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ABSTRACT 

Development of Electro-Microbial Carbon Capture and Conversion Systems 

Israa Salem F. Al Rowaihi 

 

Carbon dioxide is a viable resource, if used as a raw material for bioprocessing. It is 

abundant and can be collected as a byproduct from industrial processes. Globally, 

photosynthetic organisms utilize around 6’000 TW (terawatt) of solar energy to fix ca. 

800 Gt (gigaton) of CO2 in the planets largest carbon-capture process. Photosynthesis 

combines light harvesting, charge separation, catalytic water splitting, generation of 

reduction equivalents (NADH), energy (ATP) production and CO2 fixation into one 

highly interconnected and regulated process. While this simplicity makes photosynthetic 

production of commodity interesting, yet photosynthesis suffers from low energy 

efficiency, which translates in an extensive footprint for solar biofuels production 

conditions that store < 2% of solar energy. Electron transfer processes form the core of 

photosynthesis. At moderate light intensity, the electron transport chains reach maximum 

transfer rates and only work when photons are at appropriate wavelengths, rendering the 

process susceptible to oxidative damage, which leads to photo-inhibition and loss of 

efficiency. Based on our fundamental analysis of the specialized tasks in photosynthesis, 

we aimed to optimize the efficiency of these processes separately, then combine them in 

an artificial photosynthesis (AP) process that surpasses the low efficiency of natural 

photosynthesis. Therefore, by combining photovoltaic light harvesting with electrolytic 

water splitting or CO2 reduction in combination with microbiological conversion of 

electrochemical products to higher valuable compounds, we developed an electro-
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microbial carbon capture and conversion setups that capture CO2 into the targeted 

bioplastic; polyhydroxybutyrate (PHB).  

Based on the type of the electrochemical products, and the microorganism that either (i) 

convert products formed by electrochemical reduction of CO2, e.g. formate (using 

inorganic cathodes), or (ii) use electrochemically produced H2 to reduce CO2 into higher 

compounds (autotrophy), three AP setups were designed: one-pot, two-pot, and three-pot 

setups. 

We evaluated the kinetic (microbial uptake and conversion, electrochemical reduction) 

and thermodynamics (efficiencies) of the separate processes, and the overall process 

efficiency of AP compared to photosynthesis. We address the influence of several 

parameters on efficiencies and time-space yields, e.g. salinity, pH, electrodes, media, 

partial pressures of H2 and CO2. These data provide a valuable basis to establish a highly 

efficient and continuous AP process in the future. 
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I.1. Introduction  

Solar energy is an abundant energy source for sustainable future processes. Nature 

demonstrated ways to utilize this energy source through photosynthesis, which is the 

largest route for solar energy conversion on earth today and is carried out by 

cyanobacteria, algae and plants (2), yet suffers from low energy efficiency. In theory 

energy conversion by algae and plants may be as high as ≈ 11% in the initial stages of 

photosynthesis (3), but this considers only the initial conversion into reducing equivalents 

and not secondary processing, growth, etc.. Calculations of long-term theoretical solar 

energy to biomass conversion into organic matter by plants and algae yield conversion 

efficiencies of ≈ 3.2% (4, 5). However, the best solar energy conversion rates of 

agricultural plants such as napier grass and sugar cane, are much less than this, with a 

maximum of 1.6% (4, 6, 7). Generally, the amount of light energy captured in 

photosynthesis often is larger than what can be used in the photosynthetic metabolic 

reactions (photoinhibition), and excess excitation energy is lost (8). 

Artificial Photosynthesis (AP) is a chemical process that replicates the natural process of 

photosynthesis by capturing and storing energy from sunlight into chemical bonds (9, 

10). Therefore, harvesting solar energy in AP is an attractive option (7).  

The challenge remains to improve the efficiency of AP compared to natural 

photosynthesis. The efficiency can be improved by targeting i) efficient utilization of 

solar energy, i) the efficient transfer of (energy) electrons to active centers and water 

splitting into hydrogen and oxygen, iii) capture and conversion of CO2 efficiently (11-

14). These challenges hinder the AP from becoming and economically feasible process. 
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Therefore, the mentioned pointes have been the target of ongoing scientific efforts to 

improve the efficiency of AP. If successfully improved, the technology of AP will be able 

to fundamentally transform the current economy of fossil fuels into a sustainable 

economy of “photons”(15, 16). 

I.1.1. Efficient utilization of solar energy 

Photosynthesis captures light energy to generate chemical energy (ATP) and reaction 

equivalents (NADH) by the photosynthetic electron transport (PET) used in assimilation 

processes, most notably the fixation of CO2 to form sugars (17). Photosynthetic 

organisms (plants, cyanobacteria and algae) absorb light primarily using a green pigment 

“chlorophyll” located in chloroplasts, an organelle that conducts photosynthesis (Fig 1). 

 

 

Figure 1: A chloroplast has an outer membrane, an inner membrane, and a thylakoid 
membrane. The stacks of thylakoids are termed ‘grana’ (singular: ‘granum’), and the 
fluid between grana is called the stroma. Within the thylakoid is empty space called the 
lumen, and molecules flow between the lumen and stroma during the light-dependent 
reactions of photosynthesis (18). 
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Although efficiently trapping light energy at all wavelengths of visible solar radiation, 

chlorophyll absorbs light most strongly in the blue portion of the electromagnetic 

spectrum, followed by the red portion. Conversely, it is a poor absorber of green and 

near-green portions of the spectrum, which it reflects, producing the green color of 

chlorophyll-containing tissues (19). 

The energy used for splitting water and reducing CO2 is only equivalent to the red region 

of the spectrum, by extracting the energy of one photon with a wavelength of 700 nm. 

Hence, for every electron/proton extracted from water and used to reduce CO2, the 

energy of two ‘red’ photons are required. Higher energy photons are degraded to heat by 

internal conversion to the energy level of ‘red’ photons at about 1.8 eV (11). Therefore, 

47% of the solar energy is lost due to photons outside the 400–700 nm active range (20, 

21). 

The remaining 53% are not completely absorbed and almost 1/3 of the photons are lost, 

resulting in 37% absorbed photons. Some of the high‐energy photons may have negative 

influence by causing recombination reactions, photo‐bleaching, or other effects of 

degradation, and therefore causing a wavelength-mismatch degradation which reduces 

the photons collected to 28.2%, and approximately 9% only efficiently converts ATP and 

NADPH to D-glucose (20). The plant uses almost half of the D-glucose that is either 

consumed/recycled in light-independent reactions (dark) and photo-respiration leading to 

5.4% net efficiency (20). Many plants loose much of the remaining energy on growing 

roots. Most crop plants store ~0.25% to 0.5% of the sunlight in the product (corn kernels, 
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potato starch, etc.), sugar cane is exceptional in several ways to yield peak storage 

efficiencies of ~8% (22). 

Alternatively, solar energy can be collected artificially by photovoltaics (PV), a form of 

photoelectrical cells that converts the energy of light directly into electricity with higher 

efficiency. The electrical current is generated when photons from sunlight are absorbed 

and charges are generated in a semiconductor material. Semiconductors such as silicon 

absorb a large fraction of sunlight, but below the absorption edge (band gap) of the 

semiconductor, no absorption occurs. This controls the photocurrent and thus the 

electrical power of the devices, in combination with the voltage, which is influenced by 

very basic physics and materials science parameters (23). PV technology could be 

deployed to catalyse photo-catalysis reaction or to generate electricity to run instruments 

and reactors involved in AP process designs.  

Unlike plants, where enzymes are also necessary for the capture of solar power, that 

might be susceptible to oxidative damage or inhibition, which renders the capture of solar 

energy by chloroplasts alone inadequate. This is not the case for solar panels, they are 

sufficient to do conversion into electricity by themselves.  

The science of PV is a mature field. Novel photovoltaic materials emerged, and scientists 

later learn how to accommodate these novel phenomena to the scientific terminology of 

photovoltaics. The thermodynamic limitations analyzed by Shockley and Queisser (S–Q) 

(24) resulted in a maximum efficiency of slightly over 33 % in a single-junction device 

using a band gap of 1.1–1.4 eV (electronvolt). These limitations are due to heat losses 

from high energy photons above the single-band gap, and from loss of photons not 
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absorbed below the band gap. It is also based on the equilibrium flux of photons to the 

photovoltaic device from the sun (23). This is a description that is valid for well-

established materials, like crystalline and poly- crystalline silicon-based photovoltaic, but 

also for amorphous inorganic semiconductors in thin film format, as well as newer 

organics in wet or dry state conditions, and new hybrid organic–inorganic materials. 

Though the science is mature, the implications of this science have not always been fully 

acknowledged. The recent improvement, to 28.8 % power conversion efficiency (PCE), 

of high performance gallium arsenide (GaAs) single-junction solar cells, has been 

accomplished by photonic engineering, to manipulate the balance between the incoming 

and outgoing photon flux, with the reward coming as voltage from the cell (25). 

Improved energy conversion is found in multi-junction solar cells, or tandem solar cells, 

where the heat and transmission losses are minimized by the use of two, three, or more 

different materials of different band gaps, and connecting these devices in electrical 

series. These are very high performance solar cells, with power conversion efficiencies 

up to 44.7 % under the direct sun spectrum at very high concentrations (23). These solar 

cells are mostly used in space, or under concentrated solar light on earth. The delicate 

growth of several compound semiconductors on top of each other to create these 

structures results in a higher material and processing cost. Therefore, these solar cells are 

mostly relevant together with concentrating optical elements, and thus require high 

performance, low-cost concentrators, which only work well in direct sunlight.  

Such concentrator systems are today becoming more widely available and applications in 

the multi MW (megawatt) range have been realized. Attempts to use the part of the solar 
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spectrum found in the infrared and far infrared, carrying 50% of the solar energy, for 

photovoltaic energy conversion is of relevance, in particular in combination with 

tandems. For single-band gap devices, the optimum band gap is 1.1–1.4 eV, and the 

lower energy part of the solar spectrum is sacrificed (23). 

This leads to having solar capture as high as 30% or more, that delivers an energy ready 

to be used for AP processes, making them good candidates for this kind of approach.  

I.1.2. Efficient electron transfer to active centers and water splitting 

The photochemical reaction in photosynthesis is a redox reaction, with CO2 (removed 

from atmosphere) acting as an electron acceptor and H2O as electron donor. This results 

in the formation of glucose, which stores part of the solar energy in its chemical bonds, 

and in O2 as a byproduct (26).  

6 CO2 + 6 H2O 

!"#$%	'('%)*,
	'(,*-'.,			
/0#"%"10*##	

 C6H12O6 + 6 O2       (Eq. 1) 

Photosynthesis occurs in two stages. In the first stage, light-dependent reactions or light 

reactions capture the energy of light and use it to make the energy-storage molecules 

ATP and NADPH. During the second stage, the light-independent reactions use these 

products to capture and reduce CO2 (27). 

In the first stage, the light-dependent reactions take place on the thylakoid membranes 

(Figure 1), a membrane-bound compartment inside chloroplasts. The inside of the 

thylakoid membrane is called the lumen, and outside the thylakoid membrane is the 

stroma, where the light-independent reactions take place. The thylakoid membrane 



25 
	
contains some integral membrane protein complexes that catalyze the light reactions. 

There are four major protein complexes in the thylakoid membrane: Photosystem II 

(PSII), Cytochrome b6f complex, Photosystem I (PSI), and ATP synthase. These four 

complexes work together to ultimately create the products ATP and NADPH (27, 28). 

 

 

Figure 2: Light-dependent reactions of photosynthesis at the thylakoid membrane. In the 
thylakoid membrane, when photosystem II (PSII) is excited by absorption of a photon 
light energy, the reaction centre chlorophyll molecule transiently loses an electron. This 
electron is transmitted to the plastoquinone pool (PQ), which takes a proton from the 
stroma. Upon oxidation, the reaction centre chlorophyll is a very strong oxidizing agent, 
which is able to accept electrons from water, resulting in O2 and protons production in the 
lumen. The chlorophyll can then be excited again. Reduced plastoquinone can move 
through the membrane from PSII to cytochrome b6/f (Cyt b6/f). There, plastoquinone is 
oxidized and its proton is released in the lumen, leading to a proton transport from stroma 
to lumen. Its electron is further transferred to photosystem I (PSI) via cytochrome b6/f 
and plastocyanin (PC). This electron transfer allows reduction of excited PSI reaction 
centre chlorophyll. Upon excitation, this chlorophyll gives its electron to stromal 
ferredoxin (Fd), which can reduce chloroplastic thioredoxins (TRX) via the ferredoxin-
thioredoxin reductase (FTR) and NADP+ via the ferredoxin NADP reductase (FNR). 
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Water photolysis and proton transport via plastoquinones contribute to the establishment 
of a proton gradient between stroma and lumen. This gradient is used as an energy source 
by the ATP synthase for ATP synthesis. Adapted from (29, 30). 

 

In the light-dependent reactions (Figure 2), one molecule of the pigment chlorophyll 

absorbs one photon and loses one electron. This electron is passed to a modified form of 

chlorophyll called pheophytin (PSII), where H2O oxidation and the reduction of 

plastoquinone occurs (31, 32) . 

In order to split water in PSII, four photochemical reactions are needed to take out four 

electrons and four protons from two water molecules. This leads to formation of one O2 

molecule. The H2 ions released, contribute to the transmembrane chemiosmotic potential 

that leads to ATP synthesis. O2 is a waste product of light-dependent reactions, but the 

majority of organisms on Earth use O2 for cellular respiration including photosynthetic 

organisms (33). 

2 H2O 
2	03

 O2 + 4 H+ + 4 e-        (Eq. 2) 

This reaction starts the flow of electrons down an electron transport chain that leads to 

the ultimate reduction of NADP to NADPH. This creates a proton gradient (energy 

gradient) across the chloroplast membrane, which is used by ATP synthase in the 

synthesis of ATP. The chlorophyll molecule ultimately regains the electron it lost, when a 

water molecule is split in a process called photolysis, which releases a dioxygen molecule 

as a waste product (34).  

The overall equation for the light-dependent reactions under the conditions of non-cyclic 

electron flow in green plants is (34): 
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2 H2O + 2 NADP+ + 3 ADP + 3 Pi + light → 2 NADPH + 2 H+ + 3 ATP + O2  (Eq. 3) 

What nature shows in photosynthesis is a complex mechanism in how chemical bonds 

allow energy to be efficiently stored by performing a photocatalytic water oxidation 

reaction which is coupled to carbon dioxide fixation (CO2 reduction) (35). 

Understanding the mechanism of water splitting and O2 evolution, and finding novel 

catalysts opens opportunities for the development of artificial photosynthesis. 

Electrochemistry water oxidation and CO2 reduction goes in line with this concept when 

using energy form renewables (PV) to generate electricity (36). Solar energy is collected 

and delivered to a water oxidizing catalyst that splits water into dioxygen, protons, and 

electrons. The extracted electrons can be used for the reduction of protons to form 

dihydrogen, or may be used to reduce either organic molecules or CO2 to products that 

can serve as fuels (37). 

The development of water oxidation catalysts from inexpensive and abundant elements 

would make artificial photosynthetic systems highly cost-effective and attractive for 

large-scale applications. Water splitting reaction and the mechanism of O-O bond 

formation commonly uses transition metal complexes and transition metal oxides (38), as 

models to mimic water oxidation in PSII (11). It is difficult to develop systems that 

imitate closely the complex arrangement of the PSII, which contains a Mn4CaO5 cluster. 

Therefore, a general strategy is the development of simplified structural models (39). In 

addition, such complexes must be tested for their catalytic efficiency and their potential 

to be used in AP devices. 
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I.1.3. Capture and conversion of CO2 efficiently 

In the second stage of photosynthesis, the light-independent reactions use ATP and 

NADH from the light-dependent reactions to capture and reduce CO2. These reactions are 

also called “dark” reactions and processed through the Calvin-Benson cycle (CBB) (34). 

The CBB cycle is divided into three stages: i) carbon fixation, ii) reduction, iii) 

regeneration. 

The first stage of the CBB cycle is “carbon fixation”. The enzyme RuBisCO catalyzes the 

carboxylation (by CO2) of ribulose-1,5-bisphosphate (RuBP), a 5-carbon compound 

flanked by two phosphates, which gives two molecules of 3-phosphoglycerate (3-PGA). 

The enzyme phosphoglycerate kinase catalyzes the phosphorylation of 3-PGA by ATP 

(produced in the light-dependent stage) and produces 1,3-bisphosphoglycerate (1,3 

BPGA) and ADP. However, two 3-PGAs are produced for every CO2 that enters the 

cycle, so this step utilizes two ATP per CO2 fixed (Figure 3) (34, 40). 

In the second stage “reduction”, the enzyme glyceraldehyde 3-phosphate dehydrogenase 

catalyzes the reduction of 1,3 BPGA by NADPH is used to convert the product into 

glyceraldehyde 3-phosphate (G3P) (Figure 3) (34, 40, 41).  

The third and final stage is the “regeneration” of RuBP, which requires five G3P 

molecules. Since each CO2 molecule produces two G3P molecules, the cycle takes three 

“turns” to fix three CO2, to produce in the end six G3P molecules of which one of the 

G3P molecules leaves the Calvin cycle and is sent to the cytoplasm to contribute to the 

formation of other compounds needed by the plant. The remaining five G3P are used to 

regenerate RuBP, which enables the system to prepare for more CO2 to be fixed. Three 
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more molecules of ATP are used in these regeneration reactions (Figure 3). Therefore, 

the net gain is one G3P molecule per three CO2 molecules (as would be expected from 

the number of carbon atoms involved) (34, 40, 41). As per the equation: 

3 CO2 + 9 ATP + 6 NADPH + 6 H+ → G3P + 9 ADP + 8 Pi + 6 NADP+ + 3 H2O  (Eq. 4) 
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A)  

B)  

 

Figure 3: The CBB cycle for autotrophy by R. eutropha. A) Shows the cycle where two 
CO2 are condensed with RuBisCo, in the end giving a G3P and recycling the RuBisCO 
enzyme. B) explains the three stages that the CBB cycle undergoes to produce G3P and 
regenerate RuBisCO. 
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From observing the pathway, it shows how expensive the CBB cycle is, as it requires 9 

ATP for the synthesis of one G3P. Because the CBB cycle is a very energy-consuming 

pathway dependent on reductive assimilation of CO2, it is strictly repressed by regulation 

in several plants, algae and cyanobacteria when essential ATP and reducing equivalents 

are unavailable (40, 42-44). 

Compared to the energy required for carbon fixation from CO2 into glucose of 2913 kJ 

mol-1 under physiological conditions, the 9 ATP represent 15 % (50 kJ mol-1 of ATP 

under physiological conditions (45)) and another 15 % are lost approximately during the 

synthesis of the ATP by the ATP synthase. 

Therefore, the main focus of AP is to aim for a higher efficiency for the conversion of 

CO2 into products, than the CBB cycle. This can be achieved by either finding other 

biochemical or synthetic pathways with a higher efficiency or developing non-bio 

techniques.  

Organisms capable of CO2 assimilation are not restricted to photosynthetic organisms 

(e.g., plants, algae, cyanobacteria) only. Research endeavor on autotrophic bacteria has 

started to gain its momentum. Table 1, below, shows different microbial pathways that 

can fix CO2 (11, 46).  
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Table 1: Reported carbon fixation pathways. Adapted from (46). 

Carbon fixation 

pathways 
Also known as Organisms Key CO2 fixating enzymes Key CO2 fixating reaction 

Calvin-Benson-

Bassham cycle 

(CBB) 

Reductive 

pentose 

phosphate cycle 

Plants, algae, 

cyanobacteria, 

proteobacteria, 

mycobacteria 

RuBisCO 

Ribulose-1,5-bisphosphate + 

CO2 + H2O → 2,3-

Phosphoglycerate  

Reductive 

tricarbocylic acid 

cycle (rTCA) 

Reductive citric 

acid 

cycle/Reverse 

Krebs 

cycle/Arnon-

Buchanon cycle 

Proteobacteria, 

green sulfur 

bacteria, 

aquaficae 

bacteria 

Phosphoenolpyruvate carboxylase2-

Oxogluterate synthase Isocitrate 

dehydrogenasePyruvate synthase 

Phosphoenolpyruvate + HCO3
- 

→ Oxaloacetate + PiSuccinyl-

CoA + CO2 + Fdred
2- + 2H+ → 

2-Oxoglutarate + CoA + Fdox2-

Oxogluterate + CO2 + 

NAD(P)H + H+ → Isocitrate + 

NAD(P)+Acetyl-CoA + CO2 + 
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Fdred
2- + 2H+ → Pyruvate + 

CoA + Fdox 

Wood-Ljungdahl 

pathway (WL) 

Reductive 

acetyl-CoA 

pathway 

Euryarchaeota, 

proteobacteria, 

plantomycetes, 

spirochaetes 

Formate dehydrogenaseCO 

dehydrogenase/Acetyl-CoA synthase 

Formylmethanofurandehydrogenase* 

CO2 + NAD(P)H + H+ → 

Formate + NAD(P)+ CO2 + 2H+ 

+ 2e- → CO + H2O CO + CH3
-

CFeSP + HSCoA → CH3
-CO-

SCoA + CFeSP + 

H+Methanofuran + CO2 + 2H+ 

+ Fdred
2- → 

Formylmethanofuran + H2O + 

Fdox 

3-

Hydroxypropionate-

4-hydroxybutyrate 

cycle (3HP-4HB) 

  
Aerobic 

crenarcheota 

Acetyl-CoA/Propionyl-CoA 

carboxylaseAcetyl-CoA/Propionyl-

CoA carboxylase 

Acetyl-CoA + ATP + HCO3
- → 

Malonyl-CoA + ADP + Pi 

Propionyl-CoA + ATP + HCO3
- 

→ (S)-Methylmalonyl-CoA + 
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ADP + Pi 

Dicarboxylate-4-

hydroxybutyrate 

cycle (DC-4HB) 

  
Anaerobic 

crenarcheota 

Pyruvate 

synthasePhosphoenolpyruvate 

carboxylase 

Acetyl-CoA + CO2 + Fdred
2- → 

Pyruvate + Fdox  

 

Phosphoenolpyruvate + HCO3
- 

→ Oxaloacetate + Pi 

3-Hydroxypropionate 

bi-cycle (3-HP) 

Fuchs-Holo 

cycle  

Green non-

sulfur bacteria 

Acetyl-CoA carboxylasePropionyl-

CoA carboxylase 

Acetyl-CoA + ATP + HCO3
- → 

Malonyl-CoA + ADP + Pi 

Propionyl-CoA + ATP + HCO3
- 

→ (S)-Methylmalonyl-CoA + 

ADP + Pi 

*Found in methanogenic Archaebacteria 
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For the development of non-biological techniques, understanding the chemistry of CO2 is 

of importance to develop new AP processes. Although containing two polar C=O bonds, 

CO2 itself is a polar and also bi-functional molecule, because it carries two different 

reaction sites; the electrophilic carbon atom and the nucleophilic O2 atoms (47).  

CO2 is a weak electrophile. Its reaction with basic water illustrates this property, in which 

hydroxide acts as the nucleophile (48). CO2 is a relatively inert molecule; its reactivity is 

greatly enhanced by the judicious choice of catalysts. In this regard, metal complexes are 

prime candidates as catalysts owing to the ability of CO2 to interact with metal centers 

(49, 50). Currently, major scientific and industrial technologies that use CO2 as a C-1 

building block rely on this property of interacting with metal centers and therefore 

research is focused on: i) identifying pathways and products, ii) addressing energetic 

constraints and iii) understanding and developing new catalysts (51).  

