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Selective Electrochemical Degradation of Lignosulfonate to

Bio-Based Aldehydes

Jana Klein® and Siegfried R. Waldvogel*™"

A sustainable electrochemical pathway for degradation and
thermal treatment of technical lignosulfonate is presented. This
approach is an opportunity to produce remarkable quantities of
low molecular weight compounds, such as vanillin and
acetovanillone. For the electrochemical degradation, a simple
two-electrode arrangement in aqueous media is used, which is
also easily scalable. The oxidation of the biopolymer occurs at
the anode whereas hydrogen is evolved at the cathode. The
subsequent thermal treatment supports the degradation of the

Introduction

In times of climate change, the use of fossil resources should be
reconsidered."™ Their use has major disadvantages regarding
sustainability and their long-term availability.*” In addition,
their application results in a carbon imbalance in our
ecosystem.”! Due to the increasing development of environ-
mental protections, protocols, and resource utilization, an
environmentally friendly alternative to fossil fuels and chemicals
is required.*®” This presents a new path for neutral and
renewable biomass, as the most abundant biopolymer besides
cellulose and hemicellulose is lignin®'" Due to industrial
processes and harsh conditions the native structure of lignin
changes and technical lignin is received. Technical lignosulfo-
nate represents a side-stream in the pulp and paper
industry,""'? and its production accounts for approximately
10% of the total lignin output!™ As it has chemically
challenging properties (multiple substructures and behaviors),
the industry uses only a small fraction (up to 2%) for further
production such as animal feed, surfactants, binders, fine
chemicals, and pesticides.">"¥ The remaining 98% is inciner-
ated to recoup energy costs.!"""”

The complexity and diversity of lignosulfonate is in the
three-dimensional structure, which comprises of three aromatic
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robust chemical structure of lignosulfonates. With optimized
electrolytic conditions, vanillin could be obtained in 9.7 wt%
relative to the dry mass of lignosulfonate used. Aside from
vanillin, by-products such as acetovanillone or vanillic acid were
observed in lower yields. A new and reliable one-pot, two-step
degradation of different technically relevant lignosulfonates is
established with the advantages of using electrons as an
oxidizing agent, which results in low quantities of reagent
waste.

monomer subunits including p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol connected via carbon-carbon and
ether linkages."®"®'® The composition and the linkages differ
depending on the plant source.”’® In comparison to Kraft
lignin, lignosulfonate has very hydrophilic groups such as
sulfonates, which remarkably increases its solubility in
water.?*?" Due to the high sulfur content, lignosulfonate has a
higher molecular weight than Kraft lignin.®® The arene-
containing backbone of lignin and lignosulfonate elicits a high
potential to be broken down into their aromatic subunits to
produce value-added chemicals such as vanillin, acetovanillone,
syringaldehyde, and acetosyringone.?>%

Currently, the major part of world's supply of vanillin is
produced from petrochemical feedstock via the intermediate
guaiacol.”’?® The utilization of lignosulfonate as a source for
platform chemicals and fuels would curb society’s dependence
on fossil carbon and in turn reduce the emission of greenhouse
gases.t*""? Vanillin is a major product of lignosulfonate
degradation and has a plethora of uses in industry.!?"?*% These
include flavorings, food, and as a starting material for several
pharmaceuticals and polymeric materials."?**" Currently, only
one process using lignosulfonate for degradation on an
industrial scale is described by Borregaard Industries.*? Ligno-
sulfonate is oxidized by molecular oxygen under strongly
alkaline conditions using a Cu catalysts and elevated temper-
atures (up to 185 °C).%® From the point of sustainability and
strict limitations of copper content in the eluent, the resump-
tion of vanillin degradation from biomass without a contami-
nating catalysts is a logical venture."”

Existing studies focuses on the degradation of lignin into
value-added products. A promising approach is oxidative
degradation to obtain bio-based aromatic products such as
arenes,”*1 quinones,®” and carboxylic acids.”® Oxidizing
agents such as hydrogen peroxide,®” nitrobenzene,*® or
transition metal catalysts®” are often used. Unfortunately, the
use of oxidizers often requires stoichiometric amounts, and
toxic by-products are produced. The use of rare metals such as
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ruthenium, palladium and platinum as catalysts is associated
with high cost due to their limited availability.“” Addressing
these challenges with an electrochemical process opens the
door to CO,-neutral plastics, green building blocks, flavors, and
fragrances.>'®

