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Degradation of Lignosulfonate to Vanillic Acid Using Ferrate

Jana Klein, Robin Kupec, Markus Stockl,* and Siegfried R. Waldvogel*

A new method is presented using electrochemically generated ferrate to
degrade the technically relevant bio-based side-stream products, lignin

and lignosulfonate. An exclusive degradation to vanillic acid is found,

which was previously a reported by-product. As a natural resource, lignin
can be utilized to substitute fossil-based chemicals in the industry to reduce
greenhouse gas emissions and positively impact climate change. Ferrate is
generated from grey cast iron sacrificial anodes in 40 wt% NaOH with a cur-
rent efficiency of over 22% at a current density of up to 100 mA cm2. Vanillic
acid is obtained as the sole product after optimizing the reaction parameters,
temperature, time, and ferrate concentration for the lignosulfonate degra-
dation via the design of experiments. As a result, yields of 7.2 wt% of the
flavoring agent and antioxidant vanillic acid are achieved. The presented two-
step degradation provides an inexpensive path for the production of vanillic
acid on a laboratory scale from a highly abundant bio-based side-stream.

1. Introduction

In nature, lignin is the most abundant aromatic polymer
and can be exploited as a renewable feedstock.l Worldwide
technical lignins are produced annually in large quantities
(100 million tons)®? as a side-stream product of the pulp and
paper industry.3-!

Approximately 10% of the total lignin output are lignosul-
fonates,®l whereas the rest consists of Kraft lignin. Both are of
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high technical interest as renewable and bio-
based feedstock?”) due to their aromatic back-
bone and high availability® !l Consequently,
the targeted degradation of the respective
lignin fractions to value-added products is
highly desired.l213 The difficulty of this pro-
cess lies in the different functionalization
and the structure of the polyphenolic back-
bone, which depends on many factors such
as pulping process, harvesting time, and
type of tree.1%" Therefore, the industry uses
only small fractions for further production,
while the majority is incinerated to recover
energy costs.*? Lignin, as a renewable
feedstock, offers a promising alternative to
petroleum refining and shows tremendous
potential for bio-based products such as sur-
factants and fine chemicals.>3%!

Nevertheless, selective degradation is
challenging, and several studies focused
on this complex topic to degrade lignin into value-added prod-
ucts such as aromatic intermediates.®16-8] Lignin degradation
shows a broad and diverse spectrum of products, such as alde-
hydes,[°-22%1 alcohols,?! arenes,'®?3?4 quinones,?"! and car-
boxylic acids,/'©?%%’] obtained in previous research. Different
metal-based catalysts were studied to improve degradation and
increase selectivity including noble metals like ruthenium, pal-
ladium, and platinum.?®l The disadvantages of these processes
are the very high costs and limited availability of the metals,
which might also cause uncontrolled over-hydrogenation,
decreasing the yield of the phenolic products. Another approach
is using ionic liquids as solvents in combination with catalysts
or oxidizers.>”! However, the high costs for ionic liquids restrict
their application for industrial operations. Additionally, the
separation process is complex due to interactions with aromatic
moieties of residual lignin.

Promising electrochemical pathways are reported to yield
aldehydes,>23% carboxylic acids,?3!l and other phenolic prod-
ucts in good yields."22730] These methods are cost-effective
and environmentally friendly.3?l Also, a well-known alternative
is the use of oxidizers for lignin degradation.>2%23] However,
only a few oxidizers, such as periodate,®l nitrobenzene,?*34
or hydrogen peroxide,*! have high availability, and are safe
in handling. Moreover, lignin conversion is not limited to the
electrode surface since the respective oxidizers are dissolved.
The monomer yields out of lignin using oxidizers vary sig-
nificantly due to different wood types and experimental condi-
tions. In a previous report, we showed that platform oxidizers,
such as periodate, are highly beneficial for lignin degradation.
This method significantly improves the vanillin yield (8.9 wt%)
or selectively produces 5-iodovanillin using different workup
conditions.?!
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Figure 1. Lignin degradation with electrochemically generated ferrate to vanillic acid.

