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We show that adipic acid (AA), a major building block for poly-
amides like Nylon-6,6, can be synthesized from lignin-derived
feedstock by combining electrochemical hydrogenation with bio-
transformation. Up to 68% yield of cyclohexanol from phenol at
69% coulombic efficiency is achieved for electrochemical hydro-
genation, and further, the electrochemical hydrogenation of an
aromatic mixture as gained from lignin depolymerization allows
83% yield. Subsequent biotransformation of cyclohexanol with
recombinant Pseudomonas taiwanensis VLB120 gains AA at a rate
of 0.02 g L~* h~! with a yield of up to 61% in 5 h.

Polyamides (nylons) and polyesters constitute 80% of the
worldwide production of synthetic fibers." Nylon-6 and Nylon-
6,6 — with the latter being based on 50 mol% adipic acid (AA)
as a building block - comprise 95% of the total polyamide
market with broad applications in automotive engineering,
consumer products, and packaging industries." In 2021, the
AA market was circa US$ 8.1 billion in terms of revenue, exhi-
biting a compound annual growth rate (CAGR) of 4.9% during
the 2022-2030 forecast period.> The International Energy
Agency (IEA) referred to AA as being considered the most
important dicarboxylic acid, potentially becoming a platform
chemical for bio-based production.’

The current raw materials for industrial AA production,
such as cyclohexanol and cyclohexanone, are derived from
fossil sources.* This petrobased synthesis is estimated to be
responsible for about 10% of the worldwide anthropogenic
N,O.” Hence, replacing the current petrochemical-based pro-
duction of AA with an alternative sustainable process will
significantly reduce greenhouse gas emissions.*” Three main
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approaches can be distinguished for using bio-based feed-
stocks for the production of AA: (i) chemo-catalytic processes
using glucose;”® (ii) indirect fermentation to produce inter-
mediaries (e.g., muconic or glucaric acid) that subsequently
undergo chemical dehydrogenation to form AA;° and (iii)
direct microbial fermentation into AA.*'°"*® These approaches
might require high temperature and pressure, organic sol-
vents, chemical oxidants, hydrogen or a combination thereof.
Furthermore, societal conflicts might need to be addressed
when using certain biobased raw materials that require exten-
sive land use (i.e. chemicals vs. food and feed debate (Fig. 1)).

Recently, the microbial conversion of cycloalkanes to mono-
mers such as e-caprolactone (CL), AA, and 6-aminocaproic acid
(6AHA) has been reported under ambient conditions."*™>* For
example, a mixed-species approach consisting of recombinant
Pseudomonas taiwanensis VLB120 to convert cyclohexane to CL
with recombinant Escherichia coli J]M101 for further conversion
of CL to 6AHA was demonstrated.”® A recombinant
P. taiwanensis VLB120 strain synthesizing AA from cyclohexane
was also successfully developed.?* However, in all these cases,
the substrate for microbial conversion must still be derived
from fossil sources. To overcome this limitation, in this study
we provide a proof-of-concept for AA production from the
renewable waste material lignin using a two-stage process.
Liquid fractions from lignin depolymerization are rich in
monomeric and oligomeric phenols (e.g., phenol, catechol, syr-
ingol, and guaiacol).*® In stage 1, these unsaturated com-
pounds are electrochemically hydrogenated at ambient temp-
erature and no overpressure into their corresponding aliphatic
counterparts, i.e., substituted cyclohexane derivatives, making
the step environmentally benign.>*® In stage 2, these cyclo-
hexane derivatives are further converted into monomers such
as CL, or AAlke compounds microbial
biotransformation.

For the proof-of-concept, phenol was used as a model sub-
strate as it represents around 28% of liquid fractions of fully
depolymerized lignin.>” Phenol can be reduced directly to
cyclohexanol or stepwise through the formation of cyclohexa-
none as an intermediate (Fig. 2a).

using
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Fig. 1 Principles and features of state-of-the-art AA production from petrochemical resources (upper panel) as well as using biomass as the feed-
stock (middle panel) and the integration of electrochemical and microbial transformation towards a sustainable synthesis of AA from waste biomass

as presented in this work (lower panel).
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Fig. 2 Electrochemical hydrogenation of phenol using a two-chamber electrochemical cell in a three-electrode setup consisting of a working elec-
trode (cathode) set at —1.6 V vs. the Ag/AgCl sat. KCl reference electrode and a counter electrode (Pt). In all cases, a phosphate buffer solution (1 M
KH,PO4/K,HPO,4) was used as the supporting electrolyte. (a) Electrochemical reduction pathway. (b) Electrochemical hydrogenation of phenol using
fourteen different catalysts. (c) Time-resolved analysis for the hydrogenation of phenol using Rh/C (5 wt%) as the catalyst. The results correspond to

a 5 h reaction time and the standard deviation is indicated (n = 3).