One electron transfer for H2O and CO2 are highly unfavorable thermodynamically 

because they involve the formation of high-energy radical intermediates such as OH. or 

CO2
.-. The potential for the reduction of CO2 to CO2

.- is -1.9 V versus SHE (standard 

hydrogen electrode). Furthermore, there is a large kinetic overpotential for the one-

electron reduction, due to structural differences between the linear CO2 and the bent CO2
.-. 

This renders the concerted multi-electron reductions of CO2 thermodynamically more 

favorable, in a thermodynamic sense, than single electron reductions (52, 53). Redox 

catalyst on electrodes must therefore be designed to carry out the oxidation of water and 

the reduction of CO2 in synchronous multi-electron steps near the thermodynamic 
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potential of the CO2/desired reduction product (54). Table 2 shows the potential for the 

reduction of CO2 and oxidation of H2O to various products (E = Eo + ∝∆pH ) 

Table 2: Potentials measured at pH 7.0 in aqueous solutions versus NHE, 25 oC, 1 
atmosphere gas pressure, and 1 M for the other solutes for the reduction of CO2 and 
oxidation of H2O to various products. Adapted from (53, 55) 

CO2+ e� → CO2
.� Eo = - 1.9 V 

CO2+ 2H++ 2e� → CO+ H2O Eo = - 0.53 V 

CO2+ 2H++ 2e� → H2CO2 Eo = - 0.39 V 

CO2+ 4H++ 4e� → HCHO+ H2O Eo = - 0.48 V 

CO2+ 6H++ 6e� → CH3HO+ H2O Eo = - 0.38 V 

CO2+8H++ 8e� → CH4+ 2H2O Eo = - 0.24 V 

H2O  → HO�+ H+ + e� Eo = + 2.38 V 

2H2O → O2+ 4H+ + 4e� Eo = + 0.82 V 

2H++ e� → H2 Eo = - 0.41 V 

 

Electrochemical reduction using an unreactive metal or carbon electrode gives a CO2 

radical anion, which may undergo dimerization to oxalate or disproportionation to CO 

and carbonate. By contrast, catalytically active metals, through active sites on their 
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surface, can direct CO2 reduction to hydrogenated products at a much lower applied 

voltage because of the high efficiency of the heterogeneous catalysis. In these systems the 

metal serves a dual role, both delivering electrons and producing electrocatalytic centers 

(56). The most common reduction products are formic acid, carbon monoxide and oxalic 

acid, although some examples of successful 6-electron and 8-electron conversions to 

methanol and methane, respectively, have been described (57). 

When the reaction is performed in water or methanol, H2 will also be formed in 

competition with CO2 reduction. It can, however, be advantageous to generate CO and H2 

concurrently at the cathode in a H2:CO ratio close to 2:1, and thereby producing synthesis 

gas (syngas). The syngas can then by further reaction be transformed into methanol. This 

reaction is however still in the research phase, and has some efficiency problems which 

must be overcome (58). 

The product composition for the electrochemical reduction of CO2 can also be affected 

by the electrolyte medium and pH. Zinc electrodes in 0.1 M KHCO3 at potentials of -1.5 

to -1.7 V (vs. Ag/AgCl) will give a mixture of CO and formic acid, while in 0.05 M 

K2SO4, the predominant product is CO, in up to 80% Faradaic efficiency (59), with small 

yields of formic acid. This electrolyte dependency can be explained by the higher rate of 

dissolution of the Zn electrode in the K2SO4 solution (pH 4.2) than in the KHCO3 

medium (pH 6.8). The dissolved Zn2+ ions promote the formation of CO (60). The 

electrochemical CO2 reduction to hydrocarbons will require selective bond breaking and 

bond formation and hence will pose some kinetic challenges. The general challenge is 

acquiring low overpotential, and high selectivity for the desired products, which requires 
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an efficient electrocatalyst. 

I.1.4. Artificial photosynthesis history and approaches 

AP research focuses on finding catalysts that can convert water, carbon dioxide, and 

sunlight to bioproducts or hydrogen. In more detail, harvested solar energy is funneled to 

the reaction center where multistep electron-transfer reactions occur (oxidation–

reduction) to generate a potential. This acquired energy potential can drive chemical 

reactions to produce chemical energy that can be used and stored (Figure 4) (61).  

 

Figure 4: Schematic representation of an artificial photosynthetic system for water 
splitting (solar fuel production). 
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Early stages of AP were carried out using Donor–Acceptor Dyads (DAD), that were 

introduced by Aviram and Ratner in the 70s when they proposed their theory of electrical 

current rectification using a single donor–bridge–acceptor molecule (62-66), therefore 

starting the field of molecular electronics (67, 68), a branch of nanotechnology that uses 

single molecules, or nanoscale collections of single molecules, as electronic components.  

Understanding the mechanism of charge separation and recombination (69-71) and the 

sensitivity of those reactions to the dielectric environment surrounding the donors and 

acceptors (72-74) has led to significant advances in mimicking the primary events of 

photosynthesis (75, 76). As its basic operation, it is a photo-induced electron transfer on a 

reaction center (at minimum) consisting of an electron donor moiety, an additional 

electron acceptor moiety (generating reduction equivalents), a catalysts for the oxidation 

and reduction processes, and an organizational principle that controls their electronic 

interactions (and therefore the rates and yields of electron transfer) (76).  

Chemists then began to synthesize covalently linked DAD for the study of photo-induced 

electron transfer. But most DAD artificial reaction centers suffer to a greater or lesser 

extent from rapid charge recombination (76), and lack of robustness of the resulting 

molecular devices, caused by chemical instability as well as positional instability of the 

molecules assembled in the junctions. The applicability of this concept to the 

construction of practical, molecular-scale devices is still under debate (77). 

In recent years, a great deal of progress has been made in the field of AP by constructing 

chemical photosynthetic systems capable of harvesting the energy of charge separation to 

produce a chemical fuel, by using redox equivalents generated by artificial reaction 
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centers. Making a fuel is complex because in addition to the reaction center and any 

associated antenna, the process requires catalysts and construction of a complete system 

in which the reaction center and catalysts can work together (78). Most of the initial 

experiments in artificial photosynthetic fuel production have been directed towards 

oxidation of water to produce hydrogen ions that are reduced to hydrogen gas, which is 

an attractive fuel (78). None of these systems is as yet viable for practical fuel 

production, but they illustrate that the entire fuel generation process is achievable (78). 

This directed research to borrow molecular systems from nature that are already 

optimized for light harvesting and charge separation for over 3 billion years of evolution. 

By recognizing the applicability of the biological machinery of photosynthesis as the 

active solar cell material (79, 80). This led to the concept of the artificial leaf introduced 

by Nocera in 2012 (81), that borrows biological material and concepts from organisms 

such as algae and bacteria, as well as offering design of the artificial light harvesting and 

catalytic modules that could be efficiently integrated into the complete operational solar-

to-fuel devices that use water as the sole source of reducing equivalents for production of 

easily storable solar fuels (82). 

The described artificial leaf (81), comprises: Si-semiconductor, that acts as a light 

harvesting catalyst, a stainless steel support, where Si is deposited and used for support, 

an indium tin oxide (ITO) layer, to stabilize silicon in water and, hydrogen and oxygen 

evolving catalysts, made from a ternary alloy (NiMoZn) and a cobalt–phosphate cluster 

(Co-OEC), respectively.  

The NiMoZn, is the cathode side and produces H2 from combining H+ and e-, and Co-
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OEC (oxygen evolving center), is the anode side and deposits O2 (side exposed to light) 

by mimicking the structural and functional attributes of the PSII-OEC. Similar to the 

PSII-OEC, the Co-OEC self-assembles upon oxidation of an earth-abundant metal ion 

from 2+ to 3+, may operate in natural water at room temperature, and is self-healing. The 

Co-OEC also activates H2O by a proton-coupled electron transfer mechanism (Figure 5).  

 

Figure 5: Artificial leaf, comprising of: Si-semiconductor, an indium tin oxide (ITO) 
layer, to stabilize silicon in water and, hydrogen and oxygen evolving catalysts, made 
from a ternary alloy (NiMoZn) and a cobalt–phosphate cluster (Co-OEC), respectively. 

 

Four most important factors are taken into consideration in the quest for the ideal 

artificial leaf: i) power conversion efficiency, ii) robustness, iii) scalability, and iv) cost-

effectiveness (82). The main challenge to date is the efficient production and interfacing 

of all the necessary components of a robust, scalable, cost-effective and most crucially, 

an efficient artificial photosynthetic device capable of producing fuel from water upon 
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solar illumination (82). Energetic and redox compatibility seems to represent the main 

bottleneck; therefore, a meticulous critical selection of appropriate working conditions 

and a thorough characterization of new materials are of utmost importance (83). 

Moreover, the spatial organization of the building modules chosen for a specific solar 

fuel system can have a significant impact on the overall power conversion efficiency due 

to the potential losses associated with chemical transport processes or electrical 

resistances inherent to certain solar-to-fuel device geometries (83). Another limitation 

arises from the physical combination of all the components into a fully operational water-

splitting/fuel producing device.  

An emerging field adopted the concept of borrowing elements and design from natural 

photosynthesis (similar to the artificial leaf). The combination of photo-induced reactions 

with microbiology showed promising results (solar-to-chemical production) (84-90), not 

only did these systems incorporated PV technology, but they managed to combine PV, 

electrochemistry and microbiology successfully to produce fuels from CO2, creating an 

integrated electro microbial carbon and conversion processes, where electro synthesis is 

utilized for the production of biofuels using genetically modified R. eutropha (84, 88, 

90). In one setup (84), Pt anode and In cathode were used to produce formate from CO2, 

where formate was utilized by a genetically modified R. eutropha for the production of 

isobutanol and 3-methyl-1-butanol. In the other setup (88), a CoPi anode and either 

NiMoZn electrodeposited on SS (stainless steel) 304 mesh or plain SS mesh as a cathode 

for the production of H2 and O2 from water splitting that are utilized by a genetically 

modified R. eutropha with CO2 for the production of isopropanol. A third setup (90) 

replaces the NiMoZn alloy with cobalt-phosphorus (Co-P) alloy cathode which is 
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resistant to ROS (reactive oxygen species). 

The efficiencies of the reported solar-to-chemical setup gave a 3.2 % (88), and 9.7 % 

(7.6% for bioplastic) (90) solar-to-chemical efficiencies, where hydrogen is primarily 

used as electrochemical product and a mixture of carbon products (isopropanol) were 

reported (88). 

These processes provided a platform for the production of a value-added chemical 

product from light, CO2, and water while using electrochemistry and microorganisms, 

which provide a starting point for achieving sustainable chemistry with biology 

materials. Table 3 displays several targeted products from CO2 conversion by various 

microbial strains (11, 46). 
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Table 3: Representative bio-based products derived from CO2. Adapted from (46). 

Bio-based 

products 
Organisms Species Chemicals Productivity References 

Bio-plastics 

Proteobacteria Ralstonia eutropha 
Poly-3-

hydroxybutyric acid 

Under growth with H2/CO2, 61 

g/L of PHB was formed in 40 h, 

representing ~70% of total cell 

weight. 

(91) 

Proteobacteria Ideonella sp. O-1 
Poly-3-

hydroxybutyric acid 

The content of PHB in the cells 

reached ~80% (w/w). 
(92) 

Algae Phaeodactylumtricornutum 
Poly-3-

hydroxybutyric acid 

PHB accumulated to 10% of algal 

dry weight. 
(93) 
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Bio-

alcohols 

Proteobacteria 
Rhodobactersphaeroides 

Rhodobactercapsulatus 
Ethanol 

~800 mg/L ethanol from CO2 and 

non-water hydrogen source. 
(94) 

Cyanobacteria 
Synechococcuselongatus 

PCC 7942 
Ethanol 

Ethanol production rate of 0.18 

mg/L*h from CO2 and water. 
(95) 

Cyanobacteria 
Synechococcuselongatus 

PCC 7942 
Isopropanol 

26.5 mg/L of isopropanol after 9 

days. 
(96) 

Cyanobacteria 
Synechococcuselongatus 

PCC 7942 

Isobutyraldehyde, 

isobutanol 

Productivity of isobutyraldehyde 

of 6230 mg/L*h was achieved, 

and 450 mg/L of isobutanol was 

produced in 6 days. 

(97) 

Cyanobacteria 
Synechococcuselongatus 

PCC 7942 
n-Butanol 

n-Butanol accumulation reached 

14.5 mg/L in 7 days. 
(98) 
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Bio-diesel 

Algae Nannochloropsisoculata Lipids 

The maximal biomass and lipid 

productivity in a semi-continuous 

system were 0.480 and 0.142 

g/L/d with 2% CO2 aeration. 

(99) 

Algae Chlorella vulgaris Lipids 

The maximal biomass and lipid 

productivity were 3.83 g/L and 

0.157 g/L/d with CO2 aeration 

rate of 0.5 vvm (air volume, 

liquid volume, minutes). 

(99) 

Other 

chemicals 

Algae Porphyridiumaerugineum Polysaccharide ~2.5 mg/mL in 20 days. (100) 

Proteobacteria Ralstoniaeutropha  Methyl ketone 

50-180 mg/L under 

chemolithoautotrophic growth 

conditions. 

(92) 
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Cyanobacteria 
Synechocystis sp.PCC 

6803 
Isoprene 

Accumulation of ~50 mg 

isoprene/g of dry cell weight/day. 
(101) 

Cyanobacteria 
Synechocystis sp.PCC 

6803 

Sesquiterpene β-

caryophyllene 

3.7 µg of β-caryophyllene/g of 

dry cell weight/week. 
(102) 

Yeast Trichosporon moniliiforme Salicylic acid 

Phenol was converted to salicylic 

acid with a 27% (mol/mol) yield 

at 30°C for 9 h. 

(103) 
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I.2. Objectives 

I.2.1. Design of electro-microbial carbon capture and conversion processes 

As described in the introduction, a variety of approaches to solar energy powered CO2 

conversions have been proposed (84, 88, 90). However, large-scale implementation of 

such a technology requires a fundamental analysis of thermodynamic and kinetic 

parameters to assess the installation costs and efficiencies, which will determine the 

feasibility of the approach. To date, neither such parameters or analysis nor a 

comparison of the individual concepts exist for any artificial photosynthesis 

approach. Hence, the primary objective of this thesis is to establish and compare these 

possible systems, that combine electrochemical reactions (water oxidation or CO2 

reduction) with consequential microbial conversion of electrochemical products into 

higher-value products. We therefore aimed to focus on the following:  

• Using PV technology with 30-40% efficiency in capturing solar energy and 

converting it to electricity compared to 9% efficiency of photosynthesis to 

capture solar (by chlorophyll) and convert it to electrons (in the chloroplast) (20). 

Additionally, PV is independent from enzymatic reactions opposite to 

photosynthesis, where they are susceptible to oxygen damage caused by 

environmental changes. 

• Electrochemical approaches that mimic the process of water splitting to generate 

H2 rapidly and independent of enzymatic reactions. 

• Integrating microbial processes that do not rely only on the CBB cycle, but utilize 

more efficient pathways to utilize CO2 and H2. 
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• Production of desired high value bioproducts. 

• A system that does not compete with food production like photosynthesis in 

plants. 

Hence, we designed several electro-microbial carbon capture and conversion 

systems, that in furfure use PV technology to utilize solar energy and convert CO2 

into a high valuable bioproduct.  

The targeted bioproduct is polyhydroxybutyrate (PHB). It is a biodegradable polymer 

synthesized by microorganisms as natural energy and carbon storage molecule 

(accumulates as intracellular granules inside the cells) (104), produced under nutrient 

imbalance (depletion of nitrogen, phosphorous with excess amount of a carbon 

source) and stress conditions. The surface of a PHA granule is coated with a layer of 

phospholipids and proteins known as Phasins. The Phasins influence the number and 

size of PHA granules (105-107). 

In bacterial metabolism, acetyl-coenzyme-A (acetyl-CoA), is converted into PHB by 

three biosynthetic enzymes; PhaA, PhaB and PhaC. In the first step, 3-ketothiolase 

(PhaA) combines two molecules of acetyl-CoA to form acetoacetyl-CoA. 

Acetoacetyl-CoA reductase (PhaB) allows the reduction of acetoacetyl-CoA by 

NADH to 3-hydroxybutyryl-CoA. Finally, PHB synthase (PhaC) polymerizes 3-

hydroxybutyryl-CoA to PHB, coenzyme-A being liberated. Only (R)-isomers are 

accepted as substrates for the polymerizing enzyme (107, 108).  

In recent years, biopolymers have received renewed interest. A wide variety of 

petroleum-based synthetic polymers are currently manufactured, and remarkable 

amounts of these polymers are introduced into the ecosystem as residential and 
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industrial waste products (109). This has made biodegradable polymers economically 

attractive in the long term due to the environmental and economic concerns associated 

with waste disposal and the increasing expenses of petroleum production resulting 

from the diminution of the most easily reachable reserves. Moreover, biodegradable 

plastics can be recycled into fruitful metabolites (monomers and oligomers) by 

microorganisms and enzymes (104). Incorporating the production of PHB in the AP 

processes will lead to a cost-effective and environmentally friendly method of storing 

the energy. 

I.2.2. Components identification for electro-microbial systems 

The processes under study were based on microorganism that either i) directly 

convert products formed by electrochemical reduction of CO2, e.g. formate (inorganic 

cathodes), or ii) use electrochemically produced H2 to reduce CO2 into higher value 

products (autotrophy). 

Therefore, the following systems should be investigated: 

• One-pot: Integrated Electro-Microbial Carbon Capture (IEMC) system with 

electro-chemical oxygenate formation. 

• Two-pot: Separated Electro-Microbial carbon capture and conversion with 

electro-chemical hydrogen formation. 

• Three-pot: Autotrophic-microbial carbon capture system with 

electrochemical hydrogen formation. 

In order to design the AP systems, the following components were focused on as a 

basis for each design: 
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1.2.2.1. Electrolysis for the electro-microbial systems  

It is clear that the electrochemical reaction conditions are very important in defining 

the type of the process, therefore the following five parameters should be defined for 

each process in order to obtain higher yields and efficiency: i) electrolyte, ii) electrode 

material and surface area, iii) pH, and iv) electrical potential. 

For example, on indium electrodes, formic acid can be produced with very high 

selectivity (95% faradaic efficiency) from CO2 while on carbon electrodes mainly H2 

is produced. It is very important that the catalytic electrode surface is free of any 

contaminations, which can have a strong influence on the activity and selectivity of 

the (electrocatalytic) electrode. 

1.2.2.2. Microbial conversion of substrate 

Depending on the targeted product of electrochemistry and the carbon source used as 

a precursor for PHB production, the following must be determined: 

A) A suitable microorganism with highly efficient pathway in order convert the 

produced substrate (directly or indirectly from electrochemistry) into desired 

bioproducts. 

B) The concentration of the substrate used as a precursor and how to provide 

microorganisms with access to it. 

C) The type of process will determine how many stages are involved, which will 

identify the number of microorganisms used. 

What follows are the AP designed processes: one-pot, two-pot and three-pot. Each 

process will be investigated in details and the results will be reported. 
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Chapter II 

One-pot: IEMC system with electrochemical oxygenate formation 
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II. Introduction  

This Integrated Electro-Microbial Carbon Capture (IEMC) system is a one-pot setup 

that consist of three parts; i) solar generation of electrical energy through 

photovoltaics (PV), ii) electrochemical conversion of CO2 into a C1 compound in 

combination with H2O oxidation generating H2, iii) microbial uptake and conversion 

of the electrolysis products and production of PHB.  

The advantage of a one-pot system is the possibility to bypass the expensive recovery 

process of soluble products from electrolysis, in concurrent with the electrochemical 

production process. The product of electrochemical conversion in this setup is formic 

acid, which is carried out as illustrated in the following Figure 6.  

 

Figure 6: One-pot integrated Electro-microbial carbon capture (IEMC) system 
design. Electrolysis is performed to reduce CO2 into formic acid, in a pot where the 
microbial strain is integrated for the direct recovery and uptake of formate and 
conversion into PHB. 

H+

H2O

CO2

O2 CO2

HCOOH

PHB
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The electrochemical reduction of CO2 is thermodynamically unfavorable because one 

electron transfer to CO2 involves the formation of high-energy radical intermediates 

e.g. CO2
.- (anion radical), therefore, it is challenging and requires a high overpotential 

(-1.9 V versus SHE) (110, 111). This renders the concerted multi-electron reductions 

of CO2 thermodynamically more favorable than single electron reductions (Eq. 1- 3) 

(110, 111). Redox catalyst on electrodes must therefore be designed to carry out the 

oxidation of water and the reduction of CO2 in synchronous multi-electron steps near 

the thermodynamic potential of the CO2/desired reduction product (54) . 

CO2 + 2 H+ + 2 e- à HCOOH    E0 = -0.39 V (Eq. 5) 

2 H2O à O2 + 4 H+ + 4e-     E0 = 0.82 V (Eq. 6) 

2 CO2 + H2O à 2 HCOOH + O2    E0 = +1.25 V (Eq. 7) 

Eq. 5-7: Electrochemical (multi-electron) reduction steps of CO2, which involves 

water oxidation and HCOOH formation. 

The formate utilization and production of PHB occurs via formate oxidation or 

formate assimilation. The formate oxidation pathway is common among 

litoautotrophic bacteria, where we selected the well-studied strain for PHB 

production, Ralstonia eutropha H16, as a model for formate oxidation (112). The 

formate assimilation process is common among methylotrophic microbes, therefore 

we selected Methylobacterium extorquens AM1, a strain that gained interest as future 

biotechnological production platform based on C1 compounds as feedstock (113), to 

perform the assimilation (114). 
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The efficiencies of each component (electrochemical reduction of CO2 to formic acid 

and microbial conversion of formic acid into PHB) of these systems are investigated, 

and the IEMC conversion efficiency of CO2 to PHB is compared to natural 

photosynthesis. 
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II.1. Electrochemical oxygenate formation using R. eutropha H16 

Manuscript submitted to Scientific Reports 

 

II.1.1. Introduction 

The increasing demand for energy and global concerns regarding CO2 emission1 has 

triggered a multitude of sustainable technology developments.2 Particularly attractive 

technologies are the ones that can directly utilize some of the approximately 120’000 

TW solar irradiation reaching Earth’s surface.3 However, the direct conversion of 

solar energy to chemicals commonly suffers from low energy efficiencies; e.g., 

nature’s photosynthetic machinery does not exceed efficiencies of 1 % for most 

plants4 and 2.5 % for microalgae,5 with a theoretical limit of ~7 %.6 Many solar water 

splitting devices that can offer higher efficiencies have been reported, but they only 

generate hydrogen as a product.7,8 Recent studies demonstrated the successful 

conversion of CO2 to useful liquid fuels by interfacing electrochemical hydrogen 

production with the metabolism of chemolithotrophic microorganisms.9 In these 

systems, light harvesting and electrochemical cells were separated, which has benefits 

on the durability of the device and can utilize highly efficient photovoltaic cells 

(commercialized >25 % power efficiency).10-12 Although the selectivity and versatility 

of a microbial carbon fixation metabolism was successfully coupled with hydrogen 

from electrochemical water splitting,13 such an integrated electro-microbial system 

has disadvantage due to operation under potentially explosive hydrogen-air 

mixtures.14 Formic acid can be an excellent alternative to hydrogen as a product from 

electrochemical cell,15-17 which can be further converted by many aerobic microbial 

metabolisms. Because of its low volatility, an anaerobic electrochemical reduction 
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liquid can be transferred directly to an aerobic microbial formate consumption phase 

facilitating cell growth.18  

Integrated biological formate upgrading evades economic challenges associated with 

the recovery of the dilute electrochemical C1 products from the aqueous phase.18 The 

bacterial formate utilization can occur via two distinct processes: formate oxidation or 

formate assimilation.19,20 The formate oxidation pathway is common among 

litoautotrophic bacteria. It utilizes formate dehydrogenases to transfer the electrons 

from formate to NAD(P)H, which in turn is used for aerobic ATP synthesis to support 

cellular growth. Subsequent biological fixation of the carbon dioxide formed 

commonly occurs via the Calvin Benson Cycle21 (Fig P1. 1). The alternative formate 

assimilation process, which prevails for e.g., methylotrophic microbes, starts from the 

reduction of formate to methylenetetrahydrofolate (methylene-THF). This 

intermediate is assimilated by one of the five possible pathways, which includes the 

reductive acetyl pathway, the reductive glycine pathway, the ribulose monophosphate 

pathway, the xylose-5-phosphate pathway and the serine pathway.22 Various 

litoautotrophic and methylotrophic bacteria are able to utilize formate for the 

biosynthesis of polyhydroxyalkanoates (PHAs),23,24 which serve as microbial energy 

storage molecules 25 and can constitute up to 89 % of the total biomass for high PHA-

producing strains like Ralstonia eutropha H16.26 If formate is the only carbon source 

available, R. eutropha produces pure polyhydroxybutyrate (PHB).27 Such 

biopolymers are biodegradable25 and hence represent sustainable and environmentally 

safe alternatives to the synthetic petroleum-based polymers, which are introduced in 

substantial amounts into the ecosystem as residential and industrial waste products.28 

With an increasing market share, biopolymers may be used to mitigate significant 

amounts of CO2. 
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In this contribution, we describe an integrated electromicrobial carbon dioxide 

conversion (IEMC), which combines the electrochemical CO2 reduction to formate 

using inorganic electrodes and subsequent microbial synthesis of PHB in one reactor 

(Fig P1. 1). We tested two model strains with fundamentally different metabolic 

formate to PHB pathways: the strictly respiratory facultative litoautotrophic R. 

eutropha which metabolizes formate by a sequence of dehydrogenation and CBB 

cycle,29 and the aerobic facultative methylotrophic Methylobacterium extorquens 

AM1 which utilizes the serine cycle.19,20 Detailed optimization of reaction conditions 

are addressed by separate investigation of electrochemical and microbial conditions. 

