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A new approach for CO2 utilization (as a sole carbon source) to acetic acid and other VFAs under ambient conditions using zero valent iron and anaerobic granular sludge was examined by methanogens inhibition. Zero Valent Iron when is anaerobically oxidized generates H2 that can be utilized along with CO2 by homoacetogens in the anaerobic granular sludge for the production of acetic acid or other VFAs. However, methanogens in anaerobic sludge act antagonistically with homoacetogens and therefore the main goal of this study is to examine strategies to inhibit methanogenesis and to enrich homoacetogens. Based on this, several strategies were investigated such as the exposure of (a) anaerobic granular sludge to low pH, (b) the short exposure of anaerobic granular sludge to heat, (c) addition of bromoethanesulfonate under various concentrations and (d) exposure of anaerobic granular sludge to salinity 30–90 g NaCl/L. The highest performance (2,020 mg/L of acetic acid) was found when anaerobic granular sludge was exposed to 50 mM of bromoethanesulfonate at 100 g/L (ZVI), pH 6–6.5, after 12 days whereas, the short exposure of anaerobic granular sludge to heat at 100 g/L ZVI at pH 6–6.5 resulted in 1,290 mg/L of acetic acid. The operation of this system in pH 5–6 generated less VFAs compared to operation at pH 6–6–5. The daily regulation of pH to 3 was not practical as the pH was increased to 6.5 due to abiotic anaerobic oxidation of ZVI and this resulted in CH4 production and propionic acid generation. The exposure of anaerobic granular sludge to ZVI and 30 g NaCl/L as well as to seawater resulted in production of CH4 (around 28% of the headspace) and mainly production of acetic acid (550–850 mg/L). The increased in salinity to 60 and 90 g NaCl/L resulted in reduction of CH4 and VFAs however, a more diverse range of VFAs was produced. Exposure of anaerobic granular sludge to heat and then to CO2 and ZVI resulted in an increase of Clostridium sensu stricto to 65.9% and the same genus was increased when anaerobic sludge was exposed to bromoethanesulfonate and ZVI.
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INTRODUCTION

Substantial interest has been focused over the past decades to human activities that affect the climate system negatively. It is observed that global resources are overexploited and the consumption of energy increases dramatically. As a consequence, the increased needs for energy have led to excessive use of fossil fuels which result in the increase of CO2 emissions with annual anthropogenic emissions of about 25–35 Gt (Ruiz-Valencia et al., in press). To mitigate this, researchers and engineers examined strategies for the transformation of carbon dioxide (CO2) into commodity chemicals and fuels—also known as carbon capture and utilization (CCU) (Prévoteau et al., 2020). However, this is a challenge as CO2 presents kinetic and thermodynamic stability due to the centrosymmetric structure (O=C=O) and therefore, the use of high-energy substances or processes are required for its reduction (Yang et al., 2017).

In the last decade, there is high interest toward microbial electrosynthesis system for the conversion of CO2 to carboxylic acids using anaerobic mix culture as an inoculum via homoacetogens and methanogenesis inhibition (Vassilev et al., 2018). However, as stated in a recent review (Prévoteau et al., 2020) after a decade of research on CO2 microbial electrosynthesis this process is not yet competitive for synthesis of chemicals and there is plenty of room for improvement.

Recently, Vyrides et al. (2018) using anaerobic granular sludge pointed out that CO2 (as a sole carbon source) can be utilized to CH4 by addition of zero valent iron (ZVI) in anaerobic granular sludge under aquatic ambient conditions. Dong et al. (2019) using nano-ZVI, found similar results. ZVI (Fe0) can be oxidized under abiotic aquatic carbonate anaerobic conditions, generating H2 and siderite as shown in the (Equation 1) (Palacios et al., 2019).
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The H2 that was abiotically generated (Equation 1) in combination with CO2 can be consumed by hydrogenotrophic methanogens present in anaerobic granular sludge and can generate CH4 (Equation 2) (Vyrides et al., 2018).
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Apart from this, H2 and CO2 can be consumed by homoacetogens for the generation of acetic acid (Equation 3)
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Moreover, acetic acid can be utilized via another route driven by acetoclastic methanogens for the formation of CH4 and CO2 associated with the following reaction (Equation 4) (Vyrides et al., 2018).
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Vyrides et al. (2018) found that the activity of homoacetogens was suppressed by hydrogenotrophic methanogens under 75 g/L ZVI, 5 gVS/L anaerobic granular sludge and CO2 as a sole carbon source.

In the current study a new proof of concept for CO2 (as the only carbon source) conversion to volatile fatty acids under ambient conditions was investigated using anaerobic granular sludge and ZVI at aquatic mild conditions. For this reason, the main objective was to point out strategies to enrich homoactetogenesis and to inhibit methanogenesis in anaerobic granular sludge in the presence of ZVI. Therefore, the following strategies were independently examined: (a) exposure of anaerobic granular sludge to low pH, (b) short exposure of anaerobic granular sludge to heat, (c) addition of bromoethanesulfonate (BES) under various concentrations, and (d) exposure of anaerobic granular sludge to high salinity (30–90 g NaCl/L). Apart from the volatile fatty acids (VFAs) and gas composition, the microbial profile under different operational conditions was monitored to gain an insight of the process.



