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o bio-oil in a bioelectrochemical
system-assisted microalgae biorefinery process†

Silvia Bolognesi, ab Llúıs Bañeras,c Elisabet Perona-Vico,c Andrea G. Capodaglio,b

Maria Dolors Balaguera and Sebastìa Puig *a

Microbial electrosynthesis (MES) for bioelectro carbon dioxide (CO2) recycling is an interesting and

sustainable opportunity to exploit off gases from industrial facilities and convert them into valuable

energy sources. In the present study, a two-step process based on coupling a bioelectrochemical

system (BES) and heterotrophic microalgae Auxenochlorella protothecoides is proposed to convert

carbon dioxide into a biodiesel compatible oil. The MES effluent was further processed in

a heterotrophic microalgae batch reactor, where the acetate previously synthesized from CO2 was

converted into bio-oil in a subsequent, extraction-free step. Two MES reactors were operated in batch

mode at an applied cathodic potential of �0.8 V vs. SHE (standard hydrogen electrode) for 95 days. The

system reached a concentration of up to 13 g L�1 of acetate (at a maximum production rate of 0.29 g

L�1 d�1). Microbial community analysis revealed the presence of Clostridium spp. in both reactors. In

a second stage, the effluent from the biocathode was transferred to microalgae reactors containing A.

protothecoides to assess oil production. The bio-oil content was up to 22% w/w (dry weight), sufficient

to further explore the feasibility of microalgae-to-oil recovery in the future. According to our

estimations, 7.59 kg CO2 can be converted into 1 kg acetate, which can be used to grow

heterotrophically 1.11 kg dry algae; an overall balance of 0.03 kg bio-oil produced per kg CO2 captured

was assessed. The oil obtained can be further processed to produce a biodiesel compatible with EU

requirements for biofuels.
1. Introduction

Amongst many biological methods for carbon dioxide (CO2)
sequestration and conversion, microbial electrosynthesis (MES)
emerges as a promising technology in microbial electrochem-
istry,1–4 through bioelectro CO2 recycling into multi-carbon
molecules, such as added value chemicals and biofuels.5 Bio-
electrochemical systems (BES) are characterized by two elec-
trodes working concurrently with a redox reaction and
microorganisms catalyzing reactions happening at one or both
electrodes. In MES, the reducing-power is provided by external
application of a current, or by xing the potential at the cathode
of a BES to supply bacteria with the necessary reducing equiv-
alents and perform the bioconversion of CO2 into medium and
short-chain fatty acids.6 Many strategies have been evaluated to
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expand the portfolio of potential products since further chain
elongation is hard to reach in single-step processes, acetic acid
being the most abundant product.7 Control of operational
parameters (such as pH and partial pressure of hydrogen, pH2)
to steer production towards longer chain volatile fatty acids
(VFAs) or alcohols is paramount.6,8–10 Genetic engineering of
homoacetogens is currently at the centre of microbiologists'
interest, to increase biomass tolerance to stress or toxicity
conditions and to attempt new fermentation pathways.7 Purple
phototrophic bacteria (PPB) are currently being studied for their
capability to convert waste products into biofuels like hydrogen
(H2), bioplastics such as PHA (polyhydroxyalkanoate) or single-
cell protein.11,12 Electrical enhancement of hydrogenotrophic
bacteria may lead to the establishment of resilient co-cultures,
ideally composed of a H2 producing strain and a homoacetogen,
improving MES processes and electro-fermentation.13,14

Another interesting option is coupling MES with a second
step to increase the value of the VFAs produced: for example,
coupling an MES reactor to a fermenter to convert short-chain
carboxylates (C2–C4) into medium-chain carboxylates (C6–
C8).6,8 Pepè Sciarria et al. (2018) suggested conversion of C2–C4
VFAs produced through MES into bioplastics (PHA) in a three-
step process (MES – VFA extraction – anaerobic digestion),
This journal is © The Royal Society of Chemistry 2022
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obtaining 0.41 kg PHA per kg of carbon as CCO2
with a carbon

xation efficiency (into acetate and butyrate) of 73%.15

Coupling BES technology with microalgae is a strategy
explored by several researchers so far. Integrated photo-bio-
electrochemical (IPB) reactors with microalgae inserted in the
cathode of a microbial fuel cell for electricity generation and
nutrient removal from wastewater are extensively reported in
the literature, with encouraging results and reduced use of
chemicals as terminal electron acceptors.4,16 Chlorophyll from
microalgae Chlorella vulgaris has also been used as a biocatalyst
in carbon nanotube anodes to produce electricity in photo-
bioelectrochemical cells.17

