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ARTICLE INFO ABSTRACT

Keywords: The fatty acid photodecarboxylase from Chlorella variabilis NC64A (CvFAP) promotes the elimination of CO, from

Continuous flow ) fatty acids (C,) producing the corresponding hydrocarbon (cn.1). Therefore, this enzyme is of great biotechno-

Ehotodica'rboxylatmn logical interest since it can be used in alternative biofuel production routes matching the concept of green
iocatalysis

chemistry. However, due to its recent discovery, this reaction still requires optimizations, which was the focus of
the present work together with the application of continuous flow system. The results in batch reactors showed
the importance of using high power LED lamps (300 W) to reduce the reaction time for full conversion (30 min,
>99%). In another approach, a continuous flow system demonstrated high potential, as it enabled full conversion
with a half concentration of enzyme extract in a very short residence time of 15 min. Furthermore, the use of less
expensive and sustainable light sources, not previously reported for reactions with CYVFAP, were evaluated with
full conversion (>99%) after 1 h for continuous flow reactions using 300 W common white LED lamp and based
preliminary batch reactions investigations using direct sunlight. Thus, important advances and new perspectives

Green chemistry
Process intensification

for CVFAP photodecarboxylation reactions could be achieved with the present report.

Introduction

Light induced chemical reactions have been explored since the 18th
century, but only recently with the achievements of visible-light pho-
toredoxcatalysis and the growing interest in greener synthetic method-
ologies it came back to the main stage of synthetic organicchemistry [1,
2]. Unfortunately, photo(bio)catalytic reactions are still hampered by
the high energy demand of mostly artificial light sources and the poor
penetration depth of external illumination into the bulk reaction
mixture resulting in slow reactions and non-homogeneous irradiation of
the reaction mixture [3].

In recent years much attention has been given to continuous-flow
protocols and the advantages of flow chemistry are well documented
by several reviews published in recent literature [4,5]. Performing
photochemistry reactions in continuous flow environments has been
demonstrated as a suitable method to perform photochemical process on
larger scales, using the advantage of micro- or meso channels to over-
come the penetration depth problem usually observed on batch reactors
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[6]. Together with the use of continuous-flow reactors, recent advances
in LED technology providing very efficient pseudo-monochromatic light
sources allowed photo induced reaction to reduce energy losses in
non-absorbed light [7] and, more importantly, in heat-transforming
photochemistry as a powerful tool for organic chemistry [8,9]. In
agreement with the advances mentioned above, the quest for a more
sustainable and environmentally friendly chemical processes is still a
challenge. In this way the use of visible light photo catalysis is an
interesting way to meet green chemistry concepts [10] since it enables
the use of sunlight as a renewable light source which in combination
with continuous flow reactors could unlock the full power of this
technology.

Therefore, we became interested in applying the experience of our
group in the development of continuous flow biocatalytic process to a
photobiocatalytic fatty acid decarboxylation process catalyzed by
CvFAP. To meet (some of) the green chemistry requirements, we decided
to use less energy demanding light sources (Blue and White LEDs) and a
solar panel to capture solar light and use it as energy source for our
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photodecarboxylation reaction.

Methods
Strain, vector and materials

Escherichia coli DH5a was used for DNA manipulation [7]. Compe-
tent E. coli BL21 (DE3) cells were transformed with the plasmid con-
taining the CvFAP gene (short length; comprises residues 62-654) [7] for
recombinant enzyme production. Kanamycin was purchased from Fluka.
Palmitic acid was purchased from Sigma-Aldrich.

Preparation of the enzymatic extract

Enzyme expression was performed as described by Huijbers et al. [7].
After enzyme expression, cells were harvested by centrifugation (11000
g at 4 °C for 10 min), washed twice with washing buffer (50 mM Tris-HCl
buffer, pH 8, containing 100 mM NacCl), resuspended in the same buffer
with the addition of 1 mM PMSF and 20% glycerol, and stored at -80°C.
The cells were prepared for lysis by centrifugation and resuspension in
lysis buffer (100 mM Tris-HCI buffer, pH 8.5, containing 1 mM PMSF
and 5% glycerol). Cells lysis were performed by VIBRA-CELL VCX 500
Sonics (USA) instrument using the following settings: 30% amplitude;
15 min sonication; ON/OFF pulses of 10s on and 30 s off. The total
extract obtained were frozen with liquid nitrogen and stored in -80 °C to
be used in the photocatalytic reactions. The total protein concentration
of the extracts was determined and standardized by the Bradford assay.