MATERIALS AND METHODS


Anaerobic Sludge and Pre-treatment Preparation

Anaerobic granular sludge was collected from a mesophilic upflow anaerobic sludge blanket reactor (UASB) that was treating dairy wastewater at pH 6.8–7.3. The anaerobic granule sludge was washed with phosphate buffer (20 mM) and then was sieved with a #18 mesh (1,000 μm in pore-diameter). Before to be used as inoculum, the anaerobic granular was placed into a bottle (1L) filled with phosphate buffer solution (20 mM) and closed with a rubber septa and flashed with CO2. Two bottles were prepared and were placed in shaking incubator at 33°C at pH 5–6 and pH 6–6.5 for 3 days.

Batch laboratory scale experiments took place in 250 ml serum bottles with a working volume of 100 ml. To each serum bottles 10 g of pre-treatment wet weight sludge and 10 g of ZVI (Iron ≥99%, reduced, powder (fine)—Sigma Aldrich CAS Number 7439-89-6 and code 12310) was added (final concentration of ZVI was 100 g/L). The remained volume of 100 ml was filled with medium reported at (Angelidaki et al., 2009) (however, no Na2S9H2O was added). The pH was monitored (pH meter Mettler Toledo for small volumes) by withdrawing around 1 ml from each serum bottle. The pH was also adjusted using 2 M HCl or 2 M NaOH. In case that no any pH adjustment was needed the equal volume of anaerobic media was added in order to maintain the working volume. The serum bottles were sealed with rubber septa and a screw cup and flushed with 100% of CO2 for 5 min for creating anaerobic conditions (CO2 as a sole carbon source) to a final absolute pressure of 1.5 bars in order to avoid vacuum pressure due to 1 ml sampling from the headspace for gas analysis and then were placed in an incubator (100 rpm) at 33°C. The pressure was measured and monitored with a manometer at each sampling. In all the experiments, controls with granular sludge and medium without methanogenis inhibitor were included. Moreover, control without adding granular sludge that consisted only with ZVI and medium was prepared.

It was found that the exposure of ZVI (100 g/L) and media at initial pH of 5 and pH 6 under anaerobic conditions (only CO2 in the headspace) generated 95% H2 in the headspace after 40 and 48 h, respectively. Therefore, the overall purpose of those experiments (a–e) was to investigate susistanable strategies to inhibit methanogens and to enhance homoacetogens for utilization of external CO2 and the H2 released from ZVI.

All serum bottles were inoculated with anaerobic granular sludge and CO2 was the sole carbon source. The serum bottles were operated at pH 5–6 and pH 6–6–5. The following strategies were tested for methanogenesis inhibition:

a) Daily reduction of pH to 3 in the system of anaerobic granular sludge and 100 g/L ZVI under batch conditions (15 days). The pH was risen due to the anaerobic oxidation of ZVI and therefore HCl (1 M) was daily added. The bottles were flushed with CO2 on the beginning of the experiment and on day 7.

b) Short exposure of anaerobic granular sludge to heat (95°C for 30 min) was tested prior the inoculation of the sludge to 100 g/L ZVI under batch conditions for 12 days. The bottles were flushed with CO2 on the beginning of the experiment and on day 8. At these conditions two pH were operated at pH 5–6 and at pH 6–6.5.

c) Addition of 50 mM 2-Bromoethanesulfonate (BES) was tested under batch conditions in the system of anaerobic granular sludge and 100 g/L ZVI. At the first batch (duration 15 days), CO2 was flushed in the beginning and on day 7. At the second batch (duration 12 days), 90% of media was replaced with new media (without removing anaerobic granular sludge and ZVI) and CO2 was re-flushed in the beginning of the experiment and on day 8. At these conditions two pH were operated at pH 5–6 and pH 6–6.5.

d) Addition of lower BES concentrations (1–10 mM) in the system of anaerobic granular sludge and 100 g/L ZVI. Under these conditions CO2 was re-injected in the system on day 8, 11, and 15 whereas on day 15 the 90% of the liquid media was replaced with a new media without BES addition or ZVI.

e) Exposure of anaerobic granular sludge to 100 g/L ZVI and operation at (a) 30 g NaCl/L, (b) 60 g NaCL/L and (c) 90 g NaCl/L). The batch tests (duration 24 days) were re-flushed with CO2 (as a sole carbon source) in the beginning of the experiment and on days 3, 10, and 17.

The anaerobic batch experiments with anaerobic granular sludge and ZVI were carried out in triplicate and the average and standard deviation is been reported. The controls (anaerobic granular sludge) were done in duplicate and the average was calculated.



Analytical Techniques

The total solids (TS) and volatile solids (VS) of the sieved anaerobic granular sludge were measured according to Standard Methods from APHA. The gas composition (H2, O2, N2, CH4, and CO2 concentrations) from BMP experiment was determined by withdrawing 1 ml from the headspace and by analyzing it in a gas chromatography thermal conductivity detector (GC-TCD) as described by Vyrides et al. (2018). The volume of gas produced was calculated by multiplying the headspace volume by the gas composition (%). The coefficient of variation for 10 identical samples was ±2%. The concentrations of volatile fatty acids VFAs (C1–C5) were analyzed through a high performance liquid chromatography–HPLC (LC-20AD, Shimadzu, Japan) equipped with a Shimadzu SPD20 A UV/VIS detector (Vyrides et al., 2018). The coefficient of variation for 10 identical samples was ±7%. The absolute pressure was measured using a manometer with a fine needle injected to the rubber stopper in the serum bottle (range 2 bar accuracy ±10 mbars).



