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Abstract

We have recently demonstrated a new pathway of successful utilization of low molecular weight kraft lignin
obtained from aqueous ethanol fractionation of kraft lignin in the synthesis of bio-based alkyd resins for
anti-corrosion coatings. However, these lignin fractions generated foul odors during the synthesis of alkyd
resins, which could not be explained by the reported characteristics of these lignin materials. The current
literature does not focus on investigating the odor characteristics of the low molecular weight lignin
fractions in realistic conditions of alkyd resin production, even though this information can be highly
important in developing an efficient, safe, and sustainable bio-based formulation of alkyd resin. The
thermal degradation profile obtained in realistic conditions of alkyd resin synthesis can help determine the
release of volatile organic compounds generating odor and/or hazards during the resin synthesis. In
addition, the solubility behavior of low molecular weight kraft lignin in an aqueous solution of varying pH is
not typically reported in the literature, which also prevents researchers from understanding the
applicability of these lignin fractions in water-borne formulations of alkyd resin in mildly alkaline/acidic
conditions. In this work, the pH-dependent solubility and thermal degradation profiles of the low molecular
weight fractions of softwood kraft lignin (MW < 3000 g/mol), produced by aqueous ethanol fractionation at
pilot scale, were explored. The production of volatile organic carbons (VOCs) including odor-releasing sulfur
compounds and lignin derivatives was analyzed by thermal desorption combined with a gas
chromatography method simulated at the condition of alkyd resin synthesis. Overall, this study presents
new insights into the feasibility, limitations, and areas of improvement in utilizing the low molecular weight
kraft lignin fractions produced by ethanol/water fractionation, which in turn could help this technology to
grow in the sustainable coating industry.
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1. Introduction

Kraft lignin is an abundant, renewable, bio-based polyphenolic material that can serve as a promising
feedstock for producing value-added, sustainable materials such as resins and coatings.! Due to its superior
performance, low cost, versatility and ease of application, alkyd resin is predominantly used as a binder in
the paint and coating industry.? These alkyd resins are produced by the reaction of polyacids such as
phthalic anhydride, and polyols such as glycerol, which are often derived from fossil-based resources.??
Alternatively, kraft lignin, which is rich in different hydroxyl groups and also contains carboxyl acid
functionality, could potentially act as a bio-based, renewable substitute for fossil-based chemicals in the
value chain of alkyd resins and thus, aid the decarbonization of the paints and coatings industry.*

The diverse structure of kraft lignin, which is featured by high molecular weight, dispersity, and various
functional groups imposes a great challenge to its industrial valorization to resins and coatings.” To
overcome this heterogeneity of lignin, solvent fractionation can be applied to kraft lignin to upgrade it to
(more homogeneous lignin fractions or) lignin intermediates, rich in phenolic polyols & polyacids.® This
process typically uses an organic solvent, as pure or mixed with another solvent or water, to solubilize kraft
lignin mostly at room temperature into different fractions.”® The soluble fraction thus generated has
significantly lower molecular weights (below 3000 g mol™), more uniform physicochemical properties, and
higher concentration of phenolic OH and COOH groups than the parent lignin, as desired for resin
formulation.®*

The soluble lignin generated from solvent fractionation can be upgraded to various phenolic resins and
coatings including anti-corrosion polyurethane films.® Based on the structure-property-performance
relationship reported in past studies, the lower the molecular weight of the soluble lignin fraction,

the better its effectiveness as a lignin intermediate as reflected in the performance of the resins. Our recent
work reports that alkyd resin synthesized with low molecular weight kraft lignin, produced via fractionation
using aqueous ethanol, performs well against commercial standards.!* Additionally, ethanol is a low-cost,
bio-based, readily separable solvent with lower environmental impact.*>** Thus, aqueous ethanol
fractionation of kraft lignin can potentially be developed into an efficient, economical, and sustainable
pathway for producing bio-based alkyd resins.

Despite the promise of aqueous ethanol fractionation in valorizing kraft lignin into a highly effective lignin
intermediate precursor for alkyd resins, some important aspects of this technology are still unknown, which
can impede its growth. The solubility behavior of these low molecular weight kraft lignin fractions at
different pH is not reported even though this information can help prepare waterborne alkyd resin
formulations effectively. Furthermore, these low molecular weight kraft lignin generated by aqueous
ethanol fractionation might undergo thermal degradation during the synthesis of alkyd resin, typically
occurring at temperatures greater than 200°C,® and release volatile organic compounds (VOCs) causing

an unpleasant odor, toxicity, and flammability issues, as reported for unmodified kraft lignin.'®> Despite
these major concerns, the VOC release potential from low molecular weight kraft lignin products of
ethanol/water fractionation has not been studied yet in the context of alkyd resin production.

