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ABSTRACT: The enzyme-catalyzed polymerization of lignosul-
fonates was investigated. Molecular formulas for the initial material
(LS) and the final polymerized lignosulfonates (pLS) were
determined by mass balance calculations combined with elemental
analyses, allowing the elaboration of the reaction equation.
Structural and chemical changes during the reaction were followed.
Rheology and size exclusion chromatography showed that viscosity
and molecular weight increased 90-fold and 4-fold, respectively.
The thermal stability of pLS was investigated by thermogravimetric
analysis and was found to be rather low compared to those of other
polymers. The specific heat capacity (cP) was determined by
differential scanning calorimetry and was higher for pLS than for
LS, depending on the final formulation of the polymer.
Determination of the higher heating value together with the reaction equation allowed the determination of the reaction enthalpy
of −61 kJ/kgfeed. Only minor structural changes were revealed by NMR and FTIR analyses. However, these are responsible for the
gained insolubility properties of pLS. Higher solubility in organic solvents of varying polarity (heptane, toluene, isopropanol, and
acetone) was found for polymer films. The perturbed chain statistical associating fluid theory equation of state was found suitable to
model the solution behavior of pLS films.
KEYWORDS: biorefinery, enthalpy, laccase, mass balance, fluid theory

1. INTRODUCTION
Accumulation of waste in landfills and climate change are two
of the major problems faced by today’s society. Huge efforts
are currently being made to develop novel processes to reduce
greenhouse gas emissions and waste generation. Possible ways
to achieve these goals are the improvement of recycling rates,
the intensified use of recycled materials in new products, and
the replacement of petroleum-based materials with biobased
ones. At the same time, steps toward the reduction of waste
generation should be taken. The implementation of circular
bioeconomy pathways aims at solving this issue by exploiting
renewable and thus CO2-neutral resources to generate high-
added value products. Additionally, the generated waste
streams shall be reprocessed and/or upcycled into valuable
products. Finally, after severe lifetime extension and reuse, the
chemically bonded energy may be used for power generation
and shall fuel further processes.1,2

In biorefinery applications, lignocellulosic biomass, com-
posed of cellulose, hemicellulose, and lignin, is adopted as the
starting material. Specifically, lignin is a complex, recalcitrant,
and heterogeneous material consisting of polyaromatic
compounds. For all these reasons, its application in
commodities is highly challenging.3−5 Lignins from different

origins are based on three repetitive phenylpropanoid units,
the so-called monolignols, namely, p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S), differing only in the number
of methoxy groups attached to the aromatic ring. The H-unit
does not have any methoxy groups, G has one at position C3
and S has two at positions C3 and C5. These monolignols can
form a variety of different interunit linkages (reactive alkyl or
aryl ether or ester bonds but also unreactive carbon−carbon
bonds). The possible linkages are defined by the distribution of
the monolignols, which vary in the different kinds of biomass
(hardwood, softwood, or herbaceous). Softwoods are mainly
composed of G-units (forming branched polymers), hard-
woods contain both G- and S-units (leading to mainly linear
polymers) with minor amounts of H-units for both, while
herbaceous biomass, such as grasses, consists of H-, G-, and S-
units.6 Despite its complexity and recalcitrance, nature found
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ways to degrade lignin by evolving a consortium of different
enzymes capable of breaking down the lignin polymer into
smaller compounds. One of these enzyme groups is
represented by laccases (EC 1.10.3.2). They are copper-
containing oxidoreductases able to oxidize mainly phenolic
residues that are present, e.g., in lignin, to radicals by
simultaneously reducing molecular oxygen to water. The
generated phenoxyl radicals can further react with each other
leading to the formation of bigger lignin polymers (Figure
1).7−10 This reaction mechanism provides laccases with the
ability to synthesize or degrade lignin. Plant laccases primarily
synthesize lignin, while those of fungal or bacterial origin are
mainly responsible for lignin degradation.7,8,11 The direction of
laccase activity can be determined by the reaction conditions.
However, the parameters for the reaction depend on both the
laccase as well as the substrate.12 Thus, a process using the
water-soluble lignosulfonate (LS) in combination with a
laccase isolated from the fungus Myceliophthora thermophila
(MtL)13 requiring only water and oxygen at moderate
temperatures and neutral pH, without the need for expansive
and sometimes toxic mediators, was developed to achieve
extensive polymerization of LS by setting the reaction
conditions accordingly. This process was found to lead to
water insolubility of LS, increase dispersibility, and generate
water as the only byproduct.14,15 All the different process
parameters have been investigated and optimized: (i) the
reaction conditions necessary to get highly polymerized LS in a
reasonable time,16 (ii) the use of different enzymes,17 (iii) the
effect of different downstream methods on the reactivity of
LS,18 and (iv) the suitability of other technical lignins.19,20 On
these bases, a variety of applications, such as hydrogels,
coatings, or adhesives,21−26 are already well implemented.
Further, new possibilities to extend the application range, such
as enzymatic coupling of foreign molecules onto LS to tailor its
properties, are under investigation.9 As can be seen, although
this enzymatic polymerization process of LS is well
characterized and implemented now, the underlying reaction
mechanisms are still not completely understood. Knowledge of
these mechanisms will help in unraveling the reaction
stoichiometry and thermodynamic parameters of the reaction,
allowing further knowledge-based exploitation of this process.

This study aims at characterizing the structural changes that
occur during enzymatic polymerization of LS under the
conditions optimized in previous studies,15−20 thereby
unraveling the reaction stoichiometry and the thermodynamic
parameters. This allowed for the first time the establishment of
a reaction equation of the enzymatic LS polymerization
reaction and further determination of the enthalpy of the

reaction. Finally, the resulting polymers were investigated for
their solubility in different organic solvents of varying polarity.
The results were then used to test the reliability of a prediction
model of polymer solubility using the perturbed chain
statistical associating fluid theory (PC-SAFT) method.

