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linkages: condensed and ether linkages.[11] 
Compared to Kraft lignin and organosolv 
lignin, lignosulfonate contains additional 
sulfonate groups, which strongly increase 
the solubility in water.[12] Due to the com-
plexity and stability of their structure, selec-
tive degradation for the formation of value-
added compounds is challenging.[3,6,9,13,14]

Several studies have been conducted 
during the past decades for the degradation 
of lignin into its aromatic intermediates. For 
example, enzymes are used for the depolym-
erization of lignin to achieve phthalates and 
benzoic acids, but the efficiency was low.[15] 
Other studies worked in a flow reactor using 
catalysts, which were often deactivated due 
to interactions of sulfur and active sides.[16] 

Low yields, raising costs for operation, elevated temperatures, and 
pressure represent limiting factors. Also, some electrochemical 
degradation pathways were designed, selectively yielding flavor 
chemicals like vanillin in interesting yields.[4,14,17]

Over the last few decades, electro-organic synthesis expe-
rienced a renaissance in both, laboratory and technical syn-
thesis.[18] The advantages of this powerful method are working 
reagent-free, cost-reduced, inherently safe, economically, and 
environmentally friendly.[19] Periodate could be generated elec-
trochemically and is often used as a high performance oxidizing 
agent in organic synthesis.[20] When direct electrolysis is not suc-
cessful, an ex-cell approach is an alternative option.[21] A disad-
vantage of the conventional synthesis of periodate is the costly 
production and subsequent purification, which results from 
the use of lead dioxide anodes.[22] Using a durable and nontoxic 
boron-doped diamond anode (BDD)[23] opens a new path for a 
direct and cost-efficient electrochemical method to generate peri-
odate directly from iodide.[20,24] In this study, a new and simple 
method for the successful degradation of different types of lignin 
with electro-generated periodate is presented (Scheme 1). Using 
this protocol 5-iodovanillin is formed selectively. Iodovanillin is 
utilized as a central building block for example in annulation and 
cross-coupling reactions.[25,26] More than 10 reports use iodovan-
illin as the starting material for example for the synthesis of anti-
viral inhibitors.[26,27] 5-Iodovanillin represents a quite costly and 
advanced building block. A direct synthesis without petroleum-
based chemicals, nor use of iodine and vanillin, is an highly 
attractive target.[28] The degradation with periodate does not need 
a separation step between the oxidation and the thermal treat-
ment. Therefore, lignin is used directly as a sustainable source 
to achieve iodovanillin as the target product. Further, this process 
does not use toxic reagents, such as in the nitrobenzene oxida-
tion, which is often considered as a benchmark to determine the 
highest achievable vanillin content.[29]

This work represents a new method that uses electrochemically generated 
periodate to oxidize side-stream lignins. Using periodate, a lignin-derived 
product other than vanillin becomes accessible. The development of an 
eco-friendly method for generating 5-iodovanillin from lignin is reported and 
is of significant interest for the wood-based industry. Wider utilization of 
lignin can substitute fossil-based chemicals and fuels, reduce the emission of 
greenhouse gases, and facilitate the dependence on fossil energy. The reac-
tion conditions are easy to conduct, the lignin is modified, and no specific 
setup is required. This one-pot cost-efficient method does not use toxic or 
harmful metals and yields more than 15 wt% 5-iodovanillin. 5-Iodovanillin 
represents an advanced building block for the synthesis of complex mole-
cules, such as active pharmaceutical ingredients.
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1. Introduction

Cellulose is the most abundant building block on earth, with a 
content of about 55%[1] in wood.[2] Also, hemicellulose is included 
followed by lignin.[3] Lignin is the third-largest biopolymer feed-
stock.[4] Lignin can be exploited as a renewable resource of aro-
matic building blocks.[1,5] It is generated as a side-stream of 
pulping factories and offers tremendous potential as a source of 
bio-based fine chemicals (such as vanillin, acetovanillone),[4] sur-
factants,[6] polymers,[3] and biomaterials.[1] Due to large amounts 
of lignin available, it is of great interest from an economic and 
environmental point of view to find value-added products[4] and 
cost-effective processing.[7] The utilization of lignin as renewable 
feedstock would rival petroleum refining.[6]

Lignins have a polyphenolic backbone and consists of three 
monomer units: p-coumaryl (H-unit), coniferyl (G-unit), and 
sinapyl alcohol (S-unit).[8–10] The composition depends on many 
factors such as the plant species, harvesting time and growing 
areas.[10] Depending on the pulping process, lignin shows dif-
ferent functionalization and backbones.[10] There exist two types of 
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2. Results and Discussion

