Here, two-dimensional liquid chromatography (size-exclusion and reversed-phase chromatography)

2D SEC x RPLC coupled with a post-column radical scavenging assay (2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid

Online post-column antioxidant activity . X - . I . . -
(ABTS)) is used to profile the antioxidant activity of softwood Kraft lignin. This method can assign antioxidant
activity to different molecular weight fractions (monomeric, oligomeric, polymeric) within the complex lignin
matrix. Four guaiacyl-type monomeric compounds (guaiacol, acetovanillone, vanillic acid, and vanillin) were
identified in the lignin sample, consistent with softwood lignin composition; however, antioxidant activity varies
widely among them. Guaiacol shows the highest specific radical scavenging activity, whereas vanillin's activity is
lower than the detection limit. Antioxidant activity was also detected for oligomeric and polymeric domains. For
polymeric lignin higher specific antioxidant activity was detected with decreasing molecular weight. This
approach provides a more detailed understanding of lignin's structure-property relationship regarding its anti-
oxidant activity than conventional bulk-type assays or solvent fractionation experiments, thereby guiding the
selection of lignin fractions for antioxidant applications.

1. Introduction

Lignin is an abundant renewable resource with a variety of inter-
esting properties. One of those properties is its natural antioxidant ac-
tivity. As a complex crosslinked bio-copolymer it is difficult to fully
understand the relationship between its structure and its properties. The
ratio of the three main building blocks (p-coumaryl alcohol (H-unit),
coniferyl alcohol (G-unit), and sinapyl alcohol (S-unit)) and the linkage
structures between those are heavily influenced by its botanic origin and
isolation method. The monomer composition, interunit linkage type and
ratio, molecular weight, and functional groups are all individually
distributed and superimposed, resulting in an immensely complex
sample pool. Comprehensive characterization of lignin's molecular ar-
chitecture and functional properties is essential for tailoring its use in
advanced applications, such as its incorporation as an antioxidant ad-
ditive in food packaging materials [1,2].

The use of lignin as an antioxidant is interesting in that regard that:

(I) it is readily available being a byproduct of pulp and paper production
and being the second most abundant renewable biopolymer on earth,
(II) it possesses antioxidant activity numbers similar to or even superior
to commercially used antioxidants like BHT (butylated hydroxytoluene),
(II1) it is more favored over synthetic fossil-based antioxidants [3-5]. But
one aspect that hinders the use of lignin as an antioxidant is its complex
and disperse molecular structure. A frequently used strategy to charac-
terize lignin's antioxidant activity is by bulk-type assays. Model systems
are used to assess the antioxidant activity of lignin, including DPPH (2,2-
diphenyl-1-picrylhydrazyl), ABTS (2,2-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid)), FRAP (ferric ion reducing antioxidant potential),
and FC (Folin-Ciocalteu) assay [6]. In the case of lignin (polydisperse
mixture of different molecular weight fractions, functional group con-
tents, and monomer compositions), bulk-type assays only give a single
average value for the investigated property and cannot determine the
individual contribution of single components to the total antioxidant
activity of a mixture [7]. As different components may influence each
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other in an additive, synergistic, or inhibitory way it is important to
know the individual contribution of those components [8,9]. Combining
separation techniques like liquid chromatography with antioxidant as-
says can be a way to overcome those shortcomings. This would allow
separate assessment of individual components by antioxidant assays
[10]. This approach has been pursued and described in literature. Liquid
chromatography coupled with online assays based on a single relatively
stable reagent such as DPPH or ABTS were the most popular. They were
predominantly used to investigate complex plant extracts such as tea,
coffee, herbs, fruits, flowers, or tree leaves [11,12]. This approach has
not yet been applied to lignin.

However, chromatographic separation of polymers and copolymers,
such as lignin, is more challenging than chromatography of low-
molecular-weight compounds. The main reason for the complication is
the high dimensionality of the sample, a concept introduced by Giddings
et al. [13]. Factors contributing to the sample's dimensionality include
various molecular distributions, e.g., molecular-weight distribution,
chemical-composition distribution, and branching distribution. Super-
imposition of those individual distributions further increases the
complexity of the sample and analysis. One-dimensional chromatog-
raphy can separate polymers based on single sample dimensions. If two
or more molecular characteristics or sample dimensions need to be
resolved, multiple separation mechanisms and therefore multi-
dimensional methods are required. The sample's dimensionality must
be at least matched or even exceeded by the system's dimensionality to
reduce peak overlap. Although copolymers possess high dimensionality
and cannot be fully characterized by two-dimensional chromatography,
useful information can still be gathered by a two-dimensional setup
[13-16].