2. MATERIALS AND METHODS
2.1. Materials. All used chemicals were purchased from Sigma-

Aldrich (Steinheim, Germany) or Merck (Darmstadt, Germany) and
were of analytical grade, while M. thermophila laccase (MtL) was from
Novozymes (Novozyme 51003, Bagsveard, Denmark). The softwood
magnesium lignosulfonate used originates from spent liquor generated
during the sulfite wood pulping process and was kindly provided by
Sappi Paper Holding GmbH.
2.2. Laccase Activity Assay. Laccase activity was assayed by

monitoring the oxidation of 2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS) to its cation radical. The
resulting reaction product was quantified at 420 nm by using a plate
reader (Tecan, Infinite M200, Switzerland). For the reaction, 170 μL
of the enzyme diluted in 0.1 M sodium phosphate buffer (pH 7) was
mixed with 50 μL of a 0.1 M ABTS solution. The activity was
expressed in nanoKatal/mL (nKat/mL) and transformed into units/
mL (U/mL) by multiplying the value by 16.67 (one unit is defined as
the amount of enzyme necessary to convert 1 μmol of substrate per
minute). All samples were measured in triplicate.
2.3. Enzymatic Oxidation of Lignosulfonate. Laccase-

catalyzed polymerization was carried out in four 1 L glass reaction
vessels containing 500 mL of a 21% (w/v) LS solution adjusted to pH
7 using 5 M NaOH, at 22.6 °C and an oxygen flow rate equal to 52
mL/min. The reaction was started by adding 10 U/mL MtL. Water
from the exhaust gas was condensed in a cool trap. The final gel-like
products from the four reaction vessels were mixed and partially
poured into films, while the other part was dried (either through
lyophilization or at room temperature) in the form of granulates for
further analyses. (An overview of the reaction conditions and setup is
given in the Supporting Information; Table S1 and Figure S1).
2.4. Fourier Transform Infrared Spectroscopy. The powdered

samples were analyzed by Fourier transform infrared spectroscopy
(Bruker Vortex 70, Bruker Corporation, Billerica, MA, USA) operated
in the ATR mode. The spectra were recorded in the range from 4000
to 400 cm−1 with a resolution of 2 cm−1 and a total number of 128
scans in drift mode.
2.5. Viscosity Measurement. Viscosity was followed during the

incubation period as a fast, indirect way to determine the increase in
molecular weight and to set the end point of the reaction. For the
measurement, 700 μL of the sample was applied to the Rheometer
(MCR 302, Anton Paar, Austria) equipped with a measuring system
consisting of a cone plate with a diameter of 50 mm and an angle of
1° (CP50-1). The viscosity measurement was done for 10 s with
measuring points made every second at a constant temperature of 20
°C and a constant shear rate of 200 s−1. Data analyses were performed
with Anton Paar software RheoCompass 1.24. All samples were
measured in duplicate.

Figure 1. Laccase-mediated oxidation of LS to pLS (adapted from Mayr et al. 2021). Show exemplarily for the lignin G-unit (the main monolignol
unit in softwood). Oxidation of LS by laccase leads to the formation of radical intermediates, which can react further, while simultaneously
molecular oxygen is reduced to water.
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2.6. Size Exclusion Chromatography Coupled to a Multi-
angle Laser Light Scattering Detector. The molecular weights of
the samples were determined by using size exclusion chromatography
(SEC). A liquid chromatography system equipped with a quaternary/
binary pump, autosampler 1260 series, a diode array detector (DAD),
a refractive index (RI) detector system (Agilent Technologies 1260
Infinity), and a MALLS HELEOS DAWN II detector (Wyatt
Technology, Santa Barbara, CA, USA) was used. The columns used
consisted of a precolumn PL aqua gel−OH MIXED guard (PL1149-
1840, 8 μm, 7.5 × 50 mm2, Agilent, Palo Alto, CA) and a separation
column PL aqua gel−OH MIXED H (PL1549-5800, 8 μm, 4.6 × 250
mm2, Agilent, Palo Alto, CA) with a range from 6 to 10,000 kDa. The
mobile phase contained 50 mM NaNO3 with 200 mg/L NaN3. The
sample injection volume was 100 μL, and the total runtime for one
sample was 90 min. The samples were diluted with the mobile phase
to a concentration of 1 mg/mL and filtered through a 0.45 μm syringe
filter before being loaded onto the column. The internal system
calibration of the detector is controlled with BSA and dextran
standards from 6 to 600 kDa. For normalization, band broadening,
and alignment of the MALLS detector, a BSA standard was used. The
software used for data acquisition and analysis was ASTRA 7 software
from Wyatt Technologies.
2.7. Field Flow Fractionation Coupled to a MALLS Detector.

The molecular weight distribution of the samples was additionally
determined by using the Wyatt Eclipse NEON field flow fractionation
system (Wyatt Technology, Santa Barbara, CA, USA). The
chromatography system was equipped with a quaternary/binary
pump, autosampler 1260 series, a diode array detector (DAD), a RI
detector system (Agilent Technologies 1260 Infinity), and a MALLS
HELEOS DAWN II detector (Wyatt Technology, Santa Barbara, CA,
USA) was used. The field flow fractionation was run with the Eclipse
long channel with a spacer height of 350 μm and a 10 kDa cellulose
membrane. The mobile phase contained 50 mM NaNO3 with 200
mg/L NaN3. The sample injection volume was 50 μL, and the total
runtime for one sample was 80 min. The samples were diluted with
the mobile phase to a concentration of 2 mg/mL. The internal system
calibration of the detector is controlled with BSA and dextran
standards from 6 to 600 kDa. For normalization, band broadening,
and alignment of the MALLS detector, a BSA standard was used. The
software used for data acquisition and analysis was ASTRA 8.2
software from Wyatt Technologies.
2.8. Heteronuclear Single Quantum Coherence Nuclear

Magnetic Resonance Spectroscopy. The measurements were
carried out on a 400 MHz Bruker NMR spectrometer (Bruker
Corporation, Billerica, MA, USA). One hundred (100) mg of LS
sample was dissolved in 600 μL of DMSO-d6. The measurements
were performed as previously reported.27

2.9. High-Performance Liquid Chromatography. For high-
performance liquid chromatography (HPLC) measurements an
Agilent 1260 LC system (Agilent Technologies, Santa Clara, USA),
with an ion exchange column ION-300 (Transgenomic Inc.) was
used. The eluent used was 0.01 N H2SO4 with a flow rate of 0.3 mL
min−1 at a constant temperature of 45 °C. The injection volume of
the sample was 40 μL with a runtime of 120 min. Detection of the
released products was measured with a RID detector. For calibration,
the respective standards were measured over a concentration range
from 1 to 1000 mg/L.
2.10. Gas-Phase Chromatography Mass Spectrometry.