This study presents the degradation of lignin and lignosul-
fonate with electrochemically generated ferrate (Figure 1). Fer-
rate refers to iron in its highest oxidation state Fe(VI), which
can be obtained via wet chemical, thermal, or electrochemical
oxidation of Fe(III) species.**% Due to its decent oxidation
potential and low toxicity, ferrate has gained increasing interest
in wastewater treatment,l**#l where it can function as a green
oxidizer, disinfectant, and coagulant in the same process.[3®*l
However, the practical application remains challenging, mainly
since ferrate is only metastable in highly alkaline conditions
limiting its use in wastewater treatment.[36454 Moreover, con-
ventional chemical synthesis of ferrate requires hypochlorite,
which diminishes the advantage of using a green oxidizer.36-40

If prepared via an electrochemical route, ferrate can
be obtained by anodic oxidation of iron in alkaline media
without needing additional reagents.[**-53 Numerous studies
have shown that iron electrodes with high carbon content,
such as grey cast iron (GCI), are ideally suited as sacrificial
anodes."*#8 It was postulated that carbon in the form of
carbide in iron anodes reduces the stability of the passivation
layer and thus improves ferrate electro-generation.’¥ Earlier
research varies regarding the electrolytes where base concen-
trations of 10 to 16 M NaOH and KOH can be found. Multiple
reports suggest that 14 M NaOH is optimal to maximize ferrate
generation 505354

While such high base concentrations are detrimental to the
application of ferrate in wastewater treatment, they are ideal
conditions for the thermal degradation of lignin. As such, we
combined electrochemical ferrate generation with thermal
lignin degradation to improve the latter by using the green oxi-
dant ferrate. Using ferrate as enhancing oxidizer, we generate
vanillic acid as a new and underestimated degradation product.
It is also used, as vanillin, as a food additive.>>**] Many studies
emphasize its antioxidant and antimicrobial properties.[>%>’]

2. Results and Discussion

A new, cost-efficient, sustainable method has been developed
for preparing vanillic acid (1) out of the source lignin. The price
of vanillic acid is more than ten times higher than that of van-
illin.5®3% Compared to existing publications, our starting mate-
rial is not vanillin but inexpensive lignin and lignosulfonate
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with high accessibility on a multi-million-tone scale.*"! For van-
illin’s well-known oxidation, expensive or toxic oxidizing agents,
such as silver oxidel®*%2 or nitrobenzene,® are needed. Also,
caustic fusion needs high alkaline solutions and even higher
temperatures.[%3] Therefore, inexpensive ferrate as a green oxi-
dizer supports the oxidation of waste-stream lignins and can
skip the step from vanillin to vanillic acid. Compared to the lit-
erature, no lignin oxidation is known just for selective vanillic
acid production. Either vanillic acid appears as a by-product in
low yields or traces of model compounds are used.* Further,
the use of microbial cells to convert vanillin or ferulic acid to
vanillic acids is known.[¢]

For this reaction, a two-step process is designed. Initially, fer-
rate is electrochemically generated in alkaline aqueous media
at room temperature in a membrane-separated cell (Figure 5).
The ferrate oxidation occurs at a GCI electrode, and the reduc-
tion is performed at a stainless steel electrode for a smooth
counter-reaction (hydrogen evolution reaction, HER).[%! Ferrate
is subsequently transferred in an autoclave containing lignin
(Figure 6). Vanillic acid (1) is formed selectively out of lignin in
high yields by using ferrate as the oxidizing agent.

2.1. Influence of NaOH Concentration on Electro-Generation
of Ferrate

This work aimed to produce dissolved ferrate in high concen-
trations and with good current efficiencies (CE) while main-
taining industrial-relevant current densities. GCI was chosen as
the sacrificial anode material because it is already well-studied
and proven to be suited for ferrate generation due to its high
carbon content.[*0:#:48]

To optimize ferrate electro-generation, the influence of
NaOH concentration, ranging from 10 wt% (2.8 M) up to
50 wit% (19 M), was investigated in 2 h screening experiments
(Figure 2a). In our previous work, we reported that 3 M NaOH
is sufficient for the thermal degradation of lignin assisted by
periodate to obtain vanillin or iodovanillin in high yields.?!
Therefore, NaOH concentrations as low as 10 wt% (2.8 M) were
tested for the electro-generation of ferrate to reduce corrosive-
ness and cost.

