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MIC risk particularly in soils with favourable geochemical and microbial characteristics. These findings 
emphasise the importance of continued investigation into hydrogen-induced changes in soil microbial 
communities and their implications for pipeline integrity. 

To reduce uncertainty and better reflect real-world pipeline environments, further work should include 
long-duration incubations, temperature-specific testing, experiments at higher hydrogen 
concentrations, and studies without supplemental growth media. It is also recommended that future 
investigations include tests both with and without cathodic protection (CP) to determine whether CP 
influences, or is influenced by, hydrogen-driven MIC risk. 

  



Title: Assessing the Increased Risk of Microbial Corrosion Due to Hydrogen Transportation: Phase 2 
Client: National Gas Transmission 
Project Number: 21072 
Revision: 0 
Date: 20/03/2026 

© ROSEN 
This document is classified as confidential  Page 5 of 78 

TABLE OF CONTENTS 

EXECUTIVE SUMMARY ........................................................................................................................ 3 

TABLE OF CONTENTS ......................................................................................................................... 5 

LIST OF TABLES ................................................................................................................................... 7 

LIST OF FIGURES ................................................................................................................................. 7 

1 INTRODUCTION ............................................................................................................... 9 

1.1 Scope ................................................................................................................................. 9 

2 METHODOLOGY ............................................................................................................ 10 

2.1 Introduction ...................................................................................................................... 10 

2.2 Soil Sample Collection and Analysis ............................................................................... 11 

2.2.1 Soil Sample Collection ..................................................................................................... 11 

2.2.2 Soil Analysis .................................................................................................................... 13 

2.3 Metal Coupons ................................................................................................................ 13 

2.4 Incubation Conditions ...................................................................................................... 14 

2.4.1 Headspace Gas Analysis ................................................................................................ 15 

2.5 pH measurement ............................................................................................................. 16 

2.6 General Corrosion Rate Calculation ................................................................................ 16 

2.7 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS)
 ......................................................................................................................................... 17 

2.8 Microbial Community Analysis......................................................................................... 17 

2.8.1 DNA Extraction ................................................................................................................ 17 

2.8.2 PCR Amplification and Gel Electrophoresis .................................................................... 17 

2.8.3 Sequencing ...................................................................................................................... 18 

3 RESULTS ........................................................................................................................ 19 

3.1 Soil Analysis .................................................................................................................... 19 

3.2 Headspace Gas Analysis ................................................................................................ 19 

3.2.1 H2 Consumption ............................................................................................................... 19 

3.2.2 Methane, Nitrous Oxide and Carbon Dioxide Production ............................................... 21 

3.2.3 pH Change....................................................................................................................... 25 

3.3 General Corrosion Rate ................................................................................................... 27 

3.4 Scanning Electron Microscopy and Spectroscopic Analysis of Steel Coupons  ............. 30 

3.4.1 Iron-treated microcosms .................................................................................................. 30 

3.4.2 Sulphate-treated microcosms .......................................................................................... 31 

3.4.3 CO2-treated microcosms ................................................................................................. 32 

3.4.4 Nitrate-treated microcosms ............................................................................................. 32 



Title: Assessing the Increased Risk of Microbial Corrosion Due to Hydrogen Transportation: Phase 2 
Client: National Gas Transmission 
Project Number: 21072 
Revision: 0 
Date: 20/03/2026 

© ROSEN 
This document is classified as confidential  Page 6 of 78 

3.4.5 Summary of SEM and EDS analysis ............................................................................... 32 

3.5 Microbial Community Analysis......................................................................................... 33 

3.5.1 Microbial Communities from  Soil inoculated microcosms ................................ 33 

3.5.2 Microbial Communities from  Soil Inoculated Microcosms ............................... 37 

3.5.3 Microbial Communities from  Soil Inoculated Microcosms ........................... 40 

4 DISCUSSION .................................................................................................................. 43 

4.1  .......................................................................................................................... 43 

4.2  .......................................................................................................................... 43 

4.3  ...................................................................................................................... 44 

5 CONCLUSIONS AND FUTURE WORK ......................................................................... 46 

5.1 Conclusions ..................................................................................................................... 46 

5.2 Limitations and Future Work ............................................................................................ 46 

6 REFERENCES ................................................................................................................ 49 

APPENDIX A TOTAL ORGANIC AND INORGANIC CARBON ..................................................... 52 

APPENDIX B MATERIALS CERIFICATES .................................................................................... 53 

B.1 Steel Data Sheet ............................................................................................................. 53 

B.2 Laser Cutting Data Sheet ................................................................................................ 54 

B.3 Pipeline Material Chemical Analysis ............................................................................... 55 

APPENDIX C CHEMICAL COMPOSITION OF BAK AND WIDDEL GROWTH MEDIUM ............ 56 

APPENDIX D SEQUENCING COUNTS .......................................................................................... 58 

APPENDIX E SEM AND EDS ANALYSIS ...................................................................................... 59 

APPENDIX F PRINCIPAL COORDINATE ANALYSIS ON SOIL TREATMENTS ......................... 77 

F.1  PCoA ............................................................................................................ 77 

F.2  PCoA ................................................................................................................ 78 

F.3  PCoA ................................................................................................................ 78 

 

  



Title: Assessing the Increased Risk of Microbial Corrosion Due to Hydrogen Transportation: Phase 2 
Client: National Gas Transmission 
Project Number: 21072 
Revision: 0 
Date: 20/03/2026 

© ROSEN 
This document is classified as confidential  Page 7 of 78 

LIST OF TABLES 

Table 1: Overview of key hydrogen-consuming reactions from anaerobic hydrogenotrophic 
microorganisms ..................................................................................................................................... 10 

Table 2: ICP-OES Chemical analysis of BS EN 10025:2004 Grade S355JR carbon steel used as test 
coupons ................................................................................................................................................. 14 

Table 3: ICP-OES Chemical analysis of pipeline samples, cut from 14” X52 carbon steel fuel pipeline
 .............................................................................................................................................................. 14 

Table 4: Experimental Conditions completed in triplicate. .................................................................... 15 

Table 5: Soil analysis - TOC and pH. .................................................................................................... 19 

 

LIST OF FIGURES 

Figure 1: Map overview of pipeline-adjacent soil sample locations. ..................................................... 11 

Figure 2: Pipeline excavation in  ............................................................................................ 12 

Figure 3: Pipeline excavation at  gas compressor station. ................................................. 13 

Figure 4: Total hydrogen (mmol) consumption across microcosms under Iron-, Sulphate-, CO2 -and 

Nitrate-reducing conditions. Solid lines show data from live microcosms and dashed lines show data 
from abiotic microcosms sterilised with 2% formaldehyde to inhibit microbial activity. ........................ 20 

Figure 5: Methane (mmol) measured in the headspace of microcosms that initially contained 10% H2 
(left) or 100% N2 (right). Solid lines show data from live microcosms and dashed lines show data from 
abiotic microcosms sterilised with 2% formaldehyde to inhibit microbial activity. ................................. 22 

Figure 6: Nitrous oxide (mmol) measured in nitrate-treated microcosms. Solid lines show data from 
microcosms with hydrogen in the headspace and dashed lines show data from microcosms with no 
added hydrogen in the headspace. ....................................................................................................... 23 

Figure 7: Carbon dioxide (mmol) measurement in gas headspace across the experiment period. 
Hydrogen headspace microcosms on the left with nitrogen on the right. The hydrogen CO2 treatment 
started with 10% CO2 in the headspace. Solid lines show data from live microcosms and dashed lines 
show data from abiotic microcosms sterilised with 2% formaldehyde to inhibit microbial activity. ....... 24 

Figure 8: Microcosm Day 0 pH recorded prior to incubation and Day 28 recorded post-incubation. 
Average of three microcosms at the same conditions, with standard deviation shown as error bars. Soil 
pH for each sample location given in yellow box. ................................................................................. 26 

Figure 9: Corrosion rate of steel coupons in microcosms inoculated with different soils under four 
different electron accepting conditions. ................................................................................................. 28 



Title: Assessing the Increased Risk of Microbial Corrosion Due to Hydrogen Transportation: Phase 2 
Client: National Gas Transmission 
Project Number: 21072 
Revision: 0 
Date: 20/03/2026 

© ROSEN 
This document is classified as confidential  Page 8 of 78 

Figure 10: Comparison of corrosion rates of carbon steel test coupons (left) to coupons prepared from 
X52 pipeline material (right) in  soil under iron- and sulphate-reducing conditions with and 
without hydrogen in the headspace. ..................................................................................................... 29 

Figure 11: SEM and EDS analysis of steel coupon (a – c) and pipeline samples (d-f) prior to incubation. 
a) Coupon under 200x magnification, b) Coupon under 1000x magnification and c) EDS map and 
composition analysis of coupon. d) Pipeline sample under 200x magnification. .................................. 30 

Figure 12: SEM Images of steel coupons under 200x magnification in live microcosm (a, b) and killed 
control (c), incubated with hydrogen in the headspace (a) or 100% nitrogen (b, c). ............................ 31 

Figure 13: SEM and EDS of a) carbon steel coupons from microcosms inoculated with  soil 
and incubated under a 100% nitrogen headspace, and b) pipeline material sample from microcosms 

inoculated with  soil and incubated under a gas headspace initially containing 10% hydrogen
 .............................................................................................................................................................. 31 

Figure 14: SEM and EDS analysis of steel coupon from microcosm inoculated with  soil 
incubated under a gas headspace initially containing 10% hydrogen. a) SEM image 200x magnification, 
b) SEM image 1000x magnification, c) EDS map showing sulphur-containing deposit ....................... 32 