For stage 1, electrochemical hydrogenation of phenol was
carried out under potentiostatic control using a two-chamber
electrochemical cell in a three-electrode setup consisting of a
working electrode (i.e. cathode) set at —1.6 V vs. an Ag/AgCl
sat. KClI reference electrode and a counter electrode (Pt). For
the electrochemical hydrogenation of phenol, extensive screen-
ing of four monolithic cathodes and ten suspended hetero-
geneous catalysts combined with monolithic cathodes was per-

This journal is © The Royal Society of Chemistry 2023

formed in phosphate buffer as a supporting electrolyte,
making the electrochemical conversion compatible with the
later biotransformation. In brief, the heterogeneous catalysts
combined with monolithic cathodes showed better perform-
ance (Fig. 2b). The utilization of catalysts supported on carbon
has recently been described for the electrochemical-mediated
hydrogenation of aromatic compounds under different con-

ditions and with varying efficiencies.*®
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The study of combined monolithic cathodes with sus-
pended catalysts in 1 M KH,PO,/K,HPO, (Fig. 2b) allowed the
identification of three promising candidates, with Rh/C
(5 wt%) yielding the highest product formation (68%) at 69%
coulombic efficiency (CE). The utilization of Pt/C (10 wt%)
allowed for 50% product formation at 31% CE and a mass
balance of 100%, while Pt/C (20 wt%) yielded 58% product for-
mation at 55% CE with a mass balance of 75% (Fig. S21).

The time-resolved analysis confirmed that during the
hydrogenation using a Pt cathode with Rh/C (5 wt%), 100 mM
of phenol was fully consumed after 5 h. Interestingly, after 5 h,
cyclohexanol was gained with 100% selectivity, as cyclohexa-
none was detected only as an intermediate. This suggests that
cyclohexanone and cyclohexanol are initially produced in par-
allel, while the formed cyclohexanone undergoes further
hydrogenation to cyclohexanol (Fig. 2c).

For stage 2, the cyclohexanol derived from the electro-
chemical hydrogenation of phenol using a Pt cathode with
Pt/C (20 wt%) after 22 h of reaction was further valorised into
AA using biotransformation by microbial synthesis. Although
cyclohexanol is used as a starting compound for the enzyme
cascade for AA production by Pseudomonas taiwanensis VLB120
(pPSEVA_6HA_2, pBX_AA_Ac) (Fig. 3a),*! it strongly inhibits
cyclohexanone monooxygenase (CHMO) with a 50% reduction
in activity at a cyclohexanol concentration as low as 0.4 mM.>
Although P. taiwanensis VLB120 showed a maximum activity of
73 U gcpw ' at 0.2 mM of cyclohexanol, AA accounted for 66%
of the total product with cyclohexanone and 6-hydroxyhexanoic
acid as the accumulating by-products.*” Therefore, cyclohexa-
nol was continuously added using a fed-batch approach to
enable substrate-limited biotransformation to minimise cyclo-
hexanol inhibition and enhance AA production.

P. taiwanensis VLB120 cells were grown in batch mode in a
bubble column reactor and were induced at 0.38 gcpw L' by
adding IPTG and m-toluic acid for heterologous cascade gene
expression. After induction, the growth rate of P. taiwanensis
was 0.16 h™'. The biotransformation was started after 18 h by
continuously feeding cyclohexanol (0.102 mmol cyclohexanol
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h™") at a flow rate of 41.3 pL min~" over 5 h for the production
of AA (Fig. 3b). AA was produced at a rate of 0.02 g L' h™*
(Fig. 3c) for 5 h with a yield higher than 60% based on the fed
cyclohexanol. As the biotransformation was operated under sub-
strate limitation to minimize cyclohexanol inhibition, the average
specific activity of 2.5-3 U gcpw * was lower than the initial
specific activity of 48 U gepw 2" Therefore, a further increase in
the cyclohexanol feed rate will enhance the cyclohexanol avail-
ability for biotransformation and, subsequently, the AA pro-
duction rate. Altogether, the combined process yielded 40% for
the production of AA based on the starting material phenol.
Further improvements are necessary to maximize the combined
process yields. For the electrochemical process, for instance, elec-
trosynthesis in a gas-tight setup (to avoid evaporation of the
cyclohexane that can be potentially formed), using an optimized
potential, as well as avoiding/reducing the transfer of substrates
to the anode compartment (see the ESI, section 2, page S5t),
might contribute to improving electrochemical yields. This
covers all aspects of electrochemical and reactor engineering,
like, for instance, the cathode potential/current density, the elec-
trode architecture, and the catalyst as well as the electrode
surface to reactor volume ratio.*?

The biotransformation yield of 60% on cyclohexanol
suggests either the formation of intermediate products such as
cyclohexanone and 6-hydroxyhexanoic acid or further degra-
dation of AA by P. taiwanensis. As intermediate compounds
were not detected during the biotransformation, the loss of AA
might result from product degradation. A previous study
suggested that P. taiwanensis is capable of AA degradation at a
rate of 0.3 U gcpw ™ *.>! To overcome product degradation and
improve the biotransformation yield, further developments are
necessary for in situ product removal using an organic phase
or solid phase to extract AA from the reaction mixture.