Figure 2a depicts the production of ferrate during the
anodic oxidation of GCI in different NaOH concentrations at
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Figure 2. Ferrate electro-generation at GCl in NaOH: a) Ferrate concentration over 120 min for 10, 20, 30, 40, and 50 wt% NaOH atj =50 mA cm~?,
b) peak concentration and current efficiency after 120 min of (a), c) ferrate concentration over 300 min in 40 wt% NaOH at j = 25, 50, 75, and 100
mA cm~2, and d) current efficiency over time in 40 wt% NaOH at j = 25, 50, 75, and 100 mA cm™2.

a constant current density (j = 50 mA ¢cm™2) over 2 h. Despite
possible advantages, 10 (2.8 M) to 30 wt% NaOH (10 m) proved
to be insufficient for ferrate generation at acceptable current
efficiencies with 1.8 £ 0.4%, 3.0 + 0.5%, and 5.6 + 0.7%, respec-
tively (Figure 2b). The maximum ferrate concentration after 2 h
of 0.99 + 0.07 g L was achieved in 40 wt% (14 m) NaOH, fol-
lowed by 0.76 £ 0.08 g L™! in 50 wt% NaOH (19 m) with cur-
rent efficiencies of 13.3 £ 0.1% and 10.8 + 0.1%, respectively
(Figure 2b). Considering that the electrochemical formation
of ferrate in alkaline media from sacrificial anodes consumes
vast amounts of OH~,[’] one would expect the highest ferrate
concentration in 50 wt% NaOH with decreasing performance
in lower base concentrations. However, this is not the case
with 50 wt% NaOH being almost twice as efficient as 30 wt%
but about 20% less efficient than 40 wt% NaOH (Figure 2b).
This trend is likely explained by the varying electrical conduc-
tivities and the resulting terminal voltages in different con-
centrations of NaOH (Figure S3, Supporting Information). 10,
20, and 30 wt% NaOH have very high electrical conductivity
(358, 414, and 292 mS cm™, respectively)®l and, as such, rel-
atively low terminal voltage during electrolysis experiments
(Figure S3, Supporting Information) but likely insufficient
OH~ concentration for efficient ferrate generation. While 40
and 50 wt% NaOH provide more OH™ for the reaction, their
electrical conductivities are lower. The performance difference
between 50 wt% NaOH (150 mS cm™)%® and 40 wt% NaOH
(191 mS cm™)[%8l is possibly explained by the resulting terminal
voltages being =30% higher for 50 wt% NaOH (Figure S3,
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Supporting Information), increasing thermal losses and
favoring side reactions such as oxygen evolution reaction
(OER). The higher viscosity of 50 wt% NaOH probably hin-
ders diffusion to the electrode surface, further decreasing per-
formance. 40 wt% NaOH appears to be the ideal compromise
between OH™ concentration, conductivity, and viscosity. These
findings are in agreement with the literature where suitable
NaOH concentrations ranging from 30 (10 M) to 44 wt% (16 m)
can be found depending on exact experimental setups, with
multiple reports suggesting 40 wt% (14 M) NaOH being the
ideal concentration.[#4347,51.53]

2.2. Impact of Current Density Variation of Ferrate Production

40 wt% NaOH was shown to be the best electrolyte tested in this
study and was further investigated by testing different current
densities to optimize ferrate generation. Electrolysis at current
densities of j = 25, 50, 75, and 100 mA cm™2 (A,,04e = 10 cm?)
have been carried out for 5 h (Figure 2c).

Looking at the error bars, it is immediately apparent that
reproducibility in these experiments was challenging. Standard
deviation seems to increase with current density and electrol-
ysis time, leading to overlapping error bars after 2 h.

Nevertheless, the data presented in Figure 2c¢,d still show
significant trends in the electrolysis performance despite the
standard deviations. For j = 25 and 50 mA cm™, ferrate concen-
tration increases almost exponentially until 210 and 180 min,
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respectively, corresponding to an initial increase in current
efficiency followed by a constant value (around 20% and 18%).
This behavior might be rationalized by the dissolving of the ini-
tially smooth electrode leading to a course surface with a larger
area more suited for efficient diffusion. Experiments with j =
25 mA cm™? revealed high reproducibility, low standard deviation,
and decent current efficiency of around 20%. However, the pro-
duction rate of ferrate was found to be insufficient for this work.

For j =75 and 100 mA cm™2, the same initial increase in cur-
rent efficiency was observed. However, this did not lead to a
constant value but a substantial drop resulting in increasingly
stagnating ferrate production. In the case of j = 100 mA cm?,
the experiments exhibited promising results with the highest
current efficiency for the first 120 min and a peak efficiency of
22 £ 3% resulting in a ferrate concentration of 3.2 + 0.5 g L'L
After that, the CE decreased approximately linearly to 13 + 2%
at 300 min, thus inferior to the other tested current densities.
Nevertheless, the significantly higher initial CE compared to
the three lower current densities still resulted in the highest fer-
rate concentration after 5 h with 4.7 £ 0.9 g L™! despite the steep
decline of CE in the latter half of the electrolysis at 100 mA cm™.