Figure 15: PCoA of microbial communities from  soil (green circles) and microcosms inoculated 
with  soil under different electron accepting conditions. Microbial communities from 
microcosms incubated with 10% hydrogen in the headspace are coloured red and those incubated 
under a nitrogen headspace are coloured blue. The changes in community composition from that of the 

soil prior to incubation is illustrated for microcosms incubated under (A) iron-reducing conditions in the 
presence of carbon steel coupons, (B) under iron-reducing conditions in the presence of coupons of 
X52 pipeline material (C) under sulphate-reducing and CO2-reducing conditions in the presence of 
carbon steel coupons  and  under sulphate-reducing conditions in the presence of coupons of X52 
pipeline material, and (D) under nitrate-reducing conditions. ............................................................... 34 

Figure 16: Microbial community composition in  soil prior to incubation and following incubation 
under iron-, sulphate-, CO2- and nitrate-reducing conditions with nitrogen or 10% hydrogen gas 
headspace. Data represent the 20 most abundant taxa categorized at Family level. .......................... 35 

Figure 17: Microbial community composition in  soil prior to incubation and following incubation 
under iron-, sulphate-, CO2- and nitrate-reducing conditions with nitrogen or 10% hydrogen gas 

headspace. Data represent the 20 most abundant taxa categorized at Family level. .......................... 38 

Figure 18: Microbial community composition in  soil microcosms after 28 days of incubation 
with a 10% hydrogen headspace, under iron-, sulphate- and nitrate-reducing conditions. Data represent 
the 20 most abundant taxa categorized at Family level. ....................................................................... 41 

 

  



Title: Assessing the Increased Risk of Microbial Corrosion Due to Hydrogen Transportation: Phase 2 
Client: National Gas Transmission 
Project Number: 21072 
Revision: 0 
Date: 20/03/2026 

© ROSEN 
This document is classified as confidential  Page 9 of 78 

1 INTRODUCTION 

Hydrogen is expected to play a significant role in the energy transition towards net-zero, as a low-carbon 
alternative to natural gas. However, hydrogen’s unique properties present significant challenges to 

pipeline integrity. Hydrogen’s small molecular size increases the risk of leaks through small gaps in 
pipeline fixtures and fittings, and atomic hydrogen permeates through pipeline materials. There is, 
therefore, the potential for increased concentrations of hydrogen in adjacent soil environments which 
may promote microbial growth and increase the risk of microbiologically influenced corrosion (MIC) on 
external pipeline surfaces.  

MIC is a well-documented corrosion mechanism capable of causing severe localised pitting, with rates 
often exceeding 1 – 2 mm/year in aggressive environments. Hydrogen can exacerbate these risks by 
serving as an energy source for hydrogenotrophic microorganisms such as sulphate-reducing bacteria 
(SRB), methanogens, and acetogens. These microorganisms can oxidise hydrogen and produce 

corrosive by-products, including hydrogen sulphide (H₂S), which accelerates corrosion and can 

contribute to stress corrosion cracking (SCC), posing serious threats to pipeline integrity, safety, and 

operational reliability.  

This project studies the influence of hydrogen on soil microbial communities adjacent to pipelines, 
focusing on monitoring hydrogen consumption, microbial growth dynamics, community composition 
shifts, and the production of corrosive metabolites. Additionally, the study will characterise corrosion 
mechanisms by investigating MIC initiation on representative carbon steel coupons exposed to 
hydrogen-enhanced microbial activity under controlled conditions. 

To achieve this, the project has been divided into two phases: 

 Phase 1: Comprehensive literature review and baseline study, including analysis of existing 
standards, regulations, and best practices. This phase identified knowledge gaps and informed 
the experimental design for Phase 2. 
 

 Phase 2: Laboratory based investigation of microbial activity and corrosion behaviour under 
simulated conditions, incorporating advanced monitoring techniques to quantify microbial 
metabolism, byproduct formation, and corrosion kinetics. 

1.1 Scope 

This Phase 2 report details the methodology of the laboratory-based research including soil sample 
collection (the microbial inoculum), incubation conditions, and analysis of the impact of hydrogen on 
microbial communities and metal coupons, with discussion and conclusions. Finally the limitations of 
the study and areas to focus future work are discussed.  
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2 METHODOLOGY 

2.1 Introduction  

The Phase 1 literature review found that  there may be an increased risk of MIC during hydrogen 
pipeline transport, due to the potential for elevated hydrogen concentrations in soil surrounding buried 
pipelines to enhance the growth and activity of hydrogenotrophic microorganisms. The reactions of key 
hydrogen-consuming microbial processes relevant to MIC are shown in Table 1. 

Table 1: Overview of key hydrogen-consuming reactions from anaerobic hydrogenotrophic 
microorganisms 

H2 consuming 
process 

Microbial Reaction Free Energy ΔG0’ 
/ kJ mol-1 H2 

Sulphate reduction ¼ SO42- + H2 + ½ H+ → ¼ HS- + H2O -38.0 

Methanogenesis ¼ HCO3- + H2 + ¼ H+ → ¼ CH4 + ¾ H2O -33.9 

Acetogenesis ¼ HCO3- + H2 + ¼ H+ → ¼ CH3COO- + ¾ H2O -26.1 

Iron reduction 2 FeOOH + H2 + 4 H+ → 2 Fe2+ + 4 H2O −228.3  

Nitrate reduction ⅖ NO3- + H2 + ⅖ H+ → ⅕ N2 + 1⅕ H2O −240.1 

This Phase 2 research investigates the effect of hydrogen on the growth and metabolism of 
representative microbial communities likely to be found in the soil surrounding buried onshore hydrogen 
pipelines. It also investigates the corrosion of carbon steel by these microorganisms, and how the 
corrosion is affected by the addition of hydrogen.  

Based on the time constraints of the research project, conditions were optimised to support microbial 
growth and metabolism rather than to reflect in-situ conditions. The microorganisms were supplied with 
the medium of Widdel and Bak, a well-established growth medium for cultivation of SRB, methanogens 
and acetogens containing the required nutrients to support growth and metabolism. This facilitated the 

study of MIC in a soil environment, without limitation of nutrients to accommodate the short timescale 
of the project. In addition to the growth medium, common electron acceptors that support anaerobic 
microbial respiration including nitrate, sulphate, ferric iron and CO2, were added to different incubations 
to simulate different environmental conditions and promote different metabolic pathways [Table 1].  

The soil, growth medium, electron acceptor and carbon steel coupons were incubated for a period of 4 
weeks under anoxic conditions, as MIC is frequently associated with anaerobic microorganisms. 
Incubations with the different electron acceptors were carried out with and without hydrogen in the 
headspace of the sample bottle, to investigate the effect of hydrogen on MIC under these different 
conditions. Incubations were carried out at 30 ºC to simulate optimal mesophilic conditions, allowing for 
the investigation of MIC within the relatively short timescales of the project. Higher concentrations of 

hydrogen were used in this research than would be expected to occur in soil environments as a result 
of hydrogen pipeline transport, as the primary objectives of this study are to determine whether there is 
a risk of hydrogen increasing the rate of MIC rather than to replicate in-situ conditions given the time 
constraints of the research project.  
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2.2.1.1  

Soil was collected from a pipeline excavation in  West Lothian, at a depth of approximately 
2.5 m. The sampling location coordinates were 55°54.687’ N, 003°41.197’ W. According to British 
Geological Survey data, the soil parent material at this site is classified as Glacial Till, a mixture of clay, 
sand, and gravel that typically forms dense, poorly structured soils with limited drainage [1] [Figure 2].  

 

Figure 2: Pipeline excavation in  

2.2.1.2  

Soil was collected from a pipeline excavation on the  pipeline in the Bannau Brycheiniog 
(Brecon Beacons) National Park, South Wales. The pipeline-adjacent sample was taken from a depth 
of approximately 1 m, the coordinates of the sample location are: 51°49′28″N, 003°11′24″W. According 
to LandIS® data, soils in this area are highly variable due to the complex underlying geology; however, 
the sampling location is classified as blanket bog peat soil [2]. This soil type is typically waterlogged 
(anaerobic), slightly acidic, and rich in organic carbon.  

2.2.1.3  

Soil was collected from an excavation at  gas compressor station, Cambridgeshire. The 
pipeline-adjacent soil sample was taken at a depth of approximately 3 m. Coordinates of the sample 

location are: 52°18′41″N, 000°21′45″W. Data from LandIS® categorises the soil in the sample location 
as lime-rich (alkaline), loamy, and clayey with impeded drainage [2].  
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Figure 3: Pipeline excavation at  gas compressor station. 

2.2.2 Soil Analysis  

Total Organic Carbon (TOC) was measured for each sample location to provide information about the 
soil conditions. A higher TOC is generally associated with a more active and diverse microbial 
community. TOC was measured using a Leco RC612 multiphase carbon analyser. Two samples were 
analysed from each soil location and an average value taken. Raw data from TOC analysis is provided 
in Appendix A. 

2.3 Metal Coupons  

A complete set of experiments was carried out using carbon steel coupons, which were laser cut from 
a plate of BS EN 10025:2004 Grade S355JR carbon steel. The dimensions of the coupons were 8 x 8 
x 4 mm. The material test certificate is given in Appendix B.1. The laser cutting datasheet is given in 
Appendix B.2. Inductively Couple Plasma-Optical Emission Spectroscopy (ICP-OES) Chemical 
composition of the steel, provided by the manufacturer, is given in Table 2.  