By integrating those parameters, the one-pot IEMC-setup with these bacteria was 

investigated for direct production of PHB.  

II.1.2. Materials and methods 

II.1.2.1. Materials and chemicals 

All materials, salts and other chemicals were purchased from Sigma-Aldrich and used 

as received.  

II.1.2.2. Microorganisms 

Bacterial strains (Ralstonia eutropha H16, DSM 428 and Methylobacterium 

extorquens AM1, DSM 1338) were purchased from the German Collection of 

Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). Fresh cultures 

were prepared from aliquots, stored at -80 °C.  

II.1.2.3. Pre-cultures 

Pre-cultures of R. eutropha were prepared from frozen stocks that were grown 

overnight in rich medium (1 L) consisting of peptone (5 g L−1) and meat extract 

(3 g L−1) and were then sub-cultured (10%, v/v) in minimal medium ‘R’ (1 L) 

consisting of (NH4)2SO4 (3 g L−1), KH2PO4 (1.5 g L−1), Na2HPO4 (4.45 g L−1), 
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MgSO4 (0.097 g L−1), CaCl2•6H2O (0.02 g L−1), FeSO4•7H2O (0.02 g L−1), 

MnCl2•4H2O (24 µg L−1), ZnSO4•7H2O (528 µg L−1), Na2MoO4•2H2O (150 µg L−1), 

CuSO4•5H2O (240 µg L−1), CoCl2•6H2O (90 µg L−1), H3BO3 (864 µg L−1), NiCl2 (24 

µg L−1), and formic acid (30 mM) as a carbon source. The sub-cultures were 

incubated in an incubator shaker at 30 °C and 140 rpm (Innova® 42, Eppendorf, 

Hamburg, Germany) and microbial growth was determined by optical density at 600 

nm (OD600) and the OD600 obtained in uninoculated media was used as a reference 

value of 1.0 (Novaspec III Amersham Biosciences, Buckinghamshire, United 

Kingdom). 

Pre-cultures of M. extorquens were prepared from frozen stocks that were grown 

overnight in rich medium (1 L) consisting of peptone (5 g L−1) and meat extract 

(3 g L−1) with the addition of 1% methanol, and were then sub-cultured (10%, v/v) in 

minimal medium ‘M’ (1 L) consisting of, (NH)4SO4 (1.5 g L−1), NH4Cl (1.5 g L−1), 

NH4NO3 (0.15 g L−1), KH2PO4 (1.3 g L−1), K2HPO4 (0.176 g L−1), NaH2PO4 (0.77 g 

L−1), Na2HPO4 (1.2 g L−1), MgSO4 (0.05 g L−1), CaCl2•6H2O (0.03 g L−1), 

FeSO4•7H2O (0.02 g L−1), MnSO4•7H2O (500 µg L−1), ZnSO4•7H2O (3 mg L−1), 

Na2MoO4•2H2O (80 µg L−1), CuSO4•5H2O (80 µg L−1), CoCl2•6H2O (800 µg L−1), 

H3BO3 (600 µg L−1) and formic acid (30 mM) as a carbon source. 

II.1.2.4. Preparation and characterization of Indium nanoparticle 

electrodes (In-NP)  

An indium metal plate (0.25 mm and 99.999% TMs basis) was washed briefly with 

0.1 M HCl, followed by electrochemical deposition of indium from an aqueous 

0.05 M In2(SO4)3 solution in 0.04 M citric acid. Using another indium metal substrate 

as a counter electrode, In-NP electrode was fabricated by applying a galvanostatic 

current of −9.3 mA cm−2 for 10 min. Field emission scanning electron microscopy 
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(FE-SEM) (Nova NanoSEM, FEI, Hillsboro, Oregon, USA) was used to investigate 

the size and morphology of the electrodes (Fig P1. S1 and P1. S2). 

II.1.2.5. Electrochemical CO2 reduction  

A custom made electrochemical cell equipped with a potentiostat (BioLogic© VMP3, 

Paris, France) was employed. Three electrodes were used to monitor the current-

potential response of the working electrode. A Pt wire and an Ag/AgCl electrode (in 

saturated KCl) were employed as the counter electrode and reference electrode, 

respectively. In-NP electrode was used as the working electrode (1.7 cm−2). The 

applied potential was converted to reversible hydrogen electrode (RHE). Before the 

electrolysis, the electrolyte (50 mL) was saturated with CO2 for 1 h. The chamber was 

placed in a water bath to maintain the chamber temperature at 30 °C. For agitation, a 

small magnetic stirrer (5 mm) was placed in the chamber at 140 rpm. A continuous 

flow of CO2 was maintained at a flow rate of 10 mL min−1. 

II.1.2.6. Identification of products formed during the electrochemical CO2 

reduction  

To confirm the identities and quantities of the liquid and gas phase products during 

electrochemical reactions, high-performance liquid chromatography (HPLC, Agilent 

1200 series, California, USA) and online micro gas chromatography (T-3000, SRI 

instruments, Lyon, France) were employed, respectively. To quantify the liquid 

products, the HPLC was equipped with an ICE-Coregel 87 H3 column 

(Transgenomic, Apple Valley, Minnesota, USA), and the eluent was 0.008 N H2SO4 

solution at a flow rate of 0.8 mL min−1, using a UV-VIS detector at 214 nm and 35 

°C. For analysis of the gaseous products, a MolSieve 5A column attached to a thermal 

conductivity detector (TCD) was used (T-3000, SRI instruments, Lyon, France). The 

minimum detection limit for gaseous products was 50 ppm. 
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II.1.2.7. Screening of salt and trace metal (TM) influence on microbial 

growth 

Microbial growth at different ionic strengths associated with different K2SO4 

concentrations (10, 30, 70, 100 and 130 mM) was investigated in TM-free media with 

30 mM of formic acid and 40 mM K2HPO4. The pH of the solution was adjusted with 

2 M KOH (pH = 7.5, cultures of R. eutropha) or 2 M phosphoric acid (pH = 6.8, 

cultures of M. extorquens). Bacteria were harvested from pre-cultures by 

centrifugation at 4500 × g for 10 min at 4 °C (Eppendorf centrifuge, 5430 R, 

Eppendorf, Hamburg, Germany), and the media was decanted. For experiments 

containing approx. 3% of TM media, the cells were re-suspended to an OD600 of 0.45 

in the TM-free media. For experiments, cells were washed twice and subsequently re-

dispersed in 50 mL of the respective TM-free media. After culturing in an incubator 

shaker for 8 h at 30 °C and 140 rpm, the microbial growth and formic acid 

concentration were determined before cell harvest by centrifugation. The PHB 

concentration was determined from the collected and washed cell pallet as described 

below.  

II.1.2.8. Integrated electro-microbial experiments (IEMC) 

The setup and sequence is illustrated in (Fig P1. 2). A 40 mM K2HPO4 and 100 mM 

K2SO4 was adjusted to pH 7.5 (cultures of R. eutropha) or pH = 6.8 (cultures of M. 

extorquens). A volume of 50 mL of the buffer were transferred into the electrolysis 

cell described above and saturated with a continuous flow CO2 (10 mL min−1) under 

stirring (140 rpm). After 1 h (for CO2 saturation), a potential of −1.2 V vs. RHE was 

applied while the CO2 flow and stirring speed were maintained and the current 

stabilized at 10 mA cm−2. Throughout the experiment the pH was monitored hourly 

and maintained within 0.2 pH units by addition of small quantities of 4 M HCl or 2 M 
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KOH. After approximately 2 h, when the formic acid concentration reached 10 mM, 

cells were transferred from pre-cultures into the electrolysis cells as described above. 

After 2 h of the inoculation, the CO2 stream and electric current were discontinued; 

the electrochemical cell was flushed with air and kept open towards the atmosphere 

while stirring continued. Formic acid concentration and OD600 were monitored every 

2 h. After 6 h, cells were harvested by centrifugation and the PHB concentration was 

determined from the collected and washed cell pallet as described below. 

II.1.2.9. PHB extraction. 

Culture samples (30 mL) were centrifuged (6500 × g, 50 min, 4 °C) and washed with 

double-distilled water (ddH2O) to decrease the residual salts from the medium. 

Subsequently, cells were re-suspended in water, flash frozen in liquid N2, and 

lyophilized. The lyophilized cells (approximately 30 mg) were dissolved in 2 mL of 6 

% (v/v) sulfuric acid in a methanol solution containing 100 mg L−1 of sodium 

benzoate as an internal standard. Then, 2 mL of chloroform was added, and the 

mixture was heated for 3 h at 100 °C in a tightly sealed pressure tube. After 

methanolysis, the samples were cooled on ice for 10 min, and 1 mL of ddH2O per 2 

mL of CHCl3 (1:2 ratio) was added.30 The mixture was vortexed for 1 min, and the 

phases were separated by centrifugation at 4,500 × g for 5 min at 4 °C. The organic 

phase was collected, neutralized with NaHCO3 and dried over Na2SO4. 

II.1.2.10. GC analysis and quantification of PHB production. 

The resulting mixtures of 3-hydroxy-butanoyl methylester (3HBM) and intracellular 

components in CHCl3 were characterized and quantified by GC/FID (Agilent 

Technology GC system 7890A/5975 inter XL EI, CI MSD with triple-axis detector, 

California, USA). A standard curve was determined from a commercial poly[(R)-3-
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hydroxybutyric acid] standard (Sigma-Aldrich). The GC/FID was equipped with a 

DB-WAX column (60 m x 0.25 µm x 0.5 µm, Agilent Technologies, California, 

USA) and sample components were separated using a temperature profile of 50 °C for 

1 min, and temperature was increased to 240 °C at a ramping rate of 15 °C min−1, and 

hold for 5 min (run time: 18.6 min). The injection volume was 1 µL. The flow rate 

was 1.7 mL min−1. 

II.1.3. Results 

One-pot IEMC combines an electrochemical setup with a biological culture in one 

reactor. However, both processes have distinct requirements, which to some extent 

are orthogonal. For example, electrochemical processes benefit from high salt 

concentrations to reduce Ohmic losses, but deteriorate with high quantities of TMs 

due to their deposition on the cathode to form hydrogen reducing the Faradaic 

efficiency for formate. In contrast, bacterial cells typically suffer from high salt 

concentrations, but they require TM components in the media to sustain their 

metalloprotein machinery. Hence, successful operation of an IEMC require 

conditions, which represent a best compromise under which the conversion rates of 

both systems are well adjusted. Hence, we attempted to optimize specific parameters 

of the two individual systems separately, before combining them in an IEMC setup. 

II.1.3.1. Optimization of the electrochemical CO2 reduction 

PHA producing bacteria generally have stringent pH requirements under which 

maximum production of the biopolymer is observed. PHB-producing model strains 

capable of formate utilization are the chemolithotrophic R. eutropha and the 

methylotrophic M. extorquens. Both strains require an individual TM composition of 

the media for efficient growth and are further distinct by their optimal pH for PHB 

production, which is 6.8 for M. extorquens31,32 and 7.5 for R. eutropha.33,34 Since R. 
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eutropha converts formate via the formate dehydrogenase dependent oxidation 

pathway, and M. extorquens directly assimilates formate into methylene-THF, the 

selection of these two model strains covers both known biological formate utilization 

pathways. 

We studied the influence of each of the two model strain growth media onto the 

selectivity and efficiency of the electrolytic CO2 reduction. In electrodes are known to 

be highly selective catalysts in this reaction, with Faradaic efficiencies exceeding 

90% for electrolytic formation of formic acid.35,36 Hence, we selected In foil as the 

base electrode material. In-NP deposition on the electrode surface enhanced the active 

surface area and minimize unselective sites that were prevalent for the bare In plate 

electrode, therefore improving the current density and Faradaic efficiency (Figures 

P1.S1 and P1.S2). In near neutral phosphate buffer (40 mM, pH 7.5) containing 100 

mM K2SO4, this setup reached a current density of −10 mA cm−2 at an applied 

potential of −1.2 V vs. RHE with a formic acid production rate of 3.2 mM h−1 cm−2. 

This corresponds to a Faradaic efficiency of 86 % for formic acid (Fig P1. S3) with an 

energy efficiency for the CO2 reduction to formate of 39% (see Supplementary 

Information for efficiency calculations). Added electrolytes strongly influence the 

electrode’s performance. Particularly higher concentrations of potassium sulfate 

enhance the selectivity for formate in phosphate buffered solutions, reaching 96 % for 

300 mM K2SO4 (Fig P1. S3). However, since the two model strains are unlikely to 

thrive at salinities higher than 150 mM, we continued further tests in 100 mM K2SO4 

electrolyte. As illustrated in (Fig P1. 3) the observed formic acid selectivities are 

higher in the R. eutropha media series than in M. extorquens type media, and already 

small amounts of TM contaminants result in a dramatic increase of the electrolytic 

hydrogen production. A 3 % (v/v) TM content of conventional minimal media, which 
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is typical for the contaminants introduced with centrifuged but unwashed cells, 

triggers a selectivity drop to 56 % (M. extorquens media) or 63 % (R. eutropha 

media). The 50 % (v/v) TM content of the respective bacterial media, which 

corresponds to roughly 4 µM of redox active transition metal ions, is sufficient to 

completely reverse the H2 / formic acid selectivity. Consequently, the bacterial media 

content of the electrolyte in electrochemical cell should be kept at or below 3 % (v/v) 

TM to achieve reasonable Faradaic efficiencies for formate.  

II.1.3.2. Optimization of microbial formate utilization 

To explore how the stringent TM limits and the required salinity impact the formic 

acid consumption rates of the two selected strains, we analyzed the consumption of 

formate in aerobic cultures. Cells pre-cultured in conventional minimal media were 

transferred into 40 mM phosphate buffer containing 23 mM formate as only carbon 

source. Harvesting by centrifugation of the pre-culture resulted in a content of approx. 

3 % (v/v) TM of the conventional media, while additional washings eliminated any 

media contaminations (0 % TM media). To vary the media salinity, K2SO4 was added 

to a final concentration of 10, 30, 70, 100 and 130 mM (Fig P1. 4). The addition of 

K2SO4 not only improves the electrochemical selectivity, K+ is also known to promote 

growth and PHB accumulation,31 while sulfate is important sulfur source for cellular 

components, e.g. the formate dehydrogenases involved in the uptake of formic acid by 

R. eutropha.37 

Monitoring the growth for 8 h revealed a linear decline of the formate concentration 

for all cultures. The formate consumption observed for R. eutropha is typically 5-10 

fold faster than for M. extorquens under similar conditions, which reflects the specific 

growth rates measured in pre-cultures for the formate oxidizing (0.09 h−1) and the 

formate assimilating (0.5 h−1) microbe. However, only cultures containing 3 % (v/v) 
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TM media were able to grow, while those without TM (0% TM media) show a slight 

decrease in optical density with time. The R. eutropha cultures in 3 % (v/v) TM media 

achieved formate consumption rates of 3.8 mM h−1 (OD600 of 0.45), which is 

comparable to those measured in 100% TM conventional media (4.9 mM h−1 for R. 

eutropha at an OD600 of 0.45), underlining the positive effects of the small amount of 

TM on the bacterial metabolism. In the media without TM (0% TM media), this value 

dropped to 2.8 mM h−1 at similar OD600. Control experiments with anaerobic cultures 

showed no formate consumption, which demonstrates the importance of aerobic 

environment for ATP synthesis through oxidative phosphorylation in formate 

metabolism of either bacteria. 

Higher K2SO4 concentration led to more pronounced inhibition of formate 

consumption and bacterial growth (Fig P1. 4, S4). A noticeable drop of R. eutropha’s 

growth rates was observed for a K2SO4 content over 100 mM. In the presence of 3 % 

(v/v) TM media, 130 mM K2SO4 reduced the OD600 growth from 44 % to only 13 %, 

while with 0 % TM media, the OD600 drop was boosted from −7 % to −17 %. At 100 

mM K2SO4, formate consumption rates still reached 2.9 mM h−1 (3% (v/v) TM 

media) and 2.4 mM h−1 (0% TM media) rendering 100 mM as a favorable 

concentration for an IEMC setup. 

II.1.3.3. Integrated electromicrobial conversion (IEMC) of CO2 to PHB 

The individual evaluation of electrolysis and microbial culturing experiments 

narrowed down the buffer compositions that may facilitate an IEMC of CO2 to PHB 

via formic acid as intermediate. The reaction pH (either 6.8 or 7.5) was maintained 

with 40 mM phosphate buffer, and 100 mM K2SO4 was chosen to provide enough 

salinity to guarantee a reasonable solution conductivity to run the electrochemical 

CO2 reduction. The amount of transferred TM media should be at most 3 % (v/v); 
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however, it was not clear if the presence of TM was beneficial in an IEMC setup. 

Hence, formate consumption, bacterial growth and PHB production were monitored 

for both model strains under IEMC conditions in the presence (3 %) or the absence of 

TM. Generally, formic acid levels should be maintained in a window of 10-25 mM 

because of prevalent cell starvation at low levels, or toxic effects at high levels.38,39 

Hence, electrolysis for 2 h was conducted to establish 10 mM formic acid 

concentration in the reactor prior to addition of the bacteria.  

Fig P1.5 compiles the results for the formate concentrations and the bacteria growth 

(OD600) during the IEMC experiments. At 0 h of the figure, the bacteria were added to 

the cell and the anaerobic electrolytic CO2 reduction continued for two more hours 

(till dotted lines in the figure). During this period, a noticeable drop of OD600 was 

observed by 9-21 % for R. eutropha and by 5-10 % for M. extorquens after 2 h of 

anaerobic electrolysis. For both microbes, this drop is more pronounced in the 0% TM 

media. The declining of the growth even in the presence of 3 % TM (in contrast to 

data shown in Fig P1. 4) is ascribed to the concurrent electrolysis in the same cell. In 

addition, the formate concentration kept increasing to 18-25 mM as confirmed that the 

bacteria exhibited limited consumption of formate under anaerobic conditions, as 

mentioned previously.  

After this operation, electricity was turned off and the cell was vented with air (after 

dotted lines in the figure). From the separate experiment for microbial screening, a 

formate consumption period of 7 h was estimated before the formate level reaches a 

starvation level of 10 mM. Therefore, we chose to run the IEMC experiments for 

another 6 h. For the microbial growth, only R. eutropha in the presence of 3 % TM 

showed slight growth while the growth of M. extorquens was not observed regardless 

of the presence of TM. The growth inhibition might be due to the formation of 
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reactive oxygen species (ROS) that were reported in the setups designed in the 

literature.14,18 At pH 7, the production of superoxide (O2·–), hydrogen peroxide 

(H2O2), and hydroxyl radical (HO·) can be generated from thermodynamic point of 

view.40 The ROS causes oxidative damage to microorganisms by targeting 

polypeptide chains in a non-site-specific manner,41 which might be the reason for the 

decreased growth even when 3% (v/v) TM was added to promote growth. Regarding 

formate consumption, large consumption with R. eutropha was observed whereas M. 

extorquens showed only subtle consumption. The formate consumption rates for R. 

eutropha in the IEMC cell decreased comparing with those without the electrode in 

the cell (Fig P1. 4). Despite the reduced formate uptake, the concurrent electrolysis in 

the same cell triggered PHB synthesis by R. eutropha. The post-electrolytic PHB 

production over 6 h amounted to 25.2 mg L−1 without TM and 13.0 mg L−1 with 3% 

(v/v) TM media. PHB biosynthesis from formate requires a disproportionation of the 

organic electron carrier leading to the release of 5 CO2 molecules per PHB unit 

(equation (1)). 

9 HCOOH à 1/n(PHB) + 5 CO2 + 6 H2O      (1) 

Correspondingly, the stoichiometric carbon efficiency for this pathway is 44% and the 

IEMC promoted PHB production reaches 34% and 20% of this theoretical maximum. 

By comparing the formate uptake by R. eutropha (8 mM in TM free media and 6.7 

mM in 3% (v/v) TM media), a carbon efficiency from formate to PHD was found to 

be 15% in TM free media and 9% in the 3% (v/v) TM media. On contrary, only 

minimal PHB accumulation was observed in non-electromicrobial cultures, and no 

PHB accumulation was observed using M. extorquens. The PHB production was not 

successful using the serine cycle of M. extorquens probably because of an additional 

regeneration step for the production of the initial acceptor molecule glycine from 
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glyoxylate that is produced from acetyl-CoA through ethylmalonyl-CoA pathway (Fig 

P1. S5).42 In summary, it is of great significance that only the IEMC configuration 

with R. eutropha generated reasonable yield of PHB and the possible reasons will be 

discussed hereafter.  

II.1.4. Discussion 

The electrochemical CO2 reduction with In-NP increased the active surface area, 

when tested in the identified electrolyte compared to pristine indium plate electrode 

(Fig P1. S2). The In-NP surface allowed more species to be adsorbed, which 

increased the selectivity for formic acid (Fig P1. S1). The added K2SO4, although 

inhibitory to microorganisms, played an important role in improving the selectivity by 

promoting higher electron circulation and higher CO2 reduction. Also, SO4
-2 is 

preferred over halides such as Cl-, because Cl- can be oxidized on the anode to toxic 

chlorine, whereas SO4
-2 is electrochemically inactive at the utilized anode potential. 