On the other hand, heterotrophic microalgae, such as Aux-
enochlorella protothecoides, can use acetate and other short
chain volatile fatty acids for growth in the presence of oxygen,
and require no direct light exposure; thus they can be used as
oxygen scavengers in an MES and subsequently exploited for
their properties.18 Several valuable products can be obtained
from microalgae biorenery.19–22 Some species of microalgae,
among these A. protothecoides, can accumulate large amounts
of lipids when cultivated heterotrophically, which can be con-
verted into biodiesel through conventional transesterication
processes aer microalgal oil extraction.23,24 Liquid biofuels,
e.g. biodiesel, bioethanol, biobutanol and jet fuels, are the
most likely outcomes of algal biorening.19,25 These are tar-
geted by the EU's and other Nations' policies as priority fuels
for transportation to reduce GHG emissions and fossil fuel
use.26 When comparing biodiesel production yields from
microalgae and vegetable crops, results seem to indicate
a promising advantage of the former.27 Biodiesel produced
using microalgal oil presents a higher heating value (41 MJ
kg�1) and H/C ratio (1.81) fully compatible with ASTM biodiesel
standards.28 However, heterotrophic algal growth is not linked
directly to de novo CO2 xation, and two-step fermentation
processes should be explored to benet from higher growth
rates of heterotrophy, while maintaining net CO2 xation levels
for the whole process. In the present study, a two-step process
based on coupling a bioelectrochemical system and hetero-
trophic microalgae A. protothecoides is proposed to convert
carbon dioxide into a biodiesel compatible oil.18 The overall
process from CO2 to bio-oils includes a step for VFA production
via MES, and their subsequent conversion into microalgae
biorenery products by heterotrophic batch processing.
Microalgae can exploit both the carbon compounds produced
at the biocathode of the MES reactor and the oxygen produced
from water splitting at the anode. Oil extraction was performed
at the end of each one-week long batch experiment. The
process was then assessed in terms of carbonmass balance and
overall performance.

2. Materials and methods
2.1. Experimental set-up

Two H-type MES reactors (each comprising two 0.25 L glass
bottles, Pyrex V-65231 Scharlab, Spain) were operated, indicated
as HT1 and HT2. Cathodic and anodic chambers were separated
by a cationic exchange membrane (2 cm2, CMI-1875T,
This journal is © The Royal Society of Chemistry 2022
Membranes International, USA). Carbon cloth (working surface
30 cm2, thickness 490 mm; NuVant's ELAT, LT2400 W, Fuel-
CellsEtc., USA) connected to a stainless-steel wire was used as
the cathode (working electrode) while a graphite rod was used
as the anode electrode (counter electrode, length 25 cm,
diameter 4 mm, EnViroCell, Germany). An Ag/AgCl reference
electrode (+0.197 V vs. SHE, standard hydrogen electrode,
model SE11-S, Sensotechnik Meinsberg, Germany) was placed
in the cathodic chamber. Both MES reactors were operated in
a three-electrode conguration with a potentiostat (NEV 3.2,
Nanoelectra, Spain) controlling the cathode potential at �0.8 V
vs. SHE. The net liquid volumes for both anodic and cathodic
chambers were 220 mL. Complete mixing of the cathodic
chamber was induced by magnetic stirring. The cathodic
chambers of the two reactors were checked for gas leaks by
performing pressure tests (up to 1 bar) independently before
inoculation. Both cathodes were inoculated with 20 mL (10% v/
v) of electroactive inoculum from a parent thermophilic (50 �C)
MES reactor.29 The experiment was conducted at 25 � 3 �C.
2.2. MES reactor operation

The two MES reactors were operated in batch mode. In the rst
25 days of operation, both anodic and cathodic chambers were
lled with a low-buffered inorganic medium (modied
ATCC1754 PETC medium adjusted to pH 6, as reported by
Blasco-Gómez et al.8). Aer 25 days, ATCC1754 medium in the
anodic chamber was substituted by BG-11 medium, typical
growth medium used for microalgae Chlorella, to simulate
microalgae renewal from an autotrophic cultivation unit in an
integrated system.30 CO2 (99.9%, Praxair, Spain) was the only
carbon source, and it was supplied to the systems every 3 days
for 5 minutes, saturating the cathodic chamber. pH was
monitored throughout the experimentation and eventually
corrected up to 5.50 with NaOH 1 M when below 4.70. The
anodic pH dropped down to highly acidic values (up to 2), and
the medium was replenished or substituted when necessary.
Before feeding CO2, gas and liquid samples were collected and
analysed to monitor the gas composition and the production of
volatile fatty acids (VFAs) and alcohols.
2.3. Microalgae cultivation

Two algal strains, Chlorella vulgaris 211-11b and Auxenochlorella
protothecoides 211-7a (SAG, Culture Collection of Algae,
Göttingen, Germany) were maintained under autotrophic
conditions in BG-11 medium until use. A. protothecoides has
been extensively used to produce good amounts of lipids18,28,31

and thus tested throughout the experimentation, while C. vul-
garis was only operated in preliminary tests and as a compar-
ison for microalgae growth. Two methacrylate tubular
photobioreactors (d ¼ 0.04 m, H ¼ 1 m, 1 L each) were built to
preserve the cultures from external contamination. Air was
provided through a diffuser from the bottom of the photo-
bioreactor to prevent sedimentation of the microalgae and keep
the culture in suspension. BG-11 medium (pH 7) was added
periodically to replenish the column.
Sustainable Energy Fuels, 2022, 6, 150–161 | 151
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2.4. Heterotrophic tests