Condensed water from the exhaust gas was analyzed for organic
constituents by gas chromatography (GC) using a Shimadzu GC
2010 coupled with a Shimadzu GCMS QP 2010 Plus quadrupole
mass spectrometer. The GC was equipped with an Agilent VF-1701
MS column (60 m × 0.25 mm × 0.25 μm) and a Shimadzu AOC-
5000 autosampler. The sample injection volume was 5 μL with a 1:30
split ratio, and a temperature program with heating from 40 to 280 °C
over 5 min, followed by a plateau time at 280 °C of 10 min, was
applied.
2.11. Solvent Uptake and Solubility of the Lignosulfonate

Polymer. To determine the solvent uptake, the final reaction product
in both film and granule form was immersed in organic solvents of

different polarities (heptane, isopropanol, acetone, and toluene).
Samples were air-dried before the solvent uptake experiments until
their mass no longer decreased. Subsequently, the samples were
submersed in the solvents, and the respective solvent uptake was
determined gravimetrically for 6 weeks in regular intervals. The
solvent uptake is calculated as the mass increase in relation to the air-
dried sample mass in milligrams of solvent uptake per gram of dry
sample, which can be converted to mass-% related solvent uptake by
multiplying by a factor of 10. Solvent weight fractions in polymer
samples after equilibrium solvent uptake were determined by the
evaporation of the solvent. For that purpose, polymer samples were
dried at T = 100 °C at ambient pressure for 1 week. Weight loss due
to solvent evaporation was then determined gravimetrically by
comparing sample weights before and after drying. All weight
measurements were performed on a Sartorius Secura 26-1CEU
microbalance with a linearity error of 0.01 mg.
2.12. Differential Scanning Calorimetry. Differential scanning

calorimetry was conducted in the temperature range from 25 to 180
°C with a heating rate of 10 °C/min. A Linseis Chip-DSC 10 device
(Linseis GmbH, Selb, Germany) was used and placed in a
temperature-controlled chamber to ensure constant ambient con-
ditions. The specific heat capacity cP was determined using the
sapphire method for calibration; the melting point and enthalpy of
fusion of indium, zinc, and tin were measured.
2.13. Thermogravimetric Analyses. The measurements were

carried out under a nitrogen atmosphere with a flow rate of 20 mL/
min on a PerkinElmer TGA 4000 device (PerkinElmer, Waltham,
MA, USA). The temperature range was from 50 to 900 °C with a
heating rate of 10 °C/min.
2.14. Elemental Analysis. The measurements were conducted

with a Thermo Scientific Flash Smart CHNS. Accurately weighted
and dried samples (2−3 mg) were placed on a tin foil with 10 mg of
V2O5 to be folded and tightly pressed before analysis. Each sample
was measured 4 times. The deviation is between 0.30% (C), 0.17%
(H), and 0.27% (S), slightly depending on the element.

2.14.1. Ash Determination. Samples were dried at 105 °C for 24 h
and subsequently incinerated at 800 °C. Ash was determined once,
standard deviation was determined with <0.08%.
2.15. Determination of Heating Value. Bone dry samples were

pelletized and incinerated in an oxygen atmosphere according to DIN
51900 and DIN EN ISO 18125 with an IKA C6000 global standards
calorimeter. Samples were determined 6 times. The standard
deviation is below 1.5%.
2.16. Perturbed Chain Statistical Associating Fluid Theory.

The solvent uptake and the density of the LS polymer were modeled
with the perturbed chain statistical associating fluid theory (PC-
SAFT)28−30 equation of state. Since its development in 2001, PC-
SAFT has been widely established as a suitable model for
thermodynamic properties of polymer systems30−34 and even
biopolymers such as proteins35,36 in the literature. PC-SAFT describes
the Helmholtz free energy A of the polymer + solvent system based
on a hard-chain reference fluid. The model considers ideal (Aid), hard-
chain (Ahc), dispersive (Adisp), and associating (Aassoc) contributions
between segments to the Helmholtz energy.

To account for the dipole moment of polar molecules such as
acetone, the polar contribution to the Helmholtz energy Adipol
according to Gross and Vrabec37 has further been included in the
model framework (eq 1). A more detailed description of the model
and its application to polymer phase equilibria is described in the
literature by Krenn et al.32

A A A A A Aid hc disp assoc dipol= + + + + (1)

The polymer density and equilibrium properties of mixtures with
solvents can consequently be calculated from the compressibility
factor Z = Pv/RT, whereby P is the system pressure, v is the molar
volume, R is the universal gas constant, and T is the system
temperature. Analogously to the Helmholtz free energy, Z can be
calculated as the sum of individual contributions (eq 2) correspond-
ing to the free energy contributions in eq 1.
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Z Z Z Z Z Z1 hc disp assoc elast dipol= + + + + + (2)

Notably, the elastic term, which is often used in literature to model
the stretching of polymer chains,32,38−40 is absent from eq 1. This
approach has been chosen due to the comparatively low molecular
weight of the produced pLS in contrast to cross-linked polymers such
as epoxy resins or cross-linked PNIPAAm.38 Moreover, the high
solubility of pLS in isopropanol and acetone further suggests low
cross-linking functionality and therefore low impact of the elastic
forces within the pLS polymer on its thermodynamic properties.

