CAAP Quarterly Report
Date of Report:01/7/2020
 
Prepared for: U.S. DOT Pipeline and Hazardous Materials Safety Administration
 
Contract Number: 693JK31850003CAAP	
 
Project Title:  Development of an electrochemical approach to detect microbially influenced corrosion in natural gas transmission lines
 
Prepared by: 693JK31850003CAAP
 
Contact Information: Chelsea Monty-Bromer cm78@uakron.edu
 
For quarterly period ending: 1/07/2020
 
Business and Activity Section
 
(a)  Contract Activity
 
Discussion about contract modifications or proposed modifications
Discussion about materials purchased
Chemicals: $56.76
Glassware for ZRA: $309.12
SEM time: $47.83

(b) Status Update of Past Quarter Activities
 
High level summary of the work performed for the reporting period.


 
(c)   Cost share activity
 
High level accounting of cost share and use, categorized such as Materials Purchased, Tuition Assistance, etc.

Cost share is the 0.5 academic year salary and fringe for Co-PIs Monty-Bromer and Senko totaling $16,053 for the quarter.
 
 
(d)  Task X: Task Title
Description of work performed for the task this quarter.  Subtasks completed or foreseen challenges or those challenges overcome are suggested topics.

Task 1: Continued ZRA with enrichments obtained using samples from DNV-GL.
Task 2:  Began batch experiments with enrichments obtained using samples from DNV-GL
 
Detailed discussion and descriptions for the following:

Quarterly Report (January 2020)
Enrichment Updates
We have continued to transfer our enrichments, and strictly keep them in sulfate-free conditions, unless sulfate reduction in 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. In the near future, we plan on utilizing the fermentative bacteria in a batch experiment to observe its effects on carbon steel. 
Enrichments in Progress:
·      Sulfate-Reducing Bacteria (SRB)
·      Sulfate-Reducing Bacteria (SRB) (with Fe0 acting as the electron donor.)
·      Methanogenic
·      Fermenters
·      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.) 
Below are the results of our 30-day batch experiments to monitor the reduction of sulfate by the SRB’s and understand the rate in which the reaction occurs.
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Figure 1: Results of a 30-day batch experiment to better identify the rate of sulfate reduction in our isolated bacteria. Specifically, these samples are from our bottle enrichments. 
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Figure 2: Results of a 30-day batch experiment to better identify the rate of sulfate reduction in our isolated bacteria. Specifically, these samples are from our suspended coupon enrichments.


Batch Experiment Updates

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) when then placed in serum bottles of 150 ml volume and the other set (three coupons) were hanged in chamber of 500 ml volume, separately (shown in Figures 2 and 3). The volume of synthetic media water used for in serum bottles and the chamber was 100 ml and 300 ml respectively. 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 10 and 30 days and samples were periodically recovered. Cells were removed from suspension by centrifugation, and the supernatant was removed for subsequent measurements of dissolved Fe(II), lactate and anion concentrations. Samples intended for measurement of dissolved Fe(II) were preserved in 0.5 M HCl.
Post experiment, the coupons were prepared for SEM to look at the bacterial attachment and biofilm formation. Weight loss analysis was also 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.
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Figure 3: A photo displaying the bottles and chambers of the 30-day batch experiment. The image shows Day 0 of the experiment after the bottles and chambers have been inoculated with pure SRB culture.  
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Figure 4: A photo displaying the bottles and chambers of the 30-day batch experiment. The image shows Day 30 of the experiment after the bottles and chambers have been inoculated with pure SRB culture. Compared to the previous image, the media is noticeably darker due to the formation of FeS.
Results for Batch Experiment
The 10-day incubations, included inoculated and negative control (uninoculated), did not show any significant microbial activity and there was no significant difference observed in weight loss between the inoculated and uninoculated experiments. We believe that the duration of the experiments were short which did not give the bacteria enough time to grow and proliferate. So, we increased the duration of the batch incubations to 30 days. 
Weight loss analysis
The weight loss results from the 10-day batch incubations are shown in table 1 and it shows no significant difference in weight loss between the inoculated and uninoculated experiments. 


Table 1. Weight loss analysis for 10-day batch experiments
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The weight loss results from the inoculated 30-day batch incubation are shown in table 2. The uninoculated 30-day batch experiment is needed in prior to making any inferences from these results. In our next report, we will be able to give a better picture about the results from these batch incubations.
Table 2. Weight loss analysis for 30-day batch incubations
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SEM data
SEM was done on the coupons from 30-day incubations. We were able to see bacterial growth and attachment and is shown Figures 5 and 6..
Figure 5. SEM Image of the coupon in serum bottle from the 30-day batch incubation
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Figure 6. SEM Image of the coupon that was hung in the chamber from the 30-day batch incubation
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Other Analysis performed for Batch Experiment
Based on the data acquired from our batch experiments, we are observing sulfate-reduction over the 30-day duration, however, we are not seeing complete sulfate reduction in the entire system. This may be for one of two reasons, there is an imbalance in the concentration of necessary electron donors (lactate) or electron acceptors (sulfate). This means that the bacteria are possibly running out of “fuel” before they can complete their metabolic process. Moving forward, it will be key to stoichiometrically calculate whether the sulfate and lactate will allow for complete reduction in the entire system. By doing this we will not only construct a better simulation of the pipeline interior, but also display a better depiction of the bacteria’s potency and overall metabolic process. 