Existing electrochemical approaches utilized various techni-
cal lignins (Kraft lignin and organosolv lignin)?*%** and
oxidized them using nickel electrodes during a thermal treat-
ment at temperatures up to 160 °C. Vanillin was obtained as a
target product in yields up to 4.2 wt% (Kraft lignin)®” and
4.0 wt% (organosolv lignin),*? respectively. Ni is a well-known
electrode material for lignin degradation.?>?%4=*3 Previous
studies have confirmed the superior performance of nickel
compared to Pt or graphite.* Under the alkaline conditions
used, nickel electrodes form an electrocatalytically active nickel
oxide hydroxide layer, on which oxidation of the lignin takes
place. NiOOH is very selective for the oxidation of alcohols and
has the advantage of being an insoluble but conductive layer at
the anodic surface.* During the process, NiOOH is continu-
ously regenerated and ensures the reaction performance.*”
Moreover, the advantages of the electrochemical lignin degra-
dation are the moderate reaction conditions, a wide range of
applications, consistently good vyields, and a robust system.
Besides the anodic conversion, a reductive degradation is also
described.®” The electrochemical oxidative degradation of
lignin is in accordance with the principles of green
chemistry,*®*" given the prevention of hazardous waste and
the limited use of catalysts.

The new oxidative method described below shows a
selective conversion of lignosulfonate into aromatic compounds
with a tolerance to sulfur poisoning.”” These monomers, such
as vanillin (1) and acetovanillone (2), are obtained in good
yields (2 to almost 10 wt%). The crucial step of this innovative
method (Figure 1) is the separation of the oxidation process
from the thermolysis. This process proves to be cost-effective
and environmentally friendly, as degradation is possible in one-
pot, and no separation or isolation steps are required in
between. In comparison to previous work oxidation is
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Figure 1. Conversion of technical lignosulfonate into monoaromatic com-
pounds through anodic oxidation and subsequent thermal treatment.
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performed at room temperature and the energy consumed can
be derived from renewable resources such as solar or wind.
Compared to petroleum-based routes,"” this could be a good
alternative for the future.

Results and Discussion

A two-step one-pot degradation for technically relevant
lignosulfonates is developed for a sustainable access to vanillin
(1) and acetovanillone (2). The reaction is performed in an
undivided pressurized electrolysis cell (autoclave, Figure 2),
which allows for working in aqueous media at temperatures
above 100 °C.

Softwood lignins consist of about 90% of coniferyl alcohol
(G units),®" which has a vanillin-like substructure.”? Using
technical lignosulfonate (softwood) the formation of vanillin is
expected. Because of the high stability of lignosulfonate for
electrolysis under acidic conditions, all experiments were
performed under alkaline conditions (1-5m ag. NaOH). In
alkaline media, the solubility of lignosulfonate is increased since
sodium salts are formed.”® First, thermal treatment under
alkaline conditions without electricity was carried out to
degrade lignosulfonate (Figure 3). The thermal degradation of
lignosulfonate at 130°C for 11h in 3m NaOH showed a
maximum vyield of 2.8 wt% for vanillin (1) and 0.8 wt% for
acetovanillone (2; see GP1 in the Supporting Information).

Various experiments were then performed to investigate
the influence of electricity onto the monomer yield. Nickel was
chosen as the preferred electrode material due to well-known
inherent advantages for lignin degradation.*>***¥ Lignin was
treated simultaneously thermally at 130 °C and electrochemi-
cally. Performing the electrolysis and the thermal treatment
simultaneously (one-step degradation, see GP2 in the Support-
ing Information) increased the vanillin yield to 3.1 wt%, a
considerable improvement of 0.3 wt% (Figure 4). By increasing
the current density from 6 to 36 mAcm™ a general decrease in
the yield of vanillin was observed, whereas the yield of
acetovanillone did not change significantly from 0.8 wt%. The
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Figure 2. Left: cross-section of autoclave, right: autoclave in operation.
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In Scheme 1, a mechanistic rationale for the two-step one-
32+ T = '; pot degradation is postulated. By using NiOOH, primary
- i _ ) alcohols are oxidized into carboxylic acids. In this step the
} * oxidation requires low temperatures (rt). In terms of high
24+ alkaline conditions, the substructure of lignosulfonate has many
§20A negatively charged subunits, resulting in high columbic
% ' % repulsion. High temperatures are needed to overcome this
> 164 barrier. Therefore, subsequent thermal degradation would
il hypothetically support the liberation of the monomeric sub-
structures from lignosulfonate. The sulfite adduct fulfills an
08 additional important role as it protects the vanillin from over-
=T L A Y oxidation. After acidification, this adduct is cleaved and 1 is

current density / mA cm”