3. RESULTS AND DISCUSSION
3.1. Mass Balance and Determination of the Reaction

Equation. At first, the mass balance for the reaction was
elaborated (Table 1). To this end, the weights of the reaction

vessels were gravimetrically determined before and after the
reaction, with an overall inaccuracy below 1% (a detailed list of
the measurement is given in the Supporting Information;
Tables S2 and S3). This enabled us to determine the overall
mass as well as the solid and water contents before (LS) and
after the reaction (pLS). The mass input was the amount of
solid (LS), solvent (water), enzyme, and NaOH (for
adjustment of the pH) added, while the mass output was the
polymerized material. The overall mass was found to increase
by 0.11% (Table 1). This confirms the reaction mechanism of
laccase forming water with the supplied oxygen (Figure 1).10,41

Due to the negative enthalpy of the formation of water (ΔHf°)
(Table 4),42 this can be regarded as a first indication of an
overall exothermic reaction. The dry substance was found to
decrease by 1.10% (Table 1), which is a very low balance
inaccuracy (detailed values for the determination of the dry
substance are available in the Supporting Information Tables
S4 and S5). To investigate this more closely, the exhaust gas
was collected in a cooling trap, and the condensed water was
analyzed for its carbohydrate and carboxylic acid content by
HPLC and GC−MS. However, no traces of organic molecules
were detected in the exhaust gas. This indicated that the
stripping of smaller LS did not cause a difference in the solid
content. However, laccase oxidation of LS causes abstraction of
the hydrogen atoms of the phenolic residues which may be the
reason for the determined decrease in solid content, since the
hydrogen atoms react with oxygen to form water.43 In the
second step, a full elemental analysis was conducted (Table 2).
The amounts of carbon ©, hydrogen (H), sulfur (S), nitrogen
(N), and ash were measured, while oxygen content (O) was

calculated by subtracting the sum of the determined elements
from 100%. It is assumed that ash and nitrogen are not affected
by laccase oxidation. Thus, they can be regarded as inert for
this reaction and were neglected for further calculations. The
elemental analyses revealed that carbon and sulfur contents
were stable throughout the reaction. While a slight decrease in
hydrogen content from 6.28 to 5.98% was observed, the
oxygen content was found to increase from 30.59% at the
beginning (LS) to 31.38% at the end (pLS) (Table 2). The
uncertainties during the measurement were found to be only
slightly above the background noise (see Materials and
Methods section). The decrease in hydrogen content is related
to phenoxyl radical formation, whereby the hydrogen atom is
abstracted from the phenolic hydroxyl group. This would also
explain the observed decrease in solid content as found before
when the mass balance was set up (Table 1). The increase in
oxygen content indicates incorporation of oxygen into LS, a
mechanism also observed in oxidative processes such as
delignification and ammonolysis, in which the oxygen pressure
is a main driver of oxygen incorporation into technical
lignins.44,45 With the found elemental compositions, the
molecular formulas of the compounds are C23.16H33.25SO10.20
for LS and C22.96H31.40SO10.38 for pLS. The formulas were
calculated by multiplying the sample mass (LS and pLS,
respectively) with their determined mass percent ratio, divided
by the respective atomic weight and normalized to sulfur.46

Thus, it can be concluded that these minor changes on the
microscopic level induce outstanding macroscopic differences
in the LS properties. With the gathered information, a reaction
equation is accessible by support with a least-squares
approximation (Reaction eq R1). The reaction equation
shows that the hydrogen atoms of the phenolic hydroxyl
groups were abstracted from the LS molecule due to oxidation
by laccase, as can be seen in the decrease in the number of
hydrogen atoms from 33.25 in each LS molecule (reactant on
the left) to 31.40 in pLS (product on the right).
Concomitantly, the number of oxygen atoms increased from
10.20 to 10.38 due to the incorporation of oxygen into LS, as

Table 1. Mass Balance for the Laccase Polymerization of the
Initial Material (LS) to the Final Polymer (pLS)a

material
mass balance

[g]
solid content

[g]
water balance

[g]

LS 1212.38 254.59 957.79
pLS 1213.66 251.78 961.88
deviation [g] −1.28 2.81 −4.40
deviation [wt/wt] −0.11% 1.10% −0.46%

aThe total, solid, and water mass were determined and balanced.

Table 2. Elemental Analysis and Ash Content on a Dry Basis for LS and pLSa

material ash [wt/wt] (%) C [wt/wt] (%) H [wt/wt] (%) N [wt/wt] O [wt/wt] (%) S [wt/wt] (%)

LS 4.74 52.14 6.28 <1 30.59 6.01
pLS 4.22 52.11 5.98 <1 31.38 6.06

aThe values for ash, C, H, N, and S were determined, while the values for O were calculated.

Table 3. Calorimetric Heating Values (HHV) Determined
for LS and pLS after Laccase Polymerization

HHV [kJ/kg] [kJ/mol]

LS −22.493 −11.412
pLS −22.030 −11.142

Table 4. Data for the Standard Enthalpy of Formation
(ΔHf°)a

ΔHf° [kJ/mol]

LS −2759
pLS −2682
H2O −286
O2 0

aThe data for LS and pLS were determined, and those for H2O and
O2 were taken from the literature.50
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also found by FTIR, shown further below. Generally, the
reaction equation elucidates that only a few new chemical
bonds are formed, while enzymatic oxidation is the dominant
type of reaction, driven by the exothermic process of water
formation.

Reaction equation 1: Laccase-catalyzed polymerization
reaction of LS to pLS.

0.502C H SO 0.042O

0.498C H SO 0.227H O
23.16 33.25 10.20 2

22.96 31.40 10.38 2

+

+

As expected from the elemental analyses, the reaction
equation showed only minor changes in molecule composition,
which confirms the results obtained so far.
3.2. Higher Heating Value and Enthalpy of For-

mation. Besides the stoichiometric description of a reaction in
the form of a reaction equation, the thermochemical properties
of a material are also of interest to gain a better understanding
of the reaction. By knowing the enthalpy, one can predict
whether a reaction releases (exothermic) or takes up
(endothermic) energy. This is determined by incineration in
a bomb calorimeter. With this method, it can be determined
how much energy is stored in the material by measuring the
amount of energy released by incineration in the presence of
either oxygen or inert gases. Two types of heating values can
be distinguished. The higher heating value (HHV) takes into
account the heat of condensation of water, while the lower
heating value (LHV) does not.47 Herein, the HHV values for
LS and pLS were determined by incineration with oxygen. It
turned out that LS had a higher HHV than pLS (Table 3).
This is in accordance with the higher oxygen content
determined for pLS (Table 2) since the presence of oxygen
leads to a lowering of the HHV.48,49 These results confirm the
findings made by elemental analyses (Table 2) and for the
reaction equation (Reaction eq R1) presented before. Further,
the lower HHV value of pLS again indicates nonenzymatic
incorporation of small amounts of oxygen in addition to
enzymatic polymerization.