Photocatalytic reactions in batch

Photoenzymatic decarboxylation reactions were performed at 37 °C
in a total volume of 1.0 mL Tris-HCl buffer (pH 8.5, 100 mM) containing
30 vol% DMSO as cosolvent. To a transparent glass vial (total volume
1.5 mL) were added 0.3 mL DMSO, palmitic acid (13 mM), 0.7 mL Tris-
HCI buffer (pH 8.5, 100 mM) containing the cell extract (5.6 mg.mL’1 of
total protein). The vial was sealed and exposed at 6 cm from LED source
(different powers were used: blue - 20, 36, 50, 100, 200 and 300 W white
with solar panel — 300 W) under constant and gentle magnetic stirring.
At intervals, aliquots were withdrawn and the substrates and products
were extracted with twice the volume of ethyl acetate. The remaining
organic phase was analyzed by gas chromatography.

Continuous flow photocatalytic reactions with a 300 W blue LED

A mixture with 3 mL of DMSO, palmitic acid (13 mM) and 7 mL of
Tris-HCI buffer (pH 8.5, 100 mM) containing the cell extract (2.8 mg
mL™! of protein) was pumped (Asia Syringe Pumps) through a 10 mL
FEP-coil (1/16) at different flow rates and 37°C. The coil was exposed at
6 cm from 300 W blue LED source to give the product (>99% yield). At
intervals, 20 pL aliquots were withdrawn and the substrates and prod-
ucts were extracted with twice the volume of ethyl acetate. The
remaining organic phase was analyzed by gas chromatography.

Photocatalytic reactions in flow reactor with a 300 W solar LED lamp

A mixture with 3 mL of DMSO, palmitic acid (13 mM) and 7 mL of
Tris-HCI buffer (pH 8.5, 100 mM) containing the cell extract (5.6 mg
mL™! of protein) was pumped (Asia Syringe Pumps) through a 10 mL
FEP-coil (1/16), at different flow rates and 37°C. The coil was exposed at
6 cm from 300 W Solar LED source to give the product (99% yield). At
intervals, 20 pL aliquots were withdrawn and the substrates and prod-
ucts were extracted with twice the volume of ethyl acetate. The
remaining organic phase was analyzed by gas chromatography.
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Photocatalytic reactions in batch with solar light

The photoenzymatic decarboxylation reactions using solar light
irradiation were carried out in an open glass jacketed reactor (total
volume 25 mL) at 35 °C. The reactions were performed in a total volume
of 10.0 mL Tris-HCl buffer (pH 8.5, 100 mM) containing 30 vol% DMSO
as cosolvent and 13 mM of palmitic acid as substrate. The enzymatic
extract were used in a 5.6 mg mL ™! final concentration. The reactor was
exposed to sunlight at summer season under constant and gentle mag-
netic stirring (the experiment was conducted on 23.03.2022 starting at
11 am (local time) in Rio de Janeiro (-22.8601423, -43.2297134) for 2 h.
Aliquots (200 pL) were withdrawn, and the substrates and products were
extracted with 1 mL of ethyl acetate. The remaining organic phase was
analyzed by gas chromatography.

Gas chromatography analysis

Samples were prepared by diluting 20 pL of reaction crude in 980 pL
of ethyl acetate. Conversion percentages were analyzed by chromato-
gram areas using the Shimadzu GC2014 GC-FID - Cpsil 5 CB column (50
m x 0.53 mm x 1.0 um). Injection temperature 260 °C, injection split
ratio 20.0, carrier gas was Ny, pressure 89.0 kPa, column flow 4.86 mL
min~’. The oven temperature setting was: 110 °C, heated at 25°C min !
to 190 °C for 3 min, and remained heating at 25°C min~' to 280 °C.
Conversion percentages were analyzed by chromatogram area based on
a calibration curve.