X-Ray Crystallography of Iron Substrates

X-Ray diffraction (XRD) patterns of selected ZVI specimens, before and after use in the anaerobic bioreactor, were recorded in a multi-purpose diffractometer (Ultima IV, Rigaku). The diffractometer was equipped with a Cu tube operated at 40 kV and 40 mA and the incident beam has been conditioned to parallel mode by a multilayer mirror and partially monochromatized (Cu Ka λ = 0.15418 nm). The high fluorescence of the iron samples has been suppressed by a graphite monochromator located at the receiving side of the optics, just before the detector. XRD patterns were recorded from 20° to 85° 2theta with 0.05° step and 0.5°/min scanning speed.



Next-Generation Sequencing

For bacteria samples (0.2–0.3 g) for DNA extraction were withdrawn from (a) anaerobic granular sludge that was used as an inoculum; (b) anaerobic granular sludge exposed to BES (c) anaerobic granular sludge previously heated and then exposure to ZVI (day 12) (d) anaerobic granular sludge exposed to 50 mM BES and ZVI at the end of the second batch and operated at pH 5–6 and 6–6–5 (e) anaerobic granular sludge exposed to 90 g NaCl/L and 100 g/L ZVI at day 22. The methanogens analysis took place for samples exposed to (a) anaerobic granular sludge (b) anaerobic granular sludge previously heated and then exposure to ZVI and (c) anaerobic granular sludge exposed to 50 mM BES and ZVI at the end of the second batch and operated at 6–6–5. Then, the total genomic DNA was extracted through the FastDNA Spin kit for soil (MP Biomedicals, USA) and then was sent to DNASense Apps Company in Denmark for 454 pyrosequencing. The procedures for bacterial and archaeal 16S rRNA amplicon sequencing were based on Caporaso et al. (2012) and the same protocol that was descripted in the study of Vyrides et al. (2018) was used.




RESULTS


Regulation of pH to 3

The exposure of anaerobic granular sludge at pH 3 was tested as a strategy to inhibit methanogens. At the first 7 days no any inhibitor was added to anaerobic granular sludge and as can be seen from Figure 1 the CH4 composition reached 50% after 7 days at a final absolute pressure 1.5 atm. The H2 initially rose due to anaerobic ZVI oxidation and then it was utilized by hydrogenotrophic methanogens (Figure 1). The VFAs are lower than 50 mg/L and these findings agree with our previous findings Vyrides et al. (2018) (Figure 2) on CO2 utilization to CH4. Thereafter, on day 7 the anaerobic granular sludge were re-flushed with CO2 and the initial pH was initially set to 3. At this period (days 7–15) the pH was daily risen to around 6.5 because of the anaerobic ZVI oxidation (Equation 1) and then was daily regulated to pH 3. This resulted in generation of relatively high propionic acid 230 mg/L and significantly lower concentration from other VFAs (Figure 2).


[image: Figure 1]
FIGURE 1. Gas composition over time for anaerobic granular sludge which the pH was daily regulated to pH 3 (after 7th day) in the presence of 100 g/L ZVI. On day 7 the bottles were flushed with CO2.
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FIGURE 2. VFAs production over time for anaerobic granular sludge that the pH was daily regulated to pH 3 (after 7th day) in the presence of 100 g/L ZVI.




Heat Pre-treatment of Anaerobic Granular Sludge

The anaerobic granular sludge prior to exposure to ZVI was heated for 30 min to 95°C as strategy to inhibit methanogenesis. During the first 8 days; H2 increased to 60% (for anaerobic granular sludge that the pH regulated to 6–6.5 and to 5–6, respectively) however, after CO2 re flushing (day 8) the H2 (%) at anaerobic granular sludge that the pH regulated to 6–6.5 remained below 1% whereas at the anaerobic sludge that the pH regulated to pH 5–6, H2 increased to 25% on day 11 and reduced to 21% on day 12 (Figure 3). The amount of CH4 was negligible for both conditions and the absolute pressure at day 12 were around 1.4 atm for both conditions. At the end of day 12 the acetic acid for anaerobic sludge exposed to pH 6–6.5 was 1,285 mg/L compared to 650 mg/L for anaerobic sludge that pH was regulated to 5–6 (Figure 4). The other VFAs remained below 130 mg/L for both conditions. On day 12 at the same conditions for anaerobic granular sludge without ZVI (controls) generated in total 395 mg/L and 289 mg/L for pH 6–6–5 and 5–6, respectively. This corresponds to around 26 and 37% of the total VFAs generated in the presence of ZVI and anaerobic granular sludge. The anaerobic granular sludge pre-heated points a potential for this system. However, further experiments need to be done to show the limitations and the frequency for the pre-heat.


[image: Figure 3]
FIGURE 3. Gas composition over time for anaerobic granular sludge that was pre-heated and then exposed to 100 g/L ZVI and operated at pH 5–6 and pH 6–6.5, respectively.



[image: Figure 4]
FIGURE 4. VFAs production over time over time for anaerobic granular sludge that was pre-heated and then exposed to 100 g/L ZVI and operated at pH 5–6 and pH 6–6.5, respectively.