According to Peduzzi et al.,47 the standard enthalpy of
formation (ΔHf°) can be deduced from the incineration
reaction with oxygen and the HHV. The HHV was determined
by calorimetry (Table 3), while ΔHf° data were taken from
literature50 (Table 4). Using Reaction R1 together with the
data from Table 4 the enthalpy of the reaction (ΔHR°) for the
enzymatic LS polymerization can be determined. It is
calculated by subtracting the sum of the enthalpies of the
products from the sum of enthalpies of the reactants51 and was
found to be −60.84 kJ/kgfeed herein. This leads to a slightly
exothermic reaction driven by water formation. This proves the
observations made earlier when the mass balance.
3.3. Physicochemical Properties of LS Polymers. Upon

laccase-catalyzed oxidation, the formed radicals can lead to the
formation of quinone intermediates or productive coupling (β-
O-4′, 4-O-5′, and C−C (5−5′) linkages) and thus polymer-
ization, resulting in increased molecular weight and viscos-
ity.6,11,52,53 The viscosity increased 90-fold, from 7.06 to

638.25 mPa·s, leading to the formation of a gel-like material in
the end. Determination of the molecular weight was done with
an HPLC SEC-MALLS system, where the values of large
fragments (mass average molecular weight; Mw) to the small
fragments (number-average molecular weight; Mn) and their
ratio (dispersity; D̵) can be determined. Mw was found to
increase about 4-fold, from 55.10 to 204.17 kDa, while Mn and
D̵ increased about 2-fold, from 32.98 to 68.93 kDa and from
1.67 to 2.69, respectively (Table 5). A detailed overview of the
SEC-MALLS and viscosity determination is given in the
Supporting Information Tables S6 and S7, and additionally the
SEC-MALLS chromatograms of LS and pLS can be found
there (Figure S2).

However, here it needs to be considered that the eluent used
for the HPLC SEC-MALLS system was an aqueous one; thus,
since the growing LS polymers become insoluble in water, the
final polymers could not be fully dissolved anymore and only
the remaining soluble fractions were analyzed. Additionally,
previous attempts to dissolve the lignin polymers in organic
solvents, such as DMSO, also failed. Therefore, a dissolution
experiment in different organic solvents was conducted as
shown further below to find a potential solvent able to dissolve
the lignin polymers. Furthermore, the samples were filtered
from any insoluble residue before SEC measurements to avoid
clogging of the column. Also, at this step, the size of the
detectable polymers is restricted by the pore size of the filter
used. This would explain the detected, relatively low overall
increase in molecular weight (Table 5). Therefore, the actual
molecular weight at the later stages and the end point of the
reaction is expected to be higher and the polymers themselves
are likely not uniform in size. However, when the samples were
analyzed by field flow fractionation (FFF), an alternative
method to SEC, bigger molecules were detected in the
unpolymerized and polymerized samples underlining the
effects of filtering the samples prior to analysis. In the
polymerized samples, polymers sizing up to 473 MD were
detected. The FFF-MALLS chromatograms for LS and pLS are
shown in the Supporting Information (Figures S3 and S4).

To characterize the structural changes occurring during the
enzymatic LS polymerization reaction, we conducted an FTIR
analysis was conducted. In the spectrum, the C−H stretching
of the methoxy, methyl, and methylene groups in the side
chains was observed (Figure 2).54 Between 3000 and 2840
cm−1, a sharper band is visible in the LS sample indicating the
asymmetric stretching of C−H groups and fully saturated
carbons such as −CH3 and −CH2−alkenes, while in the pLS,
this band seemed broader, indicating the presence of −OH
stretching and hydrogen-bonded carboxylic acid dimers. This
can be an indicator for the incorporation of oxygen into LS, as
assumed with elemental analysis, and the formation of the new
bonds between the radicals.16,55 General observations made in
the FTIR spectrum are skeleton vibrations at 1600, 1514, and
1462 cm−1, the C−H deformation, and aromatic ring
vibrations at 1462 cm−1. Furthermore, typical lignin units
such as the characteristic bands of the G-ring and C�O
stretch around 1270 cm−1 were well pronounced. At 1140

Table 5. Viscosity, Molecular Weight (Mw and Mn), and Dispersity (D̵) Changes of LS, before (LS), and after (pLS) Laccase-
Catalyzed Polymerization

viscosity [mPa·s] Mw [kDa] Mn [kDa] D̵ [Mw/Mn]

LS 7.06 ± 0.04 55.10 ± 0.39 32.98 ± 0.20 1.67 ± 0.02
pLS 638.25 ± 4.50 204.17 ± 5.35 68.93 ± 1.92 2.96 ± 0.01
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cm−1, the C−H in-plane deformation and at 850 and 817
cm−1, the C−H out-of-plane vibrations at positions 2, 5, and 6
of the G rings were found.54 The S−O stretching vibration of
the sulfonic groups can be observed between 660 and 620
cm−1 (Figure 2). Generally, the intensities in the pLS spectrum
were found to be lower compared with those in the LS
spectrum. This suggests decreasing amounts of the respective
functional groups due to the formation of new interunit
linkages during enzymatic polymerization. The signals of the G
ring (around 1279 cm−1) are decreasing because of the
disruption of the aromatic character due to laccase-induced
radicalization and the subsequent formation of quinone
intermediates. Aside from that, new ether (β-O-4′, 4-O-5′)
and C−C (5−5′) linkages are formed, leading to the observed
decrease in intensity for pLS (Figure 2).6,56,57