Moreover, although K2SO4 is beneficial for the electrochemical efficiency, it should 

not exceed 100 mM to prevent osmosis stress on the microbial cells. The tested 

electrolytes resulted in different Faradaic efficiencies for formic acid due to the 

addition of different concentration of the conventional media with TM media. The 

TM media was source of contamination for the electrochemical portion, resulting in 

poisoning of the electrode surface and reduction of Faradaic efficiency. In IEMC 

setup, the integrated bacteria may also be a possible contamination source to the 

electrodes because some of bacterial population adhered to the surface of the 

electrodes, causing some cell decline and a change in the electrode adsorption 

properties.  

By analysing the impact of salinity and TMs on microbial growth, it was observed 

that at maximum 100 mM K2SO4, microbial growth can be relatively sustained 
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without experiencing sever inhibition, as well as adding TM media (3% TM) helps 

promote growth compared to non-added (0% TM). The effect of higher salinity was 

investigated by Pilsyk et al.,43 who concluded that the uptake of sulfate by bacteria is 

mainly through active transport and the sulfate anion does not readily diffuse across 

the cell membrane. It is not clear what the physiological consequences of high sulfate 

ions are, but it may push the equilibrium to higher diffusion rates, causing an osmosis 

effect. The osmotic upshock raises the internal K+ concentration in less than a second, 

leading to higher activity and causing water to leave the cell,44 leading to growth 

inhibition.43 Therefore, 40 mM phosphate buffer with 100 mM K2SO4 was used as the 

growth media for the microorganisms and the electrolyte for the IEMC. The addition 

of the TM media had a positive effect on growth because it contained TM that are 

used in enzymatic synthesis involved in cell growth and maintenance. Moreover, 

these results highlight the sensitivity of microbial growth toward the salt 

concentration and other nutrient elements, such as the nitrogen and TM found in the 

medium.  

It was intriguing that PHB production by R. eutropha was only observed when the 

electrolytic reactions were carried out in the same reaction chamber. The first 

possibility is the presence of hydrogen generated from electrochemical reaction in the 

IEMC setup. The cytoplasmic soluble hydrogenase (SH) could directly couple H2 

oxidation with the reduction of NAD+ to NADH, producing a higher NADH/NAD+ 

ratio, leading to PHB production which serves as an electron sink to balance the 

reducing power (i.e., NADPH).45,46 Alternatively, fermentative bacteria (grown on 

CO2 and H2) with high reducing power (NADH) favour metabolite production over 

cell growth.47 The possibility of positive effects from coexisting hydrogen was tested 

in the experiments where the bacterium was cultured (40 mM phosphate, pH 7.5 and 
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100 mM K2SO4, 0 % TM) and immersed in the identical IEMC chamber but without 

applying electricity (Fig P1. 5). For the first 2 h, the gases were introduced at a flow 

rate of (1, 0), (10, 0), and (10, 10) mL min−1 of (H2, CO2), respectively. The results of 

IEMC experiment without electrolysis (Fig P1. 6) resembled those without electrode 

(Fig P1. 4), and no PHB production was detected. This confirms that coexistence of 

hydrogen cannot account for the PHB production.  

Another possibility is stress inducing reaction of R. eutropha given by ROS. As 

mentioned previously, IEMC configuration produces ROS in the presence of O2. The 

significance of ROS on PHB production was discussed in the literature.48 PHB serves 

primarily as a carbon- and energy-storage material when extracellular substrates are 

exhausted. There are reports that PHB enhances the resistance of bacterial cells to 

oxidative stress,48-50 which elevates the intracellular concentration of PHB 16.5-fold 

compared to non-oxidative stress conditions.48 PHB monomers (3-hydroxy butyrate 

(3HB)) act as chemical chaperones that are capable of protecting enzymes (lipase and 

lysozyme) from the adverse effects of high oxidation stress. Therefore, 3-HB is 

considered as a stabilizing and protecting additive for enzyme applications.48 

Moreover, it has been suggested that PHB granules act as a specific site for binding of 

the stress-resistant protein, which enhances bacterial stress tolerance.49,51 This theory 

closely matches the conditions applied in the present IEMC setup and suggests that 

the ROS triggered a stress response that induced PHB production to protect the cell 

from oxidative damage.  

Several electro-microbial processes were reported in literature, where electro 

synthesis is utilized for the production of biofuels using genetically modified R. 

eutropha.14,18 In one setup, Pt anode and In cathode were used to produce formate 

from CO2, where formate was utilized by a genetically modified R. eutropha for the 
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production of isobutanol and 3-methyl-1-butanol, and in the other setup, a CoPi anode 

and either NiMoZn electrodeposited on SS 304 mesh or plain SS mesh as a cathode 

for the production of H2 and O2 from water splitting that are utilized by a genetically 

modified R. eutropha with CO2 for the production of isopropanol. Both setups have a 

running time for more than 100 h, which is in marked contrast to our IEMC that 

successfully achieved an experimental-running time of 8 h using the wild type R. 

eutropha to produce PHB selectively.  

Finally, energy efficiency was estimated from the IEMC setup in this study. The 

details for the calculation is described in Supplementary Information. Energy 

efficiency of electrochemical CO2 reduction under the condition investigated was 

estimated to be 36 % (Cell efficiency 42 % × Faradaic efficiency 86 %). Energy 

efficiency of microbial reaction from formate to PHB was ~30 % (with carbon 

efficiency, ηC ~15 %). Overall, the one-pot IEMC-setup with R. eutropha presented in 

this study achieved ~11 % for the system from CO2 to produce PHB selectively. In 

combination with the benchmarking PV efficiency of 18%,14 this translates into solar 

to PHB (artificial photosynthesis) energy efficiency of ~2 %, which well exceeds 

conventional photosynthetic solar to biomass efficiencies.  This efficiency is 

somewhat lower than the reported solar-to-chemical efficiencies of 3.2 %,14 or 9.7 % 

(7.6% for bioplastic),9 where hydrogen is primarily used as electrochemical product 

and a mixture of carbon products (e.g., isopropanol) were reported,14 in contrast to 

selective production of PHB for this study. In comparison with the literature, 

reduction of overpotential for formate formation remains challenge to improve the 

overall efficiency, but further optimization should be possible via collective efforts to 

develop efficient systems for electrochemistry and microbiology.  
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II.1.5. Conclusions 

We demonstrated the IEMC system using R. eutropha combined with In electrode 

system to generate PHB selectively from CO2. The PHB production was intriguingly 

achieved only when electrolysis was concurrently conducted in microbial conversion. 

The obtained energy efficiency (~2 %) well exceeded that of the conventional natural 

photosynthesis (<1 %). The IEMC displayed several advantages: 1) Various 

electricity sources can be used, such as photovoltaics as a form of green technology; 

2) The electrochemical reduction of CO2 into formic acid using renewable energy to 

capture CO2 rapidly and efficiently; 3) The recovery of formic acid from the aqueous 

phase by microbially converting it into PHB, bypassing the expensive recovery 

process and providing an environmentally friendly option to chemically produce 

plastics; 4) The IEMC process does not compete with food production and is not 

affected by climate change. This work presents an efficient and rapid method 

combining the reduction of CO2 with the production of bioplastics, which are both 

targets of current trends in environmental research. 
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Figure P1. 1. Schematic overview of the one-pot IEMC (Integrated Electro-Microbial 
Carbon Capture) harvesting energy from renewables for the electrolytic reduction of 
CO2 into formate, then the microbial conversion of formate into PHB through the 
CBB cycle. M-FDH: membrane formate dehydrogenase, S-FDH: soluble formate 
dehydrogenase, CBB: Calvin Benson Cycle, 3GP: 3 glyceraldehyde phosphate.   
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Figure P1. 2. Schematic overview of the experimental procedure, along with the 
electrolysis profile. A 50 mL of 40 mM K2HPO4 buffer and 100 mM K2SO4 was 
adjusted to pH 7.5 (cultures of R. eutropha) or pH = 6.8 (cultures of M. extorquens). 
The flow of CO2 was 10 mL min−1 under stirring (140 rpm). After 1 h (CO2 
saturation), a potential of −1.2 V (vs. RHE) was applied for 2 h to reach a fomate 
concentration of 10 mM. Then bacteria were integrated with electrolysis for 2 h under 
CO2 atmosphere, followed by switching off electrolysis and culturing the bacteria 
under ambient atmosphere for 6 h (total integration of bacteria of 8 h).   
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Figure P1. 3. Electrolysis results for media with different concentrations of TM 
solution from conventional media and IEMC. Electrochemical reaction (working 
electrode: In-NP, reference electrode: Ag/AgCl, counter electrode: Pt wire 
(separated), −1.2 V vs. RHE, CO2 saturated, 25 °C) in 40 mM phosphate, 100 mM 
K2SO4. A) Faradaic efficiency at pH 7.5. B) Current density at pH 7.5. C) Faradaic 
efficiency at pH 6.8. D) Current density at pH 6.8.  
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Figure P1. 4. Growth and formic acid uptake rates for R. eutropha after 8 h of 
culturing in 40 mM phosphate, pH 7.5 and 23 mM formic acid. ċFA, 0% TM: formic 
acid consumption rate without added TM, Δ OD600, 0% TM: growth without added 
TM, ċFA, 3% TM: formic acid consumption rate with added 3% (v/v) TM, Δ OD600, 
3% TM: growth with added 3% (v/v) TM.  
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Figure P1. 5. IEMC results with 0% and 3% (v/v) TM (from conventional media). 
Electrochemical reaction (working electrode: In-In-NP, reference electrode: Ag/AgCl, 
CE: Pt wire (separated), −1.2 V vs. RHE, CO2 saturated, 293 K) in 40 mM phosphate, 
100 mM K2SO4. Pre-run before integration produced 10 mM formic acid. The start 
OD600 was 0.46. A) formic acid and growth profile for R. eutropha at pH 7.5 with 0% 
TM. B) formic acid and growth profile for R. eutropha at pH 7.5 with 3% (v/v) TM. 
C) end point measurement using R. eutropha at pH 7.5 for 6 h (starting at 2 h after 
electrolysis). D) formic acid and growth profile for M. extorquens at pH 6.8 with 0% 
TM. E) formic acid and growth profile for M. extorquens at pH 6.8 with 3% (v/v) 
TM. F) end point measurement using M. extorquens at pH 6.8 for 6 h (starting at 2 h 
after electrolysis). ċFA: formic acid consumption rate, Δ OD600: growth measurement, 
PHB: PHB production, 0% TM: no TM added, 3% TM: 3% (v/v) TMs. ċFA: formic 
acid consumption rate, Δ OD600: growth measurement, PHB: PHB production, 0% 
TM: no TMs added, 3% TM: 3% (v/v) TMs added.  
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Figure P1. 6. Screening profile for growth and formic acid uptake in 40 mM 
phosphate and 100 mM K2SO4 without supernatant and no electrolysis conditions. For 
the first 2 hours, H2 was bubbled at a flow rate of 1 mL min−1, 10 mL min−1, and 10 
mL min−1 plus 10 mL min−1 CO2. ċFA: formic acid consumption rate, Δ OD600: growth 
measurements. 
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II.2. Electrochemical oxygenate formation using M. extorquens AM1 

II.2.1. Electrolysis profiles: Inoculation followed by resting before electrolysis  

In the second setup using M. extorquens AM1, the electrolysis was performed in a 

pre-step (as was done previously), followed by bacterium integration. After 

integration, a resting phase for 1 h was introduced to allow the microorganisms to 

adopt to the media, before applying electrolysis for an additional 2 h. Then, 

electrolysis was stopped, and the microorganisms were cultured for 18 h, 

accumulating to a total reaction time of 21 h under CO2 atmosphere (Figure 7 B). The 

growth of M. extorqusnes AM1 declined in the resting phase with no uptake of formic 

(Figure 7 A).  

A) 

 

B) 
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Figure 7: A) Electrolysis profile IEMC results with 0% TM (trace metals from pre-
culture solution) for M. extorquens. Electrochemical reaction (working electrode: In-
In-NP, reference electrode: Ag/AgCl, CE: Pt wire (separated), −1.2 V vs. RHE, CO2 
saturated, 293 K) in 30 mM phosphate, 100 mM K2SO4. Pre-run before integration 
produced 8 mM formic acid. The start OD600 was 0.53. B) The applied electrolysis 
profile includes a 3 h pre-run, followed by microbial adaptation to the electrolyte 
conditions without electrolysis, then electrolysis was switched on for 2 h, then off for 
18 h. The bacteria were cultured under CO2 atmosphere (10 mL h-1). 

 

The growth slightly recovered during electrolysis in parallel to formic acid production 

before declining again. Interestingly, formic acid production continued after 

electrolysis. This might be caused by the CO2 atmosphere that catalyzed the formic 

acid production, which caused the utilization of reducing equivalents (NADH) and 

decline in growth. There was no PHB produced through the experiment (Figure 8).  

 

Figure 8: Formic acid uptake either through FDH or Formate-H4F ligase. 

The faradic efficiency of the setup declined compared to the blank measurement. This 

might be caused by microorganisms adhering the electrode, resulting in the formation 

of a black layer, which affected the efficiency (Figure 9). 
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Figure 9: Electrolysis results for a blank media and with the integrated bacteria. 
Electrochemical reaction (working electrode: In-In-NP, reference electrode: Ag/AgCl, 
CE: Pt wire (separated), −1.2 V vs. RHE, CO2 saturated, 293 K) in 30 mM phosphate, 
100 mM K2SO4. At pH 6.8. 
 

The production of formic acid after electrolysis was reproducible and occurs only 

after electrolysis. This was confirmed by several negative controls under CO2 

atmosphere, illustrated in the following Figure 10; A) After the addition of formic 

acid, no electrolysis was applied and the electrodes were removed, B) After the 

addition of formic acid, no electrolysis was applied and the electrodes were inserted 

to investigate if they can catalyze formic acid production, C) A pre-run was 

performed to supply formic acid, then no electrolysis was applied while electrodes 

were kept in the chamber. 
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Figure 10: The negative control experiments performed; A) Formic acid was added, 
no electrodes were inserted and microbial culturing was done under CO2 atmosphere 
(10 mL h-1). B) Similar than A, but the electrodes were inserted in the chamber after 
integration to detect any influence by electrodes on the bacteria. C) Formic acid was 
produced through a pre-run, followed by electrolysis switch off and integration of 
bacteria. The electrodes were inserted and the culturing was done under CO2 
atmosphere (10 mL h-1). 
 

In all three cases, there was no formic acid production or uptake with a decline in the 

growth. This might hint that the electrolysis releases or activates the formate 

dehydrogenase enzymes in the media which catalyzes formic acid production from 

CO2. 

II.2.2. Materials and methods  

II.2.2.1. Microorganisms 

M. extorquens AM1 (DSM 1338) strains were purchased from the German Collection 

of Microorganisms and Cell Cultures (DSMZ). Fresh cultures were prepared from 

aliquots, stored at -80°C. 
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II.2.2.2. Media and culturing 

Pre-cultures of M. extorquens AM1 were prepared from frozen stocks that were first 

grown overnight in rich medium (peptone 5 g L-1, meat extract 3 g L-1) with the 

addition of 1%, v/v methanol. The cultures were later sub-cultured (10%, v/v) in the 

minimal medium ‘M’ consisting of (NH4)2SO4 1.5 g L-1; NH4Cl 1.5 g L-1; NH4NO3 

0.15 g L-1; KH2PO4 1.30 g L-1; K2HPO4 0.176 g L-1; Na2HPO4. 3 mg L-1; 

Na2MoO4.2H2O 80 µg L-1; CuSO4.5H2O 80 µg L-1; CoCl2.6H2O 800 µg L-1; H3BO3 

600 µg L-1, yeast extract 0.2 g L-1 (115) and 30 mM formic acid as carbon source 

and incubated at 30 °C, 140 rpm (Innova® 42, incubator shaker) to an OD600 of 0.2-

0.5, measured by a spectrophotometer (Novaspec III Amersham Biosciences).  

 

Prior to the integration of the microorganisms in the IEMC, three experimental steps 

were performed; i) Identification of highest microbial growth and activity in 

different electrolytes, ii) optimizing the electrolytes for CO2 reduction (only 

electrolytes without bacteria) by adding different concentrations of salts, iii) 

Identifying the salt concentrating that the microorganisms can tolerate and 

concluding the electrolyte to be used for IEMC. 

II.2.2.3. Influence of different electrolytes on growth and activity 

Microbial growth and activity of M. extorquens AM1 was investigated in several 

electrolytes, which consists of different concentrations of phosphate buffer; 10, 30, 

100, and 300 mM (no trace elements or nitrogen source) at different pH values; 6.4, 

6.6, 6.8, 7.0, and 7.2 (pH was adjusted with 4M HCl and 1M KOH). A total of 20 

different culture media (in triplicate) were inoculated with 5%(v/v) from the pre-

culture (grown in minimal medium ‘M’), to an end OD600 of 0.02. The 5% (v/v) pre-

culture contains trace metals and necessary enzymes to prevent nutrient limitation 
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effect with leads to growth and enzyme activity inhibition. The cultures were 

incubated for 24 h at 30 °C without agitation in glass vials with rubber caps 

(purchased from Natural Scientific, stopper diameter 20 mm, grey butyl rubber). 

II.2.2.4. Influence of different salt concentration on electolytic CO2 

reduction 

The identified medium for highest growth must be able to promote electrolytic CO2 

reduction using In-NP electrodes (details on preparing the In-NP electrodes with 

electrochemical conditions are mentioned in the submitted paper, see previous 

chapter). Alkali cation salts (in the form of K2SO4) were added to the medium 

(without bacteria) to promote higher electron circulation, by reducing the resistance in 

the electrolyte resulting in a more negative potential. Alkali cations also increase 

current density (translated in more negative values), leading to higher product yields 

(increased reduction of CO2). The salt concentrations added were: 10, 30, 100 and 

300 mM. 

II.2.2.5. Ideal salt concentration for microbial- and electrolytic-activity 

for IEMC 

The media with the added K2SO4, from the previous step were used to test the 

growth of the bacteria in different salt concentration to identify the maximum 

concentration the bacteria can tolerate. The culture media were inoculated with 

5%(v/v) from the pre-culture (grown in minimal medium ‘M’), to an end OD600 of 

0.02 and incubated for 24 h at 30 °C without agitation in glass vials with rubber caps 

(purchased from Natural Scientific, stopper diameter 20 mm, grey butyl rubber).  

II.2.2.6. Integration of bacteria into the electro-microbial experiments 

(IEMC) 
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The media obtained from the previous screening steps was used for the IEMC setup. 

The inocula was from pre-cultures that were centrifuged at 6’500 x g, 10 min at 4 ˚C 

(Eppendorf centrifuge, 5430 R) and inoculated to a final OD600 of 0.4-0.45 in 50 ml 

medium. These experiments were performed in blank runs and with integrated 

bacteria. The pH was maintained throughout the experiment using 4 M HCl and 1 M 

KOH. 

Formic acid should exist in the media prior to integration to prevent complete 

starvation (116); therefore, a pre-step of electrolysis was performed to produce 

approximately 10 mM of formic acid. Additionally, two electrolysis profiles were 

performed. 

II.2.2.7. Electrolysis profiles: Inoculation followed by resting before 

electrolysis  

After integration, a resting phase was introduced, for 1 h to allow the microorganisms 

to adopt to the media, before applying electrolysis for an additional 2 h. Then, 

electrolysis was stopped, and the microorganisms were cultured for 18 h (total 21 h) 

under ambient atmosphere as well (Figure 7). 

II.2.2.8. Electrochemical product identification and PHB quantification 

Detailed experimental procedures was done as per the submitted manuscript (see 

previous chapter). 

II.2.3. Conclusions 

Using M. extorquens did not lead to a significant production of PHB or uptake of 

formic acid. As observed earlier, due to the possible formation of ROS (reactive 

oxygen species), the growth and uptake of formic acid was hindered. Additionally, the 

energy and carbon source are paired together in formic acid, which requires high 
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concentrations of formic acid to be utilized for the production of PHB as shown in 

Figure 11. Therefore, the energy and carbon source should be separated for future 

experiments. 

Calculations based on values from Peyraud 2011 M extorquens AM1, when grown on 

HCOOH (as a pre-culture, or integrated) converts 84% of the HCOOH into CO2, of 

which 15% enter the 1st cycle as a C-building material, 11% the 2nd cycle and 0.19% 

enters the PHB cycle. 
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Figure 11: The metabolic pathways involved in formic acid uptake. First, formic acid 
either converts into CO2, or ligates with Methylene-THF, before entering the 1st cycle. 
Then formic acid forms acetyl-CoA and enters the 2nd cycle. There, it either branches 
out in the PHB cycle, or continues through the 2nd cycle to regenerate glyoxelate (1). 

 

The one pot approach is promising for the production of PHB as was done by R. 

eutropha H16, yet the following disadvantages were displayed: 

• Setup in a one-pot reaction that exposes the microorganisms to direct electrical 

current and ROS which inhibits the growth. 
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• Deactivation of the electrodes caused by the adherence of the microorganisms on 

the surface therefore, causing the efficiency to be lost. 

The next setup, which is two-pot, aims to separate electrolysis for microorganisms to 

maximize efficiencies.  
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Chapter III  

Two-pot: Separated electromicrobial carbon capture and conversion with 

electro-chemical hydrogen formation 
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III. Introduction 

This setup is based on the one-pot system. But it separates the electrolysis from the 

microbial culturing, to overcome the limitations caused by electrolysis (e.g. hydrogen 

production, growth decline, adherence to the electrodes) (Figure 12). This setup is set 

to be performed under ambient atmosphere. Other electron acceptors could be used 

such as inorganic compounds; sulfate (SO4
2-), nitrate (NO3

-), and ferric iron (Fe3+), or 

organic compounds that include DMSO. These molecules have a lower reduction 

potential than oxygen, which forms less energy per molecule of glucose in anaerobic 

versus aerobic conditions (117). Therefore, oxygen was preferred as an electron 

acceptor. 

 

 

Figure 12: Two-pot separated Electro-microbial carbon capture (IEMC) system 
design. The H2 is produced through electrochemical water oxidation, and the CO2 is 
bubbled from an external source to a separate chamber where microbial strain is not 
exposed to electrolysis and performs autotrophy under ambient atmosphere.  

 

PHB

O2

H+

H2O

H2
O2CO2
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 The advantages that this setup has over the one-pot approach are the following:  

a) R. eutropha H16 can utilize the electrochemically produced H2 along with 

CO2 to produce PHB under ambient atmosphere (O2 as an electron acceptor). 

b) R. eutropha does not use formic acid for PHB production, without stimulation 

by ROS which are formed under electrochemical conditions.  

c) The setup does not expose the bacteria to electrolysis, therefore preventing 

loss in efficiencies due to electrodes deactivation. 

The advantages are the capture of CO2 (from an external source) with H2 (generated 

electrochemically by inorganic cathodes) as the energy source through a biocatalyst 

(R. eutropha H16), which is more efficient after no microbial inhibition caused by 

electrolysis occurs. R. eutropha H16 deploys the CBB cycle to capture CO2 and 

produce PHB.  

In the CBB cycle, the NADH supply is a limiting factor for the carbon assimilation, 

and separating the energy (H2) and carbon source (CO2), allows the bacteria to 

maximize energy production to capture the CO2 (118). 

This is opposite to using formic acid which couples energy and carbon source, leading 

to high formic acid requirement to generate energy as well as requiring the presence 

of ROS, that inhibit the growth leading to reduction of bacterial population. 