Addition of 50 mM of BES

2-Bromoethanesulfonate (BES) was used as a strategy to inhibit methanogenesis and to enrich homoacetogens in anaerobic granular sludge within the system (ZVI, anaerobic granular sludge and CO2 as a sole carbon source). As was stated in the material and methods 50 mM of BES and 100 g/L ZVI were only added at the beginning of the experiment and anaerobic granular sludge was exposed to pH 5–6 and 6–6.5, respectively. As shown in Figure 5; during the first 15 days, methanogenesis was fully inhibited and no significant amount of CH4 was detected for both pHs (pH 5–6 and 6–6.5). From day 0 to day 7, the CO2 (%) decreased and at the same period the H2 increased to 70–85%. The increase of H2 could be attributed to the anaerobic oxidation of ZVI (Equation 1). Then, after CO2 flushing on day 7; the H2 increased (for anaerobic sludge exposed to pH 6–6.5) from day 7 to day 12 and then decreased probably due to the consumption of H2 and CO2 by homoacetogens (Equation 3). On the other hand, at pH 5–6 the H2 has risen to 70% possibly due to more favorable thermodynamic condition for the abiotic production of H2 form ZVI (Equation 1) compared to the activity of homoacetogens (Equation 3). The absolute pressure was 1.3 and 1.5 atm for sample exposed to pH 6–6.5 and pH 5–6, respectively. At this period, the concentration of the VFAs was increased over time for both conditions (pH regulated to 5–6 and pH regulated to 6–6.5) (Figure 6A). In the first 7 days, for both conditions formic acid was the dominant VFAs. However, after CO2 re-flushing (day 7) a high production of acetic acid (Figure 6A) was detected (1,736 mg/L for anaerobic sludge at pH 6–6.5 and 600 mg/L for anaerobic sludge at pH 5–6). The 2nd higher VFA for anaerobic sludge exposed to pH 6–6.5 was propionic acid (500 mg/l) whereas, butyric acid was 157 mg/L and formic acid was almost reduced to zero. The same trend but in lower concentrations of VFAs (Figure 6A) was found for anaerobic sludge exposed to pH 5–6.


[image: Figure 5]
FIGURE 5. Gas composition (%) over time for anaerobic granular sludge with 50 mM BES, 100 g/L ZVI and operation at pH 5–6 and pH 6–6.5, respectively.
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FIGURE 6. (A) First batch: VFAs production over time for anaerobic granular sludge with 50 mM BES, 100 g/L ZVI and operation at pH 5–6 and pH 6–6.5, respectively. (B) second batch: VFAs production over time for anaerobic granular sludge with 50 mM BES, 100 g/L ZVI and operation at pH 5–6 and pH 6–6.5, respectively. (C) VFAs production over time for anaerobic granular sludge (control) and anaerobic granular sludge with BES and operation at pH 6–6.5. No ZVI were added in the controls. (D) VFAs production over time for anaerobic granular sludge (control) and anaerobic granular sludge with BES and operation at pH 6–6.5. No ZVI were added in the controls.


At the 2nd batch were 90% of media was replaced (without removing anaerobic granular sludge and ZVI) and CO2 was re-flushed. During this period, no CH4 was detected and H2 followed the same patent as the first bath (data not shown). As shown in Figure 6B, anaerobic granular sludge exposed to pH 6–6.5 (in BES and 100 g/L ZVI) the acetic acid reached 2,020 mg/L on day 12 whereas, other VFAs was in substantially lower concentrations (Figure 6B). At these conditions, at lower pH 5–6 the same trend regarding the VFAs was found however, acetic acid was at significantly lower concentration (670 mg/L). Two controls were operated in parallel without addition of ZVI to test if the generated VFAs was due to the addition of ZVI and not due to cell lysis of anaerobic granular sludge (Figures 6C,D). The 1st control contained only anaerobic granular sludge and media (no ZVI and BES were added) and the 2nd control contained anaerobic granular sludge and BES and media with no ZVI. The results showed that at the 1st cycle the VFAs from the controls were lower than 250 mg/L whereas the VFAs at the 2nd cycle were lower than 150 mg/L. Based on this, it was calculated that the VFAs that was due to soluble microbial products were around 10% of the total VFAs produced in the presence of ZVI, anaerobic granular sludge and CO2 as the only external carbon source. The CO2 (%) for control and control with BES under these conditions were around 95 and 99%, respectively. Minor amounts of H2 (<0.5%) were detected for both controls. Similar results (VFAs and gas composition) were found for the controls operated at pH 5–6. These findings points out that the main caused of VFAs generation by anaerobic granular sludge from CO2 was due to ZVI addition and not due to cell lysis of anaerobic granular sludge.