This work explores the thermal degradation profile and pH dependence of the solubility of the low
molecular weight lignin fractions from our previously developed aqueous ethanol fractionation process.!!
These characteristics were compared against unfractionated kraft lignin as a reference. A thermal
desorption method combined with gas chromatography was applied to simulate the release of VOCs from
low molecular weight lignin fractions under the same conditions of alkyd resin synthesis as used previously
in our work.'! The overall aim of this study was to gain new insights into the feasibility of integrating the
low molecular weight kraft lignin of aqueous ethanol fractionation into alkyd resin formulations from the
perspective of commercial product development to help advance the field of lignin-based coating industry.



2. Methods

2.1 Materials

The unfractionated lignin used in this work was dry industrial softwood kraft lignin kindly provided by
Stora-Enso (Lineo™). Our recent publication presents the full compositional analysis of this kraft lignin
feedstock.!! Ethanol (purity min. 94 wt%), sodium hydroxide (NaOH) and 37 wt% hydrochloride acid (HCI),
were procured from Anora Group Oyj, Merck and ThermoScientific, respectively. Reverse osmosis water
used was supplied on-site.

2.2 Experiments

2.2.1 Fractionation of kraft lignin using aqueous ethanol

Fractionation of kraft lignin was performed using aqueous ethanol at a pilot scale using our previously
developed method.!! The schematic of the processing steps followed by thermal desorption analysis of
soluble lignin fraction can be seen in Figure 1. Lignin was added (17 kg dry weight) in 160 L of aqueous
ethanol (50, 65, 80 vol% ethanol) and then the slurry was mixed at 25°C (or room temperature) for 2 hours
in a 250 L reactor. After mixing, the slurry was filtered, and the solid residue on a filter or insoluble lignin
fraction with high molecular weight was dried in an oven at 40°C and weighed. The insoluble lignin fraction
was further upgraded to dispersants for special carbon black using alkali-O, oxidation.! The filtrate or
soluble lignin fraction with low molecular weight was concentrated by evaporating the solvent using a
rotary evaporator and then freeze-dried before weighing. The thermal desorption and solubility analysis
performed on the low molecular weight kraft lignin fractions are described in detail in Section 2.3.1 and
2.3.2, respectively.
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Figure 1. Schematic of ethanol/water fractionation of kraft lignin and subsequent thermal desorption and
solubility analysis of the soluble lignin fraction (reproduced with modifications from Ref. 11).

2.3 Characterization

2.3.1 Thermal desorption analysis of low molecular weight kraft lignin fractions

Thermal desorption was conducted on unfractionated kraft lignin and low molecular weight kraft lignin
fractions in pyrolyzer (Pyrolab2000®, Sweden) connected to gas chromatography (Agilent GC 7890B) with a
mass spectrometry (MS 5977A). Each sample was taken in a glass boat in the amount of 3 mg and
thereafter transferred to the pyrolysis chamber. Each sample in pyrolyzer was heated at 180°C and 220°C
and volatiles released by heating were led with constant helium flow (1 ml min?) into the GC equipped with
a mid-polar capillary column (J&W DB-1701: 30 m x 0.25 mm, film 1 um) for separation. The oven was
programmed as follows: initial temperature 40°C and held for 3 min, rate of increase 4 °C min* to 280°C
and held for 16 min at final temperature. The simultaneous FID and MS detection was achieved by allowing
degradation products to be split in ratio of 2:1 via three-way splitter kit (Agilent G3440B). Two inert fused
silica columns, one linked to FID (0.48 m, 0.18 mm i.d.) and other to MS (1.25 m, 0.15 mm i.d.), using outlet
pressure of 3.8 psi was used. H, flow: 45 ml min’%; air flow: 450 ml min™: make up (He) 50 ml min* were
used in the FID, which was operated at 300°C. Mass spectra were obtained using electron ionization (70 eV)



and having a full scan mode using mass range of 46—650 m/z. Peak areas of volatiles were integrated and
normalized by the dry mass of the sample. At least two or three measurements were made for each sample
and the average of peak areas were reported. Identification was done based on the previous publications.®