For short-term ferrate electro-generation, it was shown that
increasing current densities led to higher current efficiencies
and satisfactory total ferrate amounts usable for further applica-
tions like lignin degradation. For prolonged electrolysis, how-
ever, electrodes seem to undergo passivation, which is acceler-
ated with increasing current densities and severely hinders the
application of the process regarding continuous and possibly
scaled-up electrochemical ferrate production.

ol L

300um
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2.3. Electrode Passivation

The passivation of sacrificial iron anodes during ferrate electro-
generation is widely discussed in the literature. It is identified
as one of the most challenging problems for the long-term gen-
eration of ferrate. The discussions mainly focus on the forma-
tion of ferric oxide layers during electrolysis, which is said to
persist on the electrode surface, hindering the diffusion of elec-
trolytes to active iron sites.[#0:43:4749.53,67.69]

Passivation was also observed during electrolysis at
75 mA cm™2 and more pronounced at 100 mA cm2. Figure 2d
displays a rapid decline of current efficiency, and consequently,
stagnation of ferrate generation after 150 min (Figure 2c). To
investigate this phenomenon, three GCI electrodes used for the
experiments at 100 mA cm™ for 5 h in 40 wt% NaOH were ana-
lyzed by scanning electron microscopy (SEM) before and after
electrolysis (Figures S7-S23, Supporting Information). Multiple
images of secondary electrons (SE) and backscattered electrons
(BSE) were taken and further analyzed by energy-dispersive
X-ray spectroscopy (EDX, Tables S9-S14, Supporting Informa-
tion). The analysis of the electrode surface suggested a form
of passivation, that is, as far as we know, only discussed by
Bouzek et al. and is specific to iron electrodes with high gra-
phitic carbon contents such as GCLI#1 SEM images at 150x
magnification (Figure 3a and 3c and Figures S10, S12, S20, and
S22, Supporting Information) show a highly coarse surface,
as would be expected after electrolysis of a sacrificial anode
in comparison to the initially smooth surfaces (Figures S9
and S19, Supporting Information). Figure 3b represents the

F831_RKU 15.0kV 6.0mm x150 BSE-COMP 300ulm '

F831_RKU 15.0kV 5.7mm x150 BSE-COMP i

Figure 3. SEM images of GCl electrodes after electrolysis in 40 wt% NaOH for 300 min: a) SE image of electrode GCI2.12 at 150x magnification, b)
BSE image of electrode GCI2.12 at 150x magnification, c) SE image of electrode GCI2.19 at 150x magnification, and d) BSE image of electrode GCI2.19

at 150x magnification.
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BSE image of Figure 3a, clearly showing that almost all iron
(light grey; confirmed by EDX, Figure S11 and Table S9, Sup-
porting Information) from the electrode surface is gone. It pre-
sumably was transformed into ferrate or other ferric oxides no
longer present on the electrode surface. The remaining is pri-
marily pure carbon (dark grey; confirmed by EDX, Figure S11
and Table S9, Supporting Information), which is neither dis-
solved nor mineralized under the applied electrolysis condi-
tions in the given time. It is most likely performing OER, thus
leading to rapidly declining electrode performance concerning
ferrate generation, as suspected by Bouzek et al.l*0*l This
hypothesis is further supported by the decrease in terminal
voltage and constant anodic half-cell potential (HCP) over the
electrolysis time as opposed to an increase, which would be
expected during conventional passivation with ferric oxides
(Figures S4 and S5, Supporting Information). To investigate this
mechanism further, we conducted linear sweep voltammetry
(LSV) on novel GCI, and pure graphite and used GCI elec-
trodes in 40 wt% NaOH (Figure S6, Supporting Information).
Anodic HCP measurements during the electrolysis of GCI in
40 wt% NaOH over 5 h showed a stable potential of around
1000 + 100 mV versus SHE after an initial exponential decrease
(Figure S5, Supporting Information). Considering the Pour-
baix diagram of iron based on 1 mol L ferrate in an aqueous
solution at 25 °C published by Wulfsberg, our value is within
the range of possible ferrate generation.”” It is postulated that
ferrate can be generated at pH = 14 between the Fe(VI)/Fe(III)
standard reduction potential of 0.71 V versus SHE and the nec-
essarily applied potential to oxidize H,O at 1.21 V versus SHE,
assuming +0.5 V of over-potential.**’") However, in our prac-
tical application, a novel GCI electrode showed an exponential
increase in current, reminiscent of OER, starting at 750 mV
versus SHE without a distinguishable ferrate peak during LSV
(Figure S6, Supporting Information). These findings explain
the generally low current efficiencies because ferrate genera-
tion competes with OER under the applied conditions. How-
ever, avoiding OER altogether seems impractical because an
applied potential of 710 mV versus SHE would only result in a
current density of 1 mA cm™ (Figure S6, Supporting Informa-
tion). We suspect the discrepancy compared to the theoretical
values is caused by the many impurities in GCI, especially the
high graphitic carbon content. Pure graphite shows OER onset
during LSV in 40 wt% NaOH as low as 200 mV versus SHE
and very clearly at 500 mV versus SHE (Figure S6, Supporting
Information). We established with SEM that our electrode sur-
faces become more graphitic during ferrate electro-generation
expecting a shift toward OER while maintaining terminal
voltage and HCP. This hypothesis can be confirmed with LSV
showing that used GCI electrodes (after electrolysis in 40 wt%
NaOH for 5 h) exhibit an earlier OER onset potential of around
700 mV versus SHE, a decrease of 50 mV compared to a novel
GCI rod (Figure S6, Supporting Information).

