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Business and Activity Section
 
(a)  Contract Activity
 
Charges to the grant are included in the expenditures report (attached).
(b) Status Update of Past Quarter Activities
 
High level summary of the work performed for the reporting period.
 
(c)   Cost share activity
 
The salary of Drs Senko and Monty-Bromer were used for cost share. 
 
(d)  Task X: Task Title
Task 1: Continued enrichments
Task 2: Continued ZRA experiments
 
Detailed discussion and descriptions for the following:


Enrichment Updates
We have continued to transfer our enrichments, and strictly keep them in sulfate-free conditions, unless sulfate reduction is explicitly being observed. By doing this we can better ensure the purity of the isolated bacteria and more confidently indicate that the desired strain (i.e methanogenic, acetogenic, etc.) is being observed. We have recently been focusing on understanding the nature of the Sulfate-Reducing Bacteria (SRB) that we have isolated. We will begin to perform DNA extractions more frequently, in order to have a microbial ecology reference going forward. 
Enrichments in Progress:
· Sulfate-Reducing Bacteria (SRB)
· Methanogenic (Note: We have begun to use hydrogen gas as an electron donor, in addition to Fe0.)
· Fermentative Bacteria
· Iron-Reducing Bacteria (IRB/FeRB)
· Thiosulfate-Reducing Bacteria (with lactate acting as the electron donor.)
· Thiosulfate-Reducing Bacteria (with Fe0 acting as the electron donor.)
30-Day Batch Experiment (Synthetic Brine Solution)
We have conducted another 30-Day Batch Experiment utilizing the Sulfate-Reducing Bacteria and the carbon steel coupons, however, this time we isolated each coupon in an individual serum tube to allow for real time analysis of the oxidant/reductant concentrations, as well as mass loss and pitting formation along the surface of the coupon. The result illustrates a one-to-one correlation for sulfate depletion and sulfide accumulation over the duration of the experiment. This means that bacteria are reducing sulfate at a relatively the same rate that it is producing the sulfide byproduct. However, this time we utilized a brine solution that has a water chemistry that is analogous to the interior space of the oil pipelines.
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Taxonomic Analysis
[image: ]
Figure 1: This image depicts the phylum taxonomic breakdown of our original sludge sample. Each of the individual enrichments are dominated by Proteobacteria.
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Figure 2: This image denotes the genera of the various enrichments in our collection. Based on the analysis, the vast majority of enrichments are Desulfovibrionaceae. It is worth noting that this is the makeup before the bacteria were moved to sulfate free enrichments. We will conduct another DNA extraction in the near future to get a better representation of the community.
Batch Experiment
Background
Batch experiments were conducted to establish a baseline for corrosion caused by the SRB. Batch experiments are conducted in the presence and absence of the SRB in static conditions. Batch experiments will be vital in understanding the formation of biofilm and the metabolic process of the bacteria. 
Experimental Design for Batch Experiment
Batch experiments were conducted using flat carbon steel coupons that have been prepared by polishing using progressively fine SiC papers including 240,320,400 and 600 grit, as described in ASTM standard in E1558. Batch experiments were run in triplicates with one set of coupons (three coupons, each in separate serum bottle) when then placed in serum bottles of 150 ml volume . The volume of synthetic media water used in serum bottles was 100 ml. A 10% volume of inoculum of synthetic media water with nutrients and SRB bacteria was added to the bottles and chambers at an optical density of 1.17 at 600 nm, after being washed with synthetic media water three times.The set-up was prepared in a glove compartment and the headspace was filled with nitrogen to maintain anaerobic conditions and mimic the same environment as the ZRA experiments. These batch experiments were incubated for 30 days and samples were periodically recovered. Cells were removed from suspension by centrifugation, and the supernatant was removed for subsequent measurements of  lactate and anion concentrations.
Post experiment, weight loss analysis was done using ASTM method G01-03. Samples were rinsed in deionized water, wire brushed, and then immersed in Clarke’ Reagent (1000 mL 12.1 M HCl, 20 g antimony trioxide, and 50 g stannous chloride) for 30 seconds to remove surface oxides. After Clarke's Reagent bath, the coupons were rinsed with DI water, dried, and weighed. The Clarkes’ reagent wash, DI wash, and weighing were repeated until no mass was lost between wash cycles, indicating that all oxides were removed. The total mass loss was recorded indicating the physical weight that was lost due to corrosivity of the environment. Profilometry was also done on the samples using Infinite Focus Microscope (an example of pitting is shown in Figure 7)
Results and Discussion
We recently conducted a batch experiment to test the corrosivity of the sulfate-reducing bacteria, as well as their overall potential to reduce sulfate and produce sulfide. Based on the results of the experiment, the bacteria are able to reduce almost all of the sulfate of the enrichment over the course of the 30-day duration. Based on this, stoichiometrically speaking, the ratio is one-to-one. Meaning, that the bacteria is able to reduce the sulfate at relatively the same rate as the sulfide byproduct is produced. This reinforces that our calculations for enrichment recipes are correct, as 10 mM of sulfate are added, and 10 mM of sulfide are produced. As we move forward, we wish to conduct similar experiments with the other bacteria that we have present in our collection, specifically the methanogens.
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Figure 3: This figure shows the sulfate reduction and sulfide production levels of our previous batch experiments. These set of experiments do include a carbon steel coupon.
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 Figure 4: Mass loss analysis of batch experiment. It includes the treatment group and the uninoculated control.
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Figure 5: pH values for the 30 day batch experiment ranged from 6.92-7.18.
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Figures 5. An Example of pitting we have seen using IFM and this was on Day 24. 