2.3.2 Determination of solubility of low molecular weight kraft lignin fractions as a function of pH

The solubility of unfractionated kraft lignin (reference) and low molecular weight kraft lignin fractions was
determined in an aqueous solution of varying pH levels. The lignin sample was taken in a centrifuge tube
(1.0 g dry matter) and mixed with 25 mL of alkaline water (prepared using 32% NaOH) under stirring
overnight. Each lignin slurry was adjusted to the target pH of the solution. The range of pH used in this test
varied between 3 to 11 and was adjusted using 32% NaOH. After overnight stirring, further adjustment of
pH was performed by using water or 32% NaOH if required and the solutions were set aside for 2 h of
mixing. The final pH of the solution was kept within +/- 0.2 of the target. As a next step, the solutions were
centrifuged for 30 min, 14 000 xg, and the supernatant was removed. The wet solids were air-dried
overnight in a freezer. Wash water solutions were prepared by adding mild NaOH or HCI to water to reach
the same target pH levels as the lignin sample solutions. If a precipitate is obtained, the solids were washed
with the wash water solution (at the same target pH levels) in the tube (approx. 20 mL) and then
subsequently centrifuged for 30 min, 14 000 xg. The supernatant was discarded. The insoluble residue was
freeze-dried for 2 days. The mass of dry, insoluble solids was recorded to determine the solubility of

the lignin fraction.

3. Results

Our recent study demonstrated a new pathway for producing bio-based alkyd resins using low molecular
weight kraft lignin intermediates generated via aqueous ethanol fractionation.!* Table 1 below summarizes
the yields and functional properties (molecular weight, dispersity, content of phenolic OH and COOH
groups) of these kraft lignin fractions produced at the pilot scale. These results have been reproduced
directly from our aforementioned publication and can be used as a reference for the rest of this study.

Table 1. Yields and properties of low molecular weight kraft lignin fractions used in alkyd resin formulation®

Yield Mw Mn D Phenolic OH COOH
Kraft lignin fraction (wt%) (g/mol) (g/mol) (mmol/g)  (mmol/g)
Unfractionated kraft lignin® - 4230 1000 4.2 4.30 0.40
Unfractionated kraft lignin® - 4270 470 9.2 3.76 0.36
50% EtOH soluble kraft lignin® 11.6 1930 470 4.1 4.20 0.55
65% EtOH soluble kraft lignin® 29.5 2239 395 5.6 4.66 0.51
80% EtOH soluble kraft lignin® 31.9 3000 546 4.1 4.41 0.47

§: Data reproduced from our previous publication
a: Unfractionated kraft lignin a was used as raw material containing 94.2 wt% dry matter.
b: Unfractionated kraft lignin b was used as raw material containing 65.0 wt% dry matter.

As shown in Table, fractionation of kraft lignin using 50 — 80 vol% ethanol could produce lignin fractions of
Mw < 3000 g/mol and dispersity 4.1 — 5.6 at 11.6 — 31.9 wt% yields. These low molecular weight lignin
fractions were rich in phenolic OH (4.20 — 4.66 mmol/g) and COOH (0.47 — 0.55 mmol/g) groups. The above
structural characteristics contributed to the effective use of these lignin intermediates in the production of
alkyd resin formulation.

3.1 Thermal desorption of low molecular weight kraft lignin fractions at alkyd resin synthesis condition
3.1.1 Products of thermal desorption of unfractionated kraft lignin



A wide range of volatile organic compounds were released from the thermal desorption of unfractionated
kraft lignin at the coating process conditions. Figure 2 depicts that lignin-derived volatile compounds
constitute most of the thermally degraded products of kraft lignin at the condition of alkyd resin synthesis.
Additionally, sulfur-containing compounds and carbohydrate derivatives were found in these degradation
products. Some compounds could not be classified as carbohydrate or lignin derivatives and were therefore
termed as linear and cyclic based on their structures identified by the GC-MS system.
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Figure 2. GC-FID areas of volatile organic compounds released at 180°C and 220°C during the thermal
desorption of unfractionated kraft lignin (KL) and ethanol soluble kraft lignin (EtOH-SOL) fractions obtained
at different EtOH/water ratios used in pilot scale fractionation.