Heterotrophic batch tests were performed to evaluate the
possibility of growing microalgae using VFAs (acetate) produced
in biocathodes. Starting parameters were assessed according to
preliminary tests and values found in the literature.18 Erlen-
meyer asks (100 mL) were lled with microalgae and cathode
effluent at different ratios (Table 1). They were continuously
mixed by magnetic stirrers and kept in the dark. Each test lasted
one week, in replicate. Tests A, B, and C with Chlorella vulgaris
were performed with the same biocathode (HT1) effluent at
different dilution rates. In tests D and E, previously autotro-
phically cultivated A. protothecoides was diluted up to
a concentration of OD540 of 1.3 (corresponding to an algal dry
weight 0.80 g L�1), by addition of the inorganic medium oper-
ated in the MES systems to the concentrated microalgae solu-
tion. When cathodic effluent was fed to the microalgae, the
amount of effluent to be added was calibrated to properly reach
a concentration of initial VFAs between 1.5 and 2.0 g L�1 in each
ask. 3 mL samples were taken every day from each ask to
monitor variations in pH, optical density (OD540), conductivity
and chlorophyll a content (Table 1). VFA consumption was
monitored through GC analysis. At the end of each test, the
remaining mixture was stored to perform oil extraction.

Chlorophyll a analysis was performed at the beginning of
each test and at least every second day. Being a primary pigment
directly connected to phototrophic metabolism, chlorophyll
a was measured as a parameter to evaluate the change in
microalgae metabolism (from phototrophic to heterotrophic).32

2 mL of sample was taken and put in a clean tube and centri-
fuged (10 000 rpm, 10 min) to pellet cells. The supernatant was
discarded, and 2 mL of acetone was added to the pellet and
mixed. Tubes were le overnight in the freezer (�20 �C) to
facilitate complete extraction of the pigments. Samples were
centrifuged again (10 000 rpm, 10 min) and the supernatant OD
was measured at different wavelengths (400–850 nm). Chloro-
phyll a content was calculated as reported in eqn (1) (modied
from Lorenzen (1967)).33

Chl a ¼ (1.56(OD665 � OD830) � 2.0(OD645 � OD830) �
0.8(OD636 � OD830)) � Vac/Vsam (1)
Table 1 Summary of heterotrophic microalgae batch tests with the bioc

Test Algae : biocathode effluent ratiob Volume

PB1 1 : 1 80 mL
PB2 1 : 1 80 mL
A 1 : 5 60 mL
B 1 : 2 60 mL
C 1 : 1 60 mL
D 3 : 4 70 mL
E 3 : 4 70 mL

a Preliminary batch tests were performed in synthetic medium with both
autotrophic conditions, and at different pH starting values (4, 5.5, 7, 9).
N.A.: not available. b The algae/biocathode effluent ratio of each test was

152 | Sustainable Energy Fuels, 2022, 6, 150–161
where Vac is the volume of acetone added to the sample, and
Vsam is the sample volume.

Oil extraction was performed at the end of every batch test.
Samples were put in falcon tubes and centrifuged to separate
the solid fraction from water. Algal cells were resuspended in
distilled water (DW) to remove impurities and centrifuged again
(6 000 rpm, 10 min). 10 mL n-hexane (purity $ 99%, Sigma
Aldrich) per gram of wet algae was added, and cell disruption
was achieved mechanically at rst by friction and then using an
ultrasonic bath (40 kHz, 10 min). Tubes were centrifuged again
to separate the different phases (pellet, residual water and n-
hexane with lipids dissolved in it). The supernatant was then
separated, and oil was extracted using a rotary evaporator (bath
temperature 35 �C, 20 rpm). The experimental setup is repre-
sented in Fig. 1.
2.5. Analyses and calculations

VFAs and alcohols in the liquid phase were analysed with a gas
chromatograph (GC) (Agilent 7890A, Agilent Technologies, USA)
equipped with a DB-FFAP column and a ame ionization
detector (FID). Unless otherwise stated, the concentration of
organic compounds in the liquid phase is expressed throughout
the manuscript in mg L�1. Conductivity (EC), pH and optical
density (OD600) were also measured for the liquid sample. The
gas pressure in the headspace of the reactor was measured
before sampling and aer feeding with a differential manom-
eter (Model-Testo-512; Testo, Germany). Gas samples were
taken using a glass syringe before taking liquid samples and
analysed using a Micro-GC (Agilent 490 Micro GC system, Agi-
lent Technologies, USA) equipped with two columns: a CP-
molsieve 5A for methane (CH4), carbon monoxide (CO),
hydrogen (H2), oxygen (O2) and nitrogen (N2) analysis, and a CP-
Poraplot U for carbon dioxide (CO2) analysis. Both columns
were connected to a thermal conductivity detector (TCD). The
partial pressure of hydrogen (pH2) was calculated from the total
pressure measured with the differential manometer before
taking the gas samples and the composition of the gas detected
in the headspace of the biocathode. The concentrations of
dissolved H2 and CO2 were calculated according to Henry's law
at 25 �C. Both MES reactors were ushed and saturated with
CO2 aer the sampling phase, assuming conditions of CO2
athode effluent