Carbon steel plate was used as a test material to represent X52 carbon steel pipeline, as it was not 
feasible to use pipeline samples due to the quantity required for this research and the relatively short 
project timescale. Both S355JR carbon steel and X52 carbon steel are low-alloy carbon-manganese 
steels, and MIC mechanisms depend primarily on environmental and microbiological factors across 

carbon–manganese steels of comparable composition. Trends in MIC observed across the range of 
conditions tested, with and without hydrogen, will therefore be applicable to all grades of carbon steel 
pipeline that may be used to transport hydrogen.  
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Concentrations of methane (CH4), carbon dioxide (CO2), and nitrous oxide (N2O) were analysed on a 
Gas Chromatograph – Mass Spectrometer (GC-MS) (Agilent 5977B). This used helium gas as a carrier 
at 49.5 ml min-1 and 6.181 psi with oven temperature at 35°C and heat at 150°C. Standards of 1% 
methane, 1% carbon dioxide in 98% nitrogen and 10% methane, 10% carbon dioxide in 80% nitrogen 
were run at 20 μl, 40 μl, 60 μl, 80 μl, and 100 μl, respectively prior to manual injection of 100 μl from 
exetainer samples. Peak areas were automatically calculated by the GCMS software. A linear 
calibration curve was generated from the standards. Peak areas were converted into mmol using the 
ideal gas law. 

2.5 pH measurement  

Soil pH was measured to provide information about the soil condition in each of the sample locations. 
This was measured by mixing a 1:1 ratio of soil with distilled water, stirring and leaving for 5 minutes 
before taking a pH measurement in triplicate.  

The pH of the microcosms was measured before and after incubation, as changes in microcosm pH 
can indicate microbial activity. Microorganisms can produce or consume acidic or basic metabolites or 
substrates. Sulphate reduction, methanogenesis, nitrate reduction and iron reduction can all increase 
pH through the consumption of H+ ions. 

pH was recorded using a Mettler Toledo Micro pH electrode in triplicate following a triple-point 

calibration (4.01/7.00/10.00 respectively).  

2.6 General Corrosion Rate Calculation 

The general corrosion rate was calculated from the mass loss of the coupons over the incubation period, 
to allow comparison of corrosion rates under different conditions.  

Prior to being added to the microcosms, all metal coupons were cleaned with 70% ethanol, dried with 
a paper towel, and weighed. After the incubation period, one of the two coupons per microcosm was 
cleaned with 70% ethanol, lightly scrubbed with a wire brush (non-iron wire) to remove corrosion 

products, dried with paper towel and re-weighed. The other coupon in each microcosm was preserved 
in 50% ethanol for further analysis.  

The general corrosion rate (CR) in mm yr-1 was calculated using Equation 1 where Mx is the mass of 
the coupon pre-incubation in g, My is the mass of the coupon post-incubation in g, A is the surface area 
of the coupon in mm2, t is the incubation time in yr, and ρ is the density in g mm-3. As three incubations 
were carried out at each test condition, a mean corrosion rate (mm yr-1) and standard deviation was 
calculated for each test condition, for comparison between the different conditions and soils. 

𝐶𝑅 =  
𝑀𝑥 −  𝑀𝑦

𝐴 × 𝑡 × 𝜌
 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 
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2.7 Scanning Electron Microscopy (SEM) and Energy 
Dispersive X-Ray Spectroscopy (EDS) 

SEM Imaging was used to analyse the corrosion morphology of the coupons, and EDS to identify any 
corrosion products. The metal coupons were analysed using a JEOL JSM-IT510 InTouchScope™ 
Scanning Electron Microscope with integrated EDS. SEM images and EDS spectra were taken under 

high vacuum with secondary electron detection using an accelerator voltage of 20 kV and a working 
distance of 10 mm. 

2.8 Microbial Community Analysis 

The microbial community composition was analysed in the original soil sampled from pipeline 
excavations, and in microcosms incubated under the various different conditions, using complementary 
16S rRNA gene sequencing. This allowed examination of how community profiles changed in response 
to each condition and enabled the identification of microbial groups associated with MIC. First DNA was 

extracted from the samples, then the viability of the extracted DNA was determined with gel 
electrophoresis testing. Viable samples were then sequenced.  

2.8.1 DNA Extraction  

DNA was extracted using the Qiagen DNeasy® PowerSoil® Pro Kit. The standard protocol 

recommended by the kit manufacturer was followed, outlined in the DNeasy® PowerSoil® Pro Kit 
Handbook [4].  

2.8.2 PCR Amplification and Gel Electrophoresis 

The viability of extracted DNA for sequencing was determined using polymerase chain reaction (PCR) 
amplification and gel electrophoresis testing.  

16S rRNA PCR amplification was performed using Earth Microbiome Project (EMP) primers (V4F: 5'-
GTG YCA GCM GCC GCG GTA A -3'; V4R: 5'-GGA CTA CNV GGG TWT CTA AT-3'). 2 µl of purified 
DNA solution (prepared as described in section 2.8.1), 22 µl of MegaMix blue reaction mix (Microzone, 
UK) containing 0.50 µl of each EMP primer, dNTP (220 µM), MgCl2 (2.75 mM), and Taq DNA 
polymerase, were added to a 25 µl PCR amplification reaction tube. The amplification was carried out 
in a Techne thermocycler (Bibby Scientific, UK) with the following PCR cycling conditions: 40 cycles at 
Denature (95°C) for 1 min, Annealing (55 °C) for 1 min and Extension (72 °C) for 1 min; and final 
extension at 72 °C for 5 min.  

To conduct gel electrophoresis testing, a 1% agarose gel (using 0.8 g of ultrapure agarose per 80 ml of 
1x Tris-Acetate EDTA (TAE) buffer, pH 8.0) was prepared by dissolving the agarose in TAE buffer in a 
250 ml conical flask. The agarose the solution was heated in a microwave oven for 10-seconds  at a 
time, until the agarose was fully dissolved. The agarose solution was left to cool slightly before adding 
8 µl of SYBR Safe DNA Gel Stain and pouring into a gel casting tray fitted with a 20-well comb. After 
the gel cooled and solidified, the well-forming comb was removed before placing it in a gel tank, which 
was filled with TAE buffer to submerge the gel. 5 µL of each PCR reaction was transferred to separate 
wells. An electrical current of 110 V at 400 amps was run for 50 minutes to separate the DNA. The 
electrophoresis results of each PCR product were visualized and images captured using VisionWorks 
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image analysis system (Ultra-Violet Products, USA). Samples that showed successful PCR 
amplification of 16S rRNA genes were used for 16S rRNA sequencing. 

2.8.3 Sequencing  

16S rRNA genes were amplified from total DNA, and the V4 variable region was sequenced following 

the Illumina 16S rRNA gene Amplicon Protocol using primers 515F :GTGCCAGCMGCCGCGGTAA; 
and 806R:GGACTACHVGGGTWTCTAAT) from the Earth Microbiome Project [5]. Sequencing was 
conducted by the NU-Omics facility, Northumbria University.  

Raw sequence data (FastQ files) obtained from the Illumina sequencing platform were demultiplexed 
and analysed using QIIME2 and DADA2, against the SILVA132 reference database of 16S rRNA 
sequences [5, 6, 7]. QIIME2 is an open-source bioinformatics platform used to analyse, visualise and 
interpret microbiome data.  

The QIIME2 feature table output consisted of count data for different amplicon sequence variants 
(ASVs, are unique DNA sequences recovered from sequencing data and in a general sense correspond 

to microbial species) [Appendix E]. For taxonomic visualisation, ASV count data were normalised to 
relative abundance within each sample. To reduce noise from rare taxa and improve interpretability of 
the bar plots, taxa with a relative abundance below 0.5% were filtered and grouped to form “Others”, 
and the top 20 most abundant taxa in each sample were were displayed in stacked bar charts. 

Beta diversity analysis (comparative analysis of the microbial community composition in different 
samples) was performed by calculating pair-wise Bray-Cutris dissimilarity of microbial communities in 
all samples. The Bray-Curtis distance matrix was analysed using Principal Coordinate Analysis (PCoA). 
PCoA reduces the dimensionality of the distance matrix by calculating eigenvalues and eigenvectors, 
allowing patterns of similarity or dissimilarity among samples to be visualised in 2D/3D space [Appendix 
F]. 
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 soil demonstrated the most rapid hydrogen consumption, with complete depletion achieved 
by day 7 in the iron, sulphate, and carbon dioxide treatments. The nitrate treatment proceeded more 
slowly, 0.2 mmol consumed by day 7, but achieved complete consumption by day 14. This suggests 
the  soil sample contained an active and versatile community of hydrogenotrophic 
microorganisms.  

 soil showed substantial hydrogen consumption in all treatments except nitrate. The Iron 
treatment exhibited rapid hydrogen consumption with 0.44 mmol of hydrogen consumed by day 7 and 
complete consumption by day 14, while the carbon dioxide treatment was slower with 0.24 mmol of 
hydrogen consumed by day 7 and complete consumption by day 14. The sulphate treatment results 
show steady hydrogen consumption through day 28, leaving 0.07 mmol residual hydrogen. Nitrate was 

the only treatment to have considerable hydrogen remaining in the headspace by day 28 with 0.39 
mmol remaining. 

 soil exhibited the slowest hydrogen consumption in all treatments except nitrate-treated 
microcosms.  soil exhibited rapid hydrogen consumption in the nitrate treatment with 0.53 
mmol of hydrogen was consumed by day 7 with complete consumption by day 14. Iron was the next 
treatment to show complete hydrogen consumption, which occurred by day 21 and the carbon dioxide 
treatment by day 28. The sulphate treatment showed the slowest consumption, with 0.1 mmol residual 
hydrogen remaining at day 28. This suggests nitrate was the preferred electron acceptor in the 

 soil microbial community, and that the  soil had an active population of nitrate-

reducing bacteria.  

Overall, there are notable differences in hydrogen consumption by the three different soils, indicating 
variation in the composition and activity of their microbial communities. Generally, the soil microbial 
communities showed preferential hydrogen consumption under iron-reducing conditions, with microbial 
communities of all three soils achieving complete consumption of hydrogen by day 21. 