It is also easy to upscale, by increasing the culturing chamber to increase efficiency of 

Autotrophy. The generation of H2 requires a low electrochemical potential, which can 

increase the efficiency of the setup.  
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III.1. Electrochemical H2 production from water 

Electrolysis of water is the oxidation of water (H2O) into oxygen (O2) and hydrogen 

gas (H2) by passing an electrical current, separating chemically bonded elements and 

compounds. The reaction has a standard potential of −1.23 V, meaning it ideally 

requires a potential difference of 1.23 volts to split water. 

Decomposition of pure water into hydrogen and oxygen at standard temperature and 

pressure is not favorable in thermodynamic terms. 

Anode (oxidation): 2 H2O à O2 + 4 H+ + 4 e-   Eo = +1.23 V   (Eq. 8) 

Cathode (reduction): 4 H+ + 4 e- à 2 H2  Eo = 0.00 V   (Eq. 9) 

The overall reaction is: 2 H2O à 2 H2 + O2      (Eq. 10) 

Thus, the standard potential of the water electrolysis cell (Eo
cell = Eo

cathode − Eo
anode) is 

−1.23 V at 25 °C at pH 0 ([H+] = 1.0 M). At 25 °C with pH 7 ([H+] = 1.0×10−7 M), 

the potential is unchanged based on the Nernst equation (119).  

Photo-electrochemical splitting of water 

Using solar energy to produce hydrogen by photocatalytic water splitting is a 

promising approach to harness the solar power to supply hydrogen through photo 

electrochemistry, which supports AP. Photoelectrochemistry has been intensively 

studied in the field of hydrogen production from water and solar energy. The 

photoelectrochemical splitting of water was historically discovered by Fujishima and 

Honda in 1972 onto TiO2 electrodes (120). 

The valence band of TiO2 is more positive than E0
ox of O2/H2O (1.23 V vs. NHE, pH 

= 0), while the conduction band is more negative than E0
red of H+/H2 (0 eV vs. NHE, 
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pH = 0) (121). However, TiO2 materials suffer from two major drawbacks. One is the 

fast charge carrier recombination, which results in the release of unproductive energy. 

Another one is the inability to harvest visible light (122), since TiO2 can only be 

excited by UV light due to its wide band gap of 3.0–3.2 eV, which only covers 5% of 

the solar spectrum (123, 124). 

Doping TiO2 with other elements can change the optical properties and suppress the 

charge recombination adequately (125). A variety of elements have been doped into 

TiO2 materials. Anionic doping of TiO2 has been extensively reported by various 

dopant elements such us B, C, N, F, S, and Cl (126, 127). 

Heterogeneous photochemical water splitting consists of three components: a catalyst, 

visible light absorber, and sacrificial electron donor. In photoelectrochemical (PEC) 

water splitting, a photocatalyst, which is a semiconductor, is irradiated by UV-visible 

light with energy greater or equivalent to the band gap of the semiconductor (Figure 

13) (124).  

 

Figure 13: Schematic representation of photoelectrochemical water splitting (124, 
128). 
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The light energy will be absorbed by the photocatalyst and results in charge 

separation at the valence band and conduction band. Numerous electron-hole pairs 

with sufficient potentials (generated by photon absorption) are produced at the 

valence band, and the photo-excited electrons are located in the conduction band. The 

electron-holes trigger the oxidation of water at the surface of conduction band while 

the photo-excited electrons at conduction band reduce the absorbed H+ to H2. Mainly 

in photoelectrochemical water splitting, semiconductors are applied as a photo-

cathode or photo-anode depending on the reaction, which is favored. In 

photoelectrochemical water splitting, a semiconductor electrode should be in contact 

with an electrolyte, which contains a redox couple. In photoelectrochemical water 

splitting, the overall reaction takes place at two different electrodes. In this method, 

the potential which is needed for water splitting is being provided by illuminating the 

cathode or anode (129). 

Various parameters affect the photocatalytic activity of an inorganic photoconductor 

including surface chemistry, surface and junction defects (130), crystallinity, doping 

and deep traps, band edge positions, particle size, and morphology (131). A variety of 

methods are tried for controlled synthesis of photocatalyst to tune these variables 

including hydrothermal (132), microwave assisted (133), surfactant assisted (133), 

and sonochemical (134) synthesis. 

III.2. Oxygen tolerant hydrogenase 

A hydrogenase is an enzyme found in many microbial species which allows the 

utilization of H2, by catalyzing the following reaction (135):  

H2 + Aox à 2 H+ + Ared        (Eq. 11) 



97 
	

2H+ + Dred à H2 + Dox        (Eq. 12) 

Hydrogenases are sub-classified into three different types based on the active site 

metal content: iron-iron hydrogenase, nickel-iron hydrogenase, and iron hydrogenase 

(Figure 14) (136). 

 

 

Figure 14: The active site structures of the three types of hydrogenase enzymes. 
Adapted from (136).  
 

[FeFe] hydrogenases and [NiFe] hydrogenases are known to be deactivated by 

molecular oxygen (O2). But the Hydrogenase from R. eutropha H16, and several other 

Knallgas-bacteria, were found to be oxygen-tolerant (137). This gives a great deal of 

advantage when using this for aerobic processes. 

R. eutropha H16 hosts three distinct O2-tolerant [NiFe]-hydrogenases (137). A 

membrane-bound hydrogenase (MBH) feeds the electrons derived from H2 oxidation 

via a membrane-integral cytochrome b into the respiratory chain. The soluble, 

cytoplasmic hydrogenase (SH) is a six-subunit, flavin-containing enzyme that 

connects H2 oxidation directly to the reduction of NAD+. These O2-tolerant 

hydrogenases have the capacity to rapidly remove oxygen species bound to the active 

site. This process of fast reactivation demands additional electrons that are delivered 
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to the active site at high potential. The [Fe–S] cluster of the MBH likely plays a key 

role in this process allowing further H2 utilization (138). 

III.3. Carbon fixation in R. eutropha H16 

R. eutropha H16 is a facultative chemoautotroph that uses the CBB cycle for carbon 

fixation. It is also able to induce the CBB cycle when needed under heterotrophic 

conditions (139). There are two important carbon fixation enzymes found in R. 

eutropha H16, carbonic anhydrase (CA) and ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO). CA interconverts carbon dioxide and bicarbonate, 

and also has a role in controlling intracellular pH (112).  

R. eutropha H 16 requires four types of CA enzymes that are essential for the carbon 

fixation process: a periplasmic α-CA encoded by a caa gene, β-CAs encoded by the 

genes can and can2, a γ-CA encoded by a cag gene (140). The α-CA has a high 

preference to convert CO2 into a soluble bicarbonate, therefore trapping the carbon in 

the cell (141), while the β-CA (can 2) and the γ-CA (cag) play a role in pH 

homeostasis, and the other β-CA (can) supplies CO2 to RuBisCO (112, 141, 142) 

(Figure 15). 
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Figure 15: Proposed roles of carbonic anhydrases (CAs) in R. eutropha H16. 
Periplasmic α-CA (caa) preferentially converts CO2 into bicarbonate. Cytosolic ß-CA 
(can) supplies CO2 to RuBisCO in the Calvin-Benson-Bassham (CBB) cycle. The 
roles of γ-CA (cag) and the second ß-CA (can 2) are less clear; however, cag could 
play a similar role to can, while can 2 could be involved with intracellular pH 
homeostasis. Abbreviations: Ribulose-1,5-bisphosphate carboxylase oxygenase 
(RuBisCO), ribulose-1,5-bisphosphate (RuBP), 3-phosphoglycerate (PGA), 
glyceraldehyde 3-phosphate (G3P). Adapted from (112). 

 

RuBisCO is the second key enzyme in the CBB cycle, where ribulose-1,5-

bisphosphate is carboxylated with CO2 to form two molecules of 3-phosphoglycerate. 

R. eutropha H16, similar to many other facultative autotrophs, has form 1C of 

RuBisCO, which is more suited to O2-containing environments with medium to high 

levels of CO2 (143).  
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III.4. The drawbacks 

III.4.1. The imperfection of Rubisco 

RuBisCO, the key enzyme of the CBB cycle, is not a perfect catalyst in terms of its 

enzymatic properties and the ecological and cellular environments in which it is 

situated (143, 144). These imperfections are to be found in three major areas. First, its 

catalytic turnover rate is slow in relation to the rates of CO2 fixation, which occur in 

many autotrophic cells and this requires an investment of a significant amount of 

protein in this single catalytic step. This is especially so in higher plants, and it is 

telling that it is regularly cited as the most abundant protein on earth. A second 

impediment is that it has a low affinity for CO2 as a substrate, although this has varied 

with evolution, which will be elaborated on below, and there has been a continual 

evolutionary struggle to improve Rubisco performance, by both increases in catalytic 

affinity for CO2 and addition of active CO2-acquisition mechanisms (145). Finally, it 

sufferes from the fact that molecular O2 is an alternative substrate for the reaction 

(Rubisco oxygenase) and the toxic phosphoglycolate is formed. As a result, O2 

inhibits the catalytic affinity for CO2 and cells must deal with the toxic 

phosphoglycolate thus produced (146, 147). 

The major evolutionary forces which have acted on the evolution of Rubisco must be 

seen in terms of its imperfections listed above. Over the past 3.5 billion years, the 

earth's biosphere has seen a dramatic change in the concentration of its substrates, 

with oxygenic photosynthesis causing O2 to rise from an anaerobic starting point to 

reach as high as 35% O2 in the late Paleozoic (148, 149), and is currently 21%. There 

have also been significant concurrent declines in CO2, from an initial concentration in 

the percentage range, to fall below 0.02% 280 million years ago (150), and is 
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currently 0.037% and rising (151). In addition, nitrogen as a limiting nutrient resource 

has varied tremendously in terrestrial and aquatic environments. Evolution has thus 

had to address how Rubisco is optimized with regard to CO2 limitation, inhibition by 

O2, and by the scarcity of nitrogen. Evolutionary changes in the enzyme which reflect 

responses to these pressures are evident in a significant decline in Km(CO2), increases 

in the specificity factor (which is a measure of the selectivity for CO2 versus O2), and 

significant variance in Vmax for the carboxylase reaction (144). From an organismal 

perspective, there has also been the evolution of a diverse array of active CO2-

concentrating mechanisms (CCMs) which elevate CO2 at the active site of Rubisco 

thus largely minimizing its imperfections (145). 

III.4.2. Inefficiencies of the CBB cycle 

The efficiency of CO2-fixation is low and that is caused by several factors:  

1) As mentioned earlier, RuBisCo is not a perfect catalyst for the CBB cycle due 

to its low selectivity and velocity that restricts the activity of this enzyme 

(144), RuBisCO has low attraction for CO2 and does not differentiate well 

between CO2 and the competing substrate O2, therefore, leading to a loss of 

carbon during photorespiration.  

2) One of the analyses of carbon fixation reaction is examining the ATP 

requirement and the reduction potential of electron carriers. For example, 

ferredoxin has much lower reduction potential than NADPH, but this energetic 

contribution is insignificant compared to the large difference in ATP cost for 

pyruvate formation between cycles, in this regard, the Wood–Ljungdahl (WL) 

pathway, where 3 CO2 + 2 NADPH + ATP + 6 ferredoxin(red) are converted 

to 2 NADP + Pyruvate + ADP + Phosphate + 5 H2O + 6 ferredoxin(ox), 
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compared to the CBB cycle requiring, where 3 CO2 + 9 ATP + 6 NADPH + 6 

H+ are converted to G3P (cytoplasm) + 9 ADP + 8 Pi + 6 NADP+ + 3 H2O. 

This shows that the WL is more efficient than the CBB cycle because it 

requires 1 ATP compared to 9 ATP for CBB. 

3) Looking into the individual reactions of the CBB cycle pathways, there are 

many half-reactions in the process, and some of the processes like 

carboxylation and carboxyl reduction reaction are energetically unfavorable.  

Therefore, highly efficient pathways such as the WL are more promising for carbon 

fixation processes.  

III.4.3. Adaption of the respiratory chain 

Transition from heterotrophic to lithotrophic growth entails a major change in energy 

metabolism. Terminal oxidases adapt to changing metabolic needs like electron flux, 

affinity of substrate, proton translocation and electron donor. This lead to a longer lag 

phase in growth an PHB production (152).  

III.4.4. Low yields of PHB production 

Growing R. eutropha H16 under heterotrophic condition yields higher maximum 

specific biomass growth rate and PHB content compared to autotrophic conditions 

(153). This is probably attributed to the high-energy demand of the CBB cycle in 

which the following occurs: 

4 CO2+ 14 ATP + 8 NADH→ 2 Acetyl-CoA  

Where 2 acetyl-CoA condense together to give PHB compared to heterotrophic 

conditions (Figure 16). 
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Figure 16: Schematic representation illustrating the key aspects of lithoautotrophic 
and heterotrophic metabolisms. The yellow circles represent the processes of the 
central metabolism, whereas the yellow/green circle is the Calvin-Benson-Bassham 
cycle. The red squares symbolize the two energy-conserving hydrogenases. The grey 
circles indicate polyhydroxyalkanoate (PHA) storage granules. Adapted from (154). 
 

III.4.5. Explosive levels of H2:O2 

The substrate for autotrophic culture of hydrogen-oxidizing bacteria is a mixture of 

the gasses H2, O2 and CO2 (155). The composition of this gas mixture, which attains 

sufficient cell growth in flask and plate cultures usually has a ratio of H2:O2:CO2 

=7:1:1. However, such a gas composition is completely within the gas-explosion 

range and therefore can easily explode. The low solubility of H2 and O2 gasses is 

another serious problem (155). Most of the studies on autotrophic culture of 

hydrogen-oxidizing bacteria have been carried out using conventional fermenters, 

through which the substrate gas is fed continuously and the exhaust gas is discharged 

outside the fermentation system. The discharge of the exhausted gas constitutes a loss 
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in substrate and therefore the efficiency of gas utilization is decreased (155). The 

common solution to the explosion problem is a severe reduction in the oxygen content 

in the gas phase below the explosion limit (6.9% v/v at atmospheric pressure). This 

results in low chemolithoautotrophic growth rates because of the low O2 solubility in 

water, resulting in lower conversion efficiencies of CO2 to PHB (117) . 

III.5. Conclusions 

The two-pot approach separates the electrochemical part from the microbial part, 

where electrochemically produced H2 is introduced along with an external CO2 into a 

separate chamber with the microorganisms. This prevents the microbes from getting 

affected by the electrolysis and the formed ROS, which should not decrease the 

efficiency of the process. Additionally, R. eutropha H16 utilized a hydrogenase that is 

not sensitive to O2. 

On the other hand, the setup faced the following disadvantages: 

a) Low efficiencies of CBB cycle for autotrophy. 

b) The change form heterotrophy to autotrophy mode affects central metabolism 

and requires time to activate autotrophy enzymes. 

c) Lower efficiency for PHB production through the CBB cycle due to high 

energy demand. 

d) The risk of explosive levels of H2: O2. 

The explosive levels of H2:O2 can be overcome by using alternative electron 

acceptors such as SO4
2-, NO3

- and Fe3+, or organic compounds such as DMSO, but 

these molecules, as mentioned earlier, have a lower reduction potential than oxygen, 

which forms less energy per molecule of glucose in anaerobic versus aerobic 
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conditions (117). Additionally, the autotrophy with a sulfate or nitrate reduction 

suffers from lower energy yields compared to heterotrophy under the same conditions 

(156). 

To resolve these problems, a third setup was designed based on three-pots, where, in 

the first pot electrolysis occurs as well, but in the second chamber, another strain 

under anaerobic conditions is used which has a higher efficiency for CO2 fixation 

through the Wood-Ljungdahl (WL) pathway which gives acetic acid as a product 

(AcOH). The reduction of certain inorganic compounds by anaerobic microbes is 

often ecologically significant than aerobic cultures.  

Moreover, AcOH is a preferred organic acid for heterotrophy (through central 

metabolism) and PHB production by R. eutropha H16 giving higher yields and 

conversion efficiencies. The AcOH is either used under H2 and nitrate as an electron 

acceptor (to further utilize H2), or under ambient atmosphere.  
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Chapter IV  

Three-pot: Autotrophic-microbial carbon system with electrochemical 

hydrogen formation under anaerobic conditions (electron acceptor: nitrate)  
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IV. Introduction 

This system deals with the problems of two-pot systems, where we attempt to resolve 

them by overcoming the problem of low PHB yields, slow activation of hydrogenase, 

lower efficiencies of the CBB cycle and the explosive levels of H2:CO2. This is done 

by allowing the microbial strains to utilized CO2 in the form of acetic acid, which 

results in higher yields of PHB. The acetic acid is produced in a third chamber by a 

strain that uses the highly efficient Wood-Ljungdahl (WL) pathway with less energy 

demand (compared to the CBB). The Wood-Ljungdahl (WL) pathway has 96% 

energy efficiency and does not require oxygen.  

Generally, this setup has the advantage of higher efficiencies of: A) water oxidation: 

which is performed in an electrolyte that is independent from microbial media 

conditions, therefore preventing loss of efficiencies or deactivation of electrodes, B) 

carbon fixation: by using Acetobacterium woodii that uses the WL pathway resulting 

in higher carbon fixation, and C) PHB production: produced through heterotrophy of 

organic acids (ACOH). 

The three-pot setup focuses on the anaerobic (under H2 atmosphere) AcOH 

conversion into PHB, while using NO3 as an electron acceptor (Figure 17). Nitrate 

reduction, which is an identified process in R. eutropha H16 (117), if used as a 

terminal electron acceptor is relatively higher than sulfate reduction, which is a 

relatively energetically poor process (157). 
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Figure 17: Three-pot separated electro-microbial carbon capture system design. The 
H2 is produced through electrochemical water oxidation in the first chamber, and the 
CO2 is bubbled from an external source to the separated second chamber, where the 
microbial strain is not exposed to electrolysis and performs autotrophy to produce 
AcOH. The produced AcOH is fed to R. eutropha H16 under heterotrophic 
denitrification conditions in the third chamber for PHB production. 

 

The process of respiration on nitrate is called denitrification, in which oxidized 

nitrogen is used as terminal electron acceptor (158, 159). The denitrification process 

under H2 atmosphere improves the machinery of hydrogenase activity leading to 

improved H2 utilization. 

Complete denitrification involves the stepwise reduction of nitrate to molecular 

nitrogen, driven by four specific oxidoreductases, namely, the i) nitrate reductase 

(NAR), ii) nitrite reductase (NIR), iii) nitric oxide reductase (NOR), and iv) nitrous 

oxide reductase (NOS) (160) (Eq. 13). The obligate formation of nitric oxide 

distinguishes denitrification from the ammonification pathway, which ultimately leads 

to ammonia as the product of nitrite reduction (159, 161, 162). 

Denitrification generally proceeds through some combination of the following 

intermediate forms (163): 

AcOH

O2

H+

H2O

H2

PHB

NO3CO2 AcOH
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NO3
− à NO2

− à NO à N2O à N2      (Eq. 13) 

Nitrate is reduced to nitrite and subsequently to nitrogen gas while oxidizing 

hydrogen gas to water as following (164): 

2 NO3
− + 2 H2 à 2 NO2

− + 2H2O       (Eq. 14) 

2 NO2
− + 3 H2 à N2 + 2H2O + 2OH-      (Eq. 15) 

The combination of both equations results in: 

2 NO3
− + 5 H2 à N2 + 4H2O + 2OH-      (Eq. 17) 

The complete denitrification process can be expressed as a redox reaction: 

2 NO3
− + 10 e− + 12 H+ à N2 + 6 H2O     (Eq. 18) 

Denitrification and PHB production  

External organic carbon sources such as acetic acid (156) have been utilized in 

heterotrophic denitrifying processes. The efficiency of heterotrophic denitrification is 

relatively higher than autotrophic denitrification. Heterotopic denitrification processes 

result in microbial storage of internal polymers (e.g. polyhydroxybutyrate (PHB)) and 

their subsequent utilizations (165-167).  

The consumption of acetate and nitrate follows the following reaction mechanism 

(168): 

5 C2H3O2
- + 8 NO3

- + 3 H+ à 4 N2 + 10 HCO3
- + 4 H2O     (Eq. 19) 

The theoretical carbon consumption is 1.25 mol of C per mol of NO3
–. 

During the growth phase where the available carbon substrates largely exceed the 

requirement of microbial assimilatory processes, the heterotrophic denitrifiers are able 
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to simultaneously convert carbon substrates to internal storage polymer during their 

growth (169-173). N2O can accumulate during denitrification, and along with the 

depletion of acetate, this might induce the consumption of PHB as an electron donor. 

Therefore, introducing H2 as an additional electron donor should prevent the 

degradation of PHB (171-174). 

IV.1. Continues flow (octopus setup) 

This setup was designed to keep a stable H2 atmosphere through continues flow. The 

H2 was fed continuously from H2 cylinder (20 mL min-1) through tubes to four (250 

mL) Schott glass culturing bottles, containing 200 mL culture each. The bottles were 

placed in a water bath to maintain a culturing temperature of 30 OC. The agitation was 

done by a small magnetic stirrer place in the culture at 150 rpm (Figure 18). 

 

Figure 18: The octopus setup for H2 atmosphere culturing for heterotrophic 
denitrification. 
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IV.1.1. Nitrate as soul nitrogen source 

The culturing (H2/acetate/nitrate) was performed under H2 atmosphere while using 

nitrate as nitrogen source, in parallel with cultures without nitrate (H2/acetate), and 

cultures under ambient atmosphere (air/acetate/nitrate) as a control. 

The air/acetate/nitrate conditions showed continues decline in PHB content as well as 

decline in growth (Figure 19). This might be a sign of nitrogen starvation, because the 

bacteria are utilizing oxygen as the electron acceptor instead of nitrate. The 

experiments under H2 atmosphere and without nitrate (H2/acetate) resulted in a 

decline in growth because there were no electron acceptors to carry the electrons 

through the electron transport chain. With H2/acetate/nitrate, after 24 h, there was a 

decline in growth and no uptake of AcOH (Figure 20). After 48 h, the growth started 

to resume in correlation with AcOH uptake, the PHB started to accumulate slightly 

and it sharply increased after 72 h (Figure 20). This shows that the bacteria are in 

shock through nitrogen starvation, and need a certain time to alter their metabolism 

before resuming growth by utilizing nitrate as a nitrogen source. 
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Figure 19: Growth of R. eutropha H16 in the octopus H2 atmosphere under different 
heterotrophic denitrification conditions at 30 oC and 150 rpm. 

 

 

Figure 20: AcOH and PHB production profile of heterotrophic denitrification 
conditions of H2/acetate/nitrate using R. eutropha H16 in the octopus H2 atmosphere. 
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At 30 oC at 150 rpm for 96 h of culturing. PHB production starts after 72 h of 
culturing. 

 

The FACS (fluorescence-activated cell sorting) analysis of the samples at time 0 

showed the cells in several states; either a state of cell division and growth (higher 

content of genetic material), or a state of PHB accumulation (higher content of PHB), 

where less cell division occurs. With longer culturing times, the accumulation phase 

increases leading to higher PHB production.  

After 24 h, the two states of the cells start to be more prominent. This continued until 

an incubation time of 96 h (Figure 21). The energy efficiency (AcOH to PHB) at this 

stage was 4.3 % (PHB productivity 32 mg L-1 OD600
-1, and production rate 0.33 mg L-

1 OD600
-1 h-1). 

 

0 h 24 h 48 h 72 h 96 h 

Figure 21: FACS data of heterotrophic denitrification conditions of H2/acetate/nitrate 
using R. eutropha H16 in the octopus H2 atmosphere. At 30 oC at 150 rpm for 96 h of 
culturing. Two states of cells appeared after 24 h of culturing, and are more prominent 
after 72 h of culturing with start of PHB production. 