Figure 3. Impact of the current density onto the yield of 1 and 2 at high-
temperature electrolysis. Reaction conditions: 500 mg lignosulfonate, applied
charge 2.8 Cmg™', 3 m NaOH, 130 °C, 11 h. The first point represents the
thermal degradation without electricity.

yield / wt%

simultaneous: electrochemical

thermal treatment thermal and treatment followed
electrochemical by thermal
treatment treatment

Figure 4. Thermal degradation of lignosulfonate in comparison with simulta-
neous electrochemical and thermal treatment and in the two-step one-pot
protocol.

highest observed yield was obtained at the lowest tested
current density of 6 mAcm™ (Figure 3). The observed drop in
yield could be due to over-oxidation® or cross-coupling of
vanillin.®**® Therefore, it is clear that current density has a
pronounced influence on the achievable yield of vanillin (1).
Due to the impact of current density observed during
simultaneous thermal and electrochemical treatment, electrol-
ysis was subsequently performed separately from the thermal
treatment (two-step degradation).

Impressively, the two-step one-pot degradation with identi-
cal conditions to the simultaneous treatment increased the
vanillin yield from 3.1 wt% to almost 4.6 wt% (see GP3 in the
Supporting Information). Furthermore, the yield of acetovanil-
lone increased from 0.8 wt% to 1.2 wt% (Figure 4). The key step
for higher conversion was the separation of the electrochemical
degradation and the thermal treatment. Increasing the temper-
ature during the thermal degradation (up to 170 °C) resulted in
higher conversion of the monomers.
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liberated.

During the work-up, the aqueous alkaline solution was
acidified with sulfuric acid, and remaining oxidized lignosulfo-
nate precipitated from the aqueous layer. To determine the
monomer yield, the crude product mixture from the degrada-
tion was extracted with ethyl acetate and an internal standard
(n-dodecylbenzene) was added (see GP2 in the Supporting
Information). Next, the sample was analyzed, and the yield
determined through external calibration using GC (see Quanti-
fication in the Supporting Information). All yields are given in
wt% based on the dry amount of lignosulfonate used. Organic
oligomers were not analyzed, as the focus of this paper is on
the monomeric fractions.

To further investigate the effect of anode material, several
commercially available metallic and carbon-based electrodes
were applied for the two-step one-pot degradation. The
oxidation (2.7 Cmg™', 125 mAcm™) was performed at room
temperature, and the subsequent thermal treatment was run at
160 °C for 24 h (see GP3 in the Supporting Information). Their
composition and performance are listed in Table 1. The best
results were obtained with a vanillin (1) yield of 6.6 wt% and
1.2 wt% acetovanillone (2). Additionally, no destruction oc-
curred at the NiOOH anode surface. Other nickel alloys showed
lower monomer yields. T-400C suffered from electrode fouling,

OH coy,
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Scheme 1. Postulated mechanism for the electrolysis and subsequent
thermolysis of lignosulfonate.

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH

9SUAIT suowwo)) aanear) ojqesrjdde ayy £q pauraao are sadnIe YO (asn Jo sa[ni 10§ A1eIqIT duluQ) AJ[IA\ UO (SUONIPUOD-PUL-SULId)/ W0 AA[1M"A1eIqI[aul[uo,//:sdyy) suonipuo)) pue suua ], oy 23S ‘[£707/L0/47] uo Areiqi autjuQ) L[ip ‘AueuiIan aueiyoo)) Aq 00£TOTTOT 9S89/Z001 0 1/10p/wod Kofim Kreiqiourjuo-adoma-Ansiwayo,/:sdpy woiy papeojumo( ‘g ‘0T “X+9SH981



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202202300

Table 1. Observed yields for the lignosulfonate oxidation using different electrode materials.

Electrode Electrode Compositions Vanillin (1) yield® Acetovanillone (2) yield®
Ni Ni99.9 6.6 wt% 1.2 wt%

Inconel 625 Ni61Cr22Mo9Fe5 2.6 wt% 0.6 wt%

(NiCr(2)) Ni75Cr19Fe6 2.5 wt% 0.6 wt%

DSC-8 Ni90 Ag10 5.1 wt% 1.1 wt%

Waspaloy Ni58Cr19Co14 2.6 wt% 0.6 wt%

Co C099.9 2.4 wt% 0.6 wt%

T-400C C053.6Cr17Mo27Si2.4 corrosion n.d.