The sulfur compounds released were mainly, methanethiol, dimethyl disulfide, and dimethyl trisulfide.
Major lignin derivatives present in the product distribution were guaiacol, vanillin, homovanillic acid,
ethanone, 1-(3-hydroxy-4-methoxyphenyl)- and other phenolic monomers. Some of the thermal desorption
products of lignin were unidentified by the GC-MS/NIST library. These compounds were mostly relatively
higher in molecular weight including aromatic oligomers. On the other hand, the main carbohydrate-
derived volatile product found in the thermal degradation of kraft lignin was furfural. The prominent cyclic
compounds identified in the above thermal desorption test were 2-Cyclopenten-1-one, 3-ethyl-2-hydroxy-
and 1,3-Cyclopentanedione, 2-ethyl-2-methyl- while the major linear compounds found in these tests
included oxalic acid and hexanal, etc.

The temperature showed a significant effect on the product distribution of volatile organic compounds as
shown in Figure 2. The total amount of VOCs released was significantly higher at 220°C with lignin
derivatives still being the main component. Noticeably, the increase in lignin-derived VOCs and sulfur
compounds was 1.39 and 4.16 times, respectively, as the temperature was increased from 180°C to 220°C.

3.1.2 Products of thermal desorption of low molecular weight kraft lignin

The composition of volatile organic compounds released during the thermal desorption of low molecular
weight kraft lignin was largely like that observed for unfractionated lignin under the simulated conditions of
alkyd resin production. As shown in Figure 2, all low molecular weight kraft lignin fractions or EtOH-soluble
lignin fractions, generated by different mixing ratios of ethanol/water in the fractionation process, showed
lignin derivatives to be the largest component of the VOCs released during their thermal desorption. Other
major volatile products were sulfur compounds, carbohydrate derivatives, cyclic, linear, and unidentified
compounds as observed in the case of unfractionated lignin. However, using different ethanol/water ratios
in fractionation resulted in some differences in the product distribution of these VOCs of the low molecular
weight kraft lignin materials. Generally, the content of volatile compounds especially those derived from
lignin, carbohydrates, and sulfur-containing molecules, was larger in the 50 vol% soluble lignin as compared
to 65 — 80 vol% EtOH soluble lignin.

The temperature of thermal desorption marked the differences between the low molecular weight kraft
lignin and the unfractionated even more clearly. The product distribution of thermal desorption of low
molecular weight kraft lignin fractions had some interesting, distinguishable features in comparison to the
unfractionated lignin. Firstly, the total amount of VOCs released from the low molecular weight kraft lignin
fractions at 220°C was at least double that of the VOCs generated from unfractionated lignin under the
same condition, reaching a maximum of 5.8x10” FID area in the case of 50 vol% EtOH soluble lignin. The
total amount of VOCs released from 50 vol% EtOH soluble lignin at 180°C was significantly higher as
compared to unfractionated lignin. On the other hand, at 180°C, the total amount of VOCs released from 65
vol% EtOH soluble lignin and unfractionated lignin were nearly comparable. Further, the amount of VOCs
released from 80 vol% EtOH soluble lignin fraction was even lower than that produced from the
unfractionated lignin. At both temperatures, the total amount of VOCs was inversely proportional to the
ethanol/water ratios of fractionation with the most drastic reduction seen between 50 to 65 vol% EtOH
soluble lignin.

The highest amount of sulfur compounds of 1.58x10’ (FID area) was found in 50 vol% EtOH soluble lignin
during the thermal desorption at 220°C. The release of sulfur compounds could, however, be lessened by
increasing ethanol/water ratios of fractionation as well as lowering the temperature of thermal desorption.
In fact, the amount of sulfur compounds released from 50 vol% EtOH soluble lignin analyzed at 220°C could
be reduced to 60.4% (by FID area) of its original value by switching to 80 vol% EtOH soluble lignin material.
The sulfur compounds could further be reduced to 4.6% (by FID area) of the original amount by conducting
the thermal desorption of 80 vol% EtOH soluble lignin at 180°C. Qualitatively, this indicates that the release



of sulfur compounds and thus odor and other related hazards can be limited by carefully optimizing the
fractionation solvent mixture and/or lowering the temperature of alkyd resin synthesis.

To explain these behaviors of low molecular weight kraft lignin fractions as a function of ethanol/water
ratios of fractionation, the structural and chemical characteristics could be considered. Lower molecular
weight, richer content of Phenolic OH and COOH, and higher carbohydrate content could together be
attributed to the higher thermal degradability of 50 vol% EtOH soluble lignin as compared to 80 vol% EtOH
soluble lignin. This could also help explain the enhanced release of VOCs at the low temperature of 180°C
due to the larger share of low molecular weight compounds present in 50 vol% EtOH soluble lignin in
contrast to other lignin fractions obtained at a higher ratio of ethanol to water during fractionation.