Results

We began our studies evaluating the batch decarboxylation reaction
of palmitic acid catalyzed by CVvFAP under the irradiation of low power
blue LED (20, 36 and 50 W). In this first set of experiments we tried to
mimic the conditions already published by other groups [7,8] and
evaluate how our reaction set-up would respond in terms of conversions
towards the desired product. Reactions were carried out at 37°C for 1 h
(Table 1).

Initial results have shown a very interesting behavior of CvFAP under
the conditions used showing the importance of light intensity on the
transformation rate in agreement with previously reported results [9].
But our goal was to intensify the decarboxylation reaction to its
maximum and therefore decided to move forward to evaluate more
powerful blue LED sources. With this objective in mind, we decided to
use 100, 200 and 300 W blue LEDs and monitor product conversion
during the first hour of reaction (samples taken every 10 min) since
initial results with 50 W have shown full conversion after this time.
Same reactions conditions were applied and results are presented on
Table 2.

Results obtained with 100, 200 and 300 W shown that reductions on

Table 1
Initial evaluation of 20, 36 and 50 W blue LED on batch photodecarboxylation
reaction of palmitic acid mediated by CvFAP.

o
NN NN TN \)\ OH R SRR N
CvFAP
Palmitic acid Conditions

Entry Blue LED (W) Conversion (%)

1 20 60

2 36 80

3 50 >99

Reaction conditions:To a transparent glass vial (total volume 1.5 mL) were
added 0.3 mL DMSO, palmitic acid (13 mM) and 0.7 mL Tris-HCI buffer (pH 8.5,
100 mM) containing the cell extract (5.6 mg mL~! of total protein), reactions
were carried out at 37 °C for 1 h and analyzed by gas chromatographybased on
product formation.
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Table 2
Influence of LED power on the batch conversion of palmitic acid photo-
decarboxylation reaction mediated by CvFAP.

Entry Reaction Time (min) Conversion (%)
100 W LED 200 W LED 300 W LED

1 10 7 42 51

2 20 48 70 84

3 30 73 78 94

4 40 93 95 97

5 50 98 >99 >99

6 60 100 >99 >99

Reaction conditions: To a transparent glass vial (total volume 1.5 mL) were
added 0.3 mL DMSO, palmitic acid (13 mM) and 0.7 mL Tris-HCI buffer (pH 8.5,
100 mM) containing the cell extract (5.6 mg mL™! of total protein), reactions
were carried out at 37°C for 1 h and analyzed by gas chromatography.

reaction time are possible by increasing the power of light source,
allowing to achieve excellent conversions in just 30 min of reaction
using 300 W blue LEDs (Entry 3, Table 2). We have not observed dif-
ference between the different light sources as have delivered excellent
conversions after 40 min of reaction (Entry 4, Table 2). Expectedly, the
initial rate of the transformation correlated with the power of the light
source used. With these results in hands we have also performed reac-
tion with decreasing amounts of total protein limiting the reaction time
at 1 h without having success in maintaining the excellent conversions
previously observed (46% for 2.8 mg mL ™! and 1% for 0.56 mg mL™1).
The reagent concentration is also an important parameter for process
optimization. In order to maximize production of the desired molecule
and we have also evaluated different palmitic acid concentration and the
effect of its increase on reaction conversion. Results are summarized in
Table 3.

The effect of increasing concentrations of palmitic acid have shown
that the reaction protocol used is suitable for concentrations of palmitic
acid up to 26 mM, with a slightly decrease on reaction conversion (Entry
3, Table 3). Reaction performed with 19.5 mM of palmitic acid (Entry 2,
Table 3) led to similar conversion of our standard condition (Entry 1,
Table 3). Increasing the palmitic acid concentration to values higher
than 26 mM have shown a dramatic decrease on reaction conversion
which will have an important effect on reaction productivity. Possibly,
the reaction pH was impaired by the relatively high concentration of
fatty acids thereby not being optimal for CvFAP [10,11] or an increase in
turbidity at higher concentrations of the substrate could have an effect
on conversions.