Samples Microalgae species
Time of biocathode
sample collection (days)

1a C. vulgaris N.A.a

1a A. protothecoides N.A.a

2 C. vulgaris 25
2 C. vulgaris 25
2 C. vulgaris 25
2 A. protothecoides 80
2 A. protothecoides 80

inorganic and BG-11 media, under heterotrophic (2 g L�1 acetate) and
Results of preliminary batch tests are reported in the ESI (Fig. S2–S5).
chosen according to values of OD540 and VFA content of the sample.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Experimental setup: (a) MES reactor; (b) heterotrophic microalgae batch reactor; (c) microalgae processing unit. AN: anodic chamber;
CAT: cathodic chamber; (1) cathode (working electrode, WE); (2) reference electrode (RE); (3) anode, counter electrode (CE); (4) potentiostat; (5)
gas inlet/liquid sampling point; (6) gas sampling point; (7) liquid sampling point; (8) Erlenmeyer flask; (9) magnetic stirrer; (10) centrifuge; (11)
rotary evaporator.
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saturation and absence of H2 in the liquid phase aer each
feeding. Coulombic efficiency (CE) was calculated according to
Rovira-Alsina et al.29

Carbon conversion efficiency was nally calculated accord-
ing to the maximum acetate production rate achieved. The nal
product (bio-oil) conversion efficiency from CO2 was calculated
according to the amount of acetate fed to the microalgae, and
the ratio between the weight of the dry sample collected and the
weight of the oil sample obtained at the end of the extraction
procedure.

2.6. Extraction of DNA and microbial community structure
determination

Samples of carbon cloth and bulk liquid were taken to assess
the microbial community composition at the end of the exper-
iments. Before DNA extraction, bulk liquid cells were pelleted by
centrifugation, whereas carbon cloth samples were used
directly. DNA was extracted using the FastDNA® SPIN kit for
This journal is © The Royal Society of Chemistry 2022
Soils (MP Biomedicals, USA) following the manufacturer's
instructions. The extracts were distributed in aliquots and
stored at �20 �C, and the DNA concentration was measured
using a Nanodrop™ 1000 spectrophotometer (Thermo Fisher
Scientic, USA). The quality of DNA extracts for downstream
molecular applications was checked aer PCR detection of 16S
rRNA using the universal bacterial primers 515F and 806R.

The hypervariable V4 region of the 16S rRNA gene for all the
samples was amplied using the primers 515F and 806R
following the method described by Kozich and Schloss, which
was adapted to produce dual-indexed Illumina compatible
libraries in a single PCR step.34 First, PCR was performed using
fusion primers with target-specic portions,35 and Fluidigm CS
oligos at their 50 ends. Second, PCR targeting the CS oligos was
used to add sequences necessary for Illumina sequencing and
unique indexes. PCR products were normalized using Invi-
trogen SequalPrep DNA normalization plates and the pooled
samples were sequenced using an Illumina MiSeq ow cell (v2)
Sustainable Energy Fuels, 2022, 6, 150–161 | 153
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in a 500-cycle reagent kit (2 � 250 bp paired-end reads). Finally,
sequencing was done at the RTSF Core facilities at the Michigan
State University, USA (https://rtsf.natsci.msu.edu/).

Raw sequences from the MiSeq platform were analyzed and
treated through DADA2 soware from the open-source Bio-
conductor project as mentioned by Callahan and co-workers.36

Output demultiplex sequences obtained in the fastq format
were sorted to ensure reads were in the same order, quality-lter
with a maximum expected error of 2 to lter out low-quality
sequencing reads and trimmed to a consistent length. Aer
trimming, average sequencing read lengths were 220 and 200 nt
for forward and reverse reads, respectively. Sequences were then
dereplicated by combining the identical sequences into unique
sequences to remove redundancy, denoised to remove
sequences errors and identify the biological sequence in the
reads. A sequence table was obtained with the inferred ampli-
con sequence variant (ASVs), distributed according to the
length. ASVs with a length between 220 and 265 nt were kept
and checked for chimera removal by comparing each inferred
sequence with the others in the table and removing sequences
that can be reproduced by stitching two more abundant
sequences. Taxonomy was assigned to each ASV sequence using
the SILVA 132 database (https://www.arb-silva.de/) as a refer-
ence to obtain an ASV relative abundance table. A phylogenetic
tree was constructed using DECIPHER and phangorn R packages
to perform downstream analyses, especially for making
comparisons between microbial communities and determine
Fig. 2 VFA production, pH and current density profile throughout the e

154 | Sustainable Energy Fuels, 2022, 6, 150–161
phylogenetic diversities. A phyloseq object was created with the
data for its further analysis using the phyloseq R package.
Sequences identied as chloroplasts and mitochondria were
removed. Diversity analyses were carried out using different
indicators such as species richness (observed number of ASVs)
and a-diversity (Shannon index). To compare the community
structure between sample groups principal coordinate analysis
(PCoA) plots employing weighted UniFrac distance matrices
were obtained.37 All indices were determined using the R
package phyloseq38 and plotted using ggplot (https://www.r-
project.org/).
3. Results and discussion
3.1. Biocathode performance

The biocathodes inoculated with 20 mL of a parent MES oper-
ated under thermophilic conditions (50 �C)29 produced acetate
from carbon dioxide (max production rate 28 g m�2 d�1, with
a maximum titre of 5250 mg L�1). Adaptation to mesophilic
conditions (25 �C) lasted 25 days, when low VFA production was
observed and, once stabilized, modied ATCC1754 PETC
medium was replaced by BG-11 in the anode (Section 2.2). Fig. 2
presents VFA production over time aer the acclimatization
period for the systems HT1 (a) and HT2 (b).

