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Shellac, a bioresin secreted by insects on trees is used as a coating in various applications. However, due
to transesterification and polymerization, shellac and in particular its solutions have a limited shelf life.
This work demonstrates the electrochemical degradation of this shellac waste stream to value-added
dicarboxylic acids using activated nickel anodes. After optimisation of the shellac hydrolysis and electroly-
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sis, we obtained up to 51% pimelic acid and 71% azelaic acid, with respect to the maximum theoretical
amount. The reaction was successfully scaled to 12.5 g of shellac and isolated using distillation of the
corresponding methyl esters. A green metrics comparison with the ozonolysis of oleic acid shows that

rsc.li/greenchem our method is significantly safer.

Green foundation

1. By recovering shellac waste-streams as a non-nutritional biomass, an electrochemical degradation toward dicarboxylic acids was established which are clas-
sically obtained from fossil resources or from nutritional biomass with environmentally harmful processes.

2. Herein, a mild electrochemical oxidation was developed using a most simple, undivided setup and alkaline water as the solvent. Isolation of the corres-
ponding esters, which can directly be used for the production of polymers, was done after a simple extraction and distillation.

3. Further research should focus on the use of efficient metal-free electrodes. Furthermore, alternative downstream processing could avoid the need of acidifi-
cation, making the electrolyte mixture completely reusable. Lastly, an effective isolation of the oxidized sesquiterpene fraction could help finding an appli-
cation for them.

electrogenerated peroxodicarbonate," or by physical bleaching
with activated charcoal.”® The properties of shellac can alter

Introduction

Shellac, a natural resin secreted by the female Kerria lacca
insects is a renewable resource primarily composed of aleuritic
acid, jalaric acid, shellolic acid, and natural waxes." It is uti-
lized as a food coating,” in pharmaceuticals,’ as well as in cos-
metics,* and wood finisher.” The structure of shellac is irregu-
lar and complex. However, its major building block is com-
prised of aleuritic acid 1 (9,10,16-trihydroxyhexadecanoic acid)
with a reported weight content between 30-40%.° Aleuritic
acid links various sesquiterpene acids via inter- and intra-
molecular hydrogen and ester bonding (Fig. 1, hydrogen-bond
donors depicted in green).””® Shellac comes in various warm
colours, ranging from light blonde to dark brown due to the
amount of lac dyes.”*° Lighter or even colourless resin can be
obtained by chemical bleaching with sodium hypochlorite'* or
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due to aging dependent on the conditions of storage. This
occurs largely as a consequence of transesterification or esteri-
fication between free acids and alcohols.'* Furthermore, the
activated double bond in sesquiterpene acids can cause
polymerization, especially when chlorinated bleaching agents
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Fig. 1 Degradation of shellac to dicarboxylic acids. Hydrogen bonding
donors for inter- and intramolecular hydrogen bonding coloured in
green.
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have been used."® Therefore, shellac and in particular its solu-
tions have a limited shelf lifetime and cannot be utilized for
coating purposes after its expiration date. 1 can be isolated
from shellac via alkaline hydrolysis for extended periods
between 7 and 14 days followed by salting out the sodium aleu-
rate.® To obtain pure 1 at least one crystallisation is required
after acidification with mineral acids. However, multiple crys-
tallizations are necessary to obtain pure 1. It is worth noting
that filtration and crystallization steps cause large losses of 1.
Furthermore, around 80% of the original shellac weight ends
up as a viscous chemical waste-stream that is clogging the drai-
nage pipelines of industries and nearby areas.'® The market
demand for pure 1 is limited to applications in perfume indus-
try as a starting material for macrocyclic lactones.'”
Dicarboxylic acids have a plethora of applications, e.g. the
preparation of polyesters or polyamides.'® However, the indus-
trial synthesis toward most dicarboxylic acids rely on petro-
chemical resources and environmentally harmful processes.
Pimelic acid 2, a polymer building block and plasticizer, is
industrially produced from the oxidative cleavage of petro-
chemical cycloheptane.'® Azelaic acid 3 has a broad range of
applications in cosmetics, pharmaceuticals and industrial
materials.?® Commonly, it is manufactured from oleic acid, a
renewable and widely available feedstock. However, the cur-
rently required ozonolytic process is energy-intensive, sophisti-
cated handling and uses toxic gasses.”! Furthermore, oleic
acid production directly competes with nutrition purposes.
The direct use of green energy for large-scale electrosynth-
esis of platform molecules from renewable biomass appears as
a promising approach to lower the environmental impact and
petrochemical dependence of existing processes.”>>° This
methodology can minimize waste generation by replacing oxi-
dizers and reducing agents by electrical current served from
reusable electrodes. Electrochemical processes instantaneously
shut down when electrical current is interrupted making it an
inherently safe process. Formation of hydrogen gas as the
counter reaction of oxidations, delivers a valuable by-product
in an environmentally benign way. Electrochemical oxidation
of alcohols has relied on the use of nickel oxyhydroxide elec-
trodes (Ni(O)OH).””>° Already in the 1970s, Schifer et al.
showed the features of this heterogenous mediator for the oxi-
dation of aliphatic alcohols.>® The required low current
density is a limiting factor in the scaling-up. However,
Waldvogel et al. have tackled this by the use of stacked electro-
des setups and efficient flow-cell electrolysers.>'** The utility
of stable nickel oxyhydroxide electrodes has been proven on
the electrochemical degradation of lignin®*~*°® and the oxi-
dation of alkyl cyclohexanols towards adipic acid
derivatives.”>***?” The mechanism of the oxidation of alco-
hols on Ni(O)OH is thoroughly investigated.*®**° Furthermore,
the mechanism of the C-C bond cleavage of a vicinal diol pro-
ceeds via oxidation of one alcohol to the ketone, which favours
oxidation of the second alcohol to a dienone.?”*® Addition of
hydroxide onto the carbonyls followed by another oxidation
leads to the dicarboxylate.’” Anodic oxidation of 1 provides
both 2 and 3 via oxidative vicinal bond cleavage and oxidation
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of the primary alcohol. Schifer et al. investigated the oxidation
of both functional groups on nickel oxyhydroxide anodes,
regenerated during electrolysis in alkaline media.*' However,
Schifer’s findings illustrated that the required reaction con-
ditions for different functional groups and substrates can
change substantially due to different adsorbance rates and
therefore can make the overall oxidation of 1 challenging.*
Herein, we describe the generation of 2 and 3 from the electro-
oxidation of 1 in hydrolyzed shellac.