Addition of Lower BES Concentrations (1–10 mM)

Based on the results of 50 mM BES (section Addition of 50 mM of BES) on this system (anaerobic granular sludge, ZVI, BES, and CO2 as a sole carbon source) we have examined lower BES concentrations 1–10 mM on VFAs generation over time. As shown in Figure 7, the VFAs for all the samples exposed to BES increased from day 1 to 15. The highest VFAs (2,066 mg/L) were generated at day 15 by anaerobic granular sludge exposed to 4 mM BES whereas at 2 mM BES and 6 mM BES the VFAs were 1,904 and 1,784 mg/L, respectively. On day 15 after replacing the 90% of the media with a new media, the anaerobic granular sludge that was initially exposed to 4 mM BES generated the highest amount of VFAs 1,572 mg/L (day 22) where the rest of samples (2–10 mM BES) generated between 750 and 984 mg/L VFAs. The main VFA generated by the samples that was exposed to BES was the acetic acid (Figure 7) which has significantly increased after CO2 re-flushing on day 8. Under these conditions, formic acid reached its highest value (140–360 mg/L) on day 9 and then gradually decreased (Figure 7). The production of propionic acid gradually increased for all the samples at around 220–360 mg/L and after the media was replaced; the remained at 150 mg/L. Butyric acid was not detected during the first 8 days and then was gradually increase to 100–150 mg/L for all the samples exposed to BES (Figure 7). In the first 8 days CH4 was generated by all samples with the highest composition (27% CH4) at 1 mM BES (Figure 8A). The low acetic acid during the first 8 days could be due to the utilization of acetic acid by acetoclastic methanogens. However, after CO2 re flushing on days 8 and 11 only the anaerobic sludge subjected to 1 mM generated higher than 2% CH4. The replacement of the media on day 15 resulted in rapid CH4 generation from anaerobic sludge initially exposed to 1 mM BES and 2 mM BES. At the first 8 days, the samples exposed to 4 mM BES −10mM pointed out higher absolute pressure compared to the rest of the samples as well as higher H2 (%) (Figure 8B). This could be attributed due to severe inhibition of hydrogenotrophic methanogens by BES and as a result less H2 (%) was consumed (Figure 8B). Form day 8 to 15 the H2 decrease over time (for samples exposed to 4 mM BES) and this is an indication of the activity of homoacetogens. The samples that pointed out the highest VFAs during this period had the fastest decreased of absolute pressure over time due to the activity of homoacetogens.


[image: Figure 7]
FIGURE 7. VFAs production over time for anaerobic granular sludge exposed to 1–10 mM BES, 100 g/L ZVI and operation at pH 6–6.5. On day 15, 90% of the media was re-placed.
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FIGURE 8. (A) CH4 production over time for anaerobic granular sludge exposed to 1–10 mM BES, 100 g/L ZVI and operation at pH 6–6.5. On day 15, 90% of the media was replaced with a new media. (B) H2 production over time for anaerobic granular sludge exposed to 1–10 mM BES, 100 g/L ZVI and operation at pH 6–6.5. On day 15, 90% of the media was replaced with a new media.




Exposure of Anaerobic Granular Sludge at 30, 60, and 90 g NaCl/L

Vyrides and Stuckey (2009) found that when anaerobic sludge fed with glucose at salinity level higher than 20 g NaCl/L resulted in methnaogensis inhibition and accumulation of VFAs. Based on the higher inhibition of methanogens to high salinity compared to acetogens we have individually tested this system (anaerobic granular sludge and 100 g ZVI/L) at 30, 60, and 90 g NaCl/L as another strategy to inhibit methanogenesis without severely inhibit homoacetogens.

On day 10 at 30 g NaCl/L the VFAs were at their higher concentration (848 mg/L) and then gradually declined to 510 mg/L (Figure 9A). At these conditions, acetic acid was the main VFA although on day 24 butyric acid, propionic acid and acetic had around the same concentration (150 mg/L) (Figure 9A). The gradual decrease of acetic acid could be due to the adaptation of acetoclastic methanogens to salinity and the utilization of acetic acid. As shown in Figure 10A after each CO2 re-flushing, the CH4 was around 28%. Therefore, at 30 g NaCl/L simultaneous generation of CH4 and VFAs from CO2 as a sole carbon source was obtained by anaerobic sludge in the presence of ZVI. Interestingly, the same trend (in both VFAs and gas composition) was found when seawater was used instead of 30 g NaCl/L. Potentially this system could be used in sea vessel for CO2 utilization, first by adsorption of CO2 in reactor with seawater and then the saturated with CO2 seawater can be used in a system of anaerobic granular sludge and ZVI.


[image: Figure 9]
FIGURE 9. (A) Production of VFAs by anaerobic granular sludge exposed to 30 g NaCl/L, 100 g ZVI/L and CO2 as a sole carbon source. CO2 re flushing took place on days 3, 10, and 17. (B) Production of VFAs by anaerobic granular sludge exposed to 60 g NaCl/L, 100 g ZVI/L and CO2 as a sole carbon source. CO2 re flushing took place on days 3, 10, and 17. (C) Production of VFAs by anaerobic granular sludge exposed to 90 g NaCl/L, 100 g ZVI/L and CO2 as a sole carbon source. CO2 re flushing took place on days 3, 10, and 17. (D) Production of VFAs by control anaerobic granular sludge exposed to 30 and 90 g NaCl/L and CO2 as a sole carbon source. No ZVI were added to controls. CO2 re flushing took place on days 3,10, and 17.



[image: Figure 10]
FIGURE 10. (A) CH4 (%) production over time by anaerobic granular sludge exposed to 100 g ZVI/L and salinity of 30, 60, and 90 g NaCL/L. (B) H2 (%) production over time by anaerobic granular sludge exposed to 100 g ZVI/L and salinity of 30, 60, and 90 g NaCL/L.