At the same time, these findings explain the relatively
poor reproducibility and high standard deviations during
repeated experiments. Comparing the SEM/BSE images
of the worst (Figure 3a,b: ¢, _ 5 y(ferrate) = 4.1 g L7} and best
(Figure 3c,d: ¢, _ s p(ferrate) = 5.7 g L™Y) performing electrode,
it is apparent that the orientation of carbon and the amount of
remaining iron (and iron oxides) on the surfaces is different.

Adv. Sustainable Syst. 2023, 7, 2200431 2200431 (5 of 10)
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The worst-performing electrode shows a layer of carbon par-
allel to the original surface (see also Figures S10 and S12, Sup-
porting Information), which leads to a steep decline in fer-
rate generation and presumably a shift toward parasitic OER.
The best-performing electrode shows fewer carbon deposits,
which also appear in a different orientation, perpendicular to
the original surface (see also Figures S20 and S22, Supporting
Information). This formation still allows electrolyzation of the
iron surface, further dissolving the electrode and ongoing fer-
rate synthesis. The average performing electrode exhibits prop-
erties of both with islands of smooth, low surface area iron
scattered among large carbon deposits parallel to the surface
(Figures S15-S18 and Tables S11 and S12, Supporting Informa-
tion). These findings suggest that inhomogeneous materials
containing flake graphite, such as 0.6025 GCI, behave unpre-
dictably in repeated experiments and might not be optimal for
long-term ferrate generation. On the other hand, Diaz et al.
successfully implemented GCI in short-term ferrate genera-
tion, vastly outperforming white cast iron (WCI) even though
Bouzek et al. suggested WCI to be superior due to its high car-
bide content.*045L67] However, comparing different studies is
challenging if exact material numbers, therefore composition
appearing iron and graphite phases, and resulting material
properties are unknown. Together with our findings, we con-
clude that cast iron with flake graphite should be avoided for
long-term electrolysis, and alternatives with carbon contents
in between mild steel (C = 0.05-0.25%) and cast iron (C > 2%)
should be further investigated. Such research might lead to the
discovery of an ideal compromise in carbon content that allows
for sufficient catalytical activity while minimizing passivation.

2.4. Lignin Oxidation with Electrochemically Generated Ferrate
as the Oxidizer

The reaction of pure vanillin to vanillic acid in highly alkaline
media is already known.”! The reaction occurs within 45 min
at 150 °C in potassium hydroxide solution (8.25 g L™). Since
40 wt% NaOH has shown to be ideally suited for efficient fer-
rate electro-generation, the same concentration was used for
lignin degradation under the assumption that formed vanillin
is directly overoxidized to the corresponding acid in a single
step. We hypothesized that ferrate as a potent oxidizing agent
would aid the reaction by reacting with the lignin polymer,
increasing product yields analog to our previous work in which
periodate could improve vanillin yields. Therefore, lignosul-
fonate was chosen as the test substrate due to its potential
vanillin units, confirmed by the nitrobenzene oxidation per-
formed as a reference reaction (further information provided
in Supporting Information, GP3).3472 After the positive effect
of ferrate on lignosulfonate degradation, optimization was car-
ried out using a design of experiments (DoE) approach.”3l An
investigation of three different parameters was conducted:
degradation time, reaction temperature, and concentration of
ferrate. For the optimization, 34 experiments with lignosul-
fonate were performed (Table S4, Supporting Information). The
investigated time range for the reaction was between 2 and 16
h. Due to the experience that lignin degradations performed at
120 °C showed low yields, a temperature range between 140 and
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Figure 4. 3D-Plots of the design of experiments results showing the influence of temperature, reaction time and ferrate concentration on the vanillic