Results and discussion
Initial optimisation of electrolysis

Commercially refined dewaxed bleached shellac was used for
the optimisation. The content of 1 was estimated to be 35 wt%
using periodic acid titration (see SI).** The yield of 2 and 3 was
calculated using GC-FID with dodecane as internal standard
after esterification with trimethylsilyldiazomethane. Using the
estimated aleuritic acid content, the concentration of 1 in a
7.5 wt% shellac solution is estimated to be 0.086 M. It was
hypothesized that the hydrolysis parameters of shellac do not
drastically influence the electrolysis outcome. Therefore,
optimisation commenced with the electrolysis parameters,
starting with a 7.5 wt% shellac solution which was hydrolyzed
in KOH 1 M for 24 hours at 60 °C. The optimisation of the elec-
trolysis parameters includes anode material, temperature,
shellac concentration, solvent, supporting electrolyte and its
concentration, amounts of applied charge and current density
(Fig. 2). Anode material testing was carried out with an
amount of applied charge of 11.6 F and an a geometrical
current density of 5 mA cm™? in KOH 1 M similar to a previous
report from our group.®” Ni(O)OH activated anodes on various
materials were tested including nickel plate, nickel foam,
nickel mesh, graphite, graphite foil (SIGRAFLEX™), carbon
felt, carbon paper (SIGRACELL™) as well as two non-activated
anode materials graphite and nickel foam (Fig. 2a). The acti-
vated nickel foam anode material with a pore size of 0.4 mm
(on RCM-Ni4753.03) exhibited the best results with a 36% and
47% yield for 2 and 3, respectively. The effect of applied
charge was examined between the range of 5 to 25 F (Fig. 2b).
An amount of applied charge of 15 F resulted in the best yields
of 34% and 46% for 2 and 3, respectively. Increasing the geo-
metric current density significantly lowered the yields, presum-
ably due to the parasitic oxygen evolution reaction (Fig. 2c).
Increasing the electrolysis temperature led to slightly
decreased yields, although this effect is less significant
(Fig. 2d). Next, a shellac concentration range of 5-10% was
screened, with 5% resulting in slightly improved yields of 31%
and 55% for 2 and 3, respectively (Fig. 2e). The choice of sup-
porting electrolyte was also tested using solutions of 1 M
NaOH, 1 M KOH and 1 M K,CO; (Fig. 2f). As the supporting
electrolyte plays the dual role as base during the hydrolysis, 1
M K,COj; proved to be a poor choice. Much better results were
obtained for both 1 M NaOH and 1 M KOH. However, 1 M
KOH did exhibit the best yields for both 2 and 3 at 31% and
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Fig. 2 Optimisation of the electrochemical oxidation of shellac: (a)
anode, (b) amount of applied charge, (c) geometrical current density, (d)
temperature, (e) shellac concentration, (f) supporting electrolyte, (g)
supporting electrolyte concentration.