During the rst 5 days of operation no signicant VFA
production was detected in either HT1 or HT2. At day 10, HT1
started producing acetate (126 L�1 d�1) and butyrate (5 mg L�1
xperimentation: (a) HT1, (b) HT2.

This journal is © The Royal Society of Chemistry 2022
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d�1), maintaining a constant trend up to the end of the exper-
imentation. The reduction of CO2 to acetate occurs by the well-
known Wood–Ljungdahl pathway.39 On day 30, pH decreased
from 6.3 to 5.6 and partial pressure of hydrogen (pH2) values
increased up to 0.86 bar, resulting in the inception of ethanol
production (15 mg L�1 d�1). The pH was maintained in the
range 5.1–5.6 up to day 60, leading to increased ethanol
production, as expected according to Blasco-Gómez et al.
(2019).8 Subsequently, the pH dropped below 5, due to
increased acetogenic activity, and residual pH2 detected was
negligible switching again to the main metabolic pathway acted
upon by the biomass. Between days 53 and 73 the sampling
routine was changed, by adding a third sampling point in
between the feeding points. This increased renewal of the
medium and nutrients, together with favorable pH conditions,
led to fast acetate production increase at day 77. An increase in
acetate production associated with augmented nutrient avail-
ability was already reported by Rovira-Alsina and co-workers.29

At day 80 the maximum acetic acid production rate (289 mg L�1

d�1) and its highest concentration in the whole experimenta-
tion were obtained in HT1 (13 063 mg L�1; Table 2). Compa-
rable values in terms of concentration have seldom been
reported in the literature. Jiang et al. achieved a maximum
acetate concentration of 13.4 g L�1 using a slurry electrode
composed of a stainless steel brush and powdered activated
carbon (5 g L�1), almost threefold the concentration obtained
with a stainless steel brush alone.40 Mohanakrishna et al.,
(2020) achieved a maximum acetate production of 260 mg L�1

d�1 by adding a supplementary inorganic carbon source (15 g
HCO3

� per L) to the solution. These previous results showed the
relevance of those obtained in the present study with CO2 as the
only carbon source.41

On day 80, one third (60 mL) of the cathodic volume was
extracted to perform microalgae heterotrophic tests and
replaced with fresh medium. Production rates for acetic acid
and butyric acid were not affected by the extraction. HT2 fol-
lowed similar trends in production rates and product spectrum.

At the end of the experimentation, both reactors were
stopped on day 95, and microbiological samples from bulk
solution and biolm were collected to perform DNA analysis.

In terms of CE, the two reactors behaved differently. Since
almost no H2 was found in the headspace of HT1 at any time, it
could be assumed that all the hydrogen produced was
consumed in the acetate production process, while the lower
VFA production in HT2 consumed less H2, which was always
found in the headspace gas composition (even at high
Table 2 Average and peak production rates for acetate, butyrate and et

HT1

Acetate Butyrate

mg L�1 d�1 (average) 126.33 4.98
gprod melectrode

�2 d�1 9.26 0.28
mg L�1 d�1 (peak) 289.41 60.48
gprod melectrode

�2 d�1 21.22 4.43

This journal is © The Royal Society of Chemistry 2022
overpressure, over 1 bar). However, the two systems were not
equally efficient. HT1 consumed less coulombs, and approxi-
mately 2/3 of them were mostly used up in acetate production,
while HT2 used up most of the coulombs for hydrogen
production, but with overall lower coulombic efficiency (Fig. S1,
ESI†). The maximum CE for acetate production was close to
100% and 92% for HT1 and HT2, respectively, between days 72
and 75, while the average observed CE was 41% for HT1, and
21% for HT2. Such low CE for HT2 could be imputed to unde-
tected fugitive hydrogen emissions due to the high overpressure
at the biocathode, or to the use of electrons in producing
undesired compounds (such as methane). Increased internal
resistance due to membrane/electric circuit connection deteri-
oration could explain the difficulty in maintaining the cathode
potential xed at �0.997 V vs. Ag/AgCl in HT2 during the latter
phase of the experimentation.
3.2. Bacterial community analysis

Microbial communities for bothMES on day 95 were dominated
by Firmicutes bacteria, accounting for 93–99% in biolm and
60–72% in the bulk. Proteobacteria were also present, being
more abundant in liquid (26–39%) than in biolm samples (1–
6%). At the order level, the microbial community was composed
mainly of Clostridiales, Betaproteobacteriales and Selenomona-
dales, the former being the most abundant (Fig. 3). At the genus
level, both reactors were clearly dominated by Clostridium spp.
Further analyses performed via BLASTn searches revealed the
presence of different Clostridium species in reactors HT1 and
HT2.

