Final Report

Project Title: Bioelectrochemically-assisted downstream processing for advanced biohydrogen
production

Project ID: PD 115640
Duration: 1% of February, 2016 — 31 of January, 2020
Principal Investigator: Péter Bakonyi, Senior Research Fellow (University of Pannonia, Hungary)
Funding provider: National Research, Development and Innovation Office (NKFIH, Hungary)

Amount of funding: 22 548 000 HUF

Summary of key-results and findings

As it was assessed and found in this PD 115640 project by completing the work plan, that
various feedstocks such as algae biomass [1], municipal waste liquor [2,3] and industrial by-product
e.g. cheese whey [4] could be applied as starting materials for bioelectrochemical applications, such
as microbial fuel (MFC)- and electrohydrogenesis/electrolysis (MEC) cells to recover energy in the
form of electricity and hydrogen gas, respectively. However, the electro-active microbiome working in
the anode chamber of these bioelectrochemical systems may be unable to directly and fully convert
complex (recalcitrant) organic matter. Hence, a pre-digestion stage, particularly based on dark
fermentative H, production (DF) could be suggested. The DF, to produce biohydrogen, involves
usually a pretreatment to facilitate the conversion by increasing the accessibility to the target regions
in the raw material [5]. Subsequent to pretreatment, hydrolysis should be applied to deliver substances
i.e. sugars such as glucose readily consumable in the bioprocess [6]. Therefore, microbial
electrochemical technologies such as MEC can potentially harvest more H, in multi-stage systems and
thus, MECs can be viewed as downstream units to be attached after fermentations for the utilization of
more easily consumable, residual organic components (metabolic products) such as acetic acid,
butyric acid, etc. [7]. Taken into consideration the most essential cornerstones of MEC design, start-up
and operation (that we evaluated in [8]), it was experimentally confirmed in our investigations that the
properties of underlying microbial community in MEC has a crucial and governing role on the quality of
gaseous products and it could be difficult to prevent the appearance of methane in the headspace of
single-chamber devices [3,4]. Although we demonstrated an electrically-stimulated process for the
purposeful generation of methane [9], in most bioelectrochemical systems aiming at the production of
H,, the appearance of CH, is best avoided to assist H, recovery and purification. Anyhow, once
gaseous impurities are present, their separation from the mixture (to purify H,) can be attempted by
gas separation, for which purpose we reported on the behavior of innovative enzymatic membranes
with enhanced affinity to CO, [10,11]. As it could be also deduced in our literature analysis, membrane
separators (placed between the anode and cathode electrodes) may show an impact on the efficiency
of MFCs in line with their (e.g. ion, substrate, oxygen transport) properties [12]. This information can
have relevance for MECs, since it is a widely-accepted strategy to start-up MECs in MFC mode (for
the acclimation and maturation of anode-surface electro-active biofilm before switching to hydrogen
gas production mode) and therefore, the design and testing of various membrane separators in
bioelectrochemical systems were important parts of the research [13,14]. Besides that, the deployment
of various electro-active bacteria for the enrichment and microbial augmentation of bioelectrochemical
systems was proposed. In fact, the effectiveness of bioaugmentation was studied employing cultures
of exoelectrogenic microorganisms, namely Propionibacterium freudenreichii, Cupriavidus basilensis
and Lactococcus lactis [15]. Depending on the operating conditions i.e. organic matter loading, it was
found that the anode-surface normalized current density, power density and energy yield could be
increased when P. freudenreichii was applied as a part of a mixed culture inoculum, [15]. Accordingly,
given that the type of inoculum has a significant effect, in a separate study, it was examined what



impact the history/origin of the seed source could have on the start-up and stabilization of
bioelectrochemical system [16]. As a matter of fact, it was concluded that the inoculum should be
chosen depending on the properties of the substrate e.g. its complexity in order to accelerate the
development of the process. For instance, the use of anaerobic digester sludge treating municipal
wastewater as inoculum led to considerably better utilization of municipal landfill leachate in the early
stages of the process (compared to effluent of biogas fermenter from sugar industry) because of faster
adaptation [16]. To further study responses of mixed culture anodic biofiims (e.g. in terms of the
enrichment of electro-active microbes e.g. Geobacter spp.), we have carried out biohydrogen
production measurements in MECs equipped with novel anion-exchange membrane separators
(AEMSs) using simple (acetate) and complex (model dark fermentation effluent comprising of acetic,
butyric and propionic acids) substrates [17]. It was found that the MECs installed with the PSEBS CM
DBC AEM ensured the highest H, yield and lowest internal losses compared to the two other
separators and has the potential to improve MECs.