 

IV.1.2. Nitrate and ammonia as nitrogen sources 

The addition of ammonium enhanced biomass production and induced some 

precursors (such as synthesis of more enzymes), as denitrifiers would prefer 
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ammonium over nitrate or nitrite as the nitrogen source for growth (175). Therefore, 

additional NH4 (0.2 g L-1) was added to overcome the shock when transferring to 

H2/acetate/nitrate conditions. The culturing was performed in H2/acetate/nitrate/NH4 

In parallel with N2/acetate/nitrate/NH4 to determine if NH2 has an influence. 

There was no growth or microbial activity observed under N2/acetate/nitrate/NH4 

conditions, opposite to H2/acetate/nitrate/NH4 conditions, where there was a slight 

growth and PHB production until 120 h of incubation, before a sharp increase in 

growth and a slight increase in PHB production could be observed. The decline phase 

(after 24 h) that occurred in H2/acetate/nitrate was not observed in 

H2/acetate/nitrate/NH4 and the growth was constantly increasing (Figure 22). 

Ammonium, nitrate, and acetate were utilized during growth as well. The pH at the 

end of the experiment (after 212 h) was between 7.5 and 8.0, which is favored by the 

strain (closer to the internal pH of 7.8). Additionally, FACS (Figure 23) showed the 

appearance of two different states of the cells; either in a growth phase (higher 

content of genetic material), or PHB accumulation phase (higher content of PHB). 

The accumulation phase increased with longer culturing time. 

The energy efficiency (AcOH to PHB) at the end was 14.5 % and the PHB yield is 

100 mg L-1 (PHB productivity 142 mg L-1 OD600
-1, and production rate 1.48 mg L-1 

OD600
-1 h-1).  
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Figure 22: Heterotrophic denitrification conditions of H2/acetate/nitrate/NH4 using R. 
eutropha H16 in the octopus H2 atmosphere. At 30 oC at 150 rpm for 212 h of 
culturing. Left) Growth, PHB production, NO2, AcOH and NH4 profile. A sharp 
growth occurs after 120 h of culturing along with PHB production. A slight 
consumption of ammonium starts as well after 120 h of culturing. Right) The pH 
profile of culturing, where it shifts more toward pH 7.5 which is optimal for R. 
eutropha H16. 
 

 

0 h 24 h 48 h 96 h 212 h 
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Figure 23: FACS data of heterotrophic denitrification conditions of 
H2/acetate/nitrate/NH4 using R. eutropha H16 in the octopus H2 atmosphere. At 30 oC 
at 150 rpm for 96 h of culturing. Two states of cultures appeared after 24 h of 
culturing. 

 

IV.2. High pressure batch mode (Büchi reactor) 

In the Büchi high pressure reactor, the H2/acetate/nitrate conditions were tested. This 

allows overcoming liquid to mass transfer of H2 to medium, leading to higher 

efficiency in H2 utilization. The H2 atmosphere was applied under 2 bar (absolute) 

and 100 rpm agitation in a 500 mL culture volume (1 L vessel). The behavior of the 

bacteria were similar to the previous setup, with a decline in growth after 24 h before 

resuming again. But the growth and PHB production were higher along with high 

consumption of H2, nitrate and acetate (Figure 24). The FACS data confirms the 

appearance of two different states of the cells as observed previously (either in a 

growth phase or PHB accumulation phase). The accumulation phase increases with 

longer culturing time (Figure 26).  
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Figure 24: Heterotrophic denitrification conditions of H2/acetate/nitrate using R. 
eutropha H16 under a high pressure H2 atmosphere in a bioreactor. At 30 oC at 300 
rpm for 96 h of culturing. The growth starts with a decline after 24 h before resuming. 
PHB production starts to increase after 48 h. Left) Growth, PHB production. Right) 
NO2, AcOH and H2 uptake profiles. The nitrate almost depleted at 48 h, therefore 
more nitrate was fed (0.4 g L-1), and was completely consumed after 24 h (72 h total). 
Nitrate was fed again (1.8 g L-1) after 72 h, which was completely consumed after 
another 24 h (96 h total). Nitrate consumption increased with more H2 consumption 
along with AcOH. 
 

The nitrate started to decline after around 48 h (≈ 0.5 g L-1 after 24 h). Therefore, 0.4 

g L-1 nitrate was fed to the reactor, which was consumed completely after 24 h (72 h 

total). Additional 1.8 g L-1 nitrate was added which was all consumed after another 24 

h (96 h total). 

Due to the lack of pH control, there was a slow growth closer to the end of the 

experiment (after 96h) with an increase of pH (Figure 25). The energy efficiency 

(AcOH to PHB) at the end was 11.2 % (PHB productivity 34.6 mg L-1 OD600
-1, and 

production rate 0.16 mg L-1 OD600
-1 h-1).  
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Figure 25: The pH profile of culturing of H2/acetate/nitrate using R. eutropha H16 
under a high pressure H2 atmosphere in a bioreactor. At the end of the experiment, the 
pH was reaching 9.5 due to high consumption of AcOH and phosphate. 

 

FACS data showed the appearance of two different states of the cells as observed 

earlier (either growth or PHB accumulation) after 24 h of culturing (Figure 26), where 

PHB accumulation increases with time. 

 

 

0 h 24 h 48 h 72 h 96 h 

Figure 26: FACS data of heterotrophic denitrification conditions of H2/acetate/nitrate 
using R. eutropha H16 under high pressure of H2 atmosphere. Two states of the cells 
appeared after 24 h of culturing. 
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IV.3. Materials and methods 

All materials salts and other chemicals were purchased from Sigma-Aldrich and used 

as received.  

IV.3.1. Microorganisms  

The bacterial Ralstonia eutropha H16 strain was purchased from the German 

Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). 

Fresh cultures were prepared from aliquots, stored at -80 °C.  

IV.3.2. Pre-cultures 

Pre-cultures of R. eutropha H16 were prepared from frozen stocks that were grown 

overnight in rich medium (1 L) consisting of peptone (5 g L-1) and meat extract 

(3 g L-1). The cultures were incubated in an incubator shaker at 30 °C and 140 rpm 

(Innova® 42, Eppendorf, Hamburg, Germany) to an OD600 of 3.85 (Novaspec III 

Amersham Biosciences, Buckinghamshire, United Kingdom). The cultures were 

centrifuged at 4,500 rpm, for 10 min at 4 oC, then washed once with 30 mM (pH 7.5) 

phosphate buffer before inoculation. 

IV.3.3. Culturing under hydrogen atmosphere 

The washed cultures were inoculated in minimal medium ‘R’ (200 mL) consisting of 

KH2PO4 (1.5 g L-1), Na2HPO4 (4.45 g L-1), MgSO4 (0.097 g L-1), CaCl2•6H2O (0.02 g 

L-1), FeSO4•7H2O (0.02 g L-1), MnCl2•4H2O (24 µg L-1), ZnSO4•7H2O (528 µg L-1), 

Na2MoO4•2H2O (150 µg L-1), CuSO4•5H2O (240 µg L-1), CoCl2•6H2O (90 µg L-1), 

H3BO3 (864 µg L-1), NiCl2 (24 µg L-1), acetic acid 3.6 g L-1 (60 mM) as a carbon 

source, and (0.93 g/L) 15 mM NaNO3 as nitrogen source. 

To overcome the shock of the transferring to nitrate/acetate meida, as alternative 

nitrogen source NH4Cl (2 g L-1) was used. The experiments were done in a high-
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pressure reactor from Büchi (see later chapter for more details). 

IV.3.4. Intracellular PHB screening with FACS 

0.5 ml of bacterial cells were withdrawn at the indicated time points and pelleted 

in an Eppendorf 5430R (RT, 23'000 x  g). The supernatant was discarded 

separated and cells re-suspended in 450 µL PBS (phosphate buffer solution, pH 

7.4). Cells were fixed by addition of 50 µL 40% (v/v) formaldehyde solution and 

incubation at room temperature (RT) for 15 min. The cells were then washed twice 

with PBS buffer and suspended in 450 µL of the same buffer. 

Nile red staining: For staining, 50 µL of the dissolved dye in DMSO (0.1 mg mL-1) 

was added to the re-suspended fixed bacterial cells (450 µL) resulting in a 1:10 

dilution of the stain. The end volume was 0.5 mL, which matches the original 

volume. It was then incubated at RT for 1 h while shaking at 500 rpm (Eppendorf 

Thermomixer® comfort). Subsequently the cells were washed and suspended in the 

same original volume (0.5 mL). 

SYBRgreen DNA staining: SYBRgreen dye (Invitrogen) was used to stain DNA. 

Washed cells were stained by addition of SYBRgreen in a dilution of 1:10’000 as 

suggested by the manufacturers protocol and incubated at RT for 1 h while 

shaking at 500 rpm. Subsequently the cells were washed and suspended in the same 

original volume (0.5 mL). 

Fluorescence assisted cell sorting (FACS). The double stained (NR/SYBRgreen) 

cells were thoroughly re-suspended by vortexing, followed by immersing them in an 

ultrasonic bath (VWR® symphony™ Ultrasonic Cleaner). The cells were then 

transferred to a 96 well plate that was loaded with 150 µL per well for FACS 

measurement on a BD LSRFortessa cell analyzer (BD Bioscience) using PE-



121 
	

Texas Red filters for the detection of NileRed stained PHB and the Alexa Fluor 

488 filters for SYBRgreen detection. 

IV.4. Conclusions 

Using H2 and nitrate for the production of PHB is a promising approach. Nitrate 

respiration of R. eutropha H16 was first studied by Pfitzner and Schlegel (176). They 

reported that cell yields and growth rates are reduced at autotrophic conditions 

compared to heterotrophic nitrate respiration. When using the Büchi reactor, H2 

utilization increases under high pressure because of increasing mass-liquid transfer of 

H2 to the medium.  

Yet switching the electron acceptor from oxygen to nitrate is more likely to cause an 

extreme reduction in the maximum growth rate of R. eutropha H16 up to an order of 

magnitude as reported in literature (117).  

Under aerobic conditions, 50% of the energy is conserved in the form of a proton 

motive force, and can be used to generate ATP. In denitrification, at most six protons 

per pair of electrons are translocated if NADH is used as electron donor. This 

difference is caused by the fact that none of the denitrification modules translocate 

protons. Even the nitric oxide reductase, which can be considered as a form of 

complex IV (terminal oxidase) does not contribute to the proton motive force. This is 

caused by the fact that, in spite of the high potential of nitric oxide (1.18 V, higher 

than that for oxygen reduction) the active site of nitric oxide reductase is a too weak 

base to “pull” the protons from the cytoplasm (177, 178). Overall, only 30% of the 

energy is conserved in the form of a proton motive force. Most of the energy is lost in 

the final part of the denitrification pathway, where the high potential electron 

acceptors nitric and nitrous oxides do not contribute to the proton motive force. From 
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the perspective of the organism, it does not matter whether it reduces nitrate to nitrite 

(+ 0.43 V) or nitrous oxide to nitrogen (+ 1.36 V), the amount of energy conserved is 

equal (six protons per electron pair) (178). 

Apart from this bioenergetic disadvantage, denitrifiers also suffer from a kinetic 

disadvantage. This can be understood as follows: (a) denitrifiers need different 

enzyme complexes (in addition to the core four modules) than aerobic organisms 

(only one additional enzyme) (178); (b) the amount of space in both the membrane 

and the periplasm is limited. Thus, denitrifiers must have lower numbers of each of 

the individual complexes per cell (178), leading to a lower maximum substrate 

conversion rate and a larger average distance between the donors and the acceptors in 

each of the different steps of the respiratory chain, which would further decrease the 

respiration speed (178). Therefore, nitrate will be switched with O2 (under air 

atmosphere). 
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Chapter V  

Three-pot: Autotrophic-microbial carbon system with electrochemical 

hydrogen formation under aerobic conditions (electron acceptor: oxygen)  
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V. Introduction 

This setup is similar to the previously mentioned setup in Chapter IV, but focuses on 

the aerobic AcOH conversion into PHB, under air (ambient) atmosphere, that 

produces higher yields of PHB (Figure 27).  

 

 

Figure 27: Design of the three-pot separated electro-microbial carbon capture system. 
The H2 is produced through electrochemical water oxidation in the first chamber, and 
transferred to chamber two, where the CO2 is bubbled in from an external source. In 
the second chamber the microbial strain is not exposed to electrolysis and performs 
autotrophy to produce AcOH. The produced AcOH is fed into chamber three, where 
R. eutropha H16 converts it to PHB under heterotrophic conditions and air 
atmosphere. 
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Article to be published in 

Hydrogenotrophic conversion of CO2 into bioplastic via two-stage bioprocess for a 

sustainable future  

 

V.1. Introduction 

Carbon dioxide (CO2) is a potential raw material for bioprocess and process-design 

strategies that aim toward sustainability and waste management (179-182). It is 

abundant, nontoxic, recyclable and a by-product of industrial processes, which can be 

recovered in a relatively pure form (183, 184). Therefore, using CO2 in bioprocesses 

makes it an economically and environmentally favored option.  

The use of microorganisms in bioprocessing to carry out CO2 fermentation has 

several advantages over alternative thermo-chemical approaches such as the Fischer-

Tropsch process (FTP) (185, 186). First, air conditions (low temperature) which offer 

significant energy and cost savings. Second, specificity due to the natural high 

enzymatic specificities involved in the microbial pathway. Third, microorganisms 

exhibit higher tolerance to poisoning by tars, sulphur and chlorine than inorganic 

catalysts (187, 188). 

Acetogens are a class of microorganisms that can fix CO2 by reducing it to acetyl-

CoA in an ancient pathway WLP (Wood–Ljungdahl pathway) (Fig P2.1) (189), 

compared to the Calvin-Benson-Bassham cycle, which is used by plants, algae, 

cyanobacteria, purple bacteria, and some proteobacteria to fix CO2. The WLP utilized 

is a highly energy efficient CO2 fixation pathway, where there is no net ATP 

formation, and the carbon assimilation is coupled to ATP synthesis.  
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THE WLP uses electron donors such as H2 via a soluble hydrogenase (Hyd) 

generating NADH and Fdred (190). The Fdred is required by an Rnf complex 

(membrane-bound protein) that generates NADH as well, in a process that pumps one 

Na+ ion per electron transferred, thus generating the ion gradient that is harnessed by 

the ATPase, which requires about 3.3 Na+ ions per ATP (191). The generated ATP is 

invested in the formyl-H4F synthetase step and return via acetate kinase at strictly 1:1, 

so there is no net gain of ATP via that route. The currency of energy conservation is 

Fdred, which powers pumping at Rnf to drive the ATPase (192). The overall acetate 

formation through the WLP is:  

2 CO2 + 4 H2 à CH3COOH + H2O       (Eq. 20) 
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Figure P2. 1. The Wood–Ljungdahl pathway (WLP). During autotrophic 
acetogenesis, acetate is formed from 4 H2 and 2 CO2 according to the following 
equation: 2 CO2 + 4 H2 à CH3COOH + H2O. 
 

CO2 fermentation and bioprocessing with acetogens have been investigated recently 

in literature (193-196), displaying the advantage of high microbial-conversions in 

liquid media due to the autocatalytic nature of microbes that increases with culturing 

time (197, 198), and also highlighting some challenges for syngas fermentation, 
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notably, gas-to-liquid mass transfer limitations that result in low yields, slow cell 

growth and long fermentation times (185) that pose as obstacles for future 

commercialization. To overcome this challenge, bioreactors were used with 

increasing the partial pressure in the gas phase to increase the solubility enhancing 

gas-to-liquid mass transfer in the reaction medium. 

Furthermore, considering acetic acid as a product of a CO2 capture-bioprocess 

increases orientation towards more sustainability for the following reasons; a) acetic 

acid is an important chemical with a global demand of 6.5 million metric tons per 

year (Mt a-1), of which approximately 1.5 Mt a-1 is met by recycling (199), b) the high 

demand comes from a broad spectrum of applications; used as a solvent and a key raw 

material for many products such as polymers, paints, adhesives, paper coatings, and 

textile treatment (199), c) acetic acid is mainly produced via synthetic routes from 

petroleum-based material, and with rising oil prices, the interest in production of 

acetic acid via bio-based routes has increased, such as CO2 fermentation through 

acetogens (200). The recovery and the utilization of the acetic acid remains 

challenging and has been receiving considerable attention recently (201-203). 

The microbial conversion of acetic acid into different bio-products in industrial 

applications is an ideal way to reduce the production cost since it bypasses the 

expensive recovery process of organic acids in aqueous phase while delivering bio-

compatible products such as polyhydroxybutyrate (PHB), a class of microbial 

produced polymers. In contrast to polymers derived from petrochemicals, the 

feedstock ranges from many cheap materials such as glucose or palm oil. Therefore, 

the use of biopolymers could create a sustainable industry.  
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In this publication, we captured CO2 into the high valuable, biodegradable polymer 

PHB. The setup was done in two steps, where first CO2 is captured using H2 as an 

electron donor by the acetogen Acetobacterium woodii from a pre-mixed gas in a 

high-pressure stirred-tank reactor. The increased pressure was used to increase gas-to-

liquid mass transfer and allow higher production efficiency of acetic acid. The CO2 

fermentation was performed under a pressure of 2.0 and 5.5 bars, with a mixed gas of 

CO2:H2 (15:85). In the second step, the acetic acid is converted to PHB in a second 

pot by the hydrogen bacterium Ralstonia eutropha H16. The PHB production was 

screened in a wide range of acetic acid concentrations and pH values for maximum 

production and acetic acid tolerance levels in parallel fermentations on a bioreactor in 

a milliliter-scale setup. The conversion efficiency of the following parts was 

calculated: CO2 to acetic acid and acetic acid to PHB.  

V.2. Materials and methods 

V.2.1. Microorganisms 

A. woodii (DSM 1030) and R. eutropha H16 (DSM 428) strains were purchased from 

the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, 

Germany). Fresh cultures were prepared from aliquots, stored at -80°C. 

V.2.2. Media and culturing 

Pre-cultures of A. woodii were prepared from frozen stocks that were grown overnight 

heterotrophically on 10 g L−1 fructose in a medium ‘A1’ recommended by the 

supplier and described in literature (195), and incubated at 30 °C, 160 rpm for 

minimum 36 h in a shaking flasks (Incu-Shaker Mini™, Benchmark, New Jersy, 

USA) placed in a N2 glovebox (InerTec AG, Grenchen, Switzerland). For autotrophic 

fermentation of A. woodii in the high-pressure reactor, medium ‘A2’ was used where 

the concentration of yeast extract, vitamins and trace elements were doubled to avoid 



130 
	

growth limitation and the NaHCO3 concentration was reduced to 5.0 g L−1 as 

performed in literature (195, 204).  

In the used Büchi reactor the following pressure values (absolute) were applied: 2.0 

bar and 5.5 bar. Under 5.5 bar, the experiment was repeated with 6 g L-1 yeast extract 

giving medium A3. The metabolic products were identified, quantified and the 

conversion efficiency of CO2 to acetic acid was calculated. 

The pre-cultures of R. eutropha H16 were prepared from frozen stocks that were 

grown overnight in rich medium (peptone 5 g L-1, meat extract 3 g L-1) and then sub-

cultured (10%, v/v) in the minimal medium ‘R1’ consisting of (NH4)2SO4 3 g L-1; 

KH2PO4 1.5 g L-1; Na2HPO4 4.45 g L-1; MgSO4 0.097 g L-1; CaCl2 x 6H2O 0.02 g L-1; 

FeSO4 x 7H2O 0.02 g L-1; MnCl2 x 4H2O 24 µg L-1; ZnSO4 x 7H2O 528 µg L-1; 

Na2MoO4 x 2H2O 150 µg L-1; CuSO4 x 5H2O 240 µg L-1; CoCl2 x 6H2O 90 µg L-1; 

H3BO3 864 µg L-1; NiCl2 24 µg L-1; 30 g L-1 fructose as carbon source and incubated 

at 30 °C, 140 rpm for 15 h (Innova® 42, Eppendorf, Hamburg, Germany).  

The screening for acetic acid growth and toxicity was performed in single-use 

stirred-tank bioreactors on the milliliter scale (bioREACTOR, 2mag AG, Munich, 

Germany). Inoclua from ‘R1’ media were inoculated to an end OD600 1.6-1.8 in ‘R2’ 

media consisting of (NH4)2SO4 1.83 g L-1; KH2PO4 1.47 g L-1; K2HPO4 2.46 g L-1; 

MgSO4 x 7H2O 0.27 g L-1; CaCl2 x 2H2O 0.03 g L-1; FeSO4 x 7H2O 0.02 g L-1; 

MnCl2 x 4H2O 24 µg L-1; ZnSO4 x 7H2O 528 µg L-1; Na2MoO4 x 2H2O 150 µg L-1; 

CuSO4 x 5H2O 240 µg L-1; CoCl2 x 6H2O 90 µg L-1; H3BO3 864 µg L-1; NiCl2 24 µg 

L-1. The batch fermentations were carried out with 30 g L-1 fructose as a starting 

carbon source for 8 h at 30 °C. The pH was varied in the following range: 6.5, 7.0, 

7.5, 8.0. pH control was performed using base and acid (1 M NH4OH and 0.1 HCl 
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during the first 8 h). After 8 h different concentrations of acetic acid (in the form of 

sodium acetate) were fed in the following range: 2.5, 5.0, 7.5, 10, 15, 20 g L-1 and 

cultured for additional 10 h (18 h total culturing time), the pH at this stage was 

controlled with 1 M NaOH (nitrogen limitation conditions to promote PHB 

production) and 0.1 HCl. The optical density (OD600) was measured at the end of the 

run (Novaspec III Amersham Biosciences, Buckinghamshire, United Kingdom). 

The integration of R. eutropha H16 was performed in the medium obtained from A. 

woodii in high-pressure fermentation. Prior to integration, A. woodii was filtered 

from the media. The culturing of R. eutropha H16 was performed in shaking flasks 

at 140 rpm at 30 Co. 

V.2.3. High pressure reactor 

Autotrophic fermentation of A. woodii was performed in high pressure stirrer tank 

reactor “ecoclave 075” type 1B / 1,6 lt. (Büchi-glas-uster, Uster, Switzerland). 

Dimensions and system operating conditions: 

width / depth / height 60 x 45 x 100cm; min./max. pressure -1/+6 bar; min./max. 

temperature -20/+200 °C. A mixed-gas tank of H2:CO2 (85:15) with an initial 

pressure of 200 bar was connected to the system. The pH control system consisted of 

dosing pumps (ProMinent® The delta®, Pennsylvania, USA) for maximum back 

pressure 25 bar (pumps controlled by frequency). Since the pH only decrease due to 

acetic acid production, base was used to control the pH (0.1 N KOH). 

To eliminate any traces of oxygen, the sterile medium was stripped with argon for 10 

purges, followed by 10 purges of the gas mixture applied (resazurin as an indication 

of oxygen presence). 
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The reactor vessel was autoclaved and afterwards filled with 1 L filtered medium via 

a peristaltic pump (Thermo Scientific Masterflex® PS, Illinois, USA). The agitation 

speed was set to 500 rpm and the temperature was controlled to 30 °C. The 

fermentation was performed in batch mode, where the gas from the mixed-gas tank 

was fed in the reactor to a set pressure. When the pressure dropped due to the 

microorganisms consuming the gas, the drop was recorded in liters, and the same 

value was fed to the reactor from the tank to build the pressure again. 