55%, respectively. Subsequently the effect of supporting elec-
trolyte concentration was tested ranging from 0.5 M to 1.5 M
with results showing that the initial concentration of 1 M KOH
is optimal (Fig. 2g).

Hydrolysis optimisation

The small variation in yields in the previous section led to the
hypothesis that the shellac hydrolysis parameters may have a
major impact in the electrolysis outcome. The previously opti-
mized shellac concentration of 5 wt% in 1 M KOH was used
moving forward. Hydrolysis temperature was tested between
the ranges of 25 °C and 80 °C with the hydrolysis reaction
times being examined over a 72-hour time span at 24-hour
intervals. The results indicated that an increase in temperature
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led to an increase in hydrolysis efficiency until 60 °C was
reached after which reduced yields were observed as in agree-
ment with the previous hydrolysis experiments (Fig. 3a). It was
observed that independent of the temperature, all hydrolysis
experiments showed an increased yield of 2 and 3 during the
first 48 hours, after which the yields started to decrease. The
best results leading to the highest hydrolysis of shellac into
free 1 was a 48-hour hydrolysis time at 60 °C leading to a yield
of 51% for 2 and 71% for 3 as depicted in Fig. 3b after which
diminishing yields were observed.

Ensuing electrolysis optimisation

To ensure that the previously optimized electrolysis parameters
are still optimal with the altered hydrolysis procedure, changes
in optimal conditions (entry 1) have been explored (Table 1).
Changing the shellac concentration to 2.5 wt% (entry 2) and

100 -
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70 - L

[ N ]
w N

50 - b °
409 o

30 - °

20 -
10+

Yield (%)

5 10 15 20 25
Amount of applied charge (F)

Fig. 3 Yield of pimelic acid (2) and azelaic acid (3) after different
amount of applied charge.

Table 1 Deviation of the optimal electrolysis conditions with the opti-
mized hydrolysis conditions of 48 h at 60 °C?

1 Ni(O)OH || Stainless-steel 2 3
5 wt% 5mAcm~?2
hydrolyzed I —

1M KOH
shellac RT, 15F
Entry Deviation of optimal conditions Yield 2 Yield 3

(%) (%)

1 None 51 71
2 2.5 wt% shellac 48 54
3 7.5 wt% shellac 37 55
4 10 mA cm ™2 30 46
5 40 °C 32 50
6 0.5 M 23 38
7 1.5M 33 55
8 11.6 F 31 56
9 20 F 49 66

“Yields are determined via GC-FID after
trimethylsilyldiazomethane.

methylation  with
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7.5 wt% (entry 3) both led to decreased yields which was more
significant for 2 at higher concentrations. Increasing the geo-
metrical current density (entry 4) caused a decreased yield for
both 2 and 3, presumably due to the parasitic oxygen evolution
reaction. Increasing the electrolysis temperature to 40 °C
(entry 5) exhibited an approximate drop in yields of around
15% for 2 and 3. The impact of changing supporting electro-
lyte concentration was studied at 0.5 M (entry 6) and 1.5 M
(entry 7). A significant decreased yield is observed at 0.5 M,
due to incomplete hydrolysis of shellac, while the reason for
the decreased yield with 1.5 M is less clear. Next, the amount
of applied charge was decreased to 11.6 F (entry 8). A signifi-
cant drop in yield of 20% and 15% for 2 and 3 was observed.
Increasing the amount of applied charge to 20 F (entry 9)
resulted in a significant drop of yield for 3 caused by oxidative
decarboxylation reactions to suberic acid, while the yield of 2
is comparable to 15 F (Fig. 4). This result suggest that the elec-
trolysis of the vicinal diol is occurring first, obtaining 3, fol-
lowed by the oxidation of the primary alcohol to obtain 2.

Scale-up and isolation

A batch-type scale-up was performed in four-fold (cell B,
Table 2) and ten-fold (cell C, Table 2). In the four-fold reaction,
we observed that with the optimized amount of charge of 15 F,
the yield was only 34% and 55% for 2 and 3, respectively.
Increasing the amount of charge to 20 F resulted in a yield of
46% for 2 and 65% for 3. Further increase did let to more
shorter chain dicarboxylic acids and did not increase the
yields. Next, the reaction was performed on 12.5 g of shellac.
Again, a slight decrease in yields was observed after 20 F (43%
and 61% for 2 and 3, respectively). However, increasing the
amount of charge more, did not lead to better results. This
slight drop in yield is presumably due to the difference in ratio
of the geographical anode area over the reaction volume
leading to less efficient mass transfer. However, these batch-type
cells have a limited anodic size, which hinders this upscaling.
Nevertheless, we proved that the reaction is scalable and robust.
Crystallization attempts to isolate the pure dicarboxylic
acids was not successful and only small amounts of 3 could be
isolated after acidification of the reaction mixture followed by
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o 50 . L s 50 . & =
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Fig. 4 Optimisation of the hydrolysis parameters in 1 M KOH. Yields
of 2 and 3 were determined after electrolysis. Electrolysis was per-
formed at 5 mA cm™2 for 15 F at room temperature with an activated
nickel foam anode and stainless-steel cathode. (a) Variation of the
hydrolysis temperature after 48 h, (b) variation of the hydrolysis time
at 60 °C. Yields are determined via GC-FID after methylation with
trimethylsilyldiazomethane.
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Table 2 Different batch-type electrolysers for the oxidation of hydro-
lyzed shellac