acid yield. Left: c(ferrate) = 0.1 g L7, right: c(ferrate) =1.5 g L.

170 °C was chosen. The ferrate was freshly produced before the
lignosulfonate degradation under the previously described con-
ditions. Concentrations of ferrate were prepared in the range of
0.1and 1.5 g L™ for DoE experiments. The exact ferrate concen-
tration was determined after electrolysis via UV/Vis measure-
ments after diluting the solution with NaOH as needed.

After the reactions and subsequent workup, vanillic acid
(1) was detected via LC-MS as the dominant low molecular
weight product (Figure 7) in all 34 experiments conducted.

The DoE results (Figure 4) indicated that the reaction tem-
perature and the degradation time play a crucial role in the
degradation process (see also Tables S5-S7, Supporting Infor-
mation). The temperature profile showed an almost linear
behavior, resulting in a higher vanillic acid yield with increasing
temperatures (see also Figure S2c,d, Supporting Information).
Also, prolonged degradation times positively influenced the
yield, but an apparent asymptotic behavior toward higher values
can be observed (see also Figure S2ab, Supporting Informa-
tion). Higher ferrate concentration (Figure 4 right, c(ferrate) =
1.5 g L) yielded more vanillic acid (see also Figure S2e,f, Sup-
porting Information). The DoE optimization suggested 170 °C,
16 h, and 1.5 g L™} ferrate as reaction conditions for achieving the
highest vanillic acid yield. Using the green oxidizer ferrate, van-
illic acid was obtained in a yield of 7.2 wt% related to the initial
lignosulfonate mass, an improvement of almost 1 wt% (12.5%
overall increase) in comparison to pure thermal alkaline treat-
ment without ferrate. The conversion shows an exclusive selec-
tivity for vanillic acid, which is directly obtainable from lignin
during degradation in 40 wt% NaOH. No other significant low
molecular weight products, for example, vanillin, were observed.

One more advantage is that ferrate reacts to iron oxide, which
then precipitates and can be easily removed. Therefore, only
vanillic acid is obtained as the product in the organic layer upon
workup. With these reactions, it was possible to show the posi-
tive oxidative effect of ferrate on lignosulfonate degradation. The
comparisons between reactions in 40 wt% NaOH show (Table 1)
that vanillic acid is not formed by oxidation of vanillin with ferrate
but due to the high base concentrations. Ferrate is most likely oxi-
dizing the lignosulfonate or subsequent oligomers, which appears
to be beneficial for degradation efficiency. This hypothesis is sup-
ported by density functional theory (DFT) calculations performed
by Beckham et al. The authors predicted that oxidation of primary
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and secondary alcohol groups on alkyl chains of lignin would
lower the bond dissociation enthalpy, thereby improving conver-
sion rates.” Therefore, the thermal treatment supports the bond
cleavage to obtain vanillic acid. Other lignin types were also tested
to present the practical nature of this new method using ferrate.
The optimal conditions obtained from the DoE for lignosulfonate
were also applied to Kraft lignin and organosolv lignin. Ferrate
showed an improvement in Kraft lignin degradation (0.7 wt%;
175% overall) but had no impact on organosolv lignin (Table 1).
This may be because the potential vanillin content is much lower
than in Kraft lignin or lignosulfonate.

3. Conclusion

We successfully implemented the ferrate oxidation on different
types of technically relevant lignins at elevated temperatures.
This way, we found a highly selective degradation pathway to
the lignin-originating new product—vanillic acid. The fer-
rate generation was optimized regarding NaOH concentration
and current density, which revealed passivation of the GCI
electrodes due to persistent carbon deposits, especially at j =
100 mA cm™. These findings indicate that the material is not
ideally suited for long-term ferrate generation at constant cur-
rent efficiencies. Ferrate assisted the lignin degradation gener-
ating vanillic acid in almost exclusive selectivity starting from

Table 1. Degradation of various types of lignins without and with ferrate.
The optimized conditions were used: 40 wt% NaOH, 170 °C, 16 h reac-
tion time, and 1.5 g L™ ferrate.