Split Cell Zero Resistance Ammetry (SC-ZRA)
We continued to analyze the synthetic media, originally formulated from the pig sludge, by using Split chamber zero-resistance ammetry (SC-ZRA) technique for detecting and quantifying MIC in natural gas pipelines. To monitor MIC, we deployed two low carbon steel working electrodes in the chambers separated by a KCl salt bridge. One chamber (WE1) is inoculated with the consortium of organisms and also enriched Sulphate Reducing Bacteria (SRB) originally found in the sludge provided by DNV-GL and another chamber (WE2) is kept sterile. Figure 7 shows how the setup for SC-ZRA is set up. Potential and current measurements were analyzed to evaluate potential microbial activities, and this could also lead to establishing electrochemical signatures of MIC. To understand and evaluate the electrochemical signature of the activity of SRBs, we designed various experiments by altering vital media components in the ZRA chamber, such as analyzing the activity of SRBs in the presence and absence of lactate in the media. Also, the incubation period of the experimental run is set to run for 15-40 days.

Experimental Design

[image: ]
Figure 1. Split Cell Zero Resistance Ammeter (SC-ZRA) setup 

All non-metal components of the experimental setup were placed in acid-bath overnight and autoclaved twice before the corrosion incubation of carbon steel. To maintain an anoxic environment for the SC-ZRA, the setup was arranged in an anaerobic glove compartment.
    
Corrosion incubations: Carbon steel (UNS G10180) cylindrical coupons were ground using progressively finer SiC papers including 320, 400 and 600 grit according to ASTM standard E1558 [1]. Cylindrical coupons were sterilized by placing them in the ZRA chambers filled with non-reactive nitrogen. The chambers were placed in an oven at 1600C for 4 hours sterilizing the coupons without compromising the metal surface. The headspace for the SC-ZRA chambers were degassed with N2/CO2 mixture to make sure any available oxygen present in the chamber is flushed out.

Saturated calomel electrode (SCE) reference electrode was used for the deployed WE1 and WE2. A saturated KCl salt-bridge was used to connect the two split chambers.

Current and potential were recorded using a Bio-Logic potentiostat/galvanostat, Model VSP-300 (SN 0001). Current and Potential were recorded using EC-Lab.
 
Samples were removed periodically from both chambers to measure pH, sulphate/Sulphide concentration and lactate concentration.
 
Corrosion rates were determined by weight loss analysis (WLA) using ASTM method G01-03 [2]. Corrosion rate was calculated using the following equation.
 
(CR = (W*K)/(D*A*t)
 
where CR is the corrosion rate in mm/yr, K (8.76 x 104) is a dimensionless constant, W is the mass loss in grams, A is the exposed surface area in cm2, T is the exposure time in hours and D is the density of carbon steel UNS G10180 in g/cm3.
 
Analytical techniques: pH was measured using the Thermo Scientific Orion Laboratory instrument with the model STARA2150. Lactate concentration was measured by using Agilent 1200 series HPLC by using Aminex HPX-87H column (300 mm × 7.8 mm; Bio-Rad Laboratories, Inc. column). 