HT1 was characterized by the presence of Clostridium
autoethanogenum and Clostridium ljungdahlii (Table 3). Both
species are model homoacetogens, and have been consistently
reported to be able to accept electrons from a cathode via the
Wood–Ljungdahl pathway.42,43 Clostridium autoethanogenum
also has a role in autotrophic ethanol production from indus-
trial waste gases.44,45

Sequences retrieved from HT2 showed a higher similarity to
Clostridium aciditolerans and Clostridium nitrophenolicum (96%
identity), so far still not reported as typical species in MES
processes. Although additional tests should be performed to
conrm the identity of the most abundant ASVs in HT2, the
absence of true homoacetogenic clostridia is intriguing in view
of the acetate production. It should be noted that sequence
similarity of ASV2 to cultured bacterial species was below 97%
which could determine the presence of a previously unde-
scribed species in the reactor. In fact, 100% similar sequences
hanol in HT1 and HT2

HT2

Ethanol Acetate Butyrate Ethanol

15.02 71.67 1.76 4.43
1.19 4.97 0.14 0.20

59.58 220.60 15.39 56.41
4.37 16.18 1.13 4.14
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Fig. 3 Microbial community composition in biofilm and bulk samples. The bar chart shows relative abundances of main bacterial orders.

Table 3 Identification (BLAST, refeseq rna database) and relative abundance of the most predominant Clostridium spp

ASV Most probable identication Similarity (%)

Relative number of sequences (%)

HT 1 HT 2

Biolm Bulk Biolm Bulk

1 Clostridium autoethanogenum DSM 10061
NR_121758.1

100 66.2 53.4 < 0.01 <0.01

Clostridium ljungdahlii DSM 13528
NR_074161.1

100

2 Clostridium aciditolerans strain JW/YJL-
B3

96.4 7.5 1.8 70.3 32.2

Clostridium nitrophenolicum strain 1D 96.4
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to those retrieved here have been found in anaerobic reactors
inoculated with rumen uids and hydrogen producing reactors
both reporting similar pH as stated here for HT2.46,47 Clos-
tridium aciditolerans has been proven to survive acid stress
conditions, and to play an indispensable role in biohydrogen
production and accumulation, potentially through butyrate/H2

fermentation of sugars;48 however, no evidence of autotrophic
growth and acetate production exists for isolates of this
species.49 Homoacetogenesis took place at similar rates in the
two reactors, and measured state variables were also compa-
rable during the entire experimentation, except for cell voltage,
which was higher in HT2 (by 1–2 V) than in HT1. Collectively, it
is likely that a change in operating conditions in the two reac-
tors resulted in the selection of two different homoacetogenic
populations as predominant species, although one of them
could not be correctly identied with the methods used herein.
156 | Sustainable Energy Fuels, 2022, 6, 150–161
Nevertheless, observed sequence differences may denote the
presence of slightly different homoacetogenic clostridia, which
together with variations in the total bacterial abundance, could
have contributed to differences in acetate production in the two
reactors.

3.3. Heterotrophic A. protothecoides growth tests with
effluents of biocathodes

Several one-week long heterotrophic tests with cathode efflu-
ents were performed with different volumes of microalgae/bio-
cathode effluent ratios (Table 1). The results of the preliminary
tests with the synthetic effluent at different pHs are reported in
the ESI (Fig. S2–S5†). A. protothecoides can grow heterotrophi-
cally using both ATCC1754 and BG-11 media plus acetate (2 g
L�1), with a maximum peak at day 5. Autotrophic growth
instead was evident only when BG-11 at pH 7 was used. In
This journal is © The Royal Society of Chemistry 2022
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contrast, C. vulgaris responded well to any autotrophic condi-
tion tested, while under heterotrophic conditions aer a peak at
day 3 microalgae concentration in the batch reactor rapidly
decreased, except for the test conducted with inorganic medium
at pH 5.5.

Tests with the biocathode effluent were performed on both
strains, considering that for C. vulgaris in preliminary tests the
synthetic medium most similar to the biocathode effluent
composition was the one yielding the most promising results.
Fig. 4 reports results from tests A, B and C with C. vulgaris.
Different initial concentrations of VFAs (due to the different
microalgae/biocathode effluent ratios) were provided to the
microalgae reactor. It was found that higher VFA concentrations
signicantly increase biomass production, as shown in tests A,
B, and C, where a biomass production rate of 0.137 � 0.016 g
L�1 d�1 (corresponding to a biomass yield of 0.576 g L�1) was
obtained in test B (4 g L�1 acetate). The OD540 prole showed
that maximum growth was achieved in the sample collected on
day 4 under all conditions tested, conrming the peak rates
previously detected in preliminary batch tests. Comparing
values presented in this study with literature data for open pond
cultivation, similar values to those obtained in test B with C.
vulgaris were found in Griffiths and Harrison's study50 reporting
an average biomass productivity of 0.17 g L�1 d�1.