As we mentioned during the introduction, eventually sunlight should
serve as energy source for photo(bio)catalytic reactions to eliminate
fossil-based power sources [12,13]. Therefore, we evaluated using a
solar-powered white LED (300 W) light source for the transformation
(Table 4).

The use of a solar panel linked to a 300 W white LED was able to
assist the photodecarboxylation of palmitic acid mediated by CvFAP in
excellent conversions after a short reaction time (40 min, entry 4,
Table 3) a result comparable with the one obtained by using 200 W blue

Table 3
Effect of palmitic acid concentration on batch product conversion at 100 W blue
LED irradiation.

Entry Palmitic acid (mM) Conversion (%)
1 13 >99

2 19.5 96

3 26 92

4 34.5 32

5 39 16

Reaction conditions: To a transparent glass vial (total volume 1.5 mL) were
added 0.3 mL DMSO, palmitic acid (mM) and 0.7 mL Tris-HCl buffer (pH 8.5,
100 mM) containing the cell extract (5.6 mg mL ! of total protein), reactions
were carried out at 37 °C for 1 h and analyzed by gas chromatography.
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Table 4
Evaluation of 300 W white LED powered by solar panel on batch conversion of
palmitic acid photodecarboxylation reaction mediated by CvFAP.

Ao

-0:

o
/\/‘\/\/\/‘\/‘\/‘\,)\QH PNy

CVFAP

Palmitic acid Conditions
Entry Time (min) Conversion (%)
1 10 7
2 20 48
3 30 73
4 40 03
5 50 08
6 60 >99

Reaction conditions:To a transparent glass vial (total volume 1.5 mL) were
added 0.3 mL DMSO, palmitic acid (13 mM) and 0.7 mL Tris-HCl buffer (pH 8.5,
100 mM) containing the cell extract (5.6 mg.mL ™" of total protein), reactions
were carried out at 37 °C for 1 h and analyzed by gas chromatography.

LED (Entry 4, Table 2) connected to a standard power supply. It is
important to note that no difference on conversions was observed be-
tween 300 W white LED connected to the solar panel and the one under
standard power supply.

Next, sunlight was used directly to promote the photobiocatalytic
decarboxylation reaction (Table 5).

The results obtained by the irradiation of sunlight in our experiment
have shown very interesting results leading to almost full conversion
towards the desired product in one hour of reaction (Entry 1, Table 5). It
is important to note that reaction temperature was kept at 35 °C using a
cooling system in order to mimic the conditions already developed
under the use of high-power LEDs. Further investigations are under
development to completely disclose the full potential of sunlight irra-
diation on biocatalyzed photodecarboxylation reactions.

Besides the interesting results achieved under our optimization
studies, scale-up remains a challenge using batch-type photo-
decarboxylation reactions. Therefore, we further investigated the pos-
sibility of performing the reaction in flow reactors [14]. The set-up used
was simple, reagents were added to a light-protected flask and pumped
at different flow rates through a tubular reactor (FEP tubing) in contact
with the desired high-power LED (white or blue) and product was
collected in the end of the tubing (Table 6).

Results presented on Table 6 show that continuous-flow approach

Table 5
Palmitic acid photodecarboxylation batch reaction mediated by CvFAP exposed
to sunlight.

)
A A~ Aoy

P N e P P N

CvFAP
Palmitic acid Conditions
Entry Conditions Conversion (%)
1 Stand. Cond.? 96
2 Control exp.” no conv.
3 Stand. Cond. without sunlight no conv.

Reaction conditions:*To a transparent glass vial (total volume 1.5 mL) were
added 0.3 mL DMSO, palmitic acid (13 mM) and 0.7 mL Tris-HCl buffer (pH 8.5,
100 mM) containing the cell extract (5.6 mg mL ! of total protein), reactors
were connected to a cooling system in order to keep reaction temperature at
35°C for 1 h and analyzed by gas chromatography,
¢ Same conditions as entry 1 but protected from sunlight irradiation.

b same conditions as mentioned before without enzyme
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Table 6
Continuous flow approach to photodecarboxylation of palmitic acid under
CVvFAP