Screening Preparative
Cell A Cell B CellC
scale scale

Anode area 6 cm? 18 cm? 28 cm?

Scale 1.25¢ 5¢ 12.5¢

Amount of 15F 20F 20F

applied charge

Yield 2 51% 46% 43% [30% “)

Yield 3 71% 65% 61% (53% %)

“Isolated yield of the corresponding methyl esters.

a hot filtration of which 12% of 3 precipitated from the filtrate
after cooling to room temperature. However, isolation of the
corresponding methyl esters of 2 and 3 was possible after
Fischer esterification of the crude mixture and subsequent
fractional vacuum distillation gave 30% and 53% for 2 and 3,
respectively.

Sustainability consideration

To quantify the advancements made by our novel developed
protocol using shellac waste streams, we compared it with an
oxidation of oleic acid using a mixture of ozone and oxygen. It
must be noted that the production of pure oleic acid is using
natural oils and is therefore directly competing with nutri-
tional purposes. The atom economy of both, our approach and
ozonolysis is excellent (Fig. 5). Furthermore, an economical
factor was calculated as the ratio of costs for products and
reagents employed. In both cases, this is very similar.
However, no electricity costs are considered. Ozone generation
is energy intensive and cooling of the reaction was required.

Atom Economy [%]

This method
Ozonolysis of oleic acid

EcoScale

Yield [%]

Fig. 5 Green metrics comparison of our method with ozonolysis of
oleic acid. For details on the calculations, see the SI.
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Furthermore, the price of high-grade oleic acid is considerably
more expensive. In the calculation, the price of >90% oleic
acid was used, which will complicate the required purification.
Therefore, it is expected that a deeper techno-economic ana-
lysis may be in our favour. When our method was performed
using commercially available 1 (yield for 2 and 3 was 69% and
81%, respectively), the eco-factor was only 1.0. This clearly
shows the benefit of electrolysing hydrolyzed shellac compared
to the inefficient isolation of 1 which is using large amounts
of sodium hydroxide and sulphuric acid followed by multiple
crystallizations. The better yields obtained with ozonolysis is
mainly due to the different reaction type and the use of
complex reaction mixtures of shellac in our method. The most
significant improvement of our procedure compared to ozono-
lysis is the safety. During ozonolysis, ozone and oxygen are
mixed with acetone, a highly flammable solvent which can
form explosive mixtures with strong oxidizers. The use of elec-
tricity is inherently safe as the current and consequently the
reaction can be terminated instantly. Lastly, the EcoScale, a
semi-quantitative tool to compare different processes, shows
that our process is slightly better than ozonolysis.”® It must be
noted that the lower yield of our process has a major influence
on the EcoScale outcome while this is not a good comparison
over different processes. However, the safety and mild reaction
conditions make up for the yield penalty.

Conclusions

A green and sustainable protocol at ambient conditions for the
electro-organic synthesis of dicarboxylic acids from biogenic
shellac via the oxidative cleavage of 1 to 2 and 3 was estab-
lished. This electro-organic approach allows the valorisation of
shellac waste streams to versatile C; and Cy dicarboxylic acids.
The optimized hydrolysis protocol requires a 5 wt% shellac
solution in 1 M KOH treated over 48 h at 60 °C. The optimal
conditions for the electrolysis of shellac were found to be a
5 wt% shellac solution using inexpensive stain-less steel
cathode with nickel foam activated with Ni(O)OH as anode.
The highest yields of 51% and 71% were observed for 2 and 3,
respectively. This process serves both, taking advantage of
shellac waste streams as well as a sustainable low-cost alterna-
tive for the production of dicarboxylic acids avoiding the use
of conventional solvents and wasteful oxidants. Scale-up
experiments were successful in demonstrating robustness and
possible future industrial-scale application and the corres-
ponding esters can be isolated via distillation. The feasibility
and efficiency of this chemistry was demonstrated as a green
alternative as well as economical beneficial.
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