V.2.4. Parallel fermentations in milliliter stirred-tank bioreactor 

Parallel experiments were performed on a milliliter-scale in sterile single-use stirred-

tank bioreactors with an initial volume of 10 mL at 30 °C (bioREACTOR, 2mag 

AG, Munich, Germany). Dissolved oxygen (DO) and pH were monitored by 

fluorimetric sensors immobilized at the bottom of each single-use bioreactor (205, 

206), using fluorimetric readers (MCR 8*2 v5, PreSens GmbH, Regensburg, 

Germany). The pH of each bioreactor was adjusted with 1 M NH4OH and 0.1 HCl 

during the first 8 h, then with 1 M NaOH (nitrogen limitation conditions to promote 

PHB production) and 0.1 HCl by a liquid handling system (Freedom EVO®, Tecan 

GmbH, Crailsheim, Germany) controlled by the software fedbatchXP (DASGIP – an 

Eppendorf company, Jülich, Germany). The minimal volume of base addition was 

set to 10 µL (0.1% of the reaction volume). Substrate feeding was done manually. 

Samples were withdrawn manually at different preset process times and were used 

for determination of the concentrations of growth and acetic acid concentration. 

The oxygen transfer rate was kept sufficiently high by using gas-inducing stirrers 

(207) operated at a 2,800 rpm agitation speed and a headspace aeration of 0.1 L 

sterile air min−1 reactor−1. Liquid volume loss by evaporation was avoided by using 
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sterile air that was saturated with water at room temperature (25 °C). Also the 

headspace cooling was adjusted to 20 °C (208). 

V.2.5. Fermentation products identification and quantification 

A high performance liquid chromatography (HPLC, Agilent 1200 series, California, 

USA) was used to quantify the fermentation products. The HPLC was equipped with 

ICE-Coregel 87 H3 column (Transgenomic, Minnesota, USA), and the eluent was 

0.008 N H2SO4 solution at a flow rate of 0.8 mL min-1, using a UV-VIS detector at l 

= 214 nm and 35 °C. The acetic acid and formic acid were spiked on the HPLC to 

identify their retention times. The unknown metabolic products that showed on the 

HPLC were identified by detecting their retention times and collecting the fractions 

using an HPLC equipped with a fraction collector (HPLC, Agilent 1200 series, 

G1364B Fraction Collector, California, USA). The fractions were freeze-dried 

(VirTis benchtop 6K, New York, USA), then treated using methoxyamine followed 

by derivatization using trimethysilanol (TMS) reagent (BSTFA, Thermo Fisher 

Scientific, Massachusetts, USA).  

The fractions were analyzed using gas chromatography coupled with mass 

spectrometry, GC/MS 7890/5975C (Agilent technologies, California, USA) 

equipped with a DB-5 capillary column (30m, 0.25 mm ID and 0.25 µm film 

thickness, Agilent Technologies, California, USA). The injection volume was 1µL. 

The temperature profile used started at 50 °C for 1 min and increased with a rate of 

10 °C min-1 up to 290 °C for 35 min (run time 60 min). The flow rate was 1.5 mL 

min-1. The GC/MS raw data file of each sample was de-convoluted using AMDIS 

software (209) and each compound detected was identified by NIST 11 library 

database (Agilent Technologies, California, USA).  
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V.2.6. PHB quantification with GC-FID 

Cultures (2 mL) were centrifuged (Eppendorf centrifuge 5430 R, Eppendorf, 

Hamburg, Germany) at 6’500 rcf for 50 min at 4 °C, and then washed with double 

distilled water (ddH2O) to decrease residual salts from the medium. Subsequently, 

cells were re-suspended in water, shock-frozen in liquid N2 and then lyophilized. 

Afterwards, methanolysis was performed by dissolving the dried cells in 2 mL of 6% 

(v/v) sulfuric acid in methanol solution containing 100 mg L-1
 of sodium benzoate as 

an internal standard. Then 2 mL of chloroform were added to the mixture and heated 

for 3 h at 100 °C in a tightly closed pressure tube. After methanolysis, the samples 

were cooled on ice for 10 min and 1 mL of ddH2O per 2 mL of CHCl3 (1:2 ration) 

was added (210). The mixture was vortexed for 1 min and the phases were separated 

by centrifugation at 4’500 rcf for 5 min, at 20 °C. The organic phase was collected, 

neutralized with NaHCO3 and dried over Na2SO4. The resulting mixture of 3-

hydroxy-butanoyl methylester (3HBM) and further intracellular components in 

CHCl3 were characterized and quantified by GC/FID (Agilent Technology GC 

system 7890A/ 5975 inter XL EI, CI MSD with triple axis detector, California, 

USA), using a purchased Poly[(R)-3-hydroxybutyric acid] from Sigma-Aldrich as a 

reference. The GC/FID was equipped with a DB-WAX (60m x 0.25um x 0.5 um, 

Agilent Technologies, US) column and ran a temperature profile starting at 50 °C for 

1 min then increasing 15 °C min-1 up to 240 °C for 5 min (run time 18.6 min). The 

injection volume was 1 µL. The flow rate was 1.7 mL min-1. 
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V.3. Results and dissuasion  

V.3.1.   The fermentation of A. woodii in the stirred tank reactor using a 

gas mixture of H2:CO2 (85:15) at 2.0 and 5.5 bar 

In the first part of the process, A. woodii was cultured in medium ‘A2’. Growth and 

acetic acid production were measured at a pH 7.0. 

Under 2.0 bar pressure, after 212 h of culturing, 3.2 g L-1 acetate was detected with 

52% energy efficiency from CO2 to AcOH. This led to a space-time yield of 0.36 g L-

1 d-1, a cell specific acetate formation rate of 0.88 gAcOH gCDW
-1 d-1 h-1, and the CDW 

(cell dry weight) increased from 0.22 g L-1 to 0.4 g L-1. The energy efficiency at the 

end of the experiment was 53% (Fig P2. 3).  

Under 5.5 bar pressure, after 140 h of culturing acetate concentration of 5.6 g L-1 was 

achieved with 21% energy efficiency. This led to a space-time yield of 0.96 g L-1 d-1 

and a cell specific acetate formation rate of 0.4 gAcOH gCDW
-1 d-1 h-1. The CDW 

slightly increased from 0.3 g L-1 to 0.4 g L-1. The conversion efficiency (CO2 to 

acetate) drops with further culturing (Fig P2. 2).  
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Figure P2. 2. The production of acetic acid (black triangles), the conversion 
efficiency of CO2 into acetic acid (grey bars) and cell dry weight (black squares) from 
the fermentation of A. woodii in the stirrer tank reactor using a gas mixture of H2:CO2 
(85:15), pH 7.0 and 30 oC under 2.0 bar (left) and 5.5 bar (right) using the medium 
‘A2’. 
 

  

Figure P2. 3. The energy efficiency of H2 to acetate by A. woodii under 2.0 bar and 
5.5 bar conditions. 
 

Under 2.0 bar, the H2 partial pressure is 1.7 bar (1.3 mM), although the conversion 

efficiency (CO2 to acetate) is high, the maximum cell specific acetate productivity 

was low compared to 6.9 gAcOH gCDW
-1 d-1 h-1 reported by Demler and Weuster-Botz 
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(195) where a continuously gas flow is applied with gas flow rates of around 30 L h-1 

L-1 (medium), which drastically increases mass transfer, compared to our system 

where we have mainly surface aeration which consequently affects gas flow to the 

system. 

Under 5.5 bar, the H2 partial pressure is 4.67 bar (3.6 mM), with a drop in the energy 

efficiency (CO2 to acetate) 21% compared to 52% when applying 2.0 bar. According 

to Kantzow et al., (204), increasing the partial pressure of hydrogen gas resulted in 

decreased production of acetate with A. woodii in autotrophic batch processes. The 

reason therefore was suggested to be caused by the inhibition of central metabolism of 

the WLP (Fig P2. 3) by higher concentrations of H2.  

In the carbonyl branch of the WLP (189, 211), one molecule of CO2 is reduced to CO 

via the carbon monoxide (CO) dehydrogenase/acetyl-CoA synthase (CODH/ACS).  

CO2 + H2 à H2O + CO      DGo of +20.4 kJ/mol (30 Co) (Eq. 21) (212) 

It can therefore be asssumed that in A. woodii reduction of CO2 to CO is energy 

driven with a very low standard redox potential (E0′ = −520 mV (213)), this poses a 

large thermodynamic barrier in the carbonyl branch of the pathway (211), because the 

H+/H2 reaction has a higher redox potential (E0′ = −414 mV (213)). The nature of the 

metabolic energy that drives the reduction of CO2 to CO is attributed to the 

bifurcation ability of CO dehydrogenase/acetyl-CoA synthase enzyme (CODH/ACS) 

(214, 215), a flavin-based electron bifurcation that acetogens use to solve the problem 

of electron transport. Electron bifurcation simultaneously couples exergonic and 

endergonic oxidation–reduction (216), the energy generated from the exergonic 

reaction is used to catalyze the endergonic to CO/CO2 to circumvent thermodynamic 

barriers and minimize free energy loss. 
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In the methyl branch of the WLP, one molecule of CO2 is reduced to formate via a 

formate dehydrogenase and linked to the cofactor tetrahydrofolate (THF), giving 

formyl-THF via the formyl-THF synthetase. Further enzymatic processes generate 

methyl-THF, and with a methyltransferase, the methyl group from methyl-THF via a 

corrinoid iron-sulphur protein (CoFeSP) is transferred to the enzyme CODH/ACS. 

This bifunctional enzyme reduces CO2 to CO in the carbonyl branch and fuses it with 

the methyl group from the methyl branch and with CoA to form acetyl-CoA (211, 

217, 218), the precursor of acetate. 

The H2 plays an important role in the enzymatic reduction process in the WLP, as 

noted by (Nie et al., 2008) (219). The increase of H2 partial pressure in the gas phase 

or its accumulation in the fermentation medium can impose inhibition on the 

fermentation process due to the alteration of carbon flow in the biological pathway of 

the microorganism (219). Nevertheless, the solubility of H2 in liquid media is very 

low (1.3 mM under 2.0 bar and 3.6 mM under 5.5 bar) when compared to CO2 (9.3 

mM under 2.0 bar and 25 mM under 5.5 bar). Since CO2 is reduced to CO or formate, 

higher CO2 concentrations could lead to higher CO production. 

Most hydrogenases are inhibited by CO. A. woodii’s ability to use H2 is inhibited in 

the presence of CO because the HDCR in A. woodii is CO-sensitive (220-222), which 

resulted in the inhibition of acetate production from H2/CO2 (222). Diekert et al. 

(223), showed that A. woodii under a 170 kPa (1.7 bar) of H2:CO2 (80:20) atmosphere 

in a batch culture generates CO when forming acetate. The CO concentration in the 

gas phase reached in some of the experiments values of > 1,000 ppm. This 

concentration by far exceeds the thermodynamic equilibrium concentration, which, 

under the experimental conditions used is calculated to be 83.5 ppm (223). 
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Other literature proposes sequestration of CO by CODH/ACS without producing it in 

the environment. This is done when CO2 is reduced to CO at a nickel iron- sulfur 

cluster called cluster C, which is located in the CODH subunit. Then, CO is 

condensed with a methyl group and coenzyme A at cluster A, another nickel iron-

sulfur cluster in the ACS subunit. The existence of a CO channel between cluster C in 

the CODH subunit and cluster A in the ACS subunit would tightly couple CO 

production and utilization and prevent the escape of CO into the environment (224, 

225).  

However, strong evidence in literature showed acetogenic organisms ability to 

generate significant quantities of CO as an intermediate (226, 227). High pressure 

might produce more CO when there is a high concentration of CO2, which might hint 

that CO might influence the low yield (219). Other examples of CO inhibition was 

seen in C. ljungdahlii when cultivated with CO, CO2, H2, and Ar (30%, 30%, 30, and 

10%, respectively) in batch experiments, where pressures above 1.0 atm led to 

inhibitory effects, which are most likely to be caused by CO (228). 

V.3.2.   The fermentation of A. woodii in the stirred tank reactor using a 

gas mixture of H2:CO2 (85:15) at 5.5 bar and 6 g L-1 yeast extract 

In the second part of the process, A. woodii was cultured in medium ‘A2’ while 

increasing the yeast extract from 4 g L-1 to 6 g L-1 under 5.5 bar and the acetic acid 

production as well as growth were monitored at a pH of 7.0. 

Using the 5.5 bar conditions with 6 g L-1 yeast extract resulted after 96 h in the 

consumption of 30 L gas and the production of 4.5 g L-1 acetic acid. Additionally 

formic acid, uracil, pyroglutamate and traces of lactate were identified through the 

collection of HPLC fractions and analyzing them with GC-MS (Fig P2. 4). 
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Figure P2. 4. The production of formic acid (grey diamonds), acetic acid (black 
triangles), pyruglutamic acid (grey square) and uracil (black X) under 5.5 bar with 6 g 
L-1 yeast extract. 
 

Based on the observed compounds, the following was hypothesized; under high 

pressure, concentrations of CO2 and H2 increase in the medium, which leads to 

generating higher reducing power (increasing NADH production). The WLP pathway 

(189, 211) starts to utilize the reducing power to reduce CO2 to CO in the carbonyl 

branch, and formic acid in the methyl branch, the formyl group is reduced to a methyl 

group and then combined with the carbon monoxide and Coenzyme A to produce 

high concentrations of acetyl-CoA. With excess reducing power, acetyl-CoA is 

converted to pyruvate in parallel to acetic acid, or utilized for the TCA cycle, along 

with some acetyl-CoA, which generates more reducing power that inhibits the TCA 

cycle. The generated NADH is used by other cycles to produce uracil and 

pyruglutamic acid (Fig P2. 5). 
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Figure P2. 5. A. woodii captures CO2 via the WLP. During autotrophic acetogenesis, 
acetate is formed from 4 H2 and 2 CO2. With higher CO2 concentrations in the 
medium, the precursor, acetyl-CoA is further converted to pyruvate, which 
sequentially is reduced to lactate or further, with high nitrogen concentration, 
condenses with acetl-CoA to produce uracil or pyroglutamate. 
 
V.3.3.   The production of PHB by R. eutropha H16 from acetic acid	

In the second phase, the PHB producing strain R. eutropha H 16 was screened in 

varying pH and acetic acid concentrations to maximize growth and tolerance toward 

high concentrations of acetic acid.  

The bacteria were inoculated in the “R2” media with initial 30 g L-1 fructose at the 

following pH: 6.5, 7.0, 7.5 and 8.0, and grew for 8 h in milliliter scale bioreactors. To 
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simulate AcOH feeding, AcOH was added to reach the following concentrations : 2.5, 

5, 7,5, 10, 15 and 20 g L-1. Afterwards the fermentation was continued for further 10 h 

(total 18 h) (Fig P2. 6).  

 

 

Figure P2. 6. R. eutropha H16 growth on different acetic acid concentrations at 
different pH values. Cultures were grown for 8 h, then the acetic acid was added and 
grown for additional 10 h. The growth is shows the increase in OD600 from 8-18 h. 
 

The results reveal that at pH 6.5, a severe toxic effect of acetic acid starts at a 

relatively low concentration of 5 g L-1, which caused a decline in growth. This severe 

effect was also visible at pH 7.0 but at a higher AcOH concentration up to 10 g L-1, 

and for pH 8.0 at an even higher concentration of 15 g L-1. At pH 7.5, there was no 

severe toxic effect detected and the growth was maintained high (OD600 9.8) up to 7.5 

g L-1 acetic acid, additionally, a relatively high growth was maintained at extremely 

high acetate concentrations up to 20 g L-1. Moreover, the results show that the ideal 
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culturing conditions should be at pH 7.5 with maximum acetic acid concentration of 

7.5 g L-1, where the consumption rate of 0.8 g L-1 h-1 OD600
-1 acetate was measured 

Literature (229-231) explains the inhibition effect of short-chain fatty acids (SCFA) 

such as ACOH, when microorganisms are grown with SCFA, the SCFA either 

dissociate, then the anion is uptaken by an anti-port mechanism that uses energy, 

because this detoxification mechanism works by expelling protons out of the cells to 

maintain the proton gradient, with a result of decreased growth rate and yield with 

higher concentrations (232). Alternatively the un-dissociated form of SCFA diffuses 

through the cell membrane, due to their ability to dissolve into the lipid bilayer of the 

cell membrane (229). As a result of the diffusion, they act as uncoupling agents by 

uncoupling electron transport from ATP synthesis (inhibiting ATP synthase), by 

providing a pass for protons through the cell membrane (acting as proton carriers) 

without blockage of ATP synthesis uptake of oxygen (230). Hence, electron transport 

and proton pumping continue at a rapid rate, but no proton gradient is generated, the 

proton motive force is dissipated completely and ATP can no longer be synthesized 

leading to cell death and activity inhibition (231). Furthermore, this will inhibit the 

production of PHB, since the acetyl-CoA produced will not be used as a precursor for 

PHB synthesis but will be utilized by the TCA cycle to produce ATP (231). With very 

high acetic acid concentration, the un-dissociated acid will diffuse and accumulate in 

the cytoplasm thus acidify of the alkaline intracellular of pH ≈ 7.8 (233), or increase 

the internal osmosis pressure, both leading to a complete cell inhibition or death 

(234). 

Hence, having SCFA in a dissociated form is favored and can be achieved by pH 

regulation. Experiments performed by Chung et al., (231) showed (in shaking flasks) 

that an initial pH of 7.5 with increasing concentrations of propionic acid (pKa 4.85 



144 
	

compared to acetic acid pKa 4.75) from 2 to 5 g L-1, the cell growth was higher and 

the uncoupling role could be overcome effectively compared to pH 6.5 and 7.0, where 

a drastic decrease in growth and PHB occurred. Further, they showed continuous 

cultures with static pH, when the pH was maintained at 7.5 during the fermentation, 

the CDW and PHB production was 50% higher than when the pH was maintained at 

6.8. Wang et al. (235), elaborates more on enhancing the tolerance toward acetic acid 

for up to 15 g L-1 in contrast to the complete depression at 6 g L-1, and shows that the 

tolerance increased with increasing initial cell concentration of 0.38 g L-1 (approx. 

OD600 0.5-0.8) compared to a loop-full inocula. This is attributed to the increased 

specific utilization rate of acetic acid or metabolic fluxes by more cells that could be 

doubled, hence detoxify the accumulated intracellular acetate anions (236). 

The results also show that the growth at pH 8.0 was generally low at all acetic acid 

concentrations but maintained cell density to 15 g L-1 acetic acid. These results were 

confirmed by (236) Yu et al., who found that acetic acid is 99.9% dissociated at 

alkaline pH 8.0 - 8.5, but the pH had an inhibitory effect on R. eutropha H16 growth 

(235). This highlights the importance of pH because it affects the ionization of the 

active components of microbial cells (enzymes, enzyme complexes, or other ionizable 

substrate receptors) that must be in appropriate ionic forms to bind substrates, which 

leads to optimal growth and activity (237). 

Surprisingly, our results show that the cells at pH 7.5 maintained an optical density of 

4.4 at high concentrations up to 20 g L-1 acetic acid, indicating that the cells have 

higher tolerance to acetic acid at this pH, as well as have higher uptake rate and 

activity (238, 239). 
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V.3.4. 	 Integration results	

The medium collected from A. woodii fermentation (under 2.0 bar and 3.2 g L-1 acetic 

acid) was adjusted to a pH 7.5 and inoculated with R. eutropha H16, that were pre-

grown in medium “R1” and washed once with phosphate buffer, to an end OD600 of 

1.5. R. eutropha H16 grew to an OD600 of 9.3 with an uptake of 3.0 g L-1 acetic acid 

and an uptake rate of 0.7 g L-1 h-1 OD600
-1. The PHB produced was 0.5 g L-1 and a 

conversion efficiency (acetic acid to PHB) of 27% could be observed (PHB 

productivity 62 mg L-1 OD600
-1, and production rate 2.6 mg L-1 OD600

-1 h-1).  

The CDW was 1.74 g L-1, and residual biomass production was 0.41 g per g acetate 

consumed. The PHB content was 33.3% and the PHB production was 0.16 g per g 

acetate consumed. 

Using the integrated set-up the process performance was enhanced compared to 

literature. Wang et al., (235) described a growth yield of residual biomass of 0.195 g 

per g acetate, when growing R. eutropha H16 on 3 g L-1 acetate in batch mode. 

Furthermore, the yield of growth-associated PHB formation was 0.1 g per g acetate 

consumed with a PHB content of 20% (51). In our integrated setup, the PHB and 

biomass formation is increased by a factor of 1.6 and 2.0, respectively.  

Pairing this setup with photovoltaics gives a form of cost-effective artificial 

photosynthesis that delivers a commercial production in the form of bioplastic (Fig 

P2. 7). 
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Figure P2. 7. The artificial photosynthesis approach of the capture of CO2 into PHB 
through energy generated by photovoltaics. Energy from PV is used for H2 generation 
by water splitting in pot one. This H2 is added in combination with CO2 into pot two 
where it is converted by A. woodii to AcOH under anaerobic conditions. The AcOH is 
fed to R. eutropha in pot three and converted to PHB under aerobic conditions. 
 

The process to replicate photosynthesis and to surpass it is low efficiency requires the 

following steps: i) efficient utilization of solar energy, ii) the efficient transfer of 

(energy) electrons to active centers and water splitting into hydrogen and oxygen, 

iii) capture and conversion of CO2 efficiently (11-14).  

By photovoltaic technology, solar energy could be harvested into electrical energy 

with a high energy efficiency (min. 18% - max. 31%). This energy is used for 

chemical water oxidation. This electrolytic hydrogen evolution shows 80% efficiency 

(59). The produced H2 along with CO2 are used by A. woodii with 52% conversion 

efficiency from CO2 to acetic acid, which is consequential utilized by R. eutropha 

H16 to convert acetic acid to PHB with 27% conversion efficiency. The overall 

artificial photosynthesis approach will give an overall 2.0 – 3.5% carbon capture into 

PHB, based on the PV used, which is 2 - 4 times higher compared to natural 

photosynthesis (22).  
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V.4. Conclusions   

Here, we developed a sustainable bioprocess for bioplastic production based on CO2 

capture through microorganisms. The system, when paired with PV-electrolytic H2 

generation (water oxidation), gives rise to an artificial photosynthesis process that 

exceeds natural photosynthesis.  

The first part of the process, CO2 fermentation with A. woodii under high pressure 

showed how the conversion efficiency of CO2 into acetic acid was influenced by 

different pressure conditions yielding up to 52% energy efficiency at 2.0 bar. In the 

second part of the process, acetic acid uptake by R. eutropha H16 was analyzed, 

which showed an optimal uptake of acetic acid at pH 7.5. The maximum toxicity level 

of acetic acid at this pH is up to 7.5 g L-1, addressing the importance of the proper 

acetic acid concentration and pH for the growth of R. eutropha H16.  

Finally, the integration of R. eutropha H16 in the obtained media from the 

fermentation of A. woodii resulted in an artificial photosynthesis efficiency of 2.0 – 

3.5% compared to plants photosynthesis. The described process is a promising 

approach for a more sustainable way to convert toxic CO2 with the energy of the sun 

into a commercial valuable bioplastic.  
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Chapter VI 

Three-pot: Autotrophic-microbial carbon system with electrochemical 

hydrogen formation under aerobic conditions (using oxygen as an electron 

acceptor) – Continues feeding of acetic acid  
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VI. Introduction 

The purpose of this setup (Figure 28), is to transform the setup described in chapter V 

into a continues feeding of AcOH to R. eutropha H16. Therefore AcOH, dissolved in 

medium ‘A1’, representing the output of CO2 and H2 fermentation with A. woodii is 

continuously fed into media ‘R2’ containing R. eutropha H16, which was grown on 

fructose up to 12 h to an OD600 (23). At this stage, the pH was kept 7.0-7.5 with 1 M 

HCl and the nitrogen rich base 1 M NH4OH to keep the bacteria in an optimal growth 

phase.  