A
e

30% DMSO
Palmitic acid
(13 mM)
70% Tris-HCl
buffer (100 mM)
pH8S,

5.6 mg.mL*

catalysis.\_°@Pretein )
(30% M50 )

Palmitic acid
(13 mM)
70% Tris-HCl
buffer (100 mM)
pH8S5,

2.8 mg.mL*

total protein

Product

Product

Entry Power (W) Residence Time (min) Conversion (%)

300 (blue) 10 92
15 >99

300 (white) 15 32
60 >99

S W N =

Reaction conditions: A mixture with 3 mL of DMSO, palmitic acid (13 mM) and
7 mL of Tris-HCl buffer (pH 8.5, 100 mM) containing the cell extract was
pumped (Asia Syringe Pumps) through a 10 mL FEP-coil (1/16) at different flow
rates and 37 °C. The coil was exposed at 6 cm from light source to give the
product reactions were carried out at 37°C for 1 h and analyzed by gas
chromatography.

can be an effective way of scaling up photodecarboxylation process
catalyzed by CVFAP enzyme for both white LED connected to a solar
panel and blue LED plugged in conventional power supply, with full
conversion achieved under short to moderate residence times. Contin-
uous flow reactor irradiated by 300W blue LED lead to further
improvement on reaction time when compared to the batch process with
a 50% reduction on reaction time using half the standard concentration
of the enzymatic extract, 2.8 mg mL~'. Unfortunately, the same
behavior was not observed for the white LED connected to the solar
panel where the residence time needed for full conversion was similar to
the one obtained in batch mode using the standard concentration of the
enzymatic extract. This result can be explained since blue LED promoted
a much higher heating then white LED on reaction zone and under batch
conditions this effect is not observed because heat transfer limitations.
But when working in continuous flow reactors the higher surface-to-
volume ratio can use this additional heating of the blue LED to
enhance product conversion and allow a further decrease on reaction
time.

Conclusions

In this work we were able to apply continuous flow conditions to the
photodecarboxylation of CVFAP with full conversion in very short resi-
dence times (15 min) by using high power blue LED source (300 W). We
have also shown that high power white LED (300 W) or even sunlight
could be used to promote this reaction with full conversion achieved
after 1 h. Our approach has also shown that solar panel connected to the
light source can be an alternative for the use of renewable energy to help
promoting biocatalysis under the green chemistry principles.

CRediT authorship contribution statement
Luiza A.D. Beninca: Methodology. Alexandre S. Franca: Method-

ology, Validation, Investigation. Gabriela C. Breda: Methodology,
Validation, Formal analysis. Raquel A.C. Leao: Methodology,

Molecular Catalysis 528 (2022) 112469

Validation, Writing — review & editing. Rodrigo V. Almeida: Supervi-
sion, Writing — review & editing. Frank Hollmann: Supervision, Re-
sources, Writing — review & editing. Rodrigo O.M.A. de Souza:
Conceptualization, Supervision, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgment

Authors acknowledge to the National Council for Scientific and
Technological Development (Conselho Nacional de Desenvolvimento-
Cientifico e Tecnologico — CNPq), Coordenacao de Aperfeicoamento de
Pessoal de Nivel Superior-Brasil (CAPES) and to Carlos Chagas Filho
Foundation for Support of Research of the State of Rio de Janeiro
(Fundacao Carlos Chagas Filho de Amparo a Pesquisa do Estado do Rio
de Janeiro — FAPERJ) for financial support.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.mcat.2022.112469.

References

[1] P. Dawson, M. Romanowski, Designing ultraviolet upconversion
forphotochemistry, J. Lumin. 222 (2020), 117143.

[2] P. Garraa, J.P. Fouassier, S. Lakhdar, Y. Yagci, J. Lalevée, Visible light photo
initiating systems by charge transfer complexes: photochemistry without dyes,
Prog. Polym. Sci. 107 (2020), 101277.

[3] J.M. Parnis, K. B.Oldham, Beyond the Beer-Lambert law: the dependence of
absorbance on time in photochemistry, J. Photochem. Photobiol. A 267 (1) (2013)
6-10.