Especially in two-dimensional polymer chromatography, solubility
of the sample and solvent compatibility between the two chromato-
graphic dimensions poses challenges. Theoretically using size-exclusion
chromatography (SEC) as the first separation mode followed by
reversed-phase chromatography (RPLC) as the second separation mode
should be effective and complement one another. However practically,
the optimal solvent for polymer dissolution is often stronger than the
solvent in gradient elution liquid chromatography leading to a phe-
nomenon called breakthrough [17,18]. By optimizing the interface
conditions between the first and second dimension, breakthrough can by
reduced or completely avoided. Strategies include on-line dilution of the
first-dimension eluent or split of the first-dimension's sample [19].

Given the immense structural complexity of lignin, particularly with
respect to its molecular weight and functional groups, two-dimensional
liquid chromatography offers a promising approach for resolving its
molecular heterogeneity. In the context of two-dimensional liquid
chromatography of lignins, studies so far center around analysis after
depolymerization of lignin or lignin-containing biomass. When low-
molecular-weight depolymerization products are of interest, mostly
RPLC x SFC (SFC: supercritical fluid chromatography) [20-22] or RPLC
x RPLC [23,24] are used. If unmodified lignins or lignin depolymer-
ization products with a wide range of molecular weights are investi-
gated, most commonly SEC x RPLC [25-28] is used.

In this study, we employed a two-dimensional SEC x RPLC system,
coupled with a post-column ABTS assay, to qualitatively map and assess
the antioxidant profile of softwood Kraft lignin. This approach provides
a more detailed understanding of the individual contributions of lignin's
molecular fractions to its overall antioxidant activity, thereby advancing
its potential applications in various fields [3].

2. Experimental section
2.1. Materials
Unless stated otherwise, all chemicals were of analytical grade and

used without further modification. Kraft black liquor from pulping
spruce/pine mixture was kindly provided by Mercer Rosenthal
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(Rosenthal am Rennsteig, Germany). For chromatography ASTM Type I
water was used. Formic acid LC-MS grade was purchased from VWR
chemicals (Darmstadt, Germany). Acetonitrile LC-MS grade, hydro-
chloric acid, and potassium hydrogen phosphate were purchased from
Carl Roth (Karlsruhe, Germany). Potassium dihydrogen phosphate and
potassium persulfate were purchased from Merck (Darmstadt, Ger-
many). 2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) dia-
mmonium salt (ABTS) was purchased from Thermo Scientific (Kandel,
Germany). Polyethylene oxide mixtures (238 Da-1180 kDa) were pur-
chased from PSS Polymer Standards Service (Mainz, Germany). Lignin
model compounds: 4-(Hydroxymethyl)-2-methoxyphenol, 4-Hydroxy-3-
methoxybenzoic acid, (2E)-3-(4-Hydroxyphenyl)acrylic acid, 4-Hy-
droxy-3-methoxybenzaldehyde, (2E)-3-(4-Hydroxy-3-methoxyphenyl)
acrylic acid, 1-(4-Hydroxy-3-methoxyphenyl)ethanone, 2-Methoxyphe-
nol, 1-(4-Hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)-1,3-pro-
panediol,  (2E)-3-(4-Hydroxy-3-methoxyphenyl)acrylaldehyde,  3-
Ethoxy-4-hydroxybenzaldehyde, 4-Ethylphenol, 4-Allyl-2-methoxyphe-
nol, 4-Phenoxyphenol, 5-Hydroxy-2-(3-hydroxy-4-methoxyphenyl)-
6,7-dimethoxy-4H-chromen-4-one, and 2-Methoxy-5-[(Z)-2-(3,4,5-tri-
methoxyphenyl)vinyl]phenol. Manufacturer, purity, and other details
are listed in supporting information Table S1.

2.2. Lignin isolation

Softwood black liquor was acidified with 6 mol L~* hydrochloric acid
to pH 2 at a flow rate of 0.15 pL s per gram of black liquor. The sus-
pension was stirred for 1 h, centrifuged, and the supernatant was dis-
carded. The precipitate was washed with acidified water (pH 2) twice,
then freeze-dried.