To investigate these changes more closely, we conducted a
2D 1H/13C HSQC NMR analysis. Comparison of LS to pLS
did not reveal significant differences in the aromatic regions
except for lower intensities for pLS (Figure 3A,C). This was
also evidenced in the FTIR spectra (Figure 2) and is due to the
structural changes occurring during the enzymatic polymer-
ization of LS, which were found to lead to lower signal
intensities. A comparison of the aliphatic regions showed the
appearance of new signals for pLS in the region from δC/δH
66/3.2 ppm to 66/3.5 ppm (Figure 3B,D). Signals appearing in
this area are usually assigned to carbohydrate residues,
specifically xylopyranose units.58−60 However, these peaks
were absent in the LS spectrum; thus, it was supposed that
these signals originated from the added MtL. To prove this, an
additional measurement of the enzyme was conducted. The
obtained spectrum of the laccase showed the same peaks in
this region, proving that these signals indeed originate from
MtL (Figure 3E). The detailed HSQC spectrum of LS shows
the typical signals for lignin (Figure 3A−D). In the aliphatic
region, the signals for the usual interunit linkages are found.
The methoxyl groups (OMe), β−β (resinol) linkages (C), the
β-aryl ether (β-O-4) linkages (A), and the phenylcumaran (β-

5) linkages (B) assigned to the respective C atom (α, β, or γ)
are highlighted (Figure 3B,D). Conversely, the typical signals
of Cα-sulfonated motifs are not visible in the aliphatic region of
both spectra.61,62 This can probably be ascribed to the low
solubility of these materials, especially after the enzymatic
treatment, and may suggest that the soluble fraction does not
contain a significant amount of sulfonated units. The aromatic
part of the spectrum shows the typical signals for the G ring (G
2,5,6) as well as a weak signal for the S-ring (S 2,6) (Figure
3A,C). The used LS stems mainly from spruce, which belongs
to softwood, thus comprising mainly of G-rings with a minor
amount of H rings present.63 Therefore, the observed strong
signals for the G-ring were expected. Whereas the appearance
of weak S-ring signals in the spectrum would not be expected
for softwood lignin. However, the feed used for pulping is not
pure spruce wood, but it is mixed with minor amounts of
beech, which would explain the presence of the S-ring signals.
Anyhow, the feed for pulping cannot be fully homogeneous
concerning the age or the geographical region of the trees, and
sometimes even minor parts of hardwoods may be present.
Furthermore, it was shown that in some softwood species,
minor amounts of S units can be present.62,64 However, during
NMR sample preparation, it turned out that pLS is difficult to
solubilize completely, even in commonly used organic solvents.
This may also be a reason for the observed weaker signals in
the NMR spectrum of pLS. Thus, to be able to further analyze
the insoluble pLS polymers, e.g., by NMR or MALDI-TOF, a
suitable solvent must be found beforehand. Several studies
handled this limitation by using additional solid-state analyses,
such as NMR or MALDI-TOF to verify the findings made by
the liquid methods.57,65,66 Anyhow, for the pLS samples
investigated, even these solid-state methods, especially
MALDI-TOF, turned out to be inappropriate and thus were
not considered for the structural characterization of pLS.

Another important property of polymer characterization is
the thermal stability. One way to measure the thermal
properties is presented by thermogravimetric analysis. Herein,
the temperature of onset of degradation was found to be at
around 145 °C (Tonset) and the temperature of the maximum
degradation rate was determined at around 300 °C (Tmax),
with no significant differences between LS and pLS. Further,
the residual mass at 900 °C was determined to be 31.4% for
both samples. Slightly higher thermal stability was observed for
pLS. This may be caused by the structural changes during
polymerization where new C−C and C−O linkages are
formed, which are known to be of higher thermal stability
(Figure 4). Thermal degradation of LS is known to proceed in
three stages (I−III), as can be observed in the TG and the
DTG curves (Figure 4). In the first stage (I) up to 150 °C,
mainly residual water and volatile compounds are evaporated.
At this point, the onset temperature of degradation (Tonset) can
be determined. During the second stage (II), main
depolymerization and vitrification occur, in the region between
approximately 150 and 450 °C. The β-O-4 linkages, which are
of low thermal stability, are broken at lower temperatures,
while with increasing temperatures, the C−C and C−O
linkages are degraded. At this stage, weight loss appears at a
high rate, thus the temperature of maximum degradation rate
(Tmax) typically lies within this region. In the third stage (III),
further weight loss occurs but at a lower rate until the final
temperature is reached and the residual mass can be
determined.67−69 Thermal degradation of LS leads to the
formation of nonreactive carbon residues consisting mainly of

Figure 2. Comparison of the FTIR spectra of unpolymerized (LS,
gray) to enzymatically polymerized LS (pLS, blue). The peaks at
which the most relevant changes were determined are highlighted:
C−H stretch was at 2847 cm−1; G-ring deformation was at 1279
cm−1; and the S−O stretch was at 660 cm−1.
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aromatic rings, also known as char.70,71 The herein obtained
values are largely in accordance with literature, investigating
the thermal decomposition of lignocellulosic biomass and
lignin.68,69,72 When comparing these results to other polymers,
it turns out that the thermal stability obtained herein is low.
Commonly used polymers, such as PS, PET, LDPE, PP, and
PE, show onset temperatures ranging from 200 °C for PS up to
370 °C for PET. Also compared to other biobased polymers,
such as PLA, PBS, or PIS (Tonset from 319 to 330 °C) it is
lower. Consequently, the maximum degradation rate for the
commercially available polymers also appears at higher
temperatures. Further, degradation of pure and homologous

polymers occurs in a single step and mostly results in lower
residual mass.73−76

The specific heating capacities (cP) of the samples were
determined by differential scanning calorimetry (DSC) (Figure
5). To this end, the baselines of the measured heat flows of the
samples and the reference material used (sapphire) were
determined and used for the calculation of cP. The graphs
showed that LS and the lyophilized polymer films follow
similar trends, while the granules were found to have slightly
higher cP values. The increase in heat capacity for the
lyophilized pLS films can be attributed to reaching the
temperature for the onset of degradation at around 145 °C, as
determined by TGA (Figure 4). The higher cP values for pLS