3.2.2 Methane, Nitrous Oxide and Carbon Dioxide Production 

In addition to hydrogen (H2), methane (CH4), carbon dioxide (CO2) and nitrous oxide (N2O) were 
measured in the gas headspaces during the incubation period.  

3.2.2.1 Methane 

Methanogens can convert carbon dioxide or organic carbon to methane through methanogenesis, 
which is linked to MIC through the cathodic depolarisation of metals, and in some cases, electrical MIC 
through the direct uptake of electrons from the metal surface. Figure 5 shows the concentration of 
methane measured in microcosms with hydrogen (left) and without hydrogen (right) in the gas 

headspace.  
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Carbon dioxide in the headspace of most microcosms, hydrogen, nitrogen and kill controls increased 
from day 0 to day 28 in all soil types [Figure 7]. The exception was the hydrogen CO2 treatment where 
there was a net CO2 decrease in  by 0.051 mmol and  by 0.086 mmol, while CO2 
in  soil increased by 0.068 mmol.  

The overall increase of CO2 in live microcosms can be down to the release of CO2 into the headspace 
from decaying organic matter found naturally in the soils. Additionally, the pH buffer of sodium 
bicarbonate used to balance the pH of each system can also release CO2 into the headspace. 

 across all microcosms is seen to hold the highest CO2 in each treatment, while the starting pH of 
 soil is more acidic than  or  This may cause the bicarbonate solution to 

release more CO2 into the headspace to maintain a more neutral system. The reduction in CO2 in 

 and  in CO2-treated live microcosms between day 0 and day 28 could be due to 
the production of methane by methanogenesis, demonstrated in Figure 5. However, the stoichiometry 
of methanogenic CO2 reduction with hydrogen would suggest that there should be a one to one 
correspondence between CO2 consumed (0.051 – 0.086 mol) and methane produced (0.02 – 0.06 mol) 
indicating that there may be another metabolic pathway for CO2 consumption in these systems such as 
acetogenesis [Table 1] 

3.2.3 pH Change 

Changes in microcosm pH can indicate microbial activity, sulphate reduction, methanogenesis, nitrate 
reduction and iron reduction can all increase pH through the consumption of H+ ions. The pH of each 
soil and medium was measured prior to microcosm set up (day 0) and immediately after the final 
headspace sampling on day 28. All pH measurements for all soil locations and all treatments containing 
hydrogen and nitrogen in the headspace and killed controls are shown in Figure 8.  
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conditions compared to the corresponding killed controls, suggesting that this increase in pH is likely 
due to hydrogen-stimulated microbial activity. 

 soil showed less pronounced changes in pH compared to  soil. Hydrogen-containing 
microcosms treated with iron and sulphate showed an increase in pH of 0.40 and 0.16 respectively, 
while the pH in nitrate-treated microcosms with hydrogen in the headspace remained constant [Figure 
8]. By contrast in microcosms with CO2 in the headspace the pH decreased by 0.54. Microcosms with 
a 100% nitrogen headspace showed a pH increase of 0.24 in the iron treatment, while sulphate and 
nitrate treatments led to a decrease in pH of 0.25 and 0.09 respectively. By day 28 the pH was higher 
in all live microcosms than their equivalent killed controls in all treatments, and the pH increase in live 
hydrogen-containing microcosm was greater than in the corresponding killed controls, suggesting 

increased microbial activity.  

Microcosms inoculated with  soil exhibited an increase in pH from day 0 to day 28 in live 
hydrogen-amended microcosms under iron-, sulphate- and nitrate-reducing conditions, with pH 
increases of 1.03, 0.79 and 0.80 respectively.  By contrast the pH decrease by 0.27 in microcosms with 
CO2 in the headspace [Figure 8]. A smaller pH increase is observed in microcosms with 100% nitrogen 
in the headspace under iron-, sulphate- and nitrate-reducing conditions, with pH increases of  0.26, 
0.08 and 0.43 respectively. There was a consistently greater increase in pH in live hydrogen-containing 
microcosms compared to abiotic killed controls under iron-, sulphate- and nitrate-reducing conditions.  

There is a consistent pattern of pH differences between treatments following 28 days of incubation 

independent of the soil inoculum used, with a higher pH in hydrogen-treated microcosms under the 
majority of conditions compared to nitrogen microcosms across all soil types.  and  
experience greater changes in pH than  It is likely that the higher increase in pH is due to 
increased microbial activity in hydrogen microcosms compared to nitrogen microcosms, due to the 
consumption of H+ ions in microbial reactions such as iron reduction, sulphate reduction and nitrate 
reduction.  

For the CO2 treatment, hydrogen microcosms initially contained 10% CO2, 10% H2 and 80% N2 in the 
headspace. However, the corresponding nitrogen headspace microcosms initially contained 100% N2 
and no CO2 [Table 4]. Consequently, the pH measured on Day 0 and Day 28 in the CO2-treated 
microcosms are not directly comparable. This may explain the lower pH values measured in Day 28 

samples compared to Day 0 samples in the majority of CO2-treated microcosms while in the other 
treatments the pH generally increased following incubation [Figure 8]. The pH of live CO2-treated 
microcosms with hydrogen in the headspace were generally lower over the incubation period, 
contrasting with the iron, sulphate, and nitrate treatments. The pH of corresponding killed controls with 
hydrogen in the headspace was also slightly lower than the value at Day 0. This was not observed with 
any of the other treatments tested. This suggests that the decrease in pH is more likely due to the 
chemical effect of dissolved CO2 in the solution, rather than microbial activity.   

3.3 General Corrosion Rate  

The general corrosion rate was calculated from the mass loss of the steel coupons over the 28 day 
incubation period. The calculated corrosion rate with each soil inoculum and each electron acceptor 
treatment (iron, sulphate, CO2 and nitrate) is shown in Figure 9, for both live and killed control 
microcosms under headspace with nitrogen and both nitrogen and hydrogen. The average corrosion 
rate was calculated from the weight loss of individual coupons from three replicate microcosms and the 
error bars show the standard deviation.  
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In  soil, hydrogen did not appear to increase the corrosion rate, and the corrosion rates were 
similar for the live and killed soil samples across all treatments [Figure 9].  

In  soil, the highest corrosion rates were also observed in the live soil microcosms with 
hydrogen in the headspace, and iron, sulphate or nitrate in the growth medium. These microcosms had 
higher corrosion rates compared to the killed soil or microcosms with 100% nitrogen in the headspace 
[Figure 9]. 

Generally, higher corrosion rates in live microcosms that contained H2 in the gas headspace compared 
to microcosms with 100% N2 in the headspace could suggest that H2 promotes MIC. However, all of 
the observed corrosion rates were very low, and in some cases the live and killed soils had similar 
corrosion rates. There is also large variation (and therefore standard deviation) between the 

experiments under the same conditions. Further testing over longer time periods would be required to 
conclusively determine whether hydrogen increases the rate of MIC. 

To compare corrosion of the test coupons shown in Figure 9 to X52 pipeline material, some duplicate 
microcosms were prepared with coupons of X52 pipeline material inoculated with  soil. A 
comparison between the corrosion rate of the steel test coupons and the X52 pipeline material coupons 
under the same conditions are shown in Figure 10. The pipeline material samples show a negative 
corrosion rate, due to recording a mass increase during the incubation period. Though the same 
cleaning protocol was followed to remove corrosion products from all samples, it’s likely the corrosion 
products were not adequately removed from the surface prior to reweighing. It is possible that the 

corrosion products were more strongly adhered to the pipeline material samples than the test coupons, 
but given the very low corrosion rates in both materials, it’s likely within the range of experimental error 
and further testing over longer periods is required.  

 

Figure 10: Comparison of corrosion rates of carbon steel test coupons (left) to coupons prepared from 
X52 pipeline material (right) in  soil under iron- and sulphate-reducing conditions with and 

without hydrogen in the headspace.  
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3.4 Scanning Electron Microscopy and Spectroscopic Analysis 
of Steel Coupons  

All SEM and EDS images discussed in this section are presented in Appendix E. SEM imaging was 
used to examine the surface metal coupons and pipeline samples under 200x and 1000x magnification. 
EDS was used to analyse the elemental composition in these areas. EDS analysis measures a very 

small area (approximately 0.015 mm2), so absence of corrosion products in the areas analysed with 
EDS does not rule out their presence elsewhere on the sample. EDS is also unable to detect very light 
elements with an atomic number less than 5, including hydrogen. The SEM and EDS data therefore 
represent subjectively identified corrosion features of the coupons and not a comprehensive 
quantitative analysis. 

SEM images and EDS analysis of steel coupons and pipeline material samples prior to incubation are 
shown in Figure 11. Note, it was not possible to return to the same area for analysis post-incubation.  

 

Figure 11: SEM and EDS analysis of steel coupon (a – c) and pipeline samples (d-f) prior to incubation. a) 
Coupon under 200x magnification, b) Coupon under 1000x magnification and c) EDS map and 

composition analysis of coupon. d) Pipeline sample under 200x magnification. 