 

Figure 28: Design of the three-pot separated electro-microbial carbon capture system. 
The H2 is produced through electrochemical water oxidation in the first pot. The CO2 
is bubbled from an external source to a separate chamber where the microbial strain 
A. woodii is not exposed to electrolysis and performs autotrophy to produce AcOH in 
the second pot. The produced AcOH is fed to R. eutropha H16 in pot three under 
heterotrophic conditions under ambient atmosphere continuously. 
 

The following acetic acid (glacial) feeding was performed: 2, 4, 6 and 10 g L-1 h-1. 

The control of pH was done with 1 M NaOH to apply nitrogen limited conditions, 

which induces PHB accumulation. The microorganisms show an uptake rate of 0.8 g 

L-1 h-1 acetic acid. Feeding of acetic acid higher than 2 g L-1 h-1 has shown to be toxic 

because of acetic acid accumulation (higher feed than uptake rate) (Figure 29 A).   
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Figure 29: A) Growth of R. eutropha H16 with different feeding of AcOH after 12 h 
of pre growth on fructore. The feeding of AcOH is as following: 2, 4, 6 and 10 g L-1 
h-1. Only the feeding with 2 g L-1 h-1 did not inhibit growth or display a toxic effect. 
B) The residual biomass stops to increase after 24 h, when all nitrogen is depleted, 
and the ACOH uptake converts into PHBV only. C) The continues uptake of AcOH 
along with the PHBV content increase up to 65 % of cell content. D) The nitrogen 
content during the feeding, where it shows that nitrogen depletes after 24 h, where 
PHBV starts to accumulate and no further residual biomass was observed. 
 

After feeding of 2 g L-1 h-1 for up to 33 h, the OD600 reached 96, and the CDW (cell 

dry weight) was 21.05 g L-1, the PHBV (poly hydroxyl-butyrate-valerate) was 14 g L-

1 (there was a formation of PHV as well because of the presence of residual fructose) 

at 65% cell content (PHB productivity 146 mg L-1 OD600
-1, and production rate 4.4 
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mg L-1 OD600
-1 h-1), and 7.5 g L-1 residual biomass. The total uptake of acetic acid was 

44 g L-1 (Figure 29 B and C). The energy efficiency (AcOH to PHB) at the end was 

51.6 %. 

The nitrogen concentration depleted completely at 27 h, where uptake of acetic acid 

went only for PHB accumulation and no residual biomass was detected (Figure 29 D). 

VI.1. Materials and methods  

Bioreactor continues feeding of acetic acid: With a start inocula of OD600 0.95, in a 1 

L culture, with a control dissolved oxygen of 30% DO, the pH was kept at 7.0 – 7.5 

with 1 M HCl and 1 M NH4OH at 30 °C. The feeding started after 12 h of incubation 

(OD600 23) with the following: 2, 4, 6 and 10 g L-1 h-1 acetic acid (glacial) and the 

control of pH was done with 1 M NaOH to apply nitrogen limited conditions. 

Conclusions  

The continues feeding showed that the acetic acid fed should not exceed 2 g L1 h-1, to 

prevent the build-up of toxic levels of acetate. Additionally, when the nitrogen source 

depletes completely, the cell goes into PHB accumulation stage.  
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VI.2. Optimization of continues feeding strategy 

To increase the PHB content and accumulation a further optimization of the feeding 

strategy should be performed by shifting to a higher pH and feeding the acetic acid 

with nitrogen source. The initial phase of the experiment was performed as above for 

the first 12 h of culturing, reaching an OD600 of 13. At this stage, the pH was kept 7.5-

8.0 to mitigate the effect of acetic acid toxicity. The pH was controlled with 1 M HCl 

and a nitrogen rich base, 1 M NH4OH to keep the bacteria in an optimal growth phase 

as well. 

The feeding started with 1 g L-1 h-1 AcOH with (NH4)2SO4 to a 90 C/N ratio (240). 

This was continued for 24 h (36 h total), then feeding was switched to 1 g L-1 h-1 

AcOH solely to induce N-limited conditions and PHB accumulation (no nitrogen 

source). The pH at this stage was controlled with 1 M HCl and 1 M NaOH up to 28 h 

(total 64 h). The OD600 at the end of the experiment reached 109 (Figure 30 A). The 

energy efficiency (AcOH to PHB) at the end reached 51.7 %. 
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Figure 30: A) Growth of R. eutropha H16 with different feeding of AcOH with 
NH4OH (C/N 90) from 14 - 36 h, followed by feeding of AcOH up to 64 h. B) The 
residual biomass stops to increase after 36 h, when all nitrogen is depleted, and the 
AcOH uptake converts into PHBV with a slight increase in residual biomass. C) The 
continues uptake of AcOH along with the PHBV content increase up to 68 % of cell 
content. D) The nitrogen content during the feeding, where it shows that nitrogen 
depletes after 36 h, which is the at the same time point were PHBV starts to 
accumulate and a slight increase of residual biomass was observed. 
 

After feeding of 1 g L-1 h-1 (90 C/N) for up to 36 h, the CDW (cell dry weight) was 

18.65 g L-1 with a 24 g L-1 AcOH consumption (complete consumption). At the end of 

the experiment all acetic acid was consumed (53.5 g L-1 AcOH) with a CDW of 24.7 

g L-1 and a PHBV content of 17 g L-1, representing 68% of cell content (PHB 
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productivity 160 mg L-1 OD600
-1, and production rate 2.5 mg L-1 OD600

-1 h-1) (Figure 

30 B and C). Nearly all the nitrogen source was consumed completely after 36 h 

(Figure 30 D), and all acetic acid went to PHB production rather than residual 

biomass. 

VI.3. Materials and methods (optimization) 

Optimization of feeding strategy: As performed above, with an initial fructose 

concentration of 30 g L-1 and a start OD600 = 0.88 at 30 °C in 1 L volume at a pH 7.5 

controlled by 1 M HCl , 1 M NaOH. After 12 h of incubation feeding was initiated 

with 1 g L-1 h-1 AcOH with (NH4)2SO4 with a C/N ratio of 90 (240). This was 

continued for 24 h (36 h total), then it was fed with 1 g L-1 h-1 AcOH solely to induce 

N-limited conditions and PHB accumulation. 

VI.4. Conclusions (optimization) 

The optimized feeding with a higher pH and lower feeding rate, resulted in an 

increase of PHBV content from 65 to 68 % and increased the PHBV yield from 14 g 

L-1 to 17 g L-1. We also observed the accumulation of PHB after the depletion of the 

nitrogen source. Nitrogen is important for cell growth and division, and with higher 

cell growth PHB production could be maximized (accumulation phase).  
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Chapter VII  

Summery and outlook   
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In this work, we developed electro-microbial systems to capture and convert CO2 into 

bioplastics, therefore we developed an AP (artificial photosynthesis) processes. The 

challenge was to improve the efficiency of AP compared to natural photosynthesis. 

This was done by targeting the following aspects: 

I) The efficient transfer of (energy) electrons to active centers and water 

splitting into hydrogen and oxygen. 

II) Capture and conversion of CO2 efficiently (11-14).  

Therefore, the following points were considered and implemented when designing the 

AP systems:  

• Electrochemical CO2 reduction and water splitting. 

• Microbial conversion of the precursors: Acetic acid, formic acid, CO2 and H2 

into PHB. 

Therefore, we developed the following three systems, based on the number of 

chambers (pots used): 

• One-pot: Integrated Electro-Microbial Carbon Capture (IEMC) system with 

electro-chemical oxygenate formation.  

• Two-pot: Separated electro-microbial carbon capture and conversion with 

electro-chemical Hydrogen formation. 

• Three-pot: Autotrophic-microbial carbon capture system with 

electrochemical hydrogen formation. 

In general, the designed setups displayed several advantages: i) Various electricity 

sources can be used, such as photovoltaics as a form of green technology; ii) The 

higher efficiencies of electrochemical reduction of CO2 into C1 compounds and water 
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splitting to produce H2, these chemical building blocks (H2 and CO2) could then be 

used for microbial biosynthesis of PHB; iii) The recovery of formic acid and acetic 

acid from the aqueous phase by microbially converting them into PHB and therefore 

bypassing the expensive recovery process and providing an environmentally friendly 

option to chemically produce plastics; iv) The electro-microbial systems do not 

compete with food production and are not affected by climate change.  

Furthermore, we discuss the advantages and challenges of each system: 

One-pot: Integrated Electro-Microbial Carbon Capture (IEMC) system with electro-

chemical oxygenate formation.  

The advantages over non-electrochemical conditions 

• R. eutropha H16 produces PHB under the specific IEMC conditions. 

• This setup yielded a 2.1-3.7% AP solar to product efficiency. 

The challenges 

• M. extorqusnes AM1 resulted in no significant production of PHB or uptake of 

formic acid. This was most likely the result of the formation of ROS (reactive 

oxygen species), which hindered growth and formic acid uptake. 

• The type of precursor used for PHB production, formic acid has the energy 

and carbon source paired together, which requires high concentrations of 

formic acid to be utilized for the production of PHB. 

• Exposure of the microorganisms to direct electrical current and ROS which 

inhibits the growth. 
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• Loss of efficiency during integration due to the deactivation of electrodes after 

microorganisms adhere on the surface.  

Two-pot: Separated electro-microbial carbon capture and conversion with electro-

chemical Hydrogen formation. 

The advantages over one-pot 

• Separation of electrochemical part from the microbial part. 

• No direct exposure of microorganisms to electrolysis or ROS. 

The challenges 

• Low efficiencies of CBB cycle for autotrophy. 

• Longer incubation time to activate heterotrophy enzymes. 

• CBB cycle demands higher energy for PHB production. 

• Risk of explosive levels of H2:O2. 

Three-pot: Autotrophic-microbial carbon capture system with electrochemical 

hydrogen formation.  

The advantages over the two-pot setup 

• Does not use the CBB cycle for PHB production 

• Uses the highly efficient WL pathway to produces acetic acid from H2 and 

CO2. 

• Production of PHB from heterotopy using acetate. 

• This setup yielded a 2-3.5% AP solar to product efficiency. 

The challenges 
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• Slower growth with heterotopic denitrification of acetic acid. 

• Lower acetic acid yields that could be improved with improving the high-

pressure conditions. 

Moreover, what follows is an overview of all setups studied (Table 4) and (Figure 31: 

Summery of the conversion of the electric energy into chemical energy (in the form of 

PHB), and PHB production yields for the setups developed in this study.). 

Table 4: Overview of the AP setups of this work:  

 

AP Time 
(h) 

∆OD60

0 

PHB 

(mg L-1) 

Energy 

efficiency 

(%) 

Productivity 

(mg L-1 OD-1 ) 

Production rate 

(mg L-1 OD-1) 

One-pot: FA 6 -0.5 25 30 No growth No growth 

Three-pot: 

H2/AcOH/NO3 

96 0.5 16 4.3 32 0.33 

Three-pot (P): 

H2/AcOH/NO3 

210 1.3 45 11.2 34.6 0.16 

Three-pot (P): 

AcOH/Air 

24 8 500 27 62.5 2.6 

Three-pot (P): 

AcOH/Air/N-
lim 

33 96 14’000 51.7 145 4.4 

Three-pot (P): 

AcOH/Air/N-
Dep 

64 106 17’000 51.6 160 2.5 
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Figure 31: Summery of the conversion of the electric energy into chemical energy (in 
the form of PHB), and PHB production yields for the setups developed in this study.  
 

The one-pot and three-pots (under aerobic conditions) setups yielded a very high 

energy efficiency (energy in the form of PHB). In one-pot, the PHB production was 

intriguingly achieved only when electrolysis was concurrently conducted in microbial 

conversion. The obtained AP energy efficiency of the one-pot setup (~2 %) well 

exceeded that of the conventional natural photosynthesis (<1 %). However, the AP of 

three-pot setups had the following energy efficiencies: 2.0-3.5% (no feeding) and 4.7-

8.1 % (continues feeding). The highest production rate could be achieved with three-

pot under N-depletion conditions with 4.4 mg L-1 OD600
-1. 

Overall, the obtained AP energy efficiencies are almost half of the highest reported 

energy efficiency of a solar-to-chemical setup (7.6% for bioplastic), where 
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electrochemically produced hydrogen (along with CO2) was used as precursor to 

produce bioproducts (90). We slightly fall short from this number because we take in 

account only the production of PHB, whereas in literature other parameters such as 

biomass were considered. Moreover, this work presents efficient and rapid methods 

combining the capture of CO2 with the production of bioplastics, which are both 

targets of current trends in environmental research (241). These data provide a 

valuable basis to establish a highly efficient and continuous AP process in the future. 

For future work the following should be considered: 

1) Syngas fermentation from industrial flue gas (a gas mixture of hydrogen, CO, 

and CO2, and CH4 is used as carbon and energy sources) by A. woodii strains 

offer advantages over conventional chemical process because it takes places at 

lower temperature and pressure, has higher reaction specificity, tolerates 

higher amounts of sulfur compounds, and does not require a specific ratio of 

CO to H2 (242).  

2) Optimizing individual conditions for each part of the three-pot setup which 

allow the design of a continuous feeding process with high potential for 

industry. 

3) Upscale of the setups for industrial applications.  

4) Optimization of the PHB producing strain by genetic modification where the 

PhaZ genes responsible for the degradation of PHB are knocked out, which 

should result in higher PHB production. 

5) Proteomic analyses to fully understand which genes are expressed in A. woodii 

during fermentation with syngas.  
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Efficiency Calculations: The values used for efficiency calculations result from 

statistical averages of at least three replicates. Efficiencies are defined by eq. 1-10.  

 

o Carbon efficiency:   ηC =
nPHB
t=8h − nPHB

t=2h⎡
⎣

⎤
⎦ ⋅4

nHCOOH
t=8h − nHCOOH

t=2h     (1) 

with ni
t=2h  being the amount of compound i found at the end of the anaerobic 

electrolysis phase and ni
t=8h being the amount of compound i found at the end of the 

aerobic culturing phase.  

 

o Faradaic efficiency:  ηF =
F ⋅nproduct ,i

t=2h ⋅2

SC[cm]⋅ I[A / cm]⋅dt
t=0s

t=7200s

∫
    (2) 

with F being the Faraday constant, nproduct,i
t=2h  being the amount of product i found at the 

end of the anaerobic electrolysis phase and SC  being the surface area of the cathode.  

 

o Electric efficiency:  ηEl =ηF ⋅
εH2O/O2
* − εCO2 /HCOOH

*

εcell
m      (3) 

with εH2O/O2
* being the reduction potential (vs. RHE) of the water oxidation reaction 

corrected for pH and salinity (+826 mV at pH 6.8 and +785 mV at pH 7.5), and 

εCO2 /HCOOH
*  being the standard potential (vs. RHE) of the CO2 reduction to formic acid 

corrected for pH and salinity (−420 mV at pH 6.8 and −461 mV at pH 7.5).1 For a 

salinity of 140 mM εH2O/O2
* − εCO2 /HCOOH

* equals 1.235 V at pH 7.5 and pH 6.8. εcell
m  was 

estimated by eq. 4:   εcell
m = εH2O/O2

* +ΨO2
+ ε sol −UC   (4) 
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with ΨO2
= 0.56 V being the overpotential of the anodic oxygen evolution catalyst 

(88) and UC  being the poised cathode potential (vs. RHE). The solution resistance, 

which was determined to be 10 Ω in the specific setup, translates into a potential drop 

in solution ε sol  of 170 mV for the cell current of −10 mA cm−2 (established for a 

poised cathode potential of −1.2 V and a 1.7 cm−2 electrode surface). 

Correspondingly, the electric efficiency can be calculated at pH = 6.8 and 7.5 by eq. 5 

and eq. 6, respectively: 

    ηEl
pH 6.8 =ηF ⋅0.448       (5) 

ηEl
pH 7.5 =ηF ⋅0.455       (6) 

o Biological efficiency:  ηBio =
nPHB
t=8h − nPHB

t=2h⎡⎣ ⎤⎦ ⋅ΔrGPHB

nHCOOH
t=8h − nHCOOH

t=2h⎡⎣ ⎤⎦ ⋅ΔrGHCOOH

= ηC ⋅ ΔrGPHB

4 ⋅ ΔrGHCOOH

 (7) 

Eq. 7 does not take biomass formation into account. However, since only the 

production of PHB is of commercial interest, this approach is valid. An estimation of 

the influence of biomass formation on efficiency is described in reference.2 Reactions 

and the respective Gibbs free energies at 140 mM salinity and a reaction pH of 7.51 

are: 

For the combustion of formic acid:  

HCOOH + 0.5 O2 à CO2 + H2O   ∆rGHCOOH = −233 kJ mol−1 

For the combustion of PHB:  

1/n PHB + 4.5 O2 à 4 CO2 + 4 H2O   ∆rGPHB = −1987 kJ mol−1 

Correspondingly, the biological efficiency can be calculated according to eq. 8: 

          (8) 

For R. eutropha, the metabolic formate to PHB ratios were estimated based on the 

following reaction stoichiometries: 

ηBio ==ηC ⋅2.132
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I) S-FDH reaction:      

HCOOH + NAD+   <==>   CO2 + NADH/H+   ∆rG’ = −14.2 kJ mol−1 

II) CBB cycle:    

3 CO2 + 5 NADH/H+ + 8 ATP + 5 H2O   <==>   3-PG + 5 NAD + + 8 ADP + 7 Pi 

∆rG’ ‘= −142 kJ mol−1 

III) Glycolysis and AC-CoA formation: 

3-PG + H-CoA + NAD+ + ADP   <==>   Ac-CoA + CO2 + NADH/H + + ATP + H2O 

∆rG’ = −60.3 kJ mol−1 

IV) PHB biosynthesis: 

2 Ac-CoA + NADH/H + + H2O   <==>   1/n PHB + 2 H-CoA + NAD+  

∆rG’ = −21.1 kJ mol−1 

I) – IV) Overall reaction for biological formate to PHB conversion: 

9 HCOOH + 7 ATP + 2 H2O   <==>   1/n PHB + 5 CO2 + 7 ADP + 7 Pi 

∆rG’ = −356 kJ mol−1 

V) Oxidative phosphorylation: 

The NADH/H+ to ATP conversion efficiency depends on various variables e.g. type 

of organism, metabolic state and oxygen partial pressure. The ATP to NADH/H+ ratio 

varies from 1 – 3. Since one formate molecule is required to generate one NADH/H+ 

(or NADPH/H+), 11.3 to 16 molecules of formic acid need to be consumed to produce 

one PHB unit. 

 

IEMC efficiency:        (9) 

Or (at pH 7.5):        (10)  

ηIEMC =ηEl ⋅ηBio

ηIEMC =ηF ⋅ηC ⋅0.97
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Optimization of the electrolyte for CO2 reduction to formic acid and IEMC 

We selected indium (In) as an active electrode selective for formic acid formation, 

according to literature.3 An In electrode (1 × 1.7 cm2) as washed with milli-Q and 

acetone was first tested in 0.1 M KHCO3 (pH 6.8) at −1.2 V vs. RHE and the 

chronoamperometric result is shown in (Fig P1. S1). The Faradaic efficiency for 

formate was as low as 68% under the condition investigated. To improve the Faradaic 

efficiency, we attempted to deposit indium nanoparticles on the In electrode (denoted 

as In-np) in two electrode system configuration (counter electrode was also the In 

electrode). The nanoparticle deposition was conducted under 0.05 M InSO4 and 0.04 

M citric acid at −9.3 mA cm−2 for 10 min under Ar. (Fig P1. S2) shows the surface 

morphology observed by scanning electron microscopy (SEM), exhibiting that the 

nanoparticles with approximate sizes of 5-50 nm are uniformly deposited on the In 

substrate. As can be seen in (Fig P1. S3), the In-np electrode enhanced the active 

surface area, resulting in improved current density (per geometric surface area). More 

interestingly, the Faradaic efficiency for formic acid was improved to 89%, probably 

because of decoration of unselective sites on the pristine In electrode.  

 

Figure P1. S1. Current density profiles of In and In-NP electrodes as a function of 
time, in 0.1 M KHCO3 (pH 6.8) at −1.2 V vs. RHE under CO2 bubbling, with 
Ag/AgCl reference electrode and Pt counter electrode isolated with glass frit.  
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Figure P1. S2. SEM images of the pristine In plate and In-NP deposited electrode.  
 
Using the developed In-np electrode, we investigated the dependence of applied 

potential on current density and Faradaic efficiency. The electrolyte used (30 mM 

potassium phosphate, 100 mM K2SO4, pH adjusted to 7.5) was selected based on the 

study optimized for R. eutropha (refer to the main manuscript for details). The results 

are shown in Fig P1. S3 (iR is not corrected, which was measured to be ~10 Ω by 

impedance measurements). The current density monotonically increased with 

increasing applied overpotential (Fig P1. S3 left), and intriguingly, the Faradaic 

efficiency for formic acid also increased with increasing applied overpotential (Fig 

P1. S3 right). Because larger applied potential (or total voltage) leads to loss of 

energy efficiency, the optimal applied potential must be chosen. In this study, we 

selected −1.2 V vs. RHE to use for further study in IEMC system because reasonable 

current density of −10 mA cm−2 was achieved with relatively high Faradaic efficiency 

(86%).  
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Figure P1. S3. (Left) Current density profiles at different applied potentials as a 
function of time and (Right) corresponding Faradaic efficiency obtained using In-np 
electrode (1 × 1.7 cm2) in 30 mM potassium phosphate, 100 mM K2SO4, pH adjusted 
to 7.5 under CO2 bubbling, with Ag/AgCl reference electrode and Pt counter 
electrode isolated with glass frit.  
 

 

Figure P1. S4. Growth for M. extorquens AM1 after 8 h of culturing in 40 mM 
phosphate and 23 mM formic acid with 3% (v/v) TM (trace metals from preculture) in 
varying pH and concentrations of sulfate.   
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Figure P1. S5. The metabolic pathways involved in formic acid uptake for M. extorquens AM1. First, it either converts into CO2, or ligates 
with Methylene-THF, before entering the Serine cycle. Then it forms acetyl-CoA and enters the Ethylmalonyl-Coa (EMC) cycle. There, it 
either branches out in the PHB cycle, or continues through the EMC cycle to regenerate glyoxelate (1). 
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Appendix B: Calculations 

• Conversion efficiency of CO2 into AcOH 

From AcOH (mMoles), back calculation to the consumed CO2 (mMoles) 

Elemental analysis of CO2 conversion into ACOH 

 = (M.W CO2/ C CO2) / (M.W AcOH/ CAcOH) 

 = (44/1)/(60/2) 

= 1.46  

 

= 1.46 X [AcOH] = [CO2] 

 

• Calculation of the theoretical consumed CO2  

PV=nRT 

n= (Partial P of CO2*Total gas consumption)/ (0.082*temperature) 

 

• Efficiency of CO2 Conversion 

= consumed CO2 *100/ theoretical consumed CO 

 

• The cell specific acetate formation rate (qP) is defined as 

Specific acetate formation rate = (1/biomass, g L) * change of product concentration 

over time. 

qP= (1/cx) * dcp/dt ,  

 

To simplify this, one can calculate qP as following: qP = (1/average cx between time 

1 and 0) * (cp (at time 1) - cp(at time 0))/ (time 1 - time 0)).  
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cx = biomass concentration, g L-1 

cp = product concentration, g L-1 

qP = specific product formation rate, g(product) g(biomass)-1 h-1 

 

• The space time yield 

The space time yield is the final product concentration divided through the total 

process time 

=Pend/ process time 

 