Figure 3. 1H/13C HSQC NMR spectra of LS and pLS. Shown are the aromatic (A,C) and aliphatic (B,D) regions and the aliphatic region for the
MtL laccase enzyme (E). The most common structures found in lignin are presented and color-coded in the spectra.
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granulate can be explained by the higher amount of entrapped
water present within, which would also explain the observed
higher increase in heat capacity until 100 °C. Thereafter, it
started to decrease because all water was evaporated. As shown
by the structural analyses, the enzymatic polymerization of LS
leads to the formation of new C−C and C−O bonds, which
are of higher thermal stability. Thus, pLS showed slightly
higher heat capacity than LS. Generally, the cP value for the
pLS granulate is in accordance with the literature.77,78

The polymerized material becomes insoluble in water, which
makes it promising for various applications. However, as it
turned out, it is also very resistant to organic solvents,
hampering further characterization of the polymers. Thus, it
would be interesting to find proper solvents that can dissolve
pLS, to facilitate further analyses, such as MALDI-TOF. The
swelling behavior of pLS in different formulations (films and
granulates) was investigated by soaking them in organic
solvents of different polarities (heptane, toluene, acetone, and
isopropanol) at room temperature for 6 weeks. A weight gain
of the polymer upon soaking in the respective solvent indicates
diffusion of the solvent into the polymer, while a weight loss
indicates polymer dissolution. Weight gain was determined by
gravimetric analyses in triplicates. Standard deviations were
below 0.1% (Figure 6).

Differences in solubility were observed for the films and
granulates. The polar solvents acetone (polar aprotic) and
isopropyl alcohol (polar protic) were found to partly dissolve
pLS, independent of its formulation (either film or granulate).
The films were found to be partially dissolved by both polar
solvents since the mass of the polymer was reduced by nearly
40% within the first week while remaining nearly constant
afterward. The effect was less pronounced in the granulate
form, with only 6% weight loss after the first week. Moreover,
after an initial partial dissolution, after 4 weeks, a new weight
increase was observed for the polymer granulates immersed in
acetone. This suggests that acetone first dissolves certain parts
of the polymer, followed by swelling of the remaining polymer
structure by 1%. The nonpolar solvents, hexane and toluene,
were found to dissolve the films although to a lesser extent (4%
in the case of toluene), while, at least in the beginning, both
solvents were absorbed by the polymer in granulate form. In
heptane, pLS films dissolved by 30% of their initial weight, but
in contrast to the polar solvents, an extended mass decrease
was observed during the entire runtime of the experiment. On
the other hand, the polymer granulates exhibited signs of
swelling within the first week of solvent uptake. However, in
heptane, the granulates started to dissolve after the first week
of soaking, while in toluene, dissolution was found to begin
only after 2 weeks. In all the solvents tested, an insoluble
residue was observed for both formulations at the end of the
experiment (Figure 6A,B). The absolute weights of measured
samples are reported in the Supporting Information (Tables S8
and S9).

The findings of the solvent uptake investigation suggest that
pLS is more prone to dissolution in organic solvents in the
form of films than as granulates. This may be because in
granulates, the polymers are more densely packed, thus

Figure 4. Comparison of the TGA (solid lines) and DTG (dashed
lines) curves of LS (black) to pLS (red) after laccase-catalyzed
polymerization. Shown are the temperatures where degradation starts
(Tonset), the temperature where the highest degradation rate was
reached (Tmax), and the three stages of LS thermal degradation (I to
III).

Figure 5. Results for the specific heating values (cP) in a temperature
range from 40 to 170 °C for LS (black), pLS lyophilized film (blue),
and pLS granulate (red).

Figure 6. Solvent uptake by LS polymerized by laccase (pLS) in the form of flat films (A) and granulates (B) was monitored for a period of 6
weeks.

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

https://doi.org/10.1021/acssuschemeng.3c05521
ACS Sustainable Chem. Eng. 2023, 11, 17739−17751

17746

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c05521/suppl_file/sc3c05521_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c05521/suppl_file/sc3c05521_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c05521?fig=fig6&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c05521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


limiting mass transfer from the outside of the granulate to the
inside, whereas in films, the functional side groups are
presented on the outside facilitating the interaction with the
solvents. In densely packed polymer granulates or spheres, the
solvent first needs to diffuse into the polymer, followed by
loosening the polymer structure indicated by swelling.
Afterward, the chain disentanglement takes place resulting in
the dissolution of the polymer.79,80 This was observed for pLS
granulates in heptane and toluene. On the other hand, acetone
seems to quickly dissolve certain parts of the polymer
granulate, while afterward it gets absorbed into the polymer
network. Some studies on lignin solubility found that the
solubility decreases with higher molecular weights and at
higher aliphatic OH group content. This seems to be the case
here, since upon enzymatic oxidation the phenolic OH
concentration decreased, due to the formation of new interunit
linkages (as also shown above by FTIR measurements),
leading to an increase in aliphatic OH groups while
simultaneously resulting in higher molecular weights.81,82

Overall, the considerably lower dissolution by heptane and
toluene suggests that pLS is significantly more resistant to
nonpolar solvents. This is a further indicator of the abundance
of polar functional groups after polymerization, which remain
from the LS precursor. Moreover, the dissolution of the pLS
film in isopropanol and acetone to a constant equilibrium value
after 1 week (Figure 6A) indicates a demixing region between
pLS and these two solvents, thereby forming a polymer−
solvent liquid−liquid equilibrium (LLE) under the investigated
conditions. The solubility of the solvents in equilibrium
samples of pLS was therefore determined by evaporation of the
solvent at T = 100 °C for 1 week and determination of the
mass difference before and after evaporation. The decrease in
mass directly corresponds to the amount of solvent contained
in the polymer in equilibrium, thereby enabling the calculation
of the equilibrium mass fractions in the polymer-rich phase
based on the dry mass of the polymer. Regarding the solvent-
rich phase, while nearly 40% mass loss of the polymer was
observed in solvent uptake experiments, this could only be
achieved in large excess quantities of the respective solvents