3.4.1 Iron-treated microcosms 

EDS analysis of coupons and pipeline samples from live microcosms with iron treatment indicated that 
the main elements present were Fe, O, and C from the steel, as well as Si in samples from microcosms 
inoculated with  soil and a small amount of Ca in samples from both  and 

 soil [Appendix E]. The same elements were present in the equivalent killed control 

incubations. In addition small amounts of Al were identified in some samples. Si and Ca are likely to 
come from the clay-rich and sandy  soil inoculum,  though Ca could also come from the 
Widdel and Bak growth medium. Al is likely to come from the steel, as it can also be seen on EDS maps 
of the samples prior to incubation [Figure 11]. In live soil microcosms incubated under iron-reducing 
conditions, coupons incubated with  soil as an inoculum show some evidence of metastable 
pitting corrosion which was more evident in live microcosms incubated with hydrogen compared to 
nitrogen microcosms or killed controls [Figure 12]. There was less evidence of possible metastable 
pitting corrosion on coupons from microcosms inoculated with  and  soil. There is 
some evidence of corrosion including deposits containing Fe and O on samples from all live microcosms 
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3.4.3 CO2-treated microcosms  

EDS analysis of coupons from live microcosms with CO2 in the headspace indicated that the main 
elements present were Fe, O, and C from the steel as well as small amounts of Ca from the Widdel and 
Bak growth medium or soil, and Si from the soil inoculum. In one coupon from a microcosm inoculated 

with  soil and incubated with a headspace containing 10% hydrogen and 10% CO2, a clear 
deposit of S-containing material was identified, indicative of sulphate reducing bacteria activity. This 
was likely due to sulphate in the soil as no additional sulphate was added to the microcosms with CO2 
treatment. This coupon also appears to show strong evidence of metastable pitting corrosion in SEM 
images, more so than the other microcosms incubated with CO2 in the headspace, including killed 
controls. EDS of the killed controls also mainly detected Fe, O, C and small amounts of P, Ca, and Si, 
no S was detected in any killed controls. Deposits containing Fe and O indicating corrosion can be seen 
on the surface of samples from both live microcosms and killed controls in SEM and EDS images 
[Appendix E]. 

 

Figure 14: SEM and EDS analysis of steel coupon from microcosm inoculated with  soil 
incubated under a gas headspace initially containing 10% hydrogen. a) SEM image 200x magnification, b) 

SEM image 1000x magnification, c) EDS map showing sulphur-containing deposit 

3.4.4 Nitrate-treated microcosms 

EDS analysis of coupons from live microcosms with nitrate treatment showed that the main elements 
present were Fe, O, and C from the steel as well as trace amounts of Co and Cl likely from the Widdel 

and Bak growth medium or soil inoculum. EDS of the killed controls also detected Fe, O, C, and Al from 
the steel as well as small amounts of Ca and Si from the growth medium or soil. Compared to live 
microcosms with other treatments, there was less evidence of metastable pitting corrosion in the 
microcosms with nitrate treatment [Appendix E].  

3.4.5 Summary of SEM and EDS analysis 

Overall, there was evidence of corrosion in SEM images of coupons from live microcosms and killed 
controls for all treatments. There is evidence of increased metastable pitting corrosion in live 
microcosms compared to killed which is indicative of MIC. There is evidence of activity of sulphate 
reducing bacteria in live microcosms with sulphate treatment (  soil in nitrogen and  
soil in hydrogen) and CO2 treatment (  soil in hydrogen), and none on any coupons in 
adiabatic killed control microcosms. The morphology of the corrosion was similar for the pipeline 
samples and the carbon steel test coupons.  
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3.5 Microbial Community Analysis 

The microbial communities selected in microcosms under different incubation conditions were analysed 
by sequencing of 16S rRNA gene fragments amplified from DNA extracted from the different soil inocula 
and microcosm samples. Different 16S rRNA gene sequences represent different microbial taxa and 
the number of sequences of each different 16S rRNA gene gives an indication of the relative abundance 
of the different microorganisms present. The total number of 16S rRNA gene sequence reads obtained 
from each sample is shown in Appendix D.  

For comparison between the treatments, count data was normalised to relative abundance within each 
sample. To analyse the diversity of the microbial community composition in different conditions, 
Principal Coordinate Analysis (PCoA) was used [Appendix F]. For visualisation of the microbial 
community profile, the 20 most abundant taxa in each sample were displayed in stacked bar charts.   

3.5.1 Microbial Communities from  Soil Inoculated Microcosms 

3.5.1.1 PCoA Analysis 

Principle Coordinate Analysis (PCoA) of microbial communities from  soil and  microcosms 
inoculated with  soil under different electron accepting conditions, either with 10% hydrogen in 
the headspace or incubated under a 100% nitrogen headspace, indicated that under all electron-
accepting conditions distinct communities were selected depending on the presence of hydrogen in the 
headspace [Figure 15].   
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with MIC, their metabolic processes can produce organic acids which could contribute to metabolite 
MIC. In microbial communities from microcosms incubated with 10% hydrogen in the headspace  
members of the Carnobacteriaceae had an average relative abundance of 38% compared to 9% seen 
in microcosms with only nitrogen in the headspace. Bacteria from the family Shewanellaceae were 
strongly enriched under iron-reducing conditions particularly in microcosms with no hydrogen in the 
headspace (19.9-14.4% relative abundance). In microcosm with 10% hydrogen in the headspace they 
represented 3.7 to 6.1% if the microbial community. This is consistent with the known properties of this 
group of bacteria which includes well-characterized iron-reducing bacteria. Interestingly 
Shewanellaceae were also enriched in sulphate-reducing microcosms particularly when hydrogen was 
present in the headspace. Bacteria from the Shewanellaceae are not known to be capable of sulfate-

reduction. With respect to MIC some Shewanellaceae are known to be capable of direct electron 
transfer to solid phase iron oxides for example and could potentially have a role in electrical MIC through 
direct electron transfer [9].  

Bacteria from the family Halobacteroidaceae were unexpectedly selected under iron-reducing 
conditions particularly in microcosm with a 100% nitrogen headspace (9.9 to 14.5% relative abundance 
compared to 5.3 to 5.9% relative abundance in microcosms with 10% hydrogen in the headspace). 
Their presence was unexpected as these are organisms typically found in high salinity environments. 
They have a fermentative metabolism which is inhibited under high hydrogen conditions, which may 
explain their greater relative abundance when no hydrogen was present in the microcosm headspace). 

Fermentative organisms produce organic acids as metabolic products and could therefore contribute to 
chemical MIC. Eubacteriaceae had a higher relative abundance in microcosms with a 10% hydrogen 
headspace (9% relative abundance) compared microcosms with a nitrogen headspace (1% relative 
abundance). Despite being capable of acetogenesis, members of the Eubacteriaceae have not been 
associated with MIC. 

A wide diversity of sulphate-reducing bacteria was present in microcosms inoculated with  soil 
these included Desulfovibrionaceae, Desulfotomaculacea, Desulfobaccaceae, Thermodesulfovibrionia, 
Desulfomonilaceae. Desulfocapsaceae, Desulfomicrobiaceae, Desulfuribacillaceae, 
Desulfobulbaceae, Desulfatiglandaceae and Desulfarculaceae. In addition elemental sulphur reducing 
Desulfuromonadaceae and sulphite-/thiosulphate-reducing Desulfitobacteriaceae were also detected 

at low relative abundances (typically less than 0.1%). However, when taken together the summed 
sulphate-reducing taxa represented as much as 19% of the microbial community in microcosms with 
10% hydrogen in the headspace incubated under sulphate-reducing conditions. In the absence of 
hydrogen in the headspace the corresponding sulphate-reducing communities had a relative 
abundance of just over 9%. The majority of the sulphate-reducing bacteria in these cases comprised 
members of the Desulfovibrionaceae and the Desulfotomaculaceae. A similar pattern was seen in 
microcosms with CO2 in the headspace. Interestingly in iron-reducing microcosms the opposite was 
seen with stronger selection for sulphate-reducers in the absence of hydrogen in the gas headspace. 

Post-incubation in sulphate-reducing microcosms, Desulfovibrionaceae, capable of dissimilatory 

sulphate reduction and hydrogen oxidation, made up 9% of the microbial community in hydrogen 
containing microcosms compared to only 1% in microcosms with a nitrogen headspace. They are 
strongly associated with MIC and have the potential to produce highly corrosive H2S. Acetogens from 
the Eubacteriaceae had a relative abundance of 17.5% in microcosms with 10% hydrogen in the 
headspace and were not detected in microcosms with a headspace of 100% nitrogen. Though capable 
of acetogenesis, they are not known to be capable of direct electron transfer which makes this type of 
acetogen a lower MIC risk than members of the Sporomusaceae.  
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In CO2-reducing microcosms, there was an increase in relative abundance of Desulfovibrionaceae 
(potentially highly corrosive sulphate reducers) to 10% in hydrogen microcosms compared to only 2% 
in nitrogen microcosms. This suggests the presence of natural sulphate in the soil, since no additional 
sulphate was added to the microcosms. Microcosms with CO2 and H2 in the headspace also saw an 
increase in acetogens Eubacteriaceae with a relative abundance (25%), while none were identified in 
nitrogen headspace microcosms, a trend similar to sulphate- and nitrate-treated microcosms.  

Microbial communities in nitrate-reducing microcosms were dominated by nitrate-reducing bacteria 
from the Comamonadaceae, with a higher relative abundance of Comamonadaceae (38% average) 
found in microcosms with a 10% hydrogen headspace compared to microcosms a nitrogen headspace 
(6% relative abundance). These organisms could pose an MIC risk through the production of nitrite, 

which is highly oxidising towards steel [10]. Aside from the large increase in relative abundance of 
Comamonadaceae, the rest the microbial community was generally similar in composition to the starting 
community.  

Overall, incubation under different electron acceptor and headspace conditions caused clear shifts in 
microbial community structure, with hydrogen frequently promoting microorganisms with potential 
relevance to MIC. Microcosms with hydrogen in their headspace generally favoured microorganisms 
associated with MIC compared to the microcosms with a 100% nitrogen headspace. These included 
bacteria from the Carnobacteriaceae (organic-acid producing fermenters) in iron-treated microcosms, 
Desulfovibrionaceae (sulphate reducers strongly associated with MIC) in sulphate and CO2 treatments, 

and Comamonadaceae (nitrate-reducing bacteria) in nitrate-treated microcosms. One notable 
exception was the higher proportion of Shewanellaceae (iron reducing bacteria strongly associated with 
MIC) in microcosms with a nitrogen headspace (12% relative abundance) compared to microcosms 
with a 10% hydrogen headspace (4.5% relative abundance) in iron-treated microcosms..  