DSA®! TiRuO, 4.1 wt% 0.9 wt%

Cuprosilver Ag62.5Cu37.5 1.9 wt% 0.6 wt%

BDD boron-doped diamond destruction n.d.

Pt Pt99 destruction n.d.

Glassy carbon C100 destruction n.d.

[a] The yield for 1 and 2 is related to the amount of starting material and was determined by GC with n-dodecylbenzene as internal standard. [b] For DSA
anode: cathode was nickel. n.d.: none detected.
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Figure 5. 3D-Plots of the Design of Experiments. Left: results showing the influence of current density, and lignosulfonate concentration; right: temperature,

applied charge on the vanillin yield.

and both BDD and glassy carbon were destructed (see S5 in the
Supporting Information). Pure cobalt suffered a loss in weight
(16.4 mg) and in repeating the reaction twice with the same
electrode, a loss of catalytic activity was observed as well. The
vanillin yield decreased from 2.4 to 2.2 and 1.8 wt%. Aside from
Co, all other yields were highly reproducible.

Based on the aforementioned results, Ni was used as the
anode material for all further experiments. Under alkaline
conditions, a Ni(OH),/NiOOH system controls the oxidation
potential of the reaction medium” After defining the
electrode material other electrolysis parameters such as stirring
speed, lignosulfonate concentration, electrolysis temperature,
thermal degradation temperature, NaOH concentration, current
density, and applied charge were investigated (see Initial
experimental design in the Supporting Information). In prelimi-
nary studies, the stirring speed (300-500 rpm) showed no
influence on the selectivity or the yield (see GP3 in the
Supporting Information). After the described findings, optimiza-
tion of the two-step one-pot protocol was performed.

The transformation was optimized by a Design of Experi-
ments (DoE) using a 2’~* and 2*'-plan. A DoE was chosen to
optimize the complex nature of the lignosulfonate degradation
and to understand occurring cause-effect relationships and

ChemSusChem 2023, 16, €202202300 (4 of 7)

multiparameter interactions.®® Different oxidation temperatures
did not affect the vanillin yield (see the Supporting Information,
Table S6). Therefore, further experiments were conducted at
room temperature (Table S7). Testing caustic soda concentra-
tions between 5Mm to 1 M indicated that the maximum yield
could be improved with 3 m caustic soda (Table S6). Longer
thermal degradation times (above 24 h) had a small impact on
the monomer yields (Figure S7). Shorter thermal degradation
times (12 h) showed a decrease in the monomer fraction yield,
especially in vanillin (Table S6). The optimum degradation time
was found to be 24 h. Three main factors were identified—the
applied charge, the degradation temperature, and the lignosul-
fonate concentration—all of which had a high influence on the
received yields (Figure 5).

Increasing the lignosulfonate concentration decreased the
vanillin yield, as did increasing the applied charge. By increasing
the degradation temperature from 50 °C to 170 °C the vanillin
yield could be improved (Figure S8). The optimized reaction
conditions are summarized in Table 2.

The maximum yield of 9.7 wt% vanillin (1) and 2.4 wt%
acetovanillone (2; Figure 6) was reached using technical
lignosulfonate derived from spruce (softwood).

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Table 2. Optimized reaction conditions for 250 mg lignosulfonate in 3 m
NaOH after the Design of Experiments.
Parameters Oxidation Thermal treatment
degradation temperature room temperature 170 °C
mass concentration LS 5gL" 5gL"
current density 6 mAcm™ 0mAcm™
applied charge 26Cmg™ 0Cmg™’
degradation time 5h 24 h
stirring speed 300 rpm 300 rpm
pressure 0.5-5 bar 0.5-6 bar®
[a]l Temperature dependent.
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Figure 6. GC after electrolysis and subsequent thermal degradation. Yellow:
vanillin, green: acetovanillone, black: vanillic acid, red: syringaldehyde. n-
Dodecylbenzene was used as internal standard (ISTD blue).

To compare the received vanillin yield from the two-step
one-pot protocol, nitrobenzene oxidation was used as a
reference reaction to determine the maximum amount of
vanillin (see GP4 in the Supporting Information). The nitro-
benzene reaction is a selective reaction to degrade lignin into
vanillin and is well-known as a benchmark reaction to evaluate
the performance of lignin oxidation processes.”® The same
protocol has been used in previous studies to determine the
maximum vanillin content of lignin.2%" Regarding the forma-
tion of vanillin by this method, no other aldehydes besides
residues of unreacted nitrobenzene (purple) were visible in the
GC (Figure 7).