Scientific outputs

In total, besides a couple of items (1 article, 1 book chapter) in Hungarian, the below listed 17
papers have been delivered from the project and published mostly in D1/Q1 ranked, prestigious
journals with a cumulative impact factor of >88 (in average approx. 5.2 impact factor/article). The
number of independent received to these articles is >180, as of January, 2020. Hence, in the opinion
of the principal investigator, the goals of the postdoctoral project have been achieved well. The
importance of findings seems to be justified by the quality, quantity of publications as well as the
notable number of independent citations. All publications contain the acknowledgement dedicated to
the funding agency (National Research, Development and Innovation Office, NKFIH, Hungary) for
supporting the project under grant number PD 115640. The copies of all articles/manuscripts have
been made publicly accessible in REAL repository of the Hungarian Academy of Sciences. For the
interested readers, the supporting direct REAL links are found below along with the other details of the
papers.

List of publications delivered from the project

Péter Bakonyi, the principal investigator of PD 115640 project, has contributed to 2 articles as
first author and to 5 articles as corresponding author (** denotes corresponding authorship).

[1] R.G. Saratale, C. Kuppam, A. Mudhoo, G.D. Saratale, S. Periyasamy, G. Zhen, L. Kodk, P. Bakonyi, N.
Nemestothy, G. Kumar, Bioelectrochemical systems using microalgae — A concise research update,
Chemosphere. 177 (2017) 35-43. https://doi.org/10.1016/j.chemosphere.2017.02.132

REAL: http://real.mtak.hu/id/eprint/106147

[2] T. Rézsenberszki, L. Kook, P. Bakonyi*!, N. Nemestdthy, W. Logrofio, M. Pérez, G. Urquizo, C. Recalde,
R. Kurdi, A. Sarkady, Municipal waste liquor treatment via bioelectrochemical and fermentation
(Hz2 + CHa) processes: Assessment of various technological sequences, Chemosphere. 171 (2017) 692—
701. https://doi.org/10.1016/j.chemosphere.2016.12.114

REAL: http://real.mtak.hu/id/eprint/106148

[3] G. Zhen, T. Kobayashi, X. Lu, G. Kumar, Y. Hu, P. Bakonyi, T. Rézsenberszki, L. Kodk, N. Nemestéthy,
K. Bélafi-Bakd, K. Xu, Recovery of biohydrogen in a single-chamber microbial electrohydrogenesis cell
using liquid fraction of pressed municipal solid waste (LPW) as substrate, Int. J. Hydrogen Energy. 41
(2016) 17896—-17906. https://doi.org/10.1016/j.ijhydene.2016.07.112

REAL: http://real.mtak.hu/id/eprint/106150

[4] I. Rivera, P. Bakonyi, M.A. Cuautle-Marin, G. Buitron, Evaluation of various cheese whey treatment
scenarios in single-chamber microbial electrolysis cells for improved biohydrogen production,
Chemosphere. 174 (2017) 253-259. https://doi.org/10.1016/j.chemosphere.2017.01.128

REAL: http://real.mtak.hu/id/eprint/106152

[5] S. Shobana, G. Kumar, P. Bakonyi, G.D. Saratale, A.H. Al-Muhtaseb, N. Nemestothy, K. Bélafi-Bako, A.
Xia, J.S. Chang, A review on the biomass pretreatment and inhibitor removal methods as key-steps
towards efficient macroalgae-based biohydrogen production, Bioresour. Technol. 244 (2017) 1341-1348.
https://doi.org/10.1016/j.biortech.2017.05.172

REAL: http://real.mtak.hu/id/eprint/106153



(6]

REAL:
(7]

REAL:
(8]

REAL:
(9]

REAL:
[10]

REAL:
[11]

REAL:
[12]

REAL:
[13]

REAL:
[14]

REAL:
[15]

REAL:
[16]

REAL:
[17]

REAL:

N. Nemestéthy, G. Megyeri, P. Bakonyi, P. Lakatos, L. Kook, M. Polakovic, L. Gubicza, K. Bélafi-Bako,
Enzyme kinetics approach to assess biocatalyst inhibition and deactivation caused by [bmim][CI] ionic
liquid during cellulose hydrolysis, Bioresour. Technol. 229 (2017) 190-195.
https://doi.org/10.1016/j.biortech.2017.01.004

http://real.mtak.hu/id/eprint/106155

I. Monroy, P. Bakonyi, G. Buitron, Temporary feeding shocks increase the productivity in a continuous
biohydrogen-producing reactor, Clean Technol. Environ. Policy. 20 (2018) 1581-1588.
https://doi.org/10.1007/s10098-018-1555-x