3.5.2 Microbial Communities from  Soil Inoculated Microcosms 

PCoA analysis of the soil microbial community indicated that under all electron-accepting conditions 
distinct communities were selected depending on the presence of hydrogen in the headspace [Appendix 
F]. The microbial community in  soil prior to incubation and post-incubation with different 
electron acceptors is shown in Figure 17. The starting soil microbial community was highly diverse, 
indicated by a Shannon index of 8. The community was dominated by Bacteria, and Archaea were not 
represented within the 20 most abundant taxa identified. Bacteria from the Class Acidobacteriae were 
present at the highest relative abundance and constituted 23% of the microbial community [labelled in 
Figure 17 as uncultured_2, as the microorganisms could not be identified at a Family level]. Bacteria 

from the Class Acidobacteria are commonly found in acidic soils, consistent with the low pH of the 
 soil (pH 4.62). Other abundant bacterial Families present in  soil were 

Acidothermaceae (9%) Beijerinckiaceace (6%) and Xanthobacteraceae (6%) which together 
represented about one fifth of the microbial community. Bacteria from these families are commonly 
encountered in terrestrial environments. Post-incubation, there was a decrease in relative abundance 
bacteria from all of these Families, reflecting the anoxic and reducing conditions in the microcosms. 
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communities selected in incubated sulphate-reducing microcosms with 10% hydrogen headspace were 
dominated by Sporomusaceae (25% relative abundance).  This family includes acetogens strongly 
linked to electrical MIC [11]. As in iron-reducing microcosms, the relative abundance of 
Desulfitobacteriaceae increased to 3% in sulphate-reducing microcosms with a 10% hydrogen 
headspace. While these bacteria with versatile respiratory metabolism including the capacity for 
sulphite and thiosulfate reduction were selected in the sulphate-treated microcosms, more typical 
sulphate reducers such as those that were detected in sulphate-reducing microcosms inoculated with 

 soil were absent. 

Bacteria from the family Sporomusaceae (MIC related acetogenic bacteria) were strongly selected in 
microcosms with hydrogen and CO2 in the headspace and reached a relative abundance of 20%. This 

contrasts with their relative abundance in microcosms with 100% nitrogen in their headspace, where 
their relative abundance was just 2%. Sporomusaceae are acetogenic bacteria that can use hydrogen 
to reduce CO2 to acetic acid, explaining their high relative abundance under a headspace with nitrogen 
and CO2. Desulfobaccaceae, Thermodesulfovibrio, Desulfomonilaceae were also detected in the 

 soil inoculum albeit at low relative abundance (typically less than 0.2%). However, in 
microcosms with hydrogen and CO2 in the headspace Desulfovibrionaceae reached up to 6.7% relative 
abundance and when the headspace was 100% nitrogen a maximum relative abundance of 3.1% was 
seen. Desulfitobacteriaceae (sulphite- and thiosulfate-reducing bacteria) were also selected in 
microcosms with hydrogen and CO2 in the headspace (6% relative abundance) and to a lesser degree 

in microcosms with a nitrogen headspace (3% relative abundance). Gracilibacteraceae also increased 
in relative abundance to 9% and 4% in microcosms a hydrogen and CO2 and a nitrogen headspace 
respectively, though bacteria from the Gracilibacteraceae are not known to be linked to MIC.  

Following incubation in nitrate treatment, there was a large increase in relative abundance of bacteria 
from the family Paenibacillaceae (12% and 19% in microcosms with hydrogen headspace and nitrogen 
headspace respectively). The family Paenibacillaceae includes some nitrogen-fixing species and 
nitrate-reducers. Paenibacillaceae could therefore be linked to MIC through reduction of nitrate to nitrite, 
which is highly oxidising towards steel [10]. Bacteria from the Rhodocyclaceae were present at a relative 
abundance of 16% in microcosms incubated with a hydrogen headspace but were not detected in 
microcosms with a nitrogen headspace. Members of the Family are capable of using hydrogen as an 

electron donor explains their growth in hydrogen-containing microcosms compared to those with a 
100% nitrogen headspace. They are also known to be capable of nitrate reduction and therefore could 
constitute a potential risk of MIC through nitrite production.  

Overall, incubation under different electron‑accepting conditions and both in the presence and absence 

of hydrogen in the headspace led to substantial shifts in microbial community composition. Microcosms 
incubated under iron-reducing conditions with hydrogen in the headspace showed elevated relative 
abundances of Sporomusaceae (12%), a Family of acetogenic bacteria linked to electrical MIC via direct 
electron uptake from steel, compared to microcosms with a 100% nitrogen headspace. The relative 
abundance of Peptococcaceae and Desulfitobacteriaceae increased by a similar amount irrespective 
of the presence of hydrogen in the headspace. Under sulphate-reducing conditions in the presence of 
hydrogen Sporomusaceae were selected even more strongly than under iron-reducing conditions, 

reaching a relative abundance of 25%. The proportion of sulphate reducing bacteria was surprisingly 
low compared to  soil microcosms under the same conditions, suggesting the initial soil 

inoculum was lower in sulphate-reducing bacteria. The CO₂ treatments further demonstrated the 

stimulatory effect of hydrogen: Sporomusaceae reached 20% abundance under hydrogen compared to 
only 2% under nitrogen. Finally, in the nitrate treatments Paenibacillaceae increased to 12% in the 
presence of hydrogen and 19% when hydrogen was absent, and Rhodocyclaceae, reached 16% 
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relative abundance in when hydrogen was present but were not detected when no hydrogen was 
present in the headspace of microcosms. Both of these Families may contribute to MIC through nitrate 
reduction to nitrite, a highly aggressive oxidant corrosive to steel. 

3.5.3 Microbial Communities from  Soil Inoculated Microcosms 

It was not possible to amplify 16S rRNA genes from DNA extracted from  soil and only 5 of 
24 live microcosms inoculated with  soil yielded DNA from which 16S rRNA genes could be 
amplified.  

Extraction and amplification of DNA from fresh samples of  soil (prior to incubation) proved 
ineffective and the composition of the microbial community could not be established. DNA extraction 
and PCR amplification of 16S rRNA genes was only successful following incubation in microcosms 
containing hydrogen in the gas headspace under iron-, sulphate- and nitrate-reducing conditions and 
this was not possible for all replicate microcosms. Microcosms inoculated with  soil with CO2 
in the headspace and all microcosms with a nitrogen headspace did not yield DNA from which 16S 

rRNA genes could be amplified. Failure to extract and amplify DNA can be caused by a low biomass or 
high ratio of clay minerals that can bind DNA reducing extraction efficiency. Given that amplification 
was successful only after incubation at optimum conditions for microbial growth for several weeks, it is 
likely that low biomass was the reason for unsuccessful amplifications in other conditions. This is 
consistent with the much lower initial TOC content of  soil (0.21%) compared to  
(3.35%) and  (2.80%). It was demonstrated that DNA extracts from  soil did not 
inhibit amplification of 16S rRNA genes from DNA extracted from  soil, further indicating that 
it was low levels of DNA, rather than the presence of PCR inhibitors in the extracts from  
soil that led to the lack of successful amplification of 16S rRNA genes. 

The number of sequence reads obtained from a DNA sample can provide an indication of the quality 

and/or quantity of DNA in a sequencing reaction [Appendix D]. The small number of reads obtained 
from the few samples from microcosms inoculated with  soil from which 16S rRNA gene 
fragments could be amplified also supported the conclusion that low levels of DNA recovered from 
samples of  soil were the reason that it was not possible to obtain comprehensive microbial 
community data for the experiments inoculated with  soil. 

Figure 18 displays the 20 most abundant microbial Families from the microcosms inoculated with 
 soil that yielded amplified 16S rRNA gene fragments. These are all from microcosms 

following 28 days of incubation with hydrogen in the gas headspace.  
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methanogens from the Methanobacteriaceae have been implicated in MIC through the direct uptake of 
electrons from steel (electric MIC) [16]. The high proportion of Methanobacteriaceae corresponds with 
the detection of methane in the headspace of these microcosms [Figure 5]. Bacteria from the family 
Thermincolaceae were also detected in both iron-reducing microcosms with a hydrogen headspace 
with an average relative abundance of 12%. Bacteria from the family Thermincolaceae are anaerobic 
thermophilic fermentative microorganisms which have not been implicated in MIC. 

Microbial community data was also obtained from one of the three microcosms with hydrogen in the 
headspace incubated under sulphate-reducing conditions [Figure 18]. The microbial community in this 
microcosm was dominated by sulphate reducers from the family Desulfovibrionaceae (33% relative 
abundance), with lower relative abundance of members of the Desulfotomaculaceae (3%), and 

Desulfitobacteriaceae a family including sulphite and thiosulfate-reducing bacteria with the ability to 
oxidize hydrogen (3% relative abundance). These are all bacteria capable of forming sulphide from 
sulphur oxyanions with a number linked specifically to MIC [14, 13]. 

Microbial community data was in addition obtained from two of the three microcosms with hydrogen in 
the headspace incubated under nitrate-reducing conditions [Figure 18]. Comamonadaceae have the 
highest average relative abundance of 59%, this is a diverse family of bacteria commonly found in soil 
habitats capable of oxidizing hydrogen and reducing nitrate. Their high relative abundance correlates 
with the rapid consumption of hydrogen by  soil microcosms [Figure 4]. Nitrate reduction 
has been associated with MIC through the production of nitrite, which is highly oxidising towards to steel 

[10, 17] this would be exacerbated by conditions that repress denitrification leading to greater 
accumulation of nitrite and other intermediates of denitrification. It is known that complete denitrification 
is inhibited by high pH which is characteristic of the  soil (pH 8.29). Other organisms 
prominent in the hydrogen-oxidizing nitrate-reducing microcosms included Opitutaceae (11% relative 
abundance), Xanthomonadaceae (7% relative abundance) and Rhodocyclaceae (6% relative 
abundance). Although bacteria from these families are not known to be associated with MIC, several 
genera within the families can reduce nitrate to nitrite, could potentially lead to a risk of corrosion. 