On day 24, at salinity of 60 and 90 g NaCl/L the VFAs were around 488 and 608 mg/L, respectively (Figures 9B,C). At 60 g NaCl/L the acetic acid was slightly higher compared to other VFAs (Figure 9B) however at 90 g NaCL/L formic acid was around 100 mg/L higher compared to the other VFAs (Figure 9C). At control 30 g NaCl/L without ZVI addition the anaerobic granular sludge generated maximum 355 mg/L VFAs which this consist of 42% of the VFAs produced in the presence of ZVI (Figure 9D). The control anaerobic granular sludge exposed to 90 g NaCL/L generated maximum VFAs 357 mg/L which is the 58% of the VFAs generated in the same conditions in the presence of ZVI.

At 60 g NaCl/L the CH4 (%) on day 24 was around 4% whereas at 90 g NaCL/L the CH4 was <0.5% (Figure 10A). On day 24, under these conditions H2 (%) was around 74 and 61% for samples exposed to 90 and 60 g NaCl/L (Figure 10B). On day 24, the absolute pressure for samples exposed to 30, 60, and 90 g NaCL/L was 1.3, 1.4, and 1.5 atm, respectively.



Microbial Profile of Anaerobic Granular Sludge at ZVI, CO2 as a Sole Carbon Source and Methanogenesis Inhibition

The relative abundance of each bacterial phylum and genera were calculated based on the average of the two OTUs of the replicates. The bacteria microbial profile at phylum and genera level can be seen in Figure 11. When anaerobic granular sludge was pre-heated and then exposed to CO2 and ZVI resulted in an increase of Firmicutes from 7 to 65.9% detected in the control (anaerobic granular sludge). Specifically Clostridium sensu stricto was the genera that detected under these conditions and was not detected at all at the control. The Clostridium sensu stricto also detected in anaerobic granular sludge exposed to BES, ZVI and pH 5–6 and 6–6.5 at relative high abundance of 22 and 24%, respectively (Figure 11). Vyrides et al. (2018) also identified Clostridium sensu stricto as one of the most dominant genus in anaerobic granular sludge exposed to ZVI and CO2. Interestingly, Philips et al. (2018) found Clostridium sensu stricto at 10% relative abundance from an anoxic corrosion crust sample enriched with ZVI. In addition, studies that used micron-sized zero valent iron (ZVI) (Huang et al., 2019) and ZVI nanoparticles (Yin and Wang, 2019) in anaerobic digester treating swine manure and macroalgae identified Clostridium sensu stricto in anaerobic bacteria.


[image: Figure 11]
FIGURE 11. Relative abundance of bacterial community at the phylum and genus level at the end of batch experiment for (a) anaerobic granular sludge (AnGr.), (b) anaerobic granular sludge and BES (AnGr. + BES), (c) anaerobic granular sludge, BES, ZVI and operation at pH 5–6 (AnGr. + BES + ZVI + pH 5), (d) anaerobic granular sludge, BES, ZVI and operation at pH 6–6.5 (AnGr. + BES + ZVI + pH 6), (e) anaerobic granular sludge previously heated, ZVI and operation at pH 6–6.5 (AnGr. pre-heated + ZVI), (f) anaerobic granular sludge exposed to 90 g NaCl/L and ZVI (AnGr. NaCl + ZVI).


Moreover, substantial increase of Syntrophobacter genus was detected in samples that were exposed in anaerobic granular sludge ZVI and BES operated at pH 6–6.5 (8.7%), pH 5–6 (14.3%) as well as to anaerobic granular sludge exposed to salinity and ZVI (14%) (Figure 11). The relative abundance of this species in anaerobic granular sludge and anaerobic granular sludge exposed to BES was around 2%. Syntrophobacter can grow on propionate in syntrophic association with methanogens for growth. These syntrophic propionate oxidizers require hydrogen-consuming partners to keep the hydrogen partial pressure low enough for propionate oxidation to be thermodynamically favorable. It is possible under ZVI the high H2 partial pressure could lead to the microbial reduction of CO2 to butyric and/or propionic acid; and then these products (butyric and propionic acid) can be further degraded with Syntrophobacter and homoacetogenic bacteria (Clostridium sensu stricto or others) to acetic acid. Noteworthy, representatives of the genus Shewanella and/or Acetobacterium, Sporomusa that were previously detected in anaerobic environment and ZVI (Kato et al., 2015; Philips et al., 2018) were below the detection limit (0.01% relative abundance) in all samples and this could be due to the origin of the inoculum (anaerobic granular sludge).

The methanogens were also analyzed at the end of batch experiment in order to point out the genus that survive under these conditions and can reduce the performance of the system by consumption of acetic acid and/or H2. As one can see in Figure 12; the exposure of anaerobic granular sludge to ZVI and BES resulted in Methanosaeta genera decreased to 29.7% compared to the control 52.1% whereas, the Methanobacterium genera significantly increased to 38.6% compared to 3.3% of the control. This is in line with the findings of Xu et al. (2010) that found that acetoclastic methanogens were more sensitive to BES compared to hydrogenotrophic methanogens. On the other hand, the pre-exposure to heat resulted in significant increase of Methanosaeta species to 74.4% compared to the control. This could be due to availability of high concentrations of acetic acid under this conditions and the resistance to heat of Methanosaeta genus due to thick, relatively impervious S-layers that form a sheath which encompasses the cell wall (Bhattad et al., 2017).
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FIGURE 12. Relative abundance of archaeal at the genus level at the end of batch experiment for (a) anaerobic granular sludge (control) (AnGrControl), (b) anaerobic granular sludge exposed to BES and ZVI (AnGr+ZVI+BES), and (c) pre-heated anaerobic granular sludge and then exposed to BES and ZVI (AnGr+ZVI+pre−heated).