http://real.mtak.hu/id/eprint/106157

G. Kumar, P. Bakonyi®, G. Zhen, P. Sivagurunathan, L. Kook, S.H. Kim, G. Téth, N. Nemestdthy, K.
Bélafi-Bako, Microbial electrochemical systems for sustainable biohydrogen production: Surveying the
experiences from a start-up viewpoint, Renew. Sustain. Energy Rev. 70 (2017) 589-597.
https://doi.org/10.1016/j.rser.2016.11.107

http://real.mtak.hu/id/eprint/106159

G. Zhen, X. Lu, T. Kobayashi, L. Su, G. Kumar, P. Bakonyi, Y. He, P. Sivagurunathan, N. Nemestothy, K.
Xu, Y. Zhao, Continuous micro-current stimulation to upgrade methanolic wastewater biodegradation and
biomethane recovery in an upflow anaerobic sludge blanket (UASB) reactor, Chemosphere. 180 (2017)
229-238. https://doi.org/10.1016/j.chemosphere.2017.04.006

http://real.mtak.hu/id/eprint/106161

A. Bednar, N. Nemestothy, P. Bakonyi*, L. Fulop, G. Zhen, X. Lu, T. Kobayashi, G. Kumar, K. Xu, K.
Bélafi-Bako, Enzymatically-boosted ionic liquid gas separation membranes using carbonic anhydrase of
biomass origin, Chem. Eng. J. 303 (2016) 621-626. https://doi.org/10.1016/j.cej.2016.05.148
http://real.mtak.hu/id/eprint/106165

N. Nemestothy, P. Bakonyi™, Z. Németh, K. Bélafi-Bako, Evaluation of pectin-reinforced supported liquid
membranes containing carbonic anhydrase: The role of ionic liquid on enzyme stability and CO2
separation performance, J. CO; Util. 24 (2018) 59-63. https://doi.org/10.1016/j.jcou.2017.12.001
http://real.mtak.hu/id/eprint/106177

P. Bakonyi, L. Kook, G. Kumar, G. Téth, T. Rozsenberszki, D.D. Nguyen, S.W. Chang, G. Zhen, K.
Bélafi-Bakd, N. Nemestothy, Architectural engineering of bioelectrochemical systems from the
perspective of polymeric membrane separators: A comprehensive update on recent progress and future
prospects, J. Memb. Sci. 564 (2018) 508-522. https://doi.org/10.1016/j.memsci.2018.07.051
http://real.mtak.hu/85131/

L. Kodk, N. Nemestéthy, P. Bakonyi, G. Zhen, G. Kumar, X. Lu, L. Su, G.D. Saratale, S.H. Kim, L.
Gubicza, Performance evaluation of microbial electrochemical systems operated with Nafion and
supported ionic liquid membranes, Chemosphere. 175 (2017) 350-355.
https://doi.org/10.1016/j.chemosphere.2017.02.055

http://real.mtak.hu/id/eprint/106187

L. Kook, N. Nemestothy, P. Bakonyi, A. Gollei, T. Rézsenberszki, P. Takacs, A. Salekovics, G. Kumar, K.
Bélafi-Bako, On the efficiency of dual-chamber biocatalytic electrochemical cells applying membrane
separators prepared with imidazolium-type ionic liquids containing [NTf,]” and [PFe]” anions, Chem. Eng.
J. 324 (2017) 296-302. https://doi.org/10.1016/j.cej.2017.05.022

http://real.mtak.hu/id/eprint/106191

L. Kodk, N. Kanyd, F. Dévényi, P. Bakonyi™, T. Rozsenberszki, K. Bélafi-Bako, N. Nemestdthy,
Improvement of waste-fed bioelectrochemical system performance by selected electro-active microbes:
Process evaluaton and a kinetic study, Biochem. Eng. J. 137 (2018) 100-107.
https://doi.org/10.1016/j.bej.2018.05.020

http://real.mtak.hu/85225/

P. Bakonyi, L. Kook, E. Keller, K. Bélafi-Bakd, T. Rézsenberszki, G.D. Saratale, D.D. Nguyen, J.R. Banu,
N. Nemestéthy, Development of bioelectrochemical systems using various biogas fermenter effluents as
inocula and municipal waste liquor as adapting substrate, Bioresour. Technol. 259 (2018) 75-82.
https://doi.org/10.1016/j.biortech.2018.03.034

http://real.mtak.hu/id/eprint/106195

R. Cardena, J. Zitka, L. Kook, P. Bakonyi, L. Pavlovec, M. Otmar, N. Nemestothy, G. Buitron, Feasibility
of quaternary ammonium and 1,4-diazabicyclo[2.2.2]octane-functionalized anion-exchange membranes
for biohydrogen production in microbial electrolysis cells, Bioelectrochemistry , in press.
https://doi.org/10.1016/j.bioelechem.2020.107479

http://real.mtak.hu/id/eprint/106196