Overall, the microbial communities selected post-incubation varied with different electron acceptors 
provided in the microcosms, with higher relative abundancies of microorganisms adapted to using the 
different electron acceptors present. A comparison between the communities with hydrogen and 

nitrogen in the headspace was not possible for the  experiments as DNA could only be 
amplified from microcosms incubated with hydrogen, this alone however suggests that hydrogen 
promoted the growth and metabolism of the microbial communities including some that have been 
associated with MIC. In microcosms with hydrogen in the headspace, iron treatment promoted the 
growth of methanogens, sulphate reducing bacteria and iron reducing bacteria; sulphate treatment 
strongly promoted sulphate reducing bacteria; and nitrate treatment strongly promoted nitrate reducing 
bacteria.  
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4 DISCUSSION 

4.1   

 soil exhibited the highest rate of hydrogen consumption of the three soils, with complete 
depletion by Day 7 in the iron-, sulphate-, and CO2-treated microcosms, and by Day 14 in the nitrate- 
treated microcosms. This rapid and consistent consumption across all four electron acceptor conditions 
suggests a highly active and metabolically versatile hydrogenotrophic community, capable of efficiently 
exploiting hydrogen as an energy source under a range of electron accepting conditions. 

Methane was detected in the iron- and CO2-reducing microcosms when hydrogen was present in the 
headspace, indicating methanogenic activity; however, when 16S rRNA gene sequence data were 
filtered at 0.5% relative abundance, no Archaea carrying the "Methano-" prefix exceeded this threshold. 

Despite their low relative abundance, these organisms were evidently metabolically active, producing a 
measurable change in headspace composition.  

PCoA analysis [Figure 15], reveals substantial shifts in community composition relative to the initial soil 
inoculum, with clear separation between hydrogen and nitrogen microcosms. This divergence indicates 
that hydrogen availability exerted a strong selective pressure on the microbial community in  
soil, enriching for microorganisms capable of hydrogenotrophic metabolisms. Hydrogen increased the 
relative abundance of several Families associated with MIC including sulphate-reducing bacteria from 
the family Desulfovibrionaceae which had higher relative abundance in hydrogen microcosms with both 
CO2 and sulphate treatment. 

Corrosion rate measurements support a hydrogen-driven MIC risk in  soil. Mass loss from steel 

coupons was higher in microcosms with hydrogen in the headspace compared to microcosms a 
headspace with no hydrogen under iron-, sulphate-, and nitrate-reducing conditions, consistent with the 
stimulation of corrosion-associated microbial activity in microcosms with hydrogen in the headspace. 
The CO2 treatment was an exception, with very minor corrosion which was comparable between 
microcosms with and without hydrogen in the headspace. This may indicate that a specialised 
corrosion-associated community did not develop under those conditions within the experimental 
timeframe, despite the detection of methanogenic activity. 

4.2   

 soil exhibited rapid hydrogen consumption in the iron and CO2 treatments, with complete 
depletion by day 14, suggesting an active and diverse hydrogenotrophic community capable of coupling 
hydrogen oxidation to multiple terminal electron acceptors [Figure 4]. The sulphate treatment showed 
a comparatively slower response with residual hydrogen remaining at the end of the incubation period, 
which may reflect a less abundant or less competitive sulphate reducing population, this was reflected 
in the microbial community composition with most sulphate reducers present at low relative abundance 
[Figure 17]. The nitrate treatment was the only soil treatment combination across the entire experiment 
to show considerable hydrogen remaining after 28 days, which might initially suggest a limited capacity 

for nitrate reduction in  soil. 

However, the exclusive detection of nitrous oxide in  incubations both in microcosms with 
hydrogen in the headspace and with a nitrogen headspace, indicate that active denitrification was 
occurring. The accumulation of N2O suggests that denitrification may have been incomplete. This also 
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implies that sodium nitrate may have been preferentially utilised as an electron acceptor for oxidation 
of organic carbon in the soil over hydrogen, which could account for the comparatively low hydrogen 
consumption observed. This interpretation is supported by microbial community data that identified 
Paenibacillaceae, a Family known to include facultative denitrifiers, in both hydrogen and nitrogen 
microcosms. Additionally, Rhodocyclaceae which are capable of utilising hydrogen as an electron donor 
during denitrification were detected exclusively in microcosms with hydrogen in the headspace.  

Microbial community analysis further supports these interpretations. Shifts in microbial community 
composition relative to the initial soil inoculum were evident after 28 days, with clear divergence 
between microcosms with and without hydrogen in the headspace [Figure 17]. PCoA [F.2] confirms that 
communities in each treatment clustered distinctly from the starting community, with hydrogen 

microcosms showing greater separation than nitrogen microcosms, indicating that hydrogen availability 
was a significant driver of community restructuring. 

Corrosion rate data is inconclusive for  where there was high variability in the data obscuring 
any differences in corrosion rate between live and killed microcosms, and between hydrogen and 
nitrogen headspaces for all treatments. Microbial community analysis did however highlight higher 
relative abundancies of several microorganisms associated with MIC in microcosms with hydrogen gas 
headspace, including Sporomusaceae acetogenic bacteria associated with electrical MIC through direct 
electron transfer.  

4.3  

 soil is physically distinct from  and  soil, comprising large clumps of clay 
with gravel sized particles (0.2 cm to 3cm) and a notable absence of rootlets, which were present in 
both other soils. This coarser, less organic texture likely reflects differences in the microbial community 
structure and nutrient availability within  and may partially account for some of the divergent 
biological responses observed. 

 displayed the slowest rates of hydrogen consumption of the three soils across the Iron, 

Sulphate, and CO₂ treatments, consistent with a less active or less abundant hydrogenotrophic 

community under these electron acceptor conditions. The nitrate treatment was a clear exception, with 
complete hydrogen consumption by Day 7, the fastest response observed in this soil. The starting 

community can therefore be considered broadly adapted to favour nitrate-reducing conditions, as 
further evidenced by the elevated sequence read counts recorded in 16S rRNA gene sequencing 
analysis in nitrate-treated microcosms (averaging 49,000 counts compared to 27,500 in Iron 
treatments), suggesting greater overall microbial growth under nitrate-reducing conditions [Appendix 
D]. This pattern also coincides with the low corrosion rates observed in the sulphate and CO2 
treatments, where slower microbial activity would be expected to limit biologically driven corrosion over 
the experimental timeframe. Corrosion rates of steel coupons was higher in microcosms with a 10% 
hydrogen headspace than in microcosms with a nitrogen headspace in the iron and nitrate treatments, 
consistent with hydrogen-stimulated microbial activity driving corrosion. Despite lower corrosion rates, 

sulphur was detected in SEM/EDS analysis of coupons incubated with CO2 and hydrogen, 
demonstrating some activity of sulphate reducing bacteria in the soil microcosms.  

DNA extraction and subsequent amplification and sequencing of 16S rRNA genes were only successful 
from microcosms incubated with a 10% hydrogen headspace, microcosms with a nitrogen headspace 
yielded insufficient DNA for analysis. While extraction difficulties from clay-rich soils are well 
documented due to the strong binding of DNA to clay particles [18], the failure to extract amplifiable 
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DNA from nitrogen microcosms alongside successful extraction from hydrogen microcosms, suggests 
that hydrogen availability stimulated sufficient microbial growth to yield extractable DNA, while microbial 
activity in microcosms incubated under a nitrogen headspace remained below detection limits. This 
represents an important, if indirect, line of evidence for the role of hydrogen in promoting microbial 
proliferation in this soil. 

Methane production was detected across the Iron, Sulphate, and CO2 hydrogen microcosms [Figure 5], 
with rRNA gene sequencing identifying Methanobacteriaceae in the Iron treatment [Figure 18: Microbial 
community composition in  soil microcosms after 28 days of incubation with a 10% hydrogen 
headspace, under iron-, sulphate- and nitrate-reducing conditions. Data represent the 20 most 
abundant taxa categorized at Family level.Figure 18]. The presence of methanogenic Archaea is 

significant in the context of MIC risk, as members of this family are known to contribute to corrosion of 
steel infrastructure through the direct uptake of electrons from the metal surface, and cathodic 
depolarisation-mediated hydrogen consumption. Their detection here, even as a minor community 
fraction, is consistent with observations of methanogen-associated MIC in other pipeline environments 
[19], and underscores the potential for hydrogen enrichment to select for corrosion-relevant 
methanogenic activity over longer timescales. 
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5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

Hydrogen consumption was observed across all microcosms, with 80-100% consumed in all-but-one 
treatments tested. The sole exception was nitrate-treated microcosms inoculated with  soil. In 
microcosms with a hydrogen headspace, pH the increased across the iron, sulphate and nitrate 
treatments, while nitrogen microcosms exhibited comparatively minor changes in pH across all 
treatments, indicating higher microbial activity in microcosms with 10% hydrogen in the headspace. 

Methane production was detected in the  and  soils across the iron-, sulphate- and 
CO2-treated microcosms in the presence of hydrogen, but was absent in microcosms with no hydrogen 
in the headspace. Conversely, nitrous oxide was detected in nitrate-treated microcosms inoculated with 

 soil both in the presence and absence of in the headspace, indicative of active denitrification. 
Microcosms inoculated with  soil and treated with nitrate also showed nitrous oxide 
accumulation, but the levels were too low to allow reliable quantification. 