Structural Characterization of ZVI Before and After Exposure to Anaerobic Granular Sludge and CO2

Figure 13 shows the XRD patterns of (a) the as received ZVI, and of the ZVI after exposure to anaerobic granular sludge with (b) BES inhibitor (27 days) and (c) NaCl inhibitor (24 days). The ZVI powder exhibits three diffraction peaks at 2θ = 44.7°, 2θ = 65.0°, and 2θ = 82.3° which correspond to the body-centered cubic (BCC) crystalline alpha phase of iron (α-Fe), commonly referred to as ferrite (Figure 13A, black line). The absence of any other peaks confirms the purity of iron and the lack of any iron oxides or any other crystalline phases (impurities) within the initial as received material. On the other hand, the ZVI sample with BES inhibitor after 27 days of the anaerobic process (Figure 13B, red line) exhibits peaks that can be primarily allocated to siderite (FeCO3) and pure α-Fe. The siderite peaks can be attributed to the oxidization products under aquatic carbonate anaerobic conditions, in line with the reaction of Equation (1), whereas the presence of Fe relates to the unreacted part of ZVI suggesting that the transformation is not yet complete after 27 days. Furthermore, a minor quantity of magnetite (Fe3O4) is also present as shown by the peak at 2θ = 35.4° which is suggested as a secondary product of the oxidation reaction. The XRD pattern of the ZVI sample with NaCl inhibitor (Figure 13C, green line), exhibits peaks of siderite and pure Fe, similarly to the sample with BES inhibitor. It appears that the magnetite formation within this reaction is insignificant. Beyond that, two minor NaCl peaks are also observed which could relate to remnants of NaCl crystals that were left undiluted/unreacted.


[image: Figure 13]
FIGURE 13. XRD data from the surfaces of (A) ZVI (black line), (B) ZVI after 27 days exposure to anaerobic granular sludge, BES and CO2 (red line), and (C) ZVI after exposure for 24 days to 60 g NaCl/L anaerobic granular sludge and CO2 (green line).





DISCUSSION

A new approach for CO2 conversion to acetic acid and other VFAs under ambient conditions using ZVI and anaerobic granular sludge was examined. For this reason, several strategies for methanogenesis inhibition was tested such as exposure to low pH, heat pre-treatment of anaerobic granular sludge, addition of BES and operation at high salinity.

Up to date, there are several physicochemical technologies for CO2 mitigation (Muñoz et al., 2015). On the other hand, using chemoautotrophic microbes; CO2 can be converted into CH4 or other high value added products at mild operational and environmental conditions (Angelidaki et al., 2018). Specifically, the power-to-gas technologies are based on the conversion of H2 and CO2 to CH4 by hydrogenotrophic methanogens (Equation 2) at an in-situ biological process or at ex-situ biological process. In addition, many researchers used microbial electrosynthesis (MES) for CO2 reduction to carboxylic acids (Jiang et al., 2019; Prévoteau et al., 2020) however as was reported in recent reviews (Bajracharya et al., 2017; Jiang et al., 2019; Prévoteau et al., 2020) no pilot or full scale MES study has been reported to date and one of the main challenge in the MES system is the cost reduction (Jiang et al., 2019). On the other hand, as was stated in this proof of concept study using ZVI and anaerobic granular sludge; the CO2 can be converted to carboxylic acids without the complicate configuration of microbial electrosynthesis (electrodes, proton exchange membrane, and connection with power supply). The findings of our study show that 2,200 mg/L (after 12 days) can be produced using anaerobic granular sludge, ZVI and BES whereas the anaerobic sludge previous exposure to heat can generate around 1,300 mg/L after 12 days. The anaerobic granular sludge exposure to ZVI and 30 g NaCl/L generated 848 mg/L of VFAs after 12 days and around 30% of the headspace consisted of CH4. The same trend (in both VFAs and gas composition) was detected when seawater was used instead of 30 g NaCl/L. This system could be used in sea vessel for CO2 utilization or in industries that generate high CO2 close to the coast. The CO2 can be firstly absorb in reactor with seawater and then the saturated with CO2 seawater can be used in a system of anaerobic granular sludge and ZVI. By increasing the salinity to 60 and 90 g NaCl/L a decreased in the CH4 content and the concentrations of VFAs was found. However, at a higher salinity a more diverse range of VFAs were produced and this can potentially increase the economic benefit of the system.