2.3. Sige-exclusion chromatography with fraction collection (1D)

A 5 g L~! Kraft lignin solution and 1.5 g L ™! lignin model compound
mix were prepared in eluent containing 600 mL acetonitrile, 400 mL
water, and 2 mL formic acid. The samples were passed through 0.22 pm
polyamide filters prior to analysis. The SEC system based on an Agilent
1260 Infinity II LC system (Agilent Technologies, Waldbronn, Germany)
was equipped with an isocratic pump, autosampler, thermostatted col-
umn compartment, diode array detector, refractive index detector, and
an analytical scale fraction collector. The flow rate was set to 1 mL
min~! and the detection wavelength range set to 190-400 nm. For a
pilot run 10 pL of the solutions were injected onto a set of columns (2x
PSS SUPREMA 100 A, 300 mm x 8 mm, 5 pm. PSS SUPREMA pre-
column, 50 mm x 8 mm, 5 pm. PSS Polymer Standards Service,
Mainz, Germany) kept at 35 °C. Molecular weight calibration (238
Da-1180 kDa) was performed using polyethylene oxide mixtures. For
the fraction collection 40 pL of lignin solution (20 pL of lignin model
compound mix) were injected onto the columns. Fractions were
collected starting at 11 min and ending at 25.8 min, switching vials
every 0.4 min.

2.4. Reversed-phase chromatography (2D)

The lignin solution and its collected fractions as well as lignin model
compound mix and its collected fractions were analyzed using an Agi-
lent 1260 Infinity II LC system equipped with a quaternary pump,
autosampler, thermostatted column compartment, and diode array de-
tector. For a pilot run 2 pL of the solutions (5 g L™! Kraft lignin, 0.15 g
L' single lignin model compounds) were injected onto the columns
(Agilent ZORBAX SB-Phenyl, 250 mm x 4.6 mm, 5 pm. Agilent ZORBAX
SB-Phenyl, 12.5 mm x 4.6 mm, 5 pm. Agilent Technologies, Waldbronn,
Germany) kept at 35 °C. Gradient elution was performed using water
with 0.1 vol% formic acid (solvent A) and acetonitrile with 0.1 vol%
formic acid (solvent B) at a flow rate of 1 mL min~'. The gradient pro-
gram was as follows: 0.00 to 2.01 min, isocratic at 20 vol% B; 2.01 to
17.69 min, linear gradient from 20 to 95 vol% B; 17.69 to 18.18 min,
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isocratic at 95 vol% B; 18.18 to 18.19 min, linear gradient from 95 to 20
vol% B; 18.19 to 25.00 min, isocratic at 20 vol% B. The detection
wavelength range was set to 190-400 nm. For the analysis of fraction-
ated samples, instead of injecting 2 pL of sample 35 pL of the collected
fractions were co-injected with 60 pL of water.

2.5. Post-column reaction

For post-column reaction of chromatographically separated lignin
fractions with an ABTS containing eluent the previously described
Agilent 1260 Infinity II LC system was complemented by an isocratic
pump, thermostatted column compartment, and multi wavelength de-
tector (Agilent Technologies, Waldbronn, Germany). The ABTS reagent
was prepared based on the works of Koleva et al. [8] and Stewart et al.
[10] by dissolving 2 mmol L~ of ABTS with 0.3 mmol L™} of potassium
persulfate in water and incubating at 25 °C for 12-16 h. After incuba-
tion, the solution was diluted to 1 AU (at 734 nm, 1 cm cuvette) using
potassium phosphate buffer (0.1 mol L™}, pH 8). The finalized ABTS
reagent was added to the effluent stream of the LC system using the
isocratic pump at a flow rate of 0.5 mL min~'. The flows were united
using a T-piece to which a PEEK capillary (13.7 m x 0.25 mm ID) was
connected. The capillary was kept at 40 °C using the thermostatted
column compartment and connected to the detector set to 734 nm
[8,10].

3. Results and discussion
3.1. Size-exclusion chromatography

Size-exclusion chromatography of the softwood Kraft lignin shows a
widely distributed sample eluting in a range of 11-25 min (Fig. 1(a)).
Considering the use of polyethylene oxide (PEO) as a molecular weight
calibrant although in terms of hydrodynamic volume nothing like lignin,
this translates to a molar mass range of up to 1180 kDa (relative to PEO).
The chromatogram shows two distinct peaks, a minor at 13.12 min, most
likely caused by agglomeration or non-size-exclusion effects as observed
by Ponnudurai et al. [29], and the main peak at 17.3 min. Fig. 1(b)
shows the chromatogram of a lignin model compound mix containing 15
compounds (11 monomers, 3 dimers, and eupatorin. See Table S1). The
model compounds elute in a range of 19-26 min showing only seven
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partially separated peaks. In a range of 18.5-25 min (Fig. 1(a)) a
multitude of unresolved peaks can be observed, especially when multi-
ple detection wavelengths (220 nm, 254 nm, 280 nm, and 340 nm) are
combined.