Results and Discussion

Table 1: SC-ZRA runs for various conditions showing various conditions and how the weight loss is compared to those conditions including presence/absence of lactate and SRBs and variations in the overall runtime of the experiments.
[image: ]
In the SC-ZRA experiments, SRBs were inoculated in the WE1 side and the WE2 side was kept sterile. Experiments were conducted over various spans of experimental time to analyze the activity of SRBs as shown in table 1 by  altering the conditions of the experiments such as presence of SRBs with/without lactate in the media and sterile controls. With the presence of SRBs in the WE1 side, current of 10 uA or higher current readings were observed with the complete depletion of lactate in the inoculated side. Sulfates were also depleted from the inoculated chamber due to the formation of iron sulfide and other corrosion products. Both the lactate and sulfate depletion from the inoculated side shows the  indication of microbial activity. Positive current readings depict that there was a flow of electrons from the WE1 side to the 
[image: ]
Figure 2: In the presence of lactate, maximum current of 15 uA was observed with the depletion of lactate and sulfate over the 30 days run. In the absence of lactate, not much activity was seen in current/voltage readings and no sulfate reduction was observed for a 30 days run..
[image: ]
Figure 3: Control experiment shows constant current/voltage reading for a 30 days run without any activity.
WE2 side and vice versa. After 17 days of the experiment, the current reading was observed to be -15 uA showing that the flow of electrons flipped during the run of the experiment.  When the experiments were conducted with SRBs inoculated on the WE1 side and no lactate was added to the chamber, minimum current/potential readings were observed as shown in figure 2. Higher weight loss was observed on the WE2 side when compared with the inoculated WE1 side at the end of the experimental run. When the experiment was ended in the 17 day run when inoculated with SRB on the WE1 side, the weight loss was observed to be higher in the WE1 side. For a 30-day run, intense pitting was observed under IFM for the inoculated side and no bacterial attachment was observed under the SEM. The visual absence of attachment of SRBs was due to the corrosion product forming on the surface after initial attachment in the earlier days of the experimental run for the 30 days run. This hypothesis was confirmed when the experiment was conducted for a 17 days run before the current signal shifted to the negative region.. Under SEM, some microbial attachment was observed but they were mostly covered by corrosion products as shown in figure 6. Concurrently, no pitting was observed on the WE1 side for the 17 days run as shown in figure 7. 
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Figure 4: Delayed inoculation of SRB with lactate in the media was ended on day 17 to analyze the weight loss and microbial attachment.
[image: ][image: ]
Figure 5: In a 30 day run no microbial attachment was observed under SEM (Top) and when the experiment was ended on 17 days, some SRB among the corrosion products was observed (bottom).
[image: ]
Figure 6: Energy Dispersive X-ray (EDX) analysis shows the SRBs were covered with corrosion products for a 17 day run.
Overall observation shows that for a 30-day run, Weight loss in WE2 > WE1 side: The portion of the metal with microbial attachment (mostly covered by corrosion products) shows heavy pitting along with some general corrosion while the area adjacent WE2 (no microbial attachment) undergoes heavy general corrosion. 
For a 17-day run, Weight loss WE2 < WE1 side: Observed no pitting corrosion for the inoculated (WE1) side and observed microbial attachment which is covered with corrosion products.

[image: ]
Figure 7: IFM analysis shows intense pitting depth of above 10 microns for a SC-ZRA run of 30 days (Top) for the WE1 coupon and no pitting was observed when the experiment was ended on a 17 day run (bottom).

Future SC-ZRA Experiments
We will be conducting SC-ZRA experiments using pure SRB bacteria and methanogens and identify their respective electrochemical signatures and compare them with the electrochemical signatures that were obtained from the consortium experiments. We will have to perform further analysis on lactate concentration for the previous experiments and also analyze sulphate/sulphide concentration to evaluate corrosion mechanism in the presence and absence of SRBs. Since there was an inconsistency in the observation of weight loss for the control experiments, we will be conducting more experiments and analyzing further to understand the inconsistency.

Future Batch Experiments

 We have a 30-day SC-ZRA with fermenters currently running. Post incubation we will study the surface of the metal coupon for biofilm attachment using SEM and do pitting analysis using IFM. The samples collected will be analyzed for iron, sulfide, acetate and lactate. On 1/7/2020, we concluded our 30 day batch experiment that used the same media as the SC-ZRA. We will be doing XRD on the 30th day sample to study the corrosion products formed. Using this information we will be able to correlate biofilm formation and corrosion with the consumption of metabolites that can be used as a baseline for our SC-ZRA experiments. As a part of our future experiments, we will be running SC-ZRA with a combination of fermenters and SRB and a set of batch experiments with fermenters. 
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