This is a “proof of concept study” and factors that need to be consider prior the application of this process at larger scale could be: the cost of BES or the sludge pre-treatment cost, the recovery cost of VFAs, and a crucial factor could also be the regeneration of ZVI. Interestingly, in the current experiments the ZVI was added in relatively high concentration at the beginning of the experiment and it shows that can retain its activity over the CO2 re-feeding over 27 days. This agrees with our previous study (Vyrides et al., 2018) which it was found that ZVI was only added once in anaerobic granular sludge and was sufficient for the production of the same amount of CH4 over 2 CO2 re-feedings for a total of 67 days. This is in line with the findings in Figure 13; initially high concentration of ZVI was used (100 g/L) and the ZVI was not fully oxidized to siderite therefore its retain part of its activity. Nevertheless, the conversion of oxidized ZVI (mainly siderite) to ZVI is an important factor that need to be investigated in future studies in order the process to become more sustainable. So far few studies has examined this; Jin et al. (2011) used glycerin at 280°C in the presence of NaOH to regenerate the ZVI that was previously oxidized to Fe(OH)3. In addition, several studies (Steinfeld, 2002; Jin et al., 2014) proposed the use of concentrated solar energy for the reduction of oxidized metal (ZnO) to native metal (Zn0). Several researchers examined the synthesis of nano ZVI from iron ions using polyphenols derived from plant extracts or agrowaste. This process occurs under ambient conditions and is a low cost sustainable method for synthesis of nano ZVI (Hoag et al., 2009; Herlekar et al., 2014; Stefaniuk et al., 2016). However, according to Mystrioti et al. (2015) the process of synthesis of nano-ZVI from plant or biomass extracts can be limited due to the formation of mixture of other iron such as iron oxides of iron hydroxides. As another strategy to reduce the cost of this process (conversion of CO2 to VFAs using ZVI and anaerobic sludge) the ZVI can be replace by scrap ZVI. Scrap ZVI which is 5–10 times cheaper than ZVI (Alibaba.com, 2020) has been used added in laboratory anaerobic bioreactors for waste and wastewater treatment and an increase of methane were found (Zhen et al., 2015; Wang et al., 2017).

An additional benefit of the use of ZVI in this system could be related with H2 solubilization. The H2 is naturally released from ZVI inside the liquid phase whereas, in several power-to-gas systems must cross the interface between the gas and the liquid phase in order to be available for the microorganisms (Tirunehe and Norddahl, 2016; Angelidaki et al., 2018; Maegaard et al., 2019). At the examined system anaerobic microorganisms could create biofilm on the ZVI or could be attached Philips et al. (2018) and therefore a high H2 utilization could be obtained at a higher efficiency compared to power-to-gas system. Philips et al. (2018) stated that the main mechanisms of Fe(0) corrosion under microbial anaerobic condition is hydrogen depended and could be due to extracellular components (possibly hydrogenase enzymes) as was reported by Deutzmann et al. (2015) or by the maintenance of low H2 concentrations by attached cells on Fe(0). In our study, in samples that low H2 composition (in the headspace) was detected, a high concentration of acetic acid was also found; and this most likely was due to the utilization of H2 and CO2 by homoacetogens. Apart from H2 utilization several researchers reported that anaerobic microorganisms could potentially directly utilize electrons from ZVI for the generation of acetic acid from CO2 (Kato, 2016) although a detailed understanding of the extracellular electron mechanism(s) of acetogens remains lacking (Kato, 2016; Philips et al., 2018).

Noteworthy, to increase the efficiency and to implement this system at larger scale (ZVI, anaerobic granular sludge and CO2 as a sole carbon source) strategies for methanogenesis inhibition over long period should be established. In addition, other products such as butyric acid and or ethanol that have higher value than acetic acid (Jiang et al., 2019) can also be targeted within this system in order to increase the profit from the system. Moreover, a comparison of the performance and on the cost for this system with a system that H2 is provided externally to anaerobic biomass and/or with microbial electrosynthesis could be done to evaluate the strength and limitation of this metal bio process.



CONCLUSIONS

A new approach for CO2 utilization (as a sole carbon source) to acetic acid and other VFAs under ambient conditions using zero valent iron and anaerobic granular sludge was investigated by methanogens inhibition and homoactetogenesis enrichment. In this proof of concept study using ZVI and anaerobic granular sludge; the CO2 can be converted to carboxylic acids without the complicate configuration of microbial electrosynthesis (electrodes, proton exchange membrane, and connection with power supply). To inhibit methanogenesis and to enrich homoacetogens the following strategies were examined such as the exposure of (a) anaerobic granular sludge to low pH, (b) the short exposure of anaerobic granular sludge to heat, (c) addition of bromoethanesulfonate under various concentrations, and (d) exposure of anaerobic granular sludge to salinity 30–90 g NaCl/L. The highest performance (2,020 mg/L of acetic acid) was found when anaerobic granular sludge was exposed to 50 mM of BES at 100 g/L (ZVI), pH 6–6.5, after 12 days whereas, the short exposure of anaerobic granular sludge to heat at 100 g/L ZVI at pH 6–6.5 resulted in 1,290 mg/L of acetic acid after 12 days. The daily regulation of pH to 3 was not practical as the pH was increased to 6.5 due to abiotic anaerobic oxidation of ZVI and this resulted in CH4 production and propionic acid generation. The exposure of anaerobic granular sludge to ZVI and 30 g NaCl/L or to seawater resulted in production of CH4 (around 28% of the headspace) and mainly production of acetic acid (550–850 mg/L). The increased in salinity to 60 and 90 g NaCl/L resulted in reduction of CH4 and VFAs however, a more diverse range of VFAs was produced. Exposure of anaerobic granular sludge to heat and then to CO2 and ZVI resulted in an increase of Clostridium sensu stricto to 65.9% and the same genus was increased when anaerobic sludge was exposed to bromoethanesulfonate and ZVI.
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