Lignin depolymerization provides a range of aromatic com-
pounds, including monomers like phenol, syringol, catechol and
guaiacol.*® Hence, an artificial aromatic mixture that resembles
liquid fractions from lignin depolymerization (for further infor-
mation, see the ESIt) was hydrogenated using Rh/C (5 wt%) as
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Fig. 3 Cultivation of Pseudomonas taiwanensis VLB120 in 500 mL-bubble columns at a temperature of 30 °C and an air flowrate of 1 L min™".

Process time [h]

1

Cyclohexanol solution (41.5 mM) from the electrochemical process was added in a fed-batch strategy to produce adipic acid. Standard deviation is
indicated (n = 4). (a) Biocatalytic cascade reactions for the synthesis of AA from cyclohexanol. (b) Biomass concentration over the process time. The
biotransformation was performed from 18 h to 23 h. (c) Accumulation of adipic acid in the liquid media with time.
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the catalyst, yielding 68% product formation at 73% CE after 5 h
of reaction. It is noteworthy that the yield may be underesti-
mated, as losses of substrate towards the anode chamber
occurred (see the ESI, section 2, page S5t) and likely too, due to
the evaporation of cyclohexane that can be potentially derived
from the electrochemical hydrodeoxygenation of the hydroxyl
group present in the substrate phenol. As depicted in Fig. 4a, the
product distribution is diverse and varies along the reaction
time, allowing tailoring of the power-to-chemicals approach to
different scenarios. For example, when electric energy is cheap, it
is advantageous to perform longer reaction times, increasing the
yield of the product to 83%, while shorter reaction times allow a
balanced outcome between product formation (65-70% yield)
and energy utilization (65-78% CE) (Fig. 4b).

These gained cyclohexane derivatives were further valorised
using the above-described microbial synthesis into AA and AA-
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Fig. 4 (a) Reaction scheme of the electrochemical hydrogenation of an
artificial aromatic mixture carried out under potentiostatic control using
a two-chamber electrochemical cell in a three-electrode setup consist-
ing of a working electrode (cathode) set at —1.6 V vs. an Ag/AgCl sat. KCl
reference electrode and a counter electrode (Pt). A phosphate buffer
solution (1 M KH,PO,4/K,HPQO,) was used as the supporting electrolyte.
(b) Product distribution to the overall conversion and CE at 5 h and 22 h
during electrochemical hydrogenation of an aromatic mixture using Rh/
C (5 wt%). (c) Biocatalytic production of adipic acid in the liquid media
with time.
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like compounds. As shown in Fig. 4c, the biotransformation of
an electrochemically derived mixture of saturated compounds
resulted in a steady production of AA at a rate of 0.038 g L™*
h™". The formation of other AA-like compounds formed during
this biotransformation is currently under investigation. The
overall efficiency of the combined route is 57% when the aro-
matic mixture is electrochemically hydrogenated for 22 h (83%
conversion, 24% CE), and the cyclohexane derivatives mixture
is biotransformed into AA during 5 h (68% yield).

In the current example, the E-factor is between 5000 and
11000 for AA synthesis from phenol and phenol derivatives,
respectively (Table S31). The E-Factor determines the amount of
waste produced compared to the amount of synthesised desired
product. A lower E-factor corresponds to a positive environmental
impact due to there being less waste. Compared to the rec-
ommended E-factor for the bulk chemical production of 1-5,*°
the AA synthesis shown here displays several thousand-fold
higher E-factor values. However, water is the main contributor to
the E-factor, which accounts for almost 96%. Therefore, recycling
and reusing water and developing high-cell-density cultivation of
Pseudomonas species to obtain high volumetric productivities for
future process developments are necessary and likely feasible to
minimise waste production for the E-factor.

Conclusions

This study demonstrates the production of AA—a key building
block for synthesising Nylon-6,6—based on lignin-derived feed-
stock. The utilization of phenol as a model substrate allowed us
to identify Rh/C (5 wt%) as the best catalyst to carry out the
electrochemical hydrogenation of the aromatic compounds, with
an average yield of about 70% at 66-78% CE depending on the
substrate used. The electrochemically produced cyclohexanol was
further converted into AA using a five-step enzyme cascade in the
strain P. taiwanensis VLB120. The production rate of AA was
about 0.02 ¢ L™ h™ with an overall combined yield of 40% (see
also Table S47). Moreover, the feasibility of the integrated process
was assessed using an artificial aromatic mixture that resembles
liquid fractions from lignin depolymerization. The combined
route resulted in a steady production of AA with an overall yield
of 57% when the aromatic mixture is subjected to electro-
chemical hydrogenation for longer reaction times (usually 22 h).
The results suggest that more than one component of the electro-
chemically hydrogenated mixture is converted to AA. The electro-
biorefinery process outlined here fits well into existing pro-
duction lines and addresses the industrial demand for a bio-
based, green, circular economy.
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