Fig. 5 shows two replicates obtained from one of the tests
performed with A. protothecoides. Both proved that this strain
was capable of rapidly switching from autotrophic to hetero-
trophic metabolism, and of using biocathode-produced VFAs
for growth. Acetic acid was fully consumed aer two days, while
more complex molecules (i.e., isobutyric acid) took longer to be
assimilated by microalgae.
Fig. 4 Heterotrophic tests (A, B and C) with the cathode effluent at diff

This journal is © The Royal Society of Chemistry 2022
Each test achieved the production of 1–2 g wet algae, further
processed to extract microalgal oil, at a net biomass yield of
0.061 � 0.006 g L�1 d�1 for C. vulgaris (test A) and 0.064 � 0.010
g L�1 d�1 for A. protothecoides (tests D and E) fed with 1.5 g L�1

VFA solution. Chlorophyll a content decreased over time as
expected, conrming the fast development of a heterotrophic
regime. While light exposure undoubtedly induced chlorophyll
synthesis,51 during the rst 48 h of heterotrophic growth, the
total amount of chlorophyll slowly decreased, aerwards the
chlorophyll prole switched to a phase of net degradation, to
nally reach a plateau aer day 4 (0.25 � 0.02 mg L�1), as
evident from tests D and E (Fig. 5). The steady state trend of
chlorophyll content in the last days of the test meant that the
biosynthetic and the chlorophyll degradation reactions were
nally evolving at the same rate, with green algae still synthe-
sizing chlorophyll under dark conditions. Gene expression for
chlorophyll metabolism, along with those for photosynthesis
and carotenoid biosynthesis, is downregulated in the hetero-
trophic metabolism of C. protothecoides, while glycolysis, TCA
cycle, and fatty acid synthesis processes increase.23,52Microalgae
concentration instead increased by 35� 3% in the rst two days
in both asks according to DW values. Once the organic
substrate was depleted, aer day 3, microalgae concentration
decreased again: when microalgae are exposed to nutrient
starvation, their metabolic activity switches again, enhancing
lipid accumulation in their cell wall.24 In a possible future
optimization of the system, microalgae feeding cycles could be
optimized to last three to ve days, thereby allowing the
maintenance of the highest growth rates. Another option for
process optimization could be to evaluate the ideal feed length
to maximize the lipid content, rather than for achieving the
erent dilution percentages (C. vulgaris).
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Fig. 5 Heterotrophic tests D and E with the cathode effluent using A. protothecoides.
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highest biomass concentration. At any rate, microalgae A. pro-
tothecoides demonstrated their ability to use an acetate-
enriched biocathode effluent to grow and replicate
heterotrophically.

3.4. Oil extraction and perspectives

Aer microalgae collection and concentration, oil extraction
was performed, obtaining an average yield of 20 � 2% w/w
(algae dry weight). This value is in line with other results
available in the literature,53 but higher values have also been
reported (over 60% lipid content, using glucose as the
substrate), showing that there is ample scope to improve the
process.52 Maximum oil yield was obtained in test D, where the
observed lipid/biomass ratio was 0.221 g g�1, in line with
previous results from Fei et al. (0.19 g g�1) for A. protothecoides
grown on a 2 g L�1 VFA solution.18 However, it was not possible
to perform further characterization of the bio-oil produced due
to the low amount of oil collected in each test (0.1–0.2 g), too
small to return reliable enough results in the NMR/GC-MS
analysis. Considering the values achieved in this study, 7.59 kg
CO2 and 12.9 kW h electricity are necessary to produce 1 kg of
acetate (corresponding to a production cost for acetate of 0.83V
per kg), in line with other values reported in the literature for
biocathode-produced acetate (12 kW h per kg acetate).7 Starting
from that, and without extraction and purication, heterotro-
phic microalgae can be grown directly on the biocathode
effluent. Approximately 1.11 kg dry algae per kg acetate was
obtained, from which 0.207 kg of lipids could be extracted and
further processed for biodiesel production.
158 | Sustainable Energy Fuels, 2022, 6, 150–161
Following optimization of the extraction process, biodiesel
may be obtained from a subsequent transesterication process,
with product properties complying with EU fuel specications.54

Further bio-oil characterisation via GC-MS or NMR analysis is
needed to identify the long chain fatty acid prole (myristic acid
(C14:0), palmitic acid (C16:0), stearic acid (C18:0), oleic acid
(C18:1), linoleic acid (C18:2), linolenic acid (C18:3)) and evaluate
the compatibility of the oils with EU biodiesel standards.55,56