[4] A.S.Franca, R.A.C. Leao, R.O.M.A. de Souza, Two step continuous-flow synthesis of
benzocaine, J. Flow Chem. 10 (2020) 563-569.

[5] A.R.Aguillén, R.A.C. Leao, K.T. de Oliveira, T.J. Brocksom, L.S.M. Miranda, R.O.M.
A. de Souza, Process intensification for obtaining a cannabidiol intermediate by
photo-oxygenation of limonene under continuous-flow conditions, Org. Process
Res. Dev. 24 (10) (2020) 2017-2024.

[6] J. Xie, D. Zhao, Continuous-flow photochemistry: an expanding horizon of
sustainable technology, Chin. Chem. Lett. 31 (9) (2020) 2395-2400.

[7] M.M.E. Huijbers, W. Zhang, F. Tonin, F. Hollmann, Light-driven enzymatic
decarboxylation of fatty acids, Angew. Chem. Int. Ed. 57 (2018) 13648-13651.

[8] H. Cha, S. Hwang, D. Lee, A.R. Kumar, Y. Kwon, M. VoB, E. Schuiten, U.

T. Bornscheuer, F. Hollmann, D. Oh, J. Park, Whole-cell photoenzymatic cascades
to synthesize long-chain aliphatic amines and esters from renewable fatty acids,
Angew. Chem. Int. Ed 59 (2020) 7024-7028.

[91 W. Zhang, M. Ma, M.M.E. Huijbers, G.A. Filonenko, E.A. Pidko, M. Schie, S. Boer,
B.O. Burek, J.Z. Bloh, W.J.H. van Berkel, W.A. Smith, F. Hollmann, Hydrocarbon
synthesis via photoenzymatic decarboxylation of carboxylic acids, J. Am. Chem.
Soc. 141 (2019) 3116-3120.

[10] C. Sambiagio, T. Noéll, Flow photochemistry: shine some light on those tubes!,
Trends Chem. 2 (2) (2020) 92-106.

[11] Y. Ma, X. Zhang, Y. Li, P. Li, F. Hollmann, Y. Wang, Production of fatty alcohols
from non-edible oils by enzymatic cascade reactions, Sustain. Energy Fuels 4 (8)
(2020) 4232-4237.

[12] M. Karava, P. Gockel, J. Kabisch, Bacillus subtilis spore surface display of
photodecarboxylase for the transformation of lipids to hydrocarbons, Sustain.
Energy Fuels 5 (6) (2021) 1727-1733.

[13] M. Oelgemoller, Solar photochemical synthesis: from the beginnings of organic
photochemistry to the solar manufacturing of commodity chemicals, Chem. Rev.
116 (17) (2016) 9664.

[14] M.L. Tavares, F.G. Finelli, A.V.B. De Oliveira, V. Kartnaller, J.F. Cajaiba, R.A.

C. Leao, R.0.M.A. de Souza, Continuous-flow synthesis of dimethyl fumarate: a
powerful small molecule for the treatment of psoriasis and multiple sclerosis, RSC
Adv. 10 (2020) 2490-2494.


https://doi.org/10.1016/j.mcat.2022.112469
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0001
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0001
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0002
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0002
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0002
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0003
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0003
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0003
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0004
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0004
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0005
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0005
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0005
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0005
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0006
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0006
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0007
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0007
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0008
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0008
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0008
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0008
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0009
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0009
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0009
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0009
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0010
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0010
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0011
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0011
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0011
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0012
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0012
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0012
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0013
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0013
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0013
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0014
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0014
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0014
http://refhub.elsevier.com/S2468-8231(22)00355-8/sbref0014

	Continuous-flow CvFAP photodecarboxylation of palmitic acid under environmentally friendly conditions
	Introduction
	Methods
	Strain, vector and materials
	Preparation of the enzymatic extract
	Photocatalytic reactions in batch
	Continuous flow photocatalytic reactions with a 300 W blue LED
	Photocatalytic reactions in flow reactor with a 300 W solar LED lamp
	Photocatalytic reactions in batch with solar light
	Gas chromatography analysis

	Results
	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	Supplementary materials
	References