Type of lignin Vanillic acid (1)@

Lignosulfonate (without ferrate) 6.4 wt% + 0.1 wt%

Lignosulfonate 7.2 wt% + 0.1 wt%

Fraunhofer Kraft lignin (without ferrate) 4 wt% + 0.1 wt%

Fraunhofer Kraft lignin 4.7 wt% 0.1 wt%

Fraunhofer organosolv lignin (without 2wt% £0.1wt%

ferrate)

Fraunhofer organosolv lignin 2 wt% + 0.1 wt%

AThe yield of 1is related to the amount of starting material and was determined by
HPLC with 1,3-dimethoxybenzene as the internal standard.
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Figure 5. H-cell batch reactor: a) stainless steel cathode, b) cathodic chamber with catholyte, c) flange with cation exchange membrane, d) anodic

chamber with anolyte, and e) GCI anode.

lignosulfonate. Ferrate increased the yield by 0.8 to 72 wt%.
While the reaction time already showed asymptotic behavior at
16 h, the temperature and ferrate concentration show an almost
linear influence on vanillic acid yield.

4. Experimental Section

Electrochemical Reactor Setup: Electrolysis was performed in an H-cell
batch reactor made from glass in which the anodic and cathodic chambers
were divided by a Nafion N324 cation exchange membrane (Chemours,
Fayetteville, U.S.A.). Both chambers had net volumes of 100 mL each.

Pressure $=
gauge

Figure 6. Left: Autoclave in operation, right: cross-section of the autoclave.
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The anodic chamber was equipped with a GCl rod electrode (0.6025: C =
3.20-3.50 wt%, Si = 2.5-2.7 wt%, Mn = 0.50-0.80 wt%, P = 0.10-0.20 wt%,
S =0.10 wt%, Cu = 0.10-0.60 wt%) with 10 cm? surface area (d =10 mm,
h = 30 mm). A stainless-steel plate (1.4301) in the dimensions 30 mm
X 25 mm X 2 mm, resulting in a 15 cm? surface area, was used as the
counter electrode. The distance between the electrodes was 8 cm.
Electrolysis experiments were carried out under galvanostatic conditions
using Rohde & Schwarz HMP4040 and NGP804 power supplies (Rohde &
Schwarz GmbH & Co. KG, Munich, Germany) (Figure 5).

Electrochemical Synthesis and Quantification of Dissolved Ferrate: GCl
acted as a sacrificial anode to produce ferrate and got dissolved in the
process, leading to changes in surface properties. All GCl-electrodes
were cut from a single GCI block using electrical discharge machining

Pressure release
valve

Stainless
steel vessel

Teflon liner

Magentic
stirrer

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD 8AIIe81D) 3|cedljdde 8y Aq peusenob afe saolie O 8sn JO'Sa|Nni 10} Akeid 78Ul UQ 48] 1M UO (SUORIPUOD-pUe-SLUBIAL0D A8 | 1M AeIq 1 BU1 UO//SANY) SUORIPUOD pue SWia | 8u1 88S *[7202/20/ST] Uo Ariqiauliuo A8IM 4 Insu| Buns ey Aq TEr002202 NSPe/Z00T 0T/I0p/W0d A8 ImAeiq Ul uo//Sdny Wo.j pepeolumod ‘7 ‘€202 ‘98729962



ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

www.advsustainsys.com

] © PDA Multi 1 254nm,4nm|
o oM =
75—_ é\ ~
] W I
50-] 8 e
] © ISTI
] o~ g
] © @ < ©o
> g i 3 883
] g 2 I I
] N B ~ <z
o] VAW S-S A e o«
S T
0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0

Figure 7. HPLC analysis of crude mixture after the ferrate oxidation of lignosulfonate. ISTD: 1,3-dimethoxybenzene.

(EDM) and polished on a lathe afterward to increase reproducibility.
Before use, samples were etched with a mixture of 3.5 g L™ urotropine
in 18.5% HCl for 10 min to remove ferric oxides on the electrode
surface. After this procedure, they were treated in an ultrasonic bath
in Millipore water for a further 10 min. For better comparison, every
electrode was used only once. All experiments were conducted in
triplicates. The electrolyte temperatures were not measured or adjusted,;
however, the experiments were conducted in a temperature-controlled
room, guaranteeing the same room temperature each day.