An innovative, sustainable method for the preparation of 
vanillin (1) or 5-iodovanillin (2) directly from different types 
of lignin has been developed. Control of selectivity over the 
product is achieved by the workup. The reaction is carried out 
in a simple autoclave (Figure S3, Supporting Information), 
which allows working in aqueous media at temperatures above 
100  °C and up to 5  bar. By using this simple setup, iodovan-
illin (2) can be produced from several types of lignin in high 
selectivity. Lignosulfonate was chosen as model compound for 
screening of suitable conditions. Lignosulfonate is degraded 
oxidatively by periodate and simultaneously heated up to 
160 °C in 2 m caustic soda. After the thermal and oxidative deg-
radation, 5-iodovanillin (2) was detected as the dominant low 
molecular weight product. In comparison to the thermal deg-
radation under alkaline conditions and subsequent addition 
of periodate, vanillin was the only observed product. For this 
reason, it was assumable, that the formation of 5-iodovanillin 
(2) occurs during workup. Indeed, in a comparative study it 
has been shown, that the treated lignin undergoes a selective 
formation of vanillin when brought to neutral/ weak acidic pH 
and the formation of 2 is observed when crude reaction mix-
ture is acidified to pH 1 (Scheme 2). Nevertheless, when perio-
date was used for the degradation of lignosulfonate a twofold 
increase on vanillin (1) yield was observed, which shows the sig-
nificant positive impact of periodate on the oxidative degrada-
tion (Figure 1). For all experiments the same electrochemically 
generated periodate was used. The production of periodate has 
already been published.[20] Changing parameters in the electro-
chemical treatment would decrease the periodate yield, but will 

not affect its structure or the selective degradation of lignin. To 
determine the vanillin content, the nitrobenzene oxidation was 
performed on three different types of lignin (Table 1).

A vanillin yield of 83% was achieved when compared to the 
nitrobenzene oxidation.

Lignosulfonate showed the highest yield. Due to this fact, the 
process was optimized using lignosulfonate.

Optimization was carried out using a Design of Experiments 
approach.[30] An investigation of five different parameters was 
conducted, namely: the degradation temperature, reaction time, 
concentration of caustic soda, mass concentration of lignin, and 
mass equivalents of periodate. Previous studies have shown 
that the temperature plays a crucial role in lignin depolymeriza-
tion. Increasing the temperature from 120 to 190  °C resulted 
in a higher iodovanillin yield. Nevertheless, 170  °C was the 
limit for a suitable process. Beyond 170 °C the yield decreased, 
because of undefined side reactions. The reaction time between 
6 and 18 h had a huge influence onto the yield. Increasing the 
reaction time from 18 to 24 h could improve the iodovanillin 
yield slightly. High caustic soda concentration decreased the 
iodovanillin yield. Nevertheless, the impact of 0.5–2 m was low 
and the optimum was 2 m caustic soda. After the second round 
of optimization, the lignin concentration did not influence the 
yield. High periodate equivalents resulted in low iodovanillin 
yield. Decreasing the periodate equivalents prevent the building 
of precipitation in the workup. The best conditions were found 
with a degradation temperature of 160  °C, 24 h reaction time 
in a 2 m caustic soda with 250  mg lignosulfonate and the 

Scheme 1.  Selective one-pot degradation of lignosulfonate to 5-iodovan-
illin by electrochemically generated periodate as the oxidizing and iodina-
tion agent. Other organic products were not observed.

Scheme 2.  pH dependent lignin degradation to achieve either vanillin (1) 
or iodovanillin (2). pH decreases by acidifying with conc. H2SO4

Figure 1.  Comparison between the thermal degradation of lignosulfonate 
and the addition of periodate treated at different pH/conditions.

Table 1.  Yield of vanillin after the nitrobenzene oxidation.

Type of lignin Vanillin (1)a)

Lignosulfonate 10.7 wt%

Kraft lignin 9.2 wt%

Organosolv lignin 4.9 wt%

a)The yield of 1 is related to the amount of starting material and was determined by 
GC with n-dodecylbenzene as internal standard.
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same amount of periodate resulting in 15.8 wt% iodovanillin 
(Table 2).

The degradation enabled a good yield of iodovanillin for all 
different types of lignin. The highest amount of iodovanillin (2) 
was observed for the lignosulfonate with 15.8 wt%. The yield was 
determined by GC using an internal standard. No other by-prod-
ucts were observed (Figure 2). Therefore, only 5-iodovanillin is 
the target product out of the periodate oxidation.

Upon purification via column chromatography, a yield of 
14.7 wt% 5-iodovanillin (2) was achieved from lignosulfonate. 
Considering the pH dependency of the described method the 
maximum yield of vanillin out of the nitrobenzene oxidation 
was compared with the iodovanillin yield. The established yield 
corresponds to 75% of the nitrobenzene oxidation.