Classic SEC is commonly used for polymers (homopolymers and/or
regular alternating copolymers) as it provides information on molecular
weight distribution and polydispersity and covers a wide range of mo-
lecular weight. As the relationship between molecular weight and
retention time in SEC is exponential, the molecular weight resolution is
not constant over the chromatographic run. In fact, monomers, dimers,
and small molecular weight oligomers can often be baseline-separated
but this is not possible for larger oligomers or polymers. Although the
resolution at lower molar masses is greater in absolute terms, unwanted
effects other than pure size-exclusion can negatively affect the separa-
tion. Those secondary interactions in the case of lignin include, e.g.
hydrogen bonding [30].

As displayed in Fig. 1 the SEC setup used here is capable of per-
forming separations up to 1180 kDa (PEO) and cover a large range of
molecular masses but struggles to resolve a mixture of 15 low-
molecular-weight model compounds (mass range of 122-344 Da).
Given that lignin is not a homopolymer but a structurally complex,
crosslinked statistical copolymer, SEC alone is limited in its ability to
provide absolute molecular weight characterizations. This is further
complicated by solubility issues, the presence of multiple functional
groups, and the lack of structurally identical calibration standards [29].
Despite these challenges, SEC remains a valuable tool for reducing
sample complexity by, e.g. fractionating lignin into molecular weight-
defined groups that can further be analyzed using orthogonal
techniques.

3.2. Reversed-phase liquid chromatography

The lignin model compounds were individually injected onto the
RPLC. Fig. 2(a) shows a superposition of chromatograms of individual
components within the lignin model compound mix (for indexed chro-
matogram see Fig. S1). Compared to SEC (Fig. 1(b)) the resolution is
better, and the peaks are sharper but for some compounds (which all are
low-molecular-weight) co-elution still occurs. Fig. 2(b) shows the
reversed-phase chromatogram of Kraft lignin. The lignin elutes in a
range of 4-18 min displaying several sharp peaks on top of the left-hand
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Fig. 1. (a) Size-exclusion chromatogram of softwood Kraft lignin detected at different wavelengths. PEO narrow distributed molecular weight standards are indi-
cated by plus signs (+). (b) Size-exclusion chromatogram of lignin model compound mix detected at 280 nm.
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Fig. 2. Reversed-phase chromatograms of lignin model compounds (a) and softwood Kraft lignin (b), both detected at 280 nm. Brackets indicate co-eluting peaks.

For indexed chromatogram of model compounds see Fig. S1.

slope of a wide unspecific hump.

In contrast to SEC, RPLC is commonly used for the separation of low-
molecular-weight compounds and faces challenges when applied to
polymeric substances. In the case of lignin this is due to the compound
effect of multiple overlapping distributions that primarily are molecular
weight distribution, functional group distribution, and linkage distri-
bution. RPLC can separate the low-molecular-weight lignin species
(mass range of 122-344 Da) and form sharp peaks but cannot effectively
separate polymeric lignin, resulting in an unspecific wide hump. The
overall result is well separated small lignin species on top of polymeric
lignin as can be seen in Fig. 2(b), in other words co-elution of well
resolved low-molecular-weight compounds with poorly resolved poly-
meric compounds.

Taking SEC into consideration, the opposite is true. SEC can separate
a wide range of molecular weight but lacks the ability to fully separate
small molecules making it the ideal complement to RPLC. The logical
conclusion is the combination of both techniques in a two-dimensional
approach.