Microalgae biomass concentration is strictly dependent on the
cultivation technique and strain chosen, with values ranging
from 0.1 to 8 g L�1 in dry weight (where the higher range of values
is only reached with heterotrophic cultivation).57 Autotrophic
microalgae can capture CO2 directly to synthesize new biomass: 1
kg (dry) microalgae Chlorella vulgaris may capture 1.83 kg CO2

with a xation rate of 0.73 to 2.22 g L�1 d�1 but, when cultivated
in open air raceway ponds, part of the fed CO2 is lost to the
atmosphere.27,58 The combined process herein presented instead
allowed almost 100% CO2 capture and conversion to be reached
(Table 4). It has to be noted that heterotrophic cultures can
generate biomass in larger cultivation volumes (cultivation ponds
exceeding 100 000 L are reported),59 are not strictly dependent on
the presence of sunlight, and can yield hundreds of kilograms of
biomass, making the heterotrophic strategy less expensive than
the autotrophic one in the long haul, including the possibility to
use a waste stream as the organic carbon source. A similar
approach to the one presented in this study was tested by Lan-
zaTech and Indian Oil on a larger scale, who developed an inte-
grated carbon capture and utilization (CCU) process that converts
CO2 into commercial-grade docosahexaenoic acid esters (DHAs)
This journal is © The Royal Society of Chemistry 2022
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Table 4 Comparison between different carbon capture strategies in microalgae cultivation units for biodiesel production

Carbon source
CO2 capture
efficiency

Carbon capture
potential
[kg CO2 per kg]

Raw
material
cost

Biomass
weight
[g L�1]

Lipid
yield

Cost
(lipid)
[V per kg] Ref.

Autotrophic (open
pond)

Atmospheric CO2 +
sunlight

39–60% 1.83 0 0.14 0.15–0.30
w/w

0.52 58 and 61

Heterotrophic VFAs N.A. N.A. 0.36 0.39 0.19 g g�1 0.48 18
MES + heterotrophic CO2 99% 6.86 0.83 2.48 0.21 g g�1 0.91a This

study

a The same processing cost calculated by Fei et al. was applied.
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and biodiesel, yielding 0.08 kg biodiesel and 0.08 kg DHAs per kg
CO2.60

This study demonstrates the feasibility of a microalgae electro-
biorenery proof-of-concept. H-type MES is characterized by
small volumes and optimal conditions for batch operation mode
(high pH2 in a controlled environment, but difficulty in pH and
CO2 on-line monitoring), thus the main limitation of this exper-
iment lies in the small volumes of biocathode effluent collected to
perform heterotrophic tests with microalgae. The rst step to
further the application value of this study will therefore be the
design of a setup compatible with continuous mode operation.
Direct reuse of acetic acid produced in MES reactors waives the
costs of its extraction and purication, lowering the overall
economic passive balance items of the process.62,63 Furthermore,
in an integrated system, the use of heterotrophic microalgae may
also enhance the reactor performance by capturing the oxygen
produced at the anode side and preventing its passage through
the membrane, avoiding the presence of an alternative (easier to
reduce) electron acceptor at the biocathode.

HT1 and HT2 reached maximum acetate concentrations of
13 g L�1 and 8 g L�1, respectively, and production rates up to
289 mg L�1 d�1. Such a value is lower than A. protothecoides
carbon need, since according to our experimental data 1.4 g L�1

acetate was consumed in only two days out of seven; however,
for a future implementation of A. protothecoides inside the MES
reactor, nutrient starvation plays a fundamental role in lipid
accumulation in microalgae, thus this value can be considered
compatible with microalgae heterotrophic growth for biodiesel
production and encouraging for further investigation.

Microalgal oil production was assessed in this study,
however different conversion possibilities of the algal effluent
should be explored in the future, including other recovery
options. For example, the solid residue from the extraction
process (solid fraction) can be pyrolyzed to biochar, a valuable
recovery material,30 but also other valuable compounds such as
proteins, pigments or other commodity chemicals may be
considered to improve the economics of the process and over-
come microalgae separation and oil extraction costs, repre-
senting relevant components of this approach.19
4. Conclusions

This study shows that MET-produced acetate can be used to
achieve bio-oil production in algae cultures. This proof-of-
This journal is © The Royal Society of Chemistry 2022
concept study demonstrates the direct reuse of acetate
produced in biocathodes through MES from CO2 as a feed for
heterotrophic microalgae, aimed at bio-oil production in an
integrated microalgae electro-biorenery. Acetate (up to 13 g
L�1) was produced from CO2 and electricity (7.59 kg CO2 and
12.9 kW h per kg acetate) in the MES reactors reaching
a maximum production rate of 0.29 g L�1 d�1. Microbial
community composition was different in the two reactors used,
but dominated by Clostridium spp., synthesizing acetate
through the Wood–Ljungdahl pathway.

Microalgae integration with MES could lead to several
advantages, amongst which direct reuse of acetate produced by
the latter, thus avoiding the costs of its extraction and puri-
cation, and consequently lowering the overall economic foot-
print of the process is signicant. Oil yield from microalgae of
up to 22% w/w was assessed. According to the results, 0.03 kg
bio-oil per kg CO2 captured could be recovered. Further studies
will focus on process optimization to enhance bio-oil produc-
tion and characterization, and to evaluate strategies to assess
a multi-compound microalgae electro-biorenery.
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57 E. M. Valdovinos-Garćıa, J. Barajas-Fernández, M. de los
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