3.2 Solubility characteristics of low molecular weight kraft lignin fractions for alkyd resin formulation
The solubility of low molecular weight kraft lignin fraction obtained by fractionation using 65 vol% ethanol
was determined in aqueous solutions of different pH levels and was compared with the solubility of
unfractionated kraft lignin at similar conditions as shown in Figure 3.
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Figure 3. Solubility of the unfractionated and low molecular weight kraft lignin fraction obtained by 65 vol%
ethanol fractionation as a function of pH of aqueous solution.

The low molecular weight kraft lignin fraction (i.e. 65 vol% EtOH-soluble lignin) exhibited a 74% increase in
solubility at pH between 8 to 10 compared to unfractionated kraft lignin. This could be attributed to a lower
molecular weight, and high content of phenolic and carboxylic acid groups of the soluble lignin product of
fractionation with 65 vol% ethanol in comparison to unfractionated kraft lignin. These solubility
characteristics indicate that the low molecular weight kraft lignin produced by 65 vol% ethanol/water can
be more suitable as a substrate for alkyd resin formulation, prepared especially at lower alkaline pH, than
the unfractionated kraft lignin.

3.3 Outlook and Prospects

Volatile organic compounds in low molecular weight kraft lignin are mainly lignin-derived phenolic
molecules such as guaiacol or reduced sulfur compounds formed during wood kraft pulping. The odor
threshold values of these VOCs are extremely low. For example, methanethiol has an odor threshold of
0.002 ppm while guaiacol in water solution can have an odor threshold from 3 to 21 ppb. The problem of
odor can become unavoidable when alkyd resin synthesis is in progress as this process can initiate thermal
degradation of these lignin intermediates releasing the above types of VOCs in significant quantities. In
addition, these volatile products can be highly flammable at high concentrations and can pose health



hazards. Therefore, reducing the VOC release from low molecular weight kraft lignin will be highly
important to advance the industrialization of alkyd resin production from these lignin materials.
Interestingly, using a high ethanol-to-water ratio (e.g. 80 vol% EtOH) greatly helps in lowering the content
of lignin-derived and sulfur-containing VOCs when the temperature is 180°C. In fact, at this condition, the
sulfur compounds released are less than that produced due to the thermal degradation of unfractionated
kraft lignin. Using EtOH-rich solvent becomes less effective at higher temperatures (220°C) though a higher
EtOH/water ratio still shows more reduced release of the VOCs, especially, for sulfur compounds. Hence,
one way to limit the release of hazardous VOCs from low molecular weight lignin could involve using a
lower temperature during alkyd resin synthesis and/or a higher ratio of ethanol/water as the fractionation
solvent.

As a path forward, it can be useful to investigate other types of lignin feedstocks, such as sulfur-free lignin
from soda pulping or organosolv fractionation process to understand if the chemical structure of different
lignin material can have an impact on the release of VOCs in the synthesis of alkyd resin. Additionally, O
oxidation of low molecular weight kraft lignin at alkaline pH could also be applied to oxidize sulfur
compounds to decrease the release of VOCs. Future research may focus on these directions to help
develop a safer and more environment-friendly fractionation process to produce lignin-based alkyd resins.

4. Conclusion

Low molecular weight kraft lignin obtained by fractionation using aqueous ethanol was characterized for its
thermal desorption properties and solubility at varying pH, which are essential characteristics to evaluate
its feasibility to be used as an intermediate to alkyd resin. Odor can be linked to sulfur compounds and
some lignin-derived VOCs released during the thermal degradation of low molecular weight kraft lignin
during alkyd resin production. The origin of sulfur compounds in these lignin fractions can be attributed to
kraft pulping. The release of ppb level of sulfur compounds from thermal degradation of these low
molecular weight kraft lignin fractions can contribute to very bad odor, health hazards and flammability
issues. Nevertheless, the release of the VOCs could be lessened by applying lower temperatures during
alkyd resin synthesis and/or using a higher ratio of ethanol/water such as 80 vol% in the fractionation
process. Solubility of low molecular weight kraft lignin (65 vol% EtOH soluble lignin) can be satisfactorily
high at pH 9 to 10 making it more desirable over unfractionated kraft lignin for alkyd resin applications.
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