The maximum yield of the nitrobenzene oxidation was
13.6 wt% vanillin. The vanillin yield from the two-step degrada-
tion achieved 71% in comparison to the nitrobenzene
oxidation.
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Figure 7. GC after nitrobenzene oxidation. Purple: nitrobenzene and yellow:
vanillin. n-Dodecylbenzene was used as internal standard (ISTD blue).
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Conclusion

The electrochemical oxidative degradation of technically rele-
vant lignosulfonates performed using Ni sheet electrodes,
generating in situ a NiOOH layer, resulted in high selectivity of
aromatic aldehydes such as vanillin and acetovanillone and was
improved by separating the electrolysis and thermal step to
liberate the target compounds. The method provides a new
way for an energy-saving and low-cost protocol. This two-step
one-pot protocol, when compared to the standard nitro-
benzene oxidation, is nontoxic, cost-efficient, and environ-
mentally friendly, as electrons are used as oxidizers. Using
electrochemistry as a degradation path has the advantage of an
inherently safe method, high sustainability, and can be
considered green chemistry.*****"l The presented method is a
cost-effective, robust, and sustainable way to produce bio-
based aldehydes from the poorly utilized renewable lignosulfo-
nate. Another advantage is that vanillin is not over oxidized and
yields almost 10 wt%, which is 71% of the vanillin yield of the
laboratory scale standard (nitrobenzene oxidation).

Moreover, the method established operates in an aqueous
system at temperatures below 170 °C. A simple two-electrode
setup was investigated using electricity as oxidant, making the
process significantly superior to existing methods in terms of
selectivity and overall yield.

Experimental Section

Electrochemical reactor setup

High-temperature experiments were conducted in a simple un-
divided 0.05 L stainless steel cell with a Teflon liner (Figure 2). The
cell is sealable with a flange and equipped with a manometer, a
pressure release, and an over-pressure valve (8 bar). The reaction
mixture is stirred by a magnetic stirrer. Heating was facilitated by a
common oil bath using a standard electric heating plate. A glass
pressure tube is also suitable for shorter reaction times (up to 2 h).
However, after two hours, the caustic soda might attack the glass.

Electrochemical degradation of lignosulfonate

For the electrolysis different electrode materials were tested. The
electrodes are 2x6 cm, the active area is 6 cm® 500 mg lignosulfo-
nate was dissolved in aqueous caustic soda (3 m, 50 mL) under
vigorous stirring. The solution was transferred into the autoclave;
the electrodes are connected to electricity (6 mAcm2 2.6 Cmg™),
and the cell was sealed and started at constant current mode by
stirring at room temperature. Afterward, the reaction mixture was
heated up to 170 °C and stirred for 24 h. The reactor was not
pressurized externally. After the reaction was stopped, the reaction
mixture was allowed to cool (room temperature), and the pH of the
reaction mixture was adjusted to pH 1 by the addition of H,SO,.
The aqueous layer was extracted with ethyl acetate (3x150 mL).
The combined organic fractions were washed with saturated brine
(30 mL) and dried over anhydrous magnesium sulfate followed by
solvent removal under reduced pressure. The organic residue was
dissolved in ethyl acetate (8 mL), 2 uL of the internal standard n-
dodecylbenzene was added and the sample was analyzed by GC/
GC-MS.
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GC analysis [9] A. Das, A. Rahimi, A. Ulbrich, M. Alherech, A. H. Motagamwala, A. Bhalla,

Gas chromatography was performed on a Shimadzu GC-2025
(Shimadzu, Japan) using a HP-5 column (Agilent Technologies, USA;
length: 30 m, inner diameter: 0.25 mm, film: 0.25 pm, pre-column:
5 m, carrier gas: hydrogen) with a flame ionization detector (FID) at
310 °C. GC-MS measurements were carried out on a Shimadzu GC-
2010 (Shimadzu, Japan) using a Zebron ZB-5MSi column (Phenom-
enex, USA; length: 30 m, inner diameter: 0.25 mm, 5% phenyl 95%
dimethylpolysiloxane, film: 0.25 um, pre-column: 5 m, carrier gas:
helium) combined with a GC-MS-QP2010 with an ion source (El) at
200 °C. Retention times of degradation products and the applied
internal standard (ISTD): vanillin (1) 7.9 min, acetovanillone (2)
8.6 min, syringaldehyde (3) 10.0 min, acetosyringone (4) 10.5 min,
n-dodecylbenzene (ISTD) 11.6 min. An internal standard calibration
was performed.
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