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 pure Sulphate Reducing Bacteria (SRB) originally found in the sludge provided by DNV-GL and other side is kept sterile (WE2). 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, incubation period of the experimental run is set to run for 21-30 days.

Experimental Design
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Figure 7. Split Cell Zero Resistance Ammeter (SC-ZRA) setup 

All non-metal components of the experimental setup was placed in acid-bath overnight and autoclaved before the corrosion incubation of carbon steel. To maintain 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 240, 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. 

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, lactate and dissolved Fe(II). 
 
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 Thermo Scientific Orion Laboratory instrument with the model STARA2150. Dissolved Fe(II) was calculated by ferrozine assay [3] using UV-Vis spectroscopy.

Results and Discussion
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Table 3. Experimental Design for the SC-ZRA and weight loss for each electrode 

Since the last quarterly report, we continued running more SC-ZRA experiments (both inoculated and uninoculated) in order to understand the electrochemical signatures specific to the SRB via current and potential readings across the two electrodes. Additionally, one of the SC-ZRA experiments was conducted with lactate to better understand how the lactate affects the growth of the bacteria thereby affecting the corrosion processes.. For the negative control(uninoculated), even though the environment in both the chambers was designed to be the same, we observed a higher mass loss in WE2. At this point further analysis and experiments are being planned to understand this effect. We are not ruling out the possibility of contamination due to oxygen penetration into the chamber disrupting the anaerobic environment that was to be maintained. For the delayed inoculation experiments conducted using the consortium, the uninoculated side (WE2), showed more weight loss when compared to (WE1). Furthermore, in the presence of lactate, the difference in weight loss was 7 mg whereas the difference was 25.3 mg in the absence of lactate as shown in table 3. Figure 8 shows the changes in current with respect to time for the delayed inoculation (consortium) without lactate, delayed inoculation (consortium) with lactate and delayed inoculation (pure SRB) and their respective negative controls. 
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Figure 8. Current reading across WE1 and WE2 monitored during the runs for the SC-ZRA.
Figure 9 shows the change in pH for the SC-ZRA experiments and the pH was observed to be nearly neutral to slightly alkaline. This high pH can be attributed to the formation of carbonate when the sample is exposed to aerobic conditions while collecting the sample. We plan on doing immediate pH analysis for future experiments to avoid any aerobic interactions. 
[image: ]
Figure 9. pH measurements from all the SC-ZRA runs
Future Work
Future Enrichments 
In our future enrichment studies, we plan on preparing media for other bacteria found in the sludge sample.  It should be noted that the newest sludge sample has a high opacity, meaning that performing an optical density test in order to monitor cell growth will not be feasible. However, as we continue to grow our new cultures, we plan on performing a cell count as a means of quantifying the concentration of bacteria in a known volume. This will supplement the data that we compile of the various assays as well as the water chemistry. 
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.
Future Batch Experiments
 We will have 30-day batch incubations for SRB negative control (currently running) and methanogens. Post incubation we will study the surface of the metal coupon using profilometry techniques (confocal microscopy and scanning electron microscopy) to understand the biofilm formation. The samples collected will be analyzed for iron, sulfide, acetate and lactate. 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.
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Pure SRB Duration of the experiment: 30 days

Coupons placed in the bottles Initial weigh Pre-weigh Wash1 Wash2 Wash3  Weight loss in gm Weight loss in mg
Coupon 1 1.9669 1.9625 1.96 1.96 1.9598 0.0071 7.1
Coupon 2 3.5951 3.5993 3.5936 3.5936 3.5935 0.0016 16
Coupon 3 2.5469 2.5433 2.5402 2.5402 2.5401 0.0068 6.8

Coupons that were hanged in the solut Initial weigh Pre-weigh Wash1 Wash2 Wash3  Weight loss in gm Weight loss in mg
Coupon 1 2.8171 2.8076 2.8045 2.8041 2.8043 0.0128 12.8
Coupon 2 26178 2.5993 2.5952 2.5951 2.5948 0.023 23
Coupon 3 1.8767 1.871 1.8688 1.8682 1.8683 0.0084 8.4
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Mass Loss (mg) Corrosion Rate (mpy)

Media Type | MO Environment Description Changes

Synthetic Media Sterile Negative Control Without Lactate 13.1 31.8 1.94 4.71

Synthetic Media| WE1 Consortia | Delayed Inoculation 7.4 32.7 1.1 4.85

Synthetic Media Sterile Negative Control With Lactate 5.8 0.86 1.05

Synthetic Media| WE1 Consortia | Delayed Inoculation 13 6 0.83 2.02

Synthetic Media Sterile Negative Control With Lactate 6 2 22 4 0.92 3.32
Synthetic Media WE 1 SRB Delayed Inoculation 3.11 4.45
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