To monitor structural changes during the periodate oxida-
tion, the lignosulfonate was investigated via Fourier transform 
infrared spectroscopy (FT-IR) before and after oxidation (see 
the Supporting Information for more details). The results are 
depicted for the lignosulfonate. The IR spectrum of the ligno-
sulfonate (Figure  3) does not exhibit the characteristic bands 
of syringyl units (1326, 1117, and 843 cm−1) but the bands of 
guaiacyl units (1506, 1269, and 1140 cm−1).[15] In the oxidized 
lignosulfonate (black), the bands at 1506, 1456, and 1416 cm−1 
(aromatic ring of lignin) significantly decrease.[31] The charac-
teristic band for the SO3H group at 1032 cm−1 disappears after 
the oxidation with periodate.[32] This indicates an effective deg-
radation of lignosulfonate, which was also found in the quanti-
tative studies shown in Table 3.

To determine the iodine content, inductively coupled plasma 
optical emission spectroscopy (ICP-OES) measurements were 
performed on the remaining lignosulfonate upon oxidation 
(see the Supporting Information for more details). The iodine 

of used periodate (0.85  mmol) is included in iodovanillin (2, 
17%, 0.14  mmol) and in the remaining lignosulfonate (2%, 
0.02  mmol). The remaining iodine species (81%, 0.69  mmol) 
are not included in the product and lignosulfonate remain as 
inorganic iodine species (I−, IO3

−, I2).
The iodine content in the remaining lignosulfonate is 

2.5 wt%.

3. Conclusion

We successfully implemented the periodate oxidation at ele-
vated temperatures for technical lignins. 5-Iodovanillin was 
obtained with high selectivity, yield of up to 15.8 wt%. FT-IR 
studies emphasized the effective periodate degradation of the 
respective lignosulfonate as a significant decrease in sulfonate 
and G-units substructures changes. Also, the remaining lignin 
shows a new iodinated substitution determined by ICP-OES 
measurements. Remaining lignosulfonate has more than 
2 wt% iodine. This structural change in the oxidized lignosul-
fonate opens up new applications.

4. Experimental Section
Oxidation Process: 250  mg lignosulfonate was dissolved in aqueous 

caustic soda (1–3 m, 50  mL) under vigorous stirring. Periodate (1–4 
mass equivalents of lignosulfonate) was added. The solution was 
transferred into the autoclave (see the Supporting Information for 
more details); the cell was sealed and stirred at different temperatures 
(100–190  °C) for 5–24 h. The reactor was not pressurized externally. 
After the reaction was stopped, the reaction mixture was allowed to cool 

Table 2.  Optimized reaction conditions carried out of a Design of 
Experiments.

Degradation 
temperaturea)

Reaction  
time

Caustic soda  
concentration

Mass concentration  
of lignin

Mass  
periodate

160 °C 24 h 2 m 250 mg 250 mg

a)The established reaction conditions for the periodate treatment of lignosulfonate 
were applied to different types of lignin (Table 3) and compared to nitrobenzene 
oxidation (see the supporting Information for further details).

Table 3.  Yield of 5-iodovanillin after the periodate oxidation on different 
lignins with the optimized conditions shown in Table 2.

Type of lignin 5-Iodovanillin (2)a)

Lignosulfonate 15.8 wt%

Kraft lignin 9.5 wt%

Organosolv lignin 3.1 wt%

a)The yield of 2 is related to the amount of starting material and was determined by 
GC with n-hexadecane as internal standard.

Figure 2.  Gas chromatogram of crude mixture after the periodate oxidation of lignosulfonate. ISTD: n-hexadecane.

Adv. Sustainable Syst. 2022, 6, 2100391
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(room temperature), and the pH of the reaction mixture was adjusted to 
pH 1 by addition of H2SO4. The aqueous layer was extracted with ethyl 
acetate (3 × 150 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 8 mL ethyl acetate, 2 µL of the internal standard 
n-hexadecane were added, and the sample was analyzed via GC/GC-MS.

ICP-OES: To determine the amount of iodine in the remaining 
lignosulfonate dialysis a ICP-OES measurement was performed. For 
the dialysis, the sample was put into a prewetted RC tubing dialysis 
Membrane (MWCO: 2 kD, Ø 29 mm). After 1 week the sample was freeze-
dried to remove the water. A precisely defined amount was weighed 
into a volumetric flask and solved in 100  mL of Milli-Q water. For the 
calibration a precisely defined amount of potassium iodide was weighed 
into a volumetric flask and solved in 100  mL of Milli-Q water, then a 
serial dilution was performed (see the Supporting Information for more 
information).

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