(msolvent/mpLS ∼ 103)�but no measurable residue of pLS in
the solvent phase could be detected. However, since the dry
mass of the polymer was determined before and after the LLE
experiments, the content of dissolved pLS in the respective
solvent phase was calculated via a simple mass balance. In
addition to room temperature experiments, solvent solubilities
were also determined at T = 50 °C (isopropanol, acetone) and
T = 65 °C (isopropanol) at ambient pressure to determine the
dependency of solvent solubilities on temperature. Hence, five
points of the isobaric LLE of pLS + 2-propanol and pLS +
acetone in the polymer-rich phase could be determined
(Figure 7). The experimental LLE data was then used to
parametrize the PC-SAFT model. Thereby, pure-component
parameters of pLS were adjusted to experimental density
measurements and the respective solubilities of isopropanol
and acetone. The parameter adjustment approach is similar to
the regression method used by Krenn et al.32 for cross-linked
epoxy resins, where pure-component polymer parameters were
adjusted to the solvent uptake of polymers. To reduce the
number of adjustable parameters, no self-association or polar
interaction was considered for pLS. Furthermore, pLS is
modeled as a monodisperse polymer, with the first moment of
its distribution, i.e., the number-average molecular weight Mn
(Table 5), serving as the molecular weight parameter for PC-
SAFT (Table 6). Since calorimetric investigations (TGA/
DTA, Figure 4 and DSC, Figure 5) revealed no phase
transitions above the room temperature of pLS, an amorphous
state above the glass transition temperature is assumed for the
modeling approach of the polymer. The adjusted parameter set
for pLS was applied; the liquid density of the pLS film was
modeled in exceptional accordance with experimental data,
exhibiting a deviation of only 1.82% (Table 7).

However, the calculation of the density with PC-SAFT was
found to be reliable only for the film, with the granulate
formulation exhibiting an 11.6% lower density compared to the
model. This can be attributed to the difference in residual
water content between the polymer film and granulate, which
is not considered by the modeling approach. For binary LLEs
of pLS and solvents, the binary interaction parameter kij for

Figure 7. Liquid−liquid equilibrium of pLS + isopropanol (A) and pLS + acetone (B) determined in this work (symbols) and modeled with PC-
SAFT (lines).

Table 6. PC-SAFT Model Parameters for the LS Polymer and Solvents: M: Molar Mass; m: Segment Number; σ: Segment
Diameter; ϵ: Depth of Pair Potential; ϵAB: Association Energy; κAB: Association Volume; μD: Dipole Momenta

M [g/mol] m [-] σ [Å] ϵ/kb [K] ϵAB [K] κAB [-] μD
b [D] source

pLS 68.930 48.4 2.7599 237.61 this work
isopropanol 60.096 3.0929 3.2085 208.42 2253.9 0.0247 29
acetone 58.080 2.7147 3.2742 232.99 2.88 37

aSegment number of pLS is calculated by multiplication with its molecular weight as indicated. bDipole moment: 1D = 3.33564 × 10−30 cm.
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unlike segment interactions in the PC-SAFT framework was
adjusted to experimental solubility data of isopropanol and
acetone in pLS at ambient pressure, as demonstrated
previously by Krenn et al.32 for epoxy resins. Pure-component
parameters of solvents were taken from the literature, and all
pure-component model parameters are reported alongside the
pLS parameters adjusted in this work in Table 6. Modeled
phase equilibria of pLS + 2-propanol and pLS + acetone are
depicted in Figure 7 and compared to experimental solubility
data. For isopropanol, a temperature-dependent interaction
parameter (eq 3) was found to be adequate for modeling the
solubility in pLS, thereby yielding highly accurate results
(Figure 7A). Conversely, a constant binary interaction
parameter of kij = −0.015 was found to be sufficient to
describe the solubility of acetone in pLS in remarkable
accordance with the experimental data (Figure 7B). All binary
interaction parameters are listed in Table 8. The predictability

of the model could feasibly be improved in subsequent
investigations of pLS systems by incorporating free association
sites83 of the lignin units, and by considering the polydispersity
of the polymer. The polydispersity can be accounted for by
dividing the polymer into multiple pseudocomponents, with
molar weights based on the first, second, and third moment
(i.e., Mn, Mw, and Mz) of the molecular weight distribution, as
demonstrated by Tork et al.84

k k
k

Tij ij
ija
b

= +
(3)

4. CONCLUSIONS
Laccase-catalyzed polymerization of LS was investigated by
structural and thermal analyses. Based on the mass balance and
elemental analyses, it was possible to elaborate a reaction
equation. This enabled us further to determine the enthalpy of
the reaction, which was found to be −60.84 kJ/kgfeed indicating
that the reaction is slightly exothermic overall. Thorough
analyses and characterization of LS and pLS revealed that there
are only minor changes in the molecular structure of LS, which
was also proven by the reaction equation. The phenolic
hydrogen content of LS decreased due to abstraction of the
hydrogen atom and subsequent formation of water, while the
oxygen content increased upon laccase treatment, which was
found to be upon nonenzymatic incorporation of oxygen into
the LS molecules. The analytical methods further revealed that
the conditions chosen for the enzymatic polymerization of LS
led only to the wanted increases in molecular weight and
viscosity since no or only minor signs of other reactions could

have been determined. Oxidation of LS leads to a decrease in
the aromatic character and the formation of new C−C and C−
O bonds between the radical intermediates. However, although
enzyme-catalyzed polymerization of LS led to only a slight
increase in the thermal stability of pLS, the observed minor
structural changes led to big impacts on pLS properties, such
as insolubility in water and reduced solubility in organic
solvents, with an insoluble residue of polymerized LS found in
each of the solvents tested. Further, it was shown that the
description of the dissolution behavior of pLS films in organic
solvents by the PC-SAFT model was reliable, while it was not
applicable for pLS granulates due to the remaining water
content. With the results gathered herein, it is possible to
describe the enzymatic polymerization of LS in more detail,
allowing for better predictions of the reaction outcome, and
with the proven solubility prediction model, it will be possible
to search for an appropriate solvent to dissolve pLS, allowing
further structural analyses.
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