3.3. Two-dimensional chromatography

As investigated and described by Stoll et al. two-dimensional chro-
matography is prone to low sensitivity in the second dimension [19]. To
optimize the sensitivity different injection volumes were tested. Fig. 3
shows the RPLC chromatograms of a selected SEC fraction (1D) at
different injection volumes. When increasing the injection volume from
5 pL to 35 pL the peak areas and heights increase accordingly while
maintaining symmetric peak shapes. Starting at 50 pL though still
increasing the peak area and peak height, the peak begins to lose sym-
metry. The loss of symmetry continues until 95 pL. The phenomenon of
volume overload is caused by the large injection volume in combination
with high solvent strength of the injected volume [18,19]. The injected
volume contains 60 % ACN (SEC eluent) while the eluent at the start of
the gradient contains only 20 % ACN. When injecting 35 pL of !D-
fraction together with 60 pL of a weak solvent (water) thus keeping the
injected mass equal but reducing the solvent strength (effectively 22 %
ACN), the peak height even surpasses the peak of 95 pL. In comparison
to the peak of 35 pL without co-injection of water, due to focusing of the
sample onto the column head, the peak width was reduced leading to a
sharper peak. The dilution of the first-dimension eluent in the form of
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Fig. 3. Reversed-phase chromatograms of a single collected SEC fraction ('t =
22.2-22.6 min) at different injection volumes including co-injection of 60 pL
of water.

co-injection with water made the organic SEC compatible with gradient
reversed-phase chromatography.

Fig. 4(a) shows a SEC/ x /RPLC chromatogram of Kraft lignin
overlaid with the 2D chromatogram of the lignin model compound mix
indicated by white contours. In a range of 't = 15.8-19 min and % =
10-16 min a hump of polymeric lignin is visible which could not be
resolved by SEC due to limited resolution of SEC at higher molar masses,
not by RPLC due to ineffective separation of polymers in RPLC, and still
not separated in a two-dimensional setup. In a range of 't = 19-25 min
and %t = 4-16 min all 15 lignin model compounds which suffered co-
elution in SEC as well as RPLC are fully resolved by two-dimensional
chromatography. The low-molecular-weight lignin compounds which
before were well separated from each other but co-eluted with
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Fig. 4. SEC/ x /RPLC chromatogram of softwood Kraft lignin detected at 280 nm (a) and zoomed-in (b). Both chromatograms overlaid with contours of lignin model
compounds. (H) indicates compounds derived from H-units and (v) indicates vinylic compounds. Color scale indicates normalized absorbance at 280 nm.

polymeric lignin in RPLC could also effectively be separated from the
polymeric fraction.

Further investigation of the chromatogram of lignin and the lignin
model compounds shows that out of the 15 model compounds (con-
taining G-units, H-units, conjugated vinylic species, and other) only four
compounds are present in the lignin sample as can be seen in Fig. 4(b).
The four compounds could be identified as vanillic acid (G acid), vanillin
(G aldehyde), acetovanillone (G ketone), and guaiacol (G phenol) by
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their matching first- and second-dimension retention times as well as
their UV spectra (Figs. S2-S5). Considering that softwood Kraft lignin is
only comprised of G-unit monomers as has been proven by HSQC
measurements (heteronuclear single quantum coherence), no H-units
were expected [31]. Also, the Kraft process is considered an oxidative
process, therefore it is unlikely that vinylic species form during lignin
cleavage [32].

To qualitatively assess the antioxidant activity of the individual
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Fig. 5. SEC/ x /RPLC chromatogram of softwood Kraft lignin detected at 734 nm after post-column reaction with ABTS (a) and zoomed-in (b). Both chromatograms
overlaid with contours of lignin model compounds. (H) indicates compounds derived from H-units, (v) indicates vinylic compounds and (uip) indicates unidentified

peaks. Color scale indicates normalized absorbance at 734 nm.
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species, post-column reaction with ABTS was performed on the sepa-
rated species (after two-dimensional chromatography). Fig. 5(a) shows
that antioxidant activity can be detected over the entire chromatogram
(monomeric, oligomeric, and polymeric region) wherever lignin was
present. Lignin as a polyphenolic macromolecule generally shows anti-
oxidant activity. Its antioxidant activity is thereby heavily influenced by
structural characteristics like phenol content, ring substituents and/or
side chain chemistry [33]. In the case of the four identified components
vanillic acid (G acid), vanillin (G aldehyde), acetovanillone (G ketone)
and guaiacol (G phenol), all four are methoxylated phenolic compounds.
Still, they vary a lot regarding their antioxidant activity because of their
diverse side chain chemistry. Fig. 5(b) indicates the highest antioxidant
activity for guaiacol followed by acetovanillone and vanillic acid with
specific antioxidant activity indices of 3.66, 0.70, and 0.56, respectively
(Fig. 6). The indices are computed by dividing the absorbance at 734 nm
after post-column reaction by the absorbance at 280 nm and the term
‘specific’ here means normalized by absorbance and not normalized by
weight. Brand-Williams et al. investigated the reactivity of various
phenolic antioxidants with DPPH and found that guaiacol with an
antiradical power (ARP) of 4 is 80 times stronger than vanillin (ARP =
0.05) and 24 times stronger than vanillic acid (ARP = 0.17) [34].
Regarding acetovanillone, Dizhbite et al. measured ARP values of 0.2 for
propiovanillone (similar in structure to acetovanillone) and 2.6 for
guaiacol [35]. Those observations agree with the results of our online
post-column assay. Guaiacol presents outstanding reactivity with ABTS
while the reactivity of acetovanillone and vanillic acid is much weaker.
Although very present in terms of absorbance at 280 nm, vanillin's
antioxidant activity could not be detected within the limits of this
method. Aside from the identified compounds, there are also a few un-
identified peaks (uip) in the oligomer region which show high absolute
antioxidant activity (normalized absorbance at 734 nm), e.g., uipl
Anorm = 0.95, uip2 Aporm = 0.71, uip3 Aporm = 0.78, or uip4 Aporm = 0.95
(see Fig. 5(a)).