Electro-generation of ferrate using GCI (0.6025) was optimized by
testing different concentrations of NaOH (10, 20, 30, 40, and 50 wt%)
at an anodic current density of j,, = 50 mA cm™ for 2 h. Based on these
results, 40 wt% NaOH was identified as the best electrolyte out of the
five tested concentrations and used for further studies. In addition,
the influence of anodic current densities on the electrochemical ferrate
synthesis was tested in 40 wt% NaOH for 5 h at j,, = 25, 50, 75, and
100 mA cm~2, respectively.

Dissolved ferrate was quantified using direct UV/Vis spectroscopy
by measuring the peak at 510 nm. Samples collected during electrolysis
were transferred to a microwell plate (UltraCruz UV Transparent
Microplates 96 well, flat bottom, Santa Cruz Biotechnology, Inc., Dallas,
U.S.A.) and diluted with the corresponding concentration of NaOH if
necessary. The optical density of the 100 uL sample was determined in
the microwell plate using a Tecan Spark multimode microplate reader
(Tecan Group Ltd., Minnedorf, Switzerland).

The optical density measurements were used to calculate the ferrate
concentration based on previously produced linear calibration graphs
(Figures S24-S30, Supporting Information). These were obtained by
preparing a dilution series of self-made ferrate produced using the
conditions mentioned above and measuring the optical density of the
series. The initial concentration of ferrate in the solution was determined
with ICP-OES after centrifugation, assuming that ferrate is the only
source of iron present. Considering the very poor solubility of iron and
iron oxides in NaOH, this presented the most convenient solution to
precisely determine the iron content.

Current Efficiency Calculation Methods: The current efficiency of
electrochemically produced ferrate was calculated as the ratio between
ferrate measured during the experiments and the theoretically possible
amount of ferrate.

. m(ferrate)experimentd
current efficiency = f (U]
m( errate)theoretical
The  possible  theoretical ~amount of  electro-generated
ferrate was calculated according to Faraday ’s law
_Mit 2
m(ferrate) = oF O]

where M is the molecular weight of ferrate (119.84 g mol™), I is the
applied current (A), t is the time (s), z is the number of electrons involved
in the reaction (6 e7), and F is the Faraday constant (96485 C mol™).
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Experimental ~ Setup of Lignin  Degradation: High-temperature
experiments were conducted in a simple undivided 0.05 L stainless steel
cell with a Teflon liner (Figure 6). The cell was sealable with a flange
and equipped with a manometer, a pressure release, and an over-
pressure valve (8 bar). The reaction mixture was stirred by a magnetic
stirrer. Heating was facilitated by a common oil bath using a standard
electric heating plate. A glass pressure tube was also suitable for shorter
reaction times (up to 2 h). However, after 2 h, the caustic soda might
attack the glass.

Thermal ~Degradation of Lignosulfonate with Ferrate: 250 mg
lignosulfonate was dissolved in an aqueous ferrate solution (0.1
to 1.5 g L' in 40 wt% NaOH, 50 ml) under vigorous stirring.
Ferrate was always measured before via UV/Vis to determine the
concentration. UV/Vis was performed on a Lambda 16, double-beam
spectrophotometer  (Perkin-Elmer, Waltham, U.S.A)). The software
used was UV-Winlab by Perkin-Elmer. A 0.5 cm quartz cuvette was used
to make the measurements. The samples collected (0.1 mL) from the
ferrate reaction were diluted with 1.4 mL caustic soda and measured
without additional procedures.

After the concentration determination, the ferrate
solution was transferred into the autoclave; the cell was sealed and
stirred at different temperatures (140 to 170 °C) for 2 to 16 h. The
reactor was not pressurized externally. After the reaction was stopped,
the reaction mixture was allowed to cool (room temperature), and the
pH value of the reaction mixture was adjusted to pH 1 by adding HCI.
The aqueous layer was extracted with ethyl acetate (3 x 150 mL). The
combined organic fractions were dried over anhydrous magnesium
sulfate, followed by solvent removal under reduced pressure. The
organic residue was dissolved in 8 mL ethyl acetate, 20 pL of the internal
standard dimethylbenzene was added, and the sample was analyzed via
HPLC/HPLC-MS (Shimadzu, further information provided in Supporting
Information) (Figure 7).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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