For polymeric lignin structural characteristics like phenol content,
ring substituents and/or side chain chemistry are varying differently
than for monomers. As a G-type lignin ring methoxylation (one methoxy
group bound to aromatic ring) stays unchanged. HSQC measurements of
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Fig. 6. Specific antioxidant activity map computed by dividing the absorbance
at 734 nm after post-column reaction by the absorbance at 280 nm. Rectangular
box indicating region with polymeric lignin. Color scale indicates ratio between
absorbance at 734 nm and 280 nm.
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the exact same lignin by Rumpf et al. show that approx. 90 % of the
linkages within the softwood Kraft lignin are $-O-4 bonds [31]. Taking
that into account, 1-guaiacyl-1-propanol would be a close approximate
structure to the actual phenolic end group of lignin. Dizhbite et al.
determined the ARP of 1-guaiacyl-1-propanol to be 3.0 [35]. Looking at
the polymeric region on the specific antioxidant activity map (Fig. 6) a
drift in the antioxidant activity is visible. Here, with decreasing molec-
ular weight (higher 't and lower 2t values) an increase in specific anti-
oxidant activity can be noted. Taking structural characteristics like ring
substituents (G-type) and the side chain chemistry (5-O-4 bonds) into
consideration, this drift can be explained by variations in phenol con-
tent. It has been shown through GPC experiments on dansylated lignins
with fluorescence detection that the phenol content of lignins increases
with decreasing molecular weight therefore increasing its specific anti-
oxidant activity [36].

4. Conclusion

Coupling of RPLC, after fractionation by SEC, with a post-column
antioxidant assay like ABTS proves to be a powerful tool to profile the
antioxidant activity of a complex biopolymer such as lignin. This
method, to the best of the authors' knowledge, not published before, is
capable of assigning antioxidant activity to different molecular weight
domains within the lignin (monomer, oligomer, polymer); in the low
molecular weight region even to specific compounds like guaiacol,
acetovanillone, vanillic acid, or vanillin. Guaiacol shows the highest
specific radical scavenging activity, followed by acetovanillone and
vanillic acid. Vanillin's activity was not detected within detection limits
of the method. For polymeric lignin higher specific antioxidant activity
was detected with decreasing molecular weight. This approach differs
from commonly used approaches like solvent fractionation followed by
bulk characterization of the antioxidant activity in that it provides more
detailed and more resolved information. Here, the softwood Kraft lignin
shows antioxidant activity in all molecular weight domains. This is ad-
vantageous regarding future applications. The choice of lignin molecu-
lar weight can be made depending on special requirements like specific
antioxidant activity, phenol content or solubility. For example, low-
molecular-weight lignin is favorable over high-molecular-weight
lignin for the application as a compatibilizer for poly (butylene adi-
pate-co-terephthalate)/polylactic acid composites [37]. For phenol-
formaldehyde resin formulations knowledge about as well as choice of
phenol content (and indirectly antioxidant activity) is of importance
[38]. Using low-molecular-weight, high-phenol-content lignin can for
example improve the oxidation induction temperature (thermal stabil-
ity) of lignin-polyethylene blends [39]. Future studies involve method
enhancement to gain quantitative data and to apply the method to
different types of lignins and different antioxidants in general. More-
over, alternative antioxidant assays such as DPPH and FRAP will be
tested. Based on this work, the method presented here can be taken as a
proof-of-concept which can also be adjusted to different sample types
and/or different post-column assays.
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