DNA extraction and 16S rRNA gene sequencing were largely successful for  and  
soils however, DNA extraction from  soil proved challenging and was unsuccessful for 
microcosms with nitrogen headspace. Sequencing of 16S rRNA genes from the microcosm samples 
revealed clear differences in microbial community composition between microcosms with and without 
hydrogen in the headspace. Hydrogenotrophic microorganisms were markedly more abundant in the 
hydrogen microcosms than in nitrogen microcosms, demonstrating the influence of headspace gas 
composition on community structure. Evidence of microorganisms associated with MIC was found 

across all soils and treatments, with notably higher abundance in hydrogen microcosms than in nitrogen 
microcosms, though MIC associated taxa were present in both. Key microorganisms identified include 
bacteria from the families Shewanellaceae (iron treatments), Desulfovibrionaceae (sulphate 
treatments), Methanobacteriaceae (CO2 treatments) and Paenibacillaceae and Rhodocyclaceae 
(nitrate treatments). 

Corrosion of steel coupons varied across soils and treatments. In microcosms inoculated with 
 and  soil greater corrosion rates were observed in microcosms with hydrogen in 

the headspace relative to microcosms with a 100% nitrogen headspace, while results from  
were similar for either headspace gas. SEM analysis revealed limited quantifiable corrosion features, 

such as metastable pitting, but did confirm the precipitation of salts on coupon surfaces and activity of 
sulphate reducers in two sulphate-treated and one CO2-treated microcosm. 

Although the short experimental timeframe (28 day incubation) yielded some inconclusive corrosion 
rate data, the proliferation of microbial populations associated with MIC in the presence of hydrogen 
highlights the possibility that longer term corrosion risk, on the scale of months to years, cannot be 
excluded. 

5.2 Limitations and Further Work 

The experiments presented here represent a proof of concept for investigating the impact of hydrogen 
on MIC. It was conducted under conditions optimised for mesophilic microorganisms in order to 
generate a measurable response within a short timeframe. Measurements included headspace gas 
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composition, microbial community analysis, and assessment of corrosion on steel coupons. However, 
the short duration of the study imposes inherent limitations on interpreting long-term MIC risk. 

A key consideration is that short-term corrosion tests (≤30 days) do not reliably represent longer-term 
behaviour. In abiotic systems, short-duration tests often record higher initial corrosion rates because 
the steel surface is freshly exposed and has not yet stabilised; over extended exposure, corrosion rates 
typically decline as protective films develop on the metal surface. Frameworks such as the Planned 
Interval Test (PIT) demonstrate that corrosion behaviour varies significantly between early-stage and 
prolonged exposure, reinforcing that short-term data capture only part of the time-dependent corrosion 
profile.  

However, MIC operates under biological kinetics, not purely electrochemical ones. Microbial 

communities require time for colonisation, biofilm maturation, succession, and the establishment of 
metabolically active consortia. As a result, short-term MIC experiments systematically underestimate 
long-term corrosion, capturing only the lag or early exponential growth phase rather than the more 
aggressive stages associated with mature sulphidogenic or hydrogenotrophic biofilms. Therefore, the 
low corrosion rates observed in this 28-day study should be considered conservative indicators, 
underscoring the need for extended testing (90–180 days or more) to capture the full corrosion potential 
under hydrogen-stimulated MIC conditions.  

Several avenues exist for further investigation into the influence of hydrogen on microbial communities 
and the associated MIC risk to steel pipelines: 

 Long-term incubation/exposure experiments (months to years). 
The short timeframe of this study limits the conclusions that can be drawn regarding corrosion 
risk. Extended experiments would allow assessment of whether cumulative microbial activity 

and sustained hydrogen exposure leads to increased corrosion of steel pipelines over 
operationally relevant timescales. 
 

 Temperature conditions reflecting location-specific environments. 

This study was conducted at temperatures optimal for mesophilic conditions. Future work 
should consider incubations at lower temperatures to evaluate the activity of psychrophilic 
microorganisms and their potential contribution to corrosion under cold-climate or seasonal 
conditions. This would also reinforce the need for long-duration studies. 
 

 Experiments without supplementary growth media. 

Removing additional growth media would restrict microorganisms to nutrients available solely 

from the soil inoculum, more closely replicating in-situ conditions. Under these conditions 

microbial activity will likely be lower, requiring longer-term experiments to observe measurable 

corrosion. 

 
 Alternative sources of inoculum from pipeline-adjacent environments. 

Soils used in this study were sourced from terrestrial pipelines. Future work could explore 
inocula from more chemically and microbially diverse environments, such as estuarine 
sediments or subsea pipelines, where elevated salinity, anaerobic conditions, and distinct 
microbial communities may present a heightened or qualitatively different corrosion risk 
compared to terrestrial settings. 
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 Interaction between Cathodic Protection (CP) and MIC. 
Cathodic Protection is a primary defence mechanism for buried steel pipelines, yet its 
interaction with MIC remains an area requiring deeper investigation. While CP can suppress 
electrochemical corrosion, it may also influence microbial activity by altering redox conditions, 

increasing hydrogen availability at the steel surface, or changing the community structure of 
hydrogenotrophic and sulphidogenic microorganisms. Conversely, MIC processes particularly 
those associated with biofilm formation, SRB activity and metabolic acid production may impact 
CP current demand or reduce CP effectiveness through local depolarisation or shielding effects. 
Future work should therefore include controlled experiments that examine (i) how varying CP 
potentials affect microbial community composition and hydrogen-driven metabolisms, and (ii) 
how established MIC biofilms influence CP performance, current distribution, and protective 
potential reach, particularly under hydrogen leakage scenarios. 
 

5.3 Future Research Directions  

5.3.1 Influence of CO₂ Leakage on Soil Microbiomes, MIC Processes and 
CP Performance 

Findings from the CO2-enriched microcosms indicate that elevated CO2 levels can substantially alter 
soil chemistry and microbial behaviour, with potential implications for corrosion processes similar to 
those observed under hydrogen exposure. Dissolved CO2 forms carbonic acid, lowering pH and shifting 

redox conditions in ways that may stimulate CO2-utilising or acid-tolerant microbial groups, including 
acetogens and certain sulphidogenic or iron-reducing taxa. These changes could influence MIC 
pathways by promoting the formation of corrosive metabolites or by altering competitive interactions 
within the soil microbiome. 

In the context of buried CO2 pipelines, even low-rate fugitive CO2 leakage may create localised 
conditions that accelerate external corrosion through both chemical acidification and biologically 
mediated mechanisms. Moreover, CO2-driven changes in soil pH, buffering capacity, and microbial 
colonisation could impact cathodic protection (CP) performance by modifying current demand, altering 
potential distributions, or enabling biofilm development that restricts CP current flow. 

Future investigations should therefore assess the combined chemical and biological effects of sustained 

CO₂ exposure on pipeline-adjacent soils to determine whether CO2 leakage presents an MIC risk 

comparable to hydrogen. Such studies should also evaluate the potential impacts of CO2 on CP 
effectiveness under field-realistic conditions. 
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APPENDIX B MATERIALS CERIFICATES 

B.1 Steel Data Sheet 
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B.2 Laser Cutting Data Sheet 
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B.3 Pipeline Material Chemical Analysis 
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APPENDIX C CHEMICAL COMPOSITION OF BAK AND 
WIDDEL GROWTH MEDIUM 

 

Table 1: Basal media chemicals  

Component  Chemical Formula  Concentration g/l or ml/l  

Distilled water  H2O  Up to 1000  

Sodium Chloride  NaCl  1.0  

Magnesium Chloride 
Hexahydrate  

MgCl2-6H2O  0.5  

Calcium Chloride Dihydrate  CaCl2-2H2O  0.15  

Ammonium Chloride  NH4Cl  0.3  

Potassium Dihydrogen 
Phosphate  

KH2PO4  0.2  

Potassium Chloride  KCl  0.5  

 

Table 2: Trace components 

Component  Chemical Formula  Concentration g/l or ml/l  

Distilled water   H2O  987  

Hydrochloric acid  HCl  12.5  

Boric acid  H3BO3  30  

Iron (II) sulphate Heptahydrate  FeSO4-7H2O  2.1  

Manganese (II) chloride 
tetrahydrate  

MnCl2-4H2O  0.1  

Cobalt (II) chloride 
hexahydrate  

CoCl2-6H2O  0.19  

Nickel (II) chloride 
hexahydrate  

NiCl2-6H2O  0.024  

Copper (II) chloride dihydrate   CuCl2-2H2O  0.002  

Zinc sulphate heptahydrate  ZnSO4-7H2O  0.144  

Sodium molybdate dihydrate  Na2MoO4-2H2O  0.018  

Sodium selenite pentahydrate  Na2SeO3-5H2O  0.004  

Sodium tungstate dihydrate  Na2WO4-2H2O  0.008  
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Table  3: Vitamins 

 

Component  Formula  Concentration  

4-Aminobenzoic Acid  C7H7NO2  0.004  

D(+)-Biotin  C10H16N2O3S  0.001  

Nicotinic Acid  C6H5NO2  0.01  

Calcium  D(+)-pantothenate  C18H32CaN2O10  0.005  

Pyridoxamine dihydrochloride  C8H12N2O2-2HCl  0.015  

Thiamine 

Chloride hydrochloride  

C12H18Cl2N4OS  0.01  

Cyanocobalamin  C63H88CoN14O14P  0.005  

 

Table 4: Bicarbonate Mixture 

Component  Formula  Concentration  

Distilled Water  H2O  Up to 1000  

Sodium Bicarbonate  NaHCO3  84.0  

 

Table 5: Sodium sulphide solution 

Component  Formula  Concentration g/l or ml/l  

Distilled water  H2O  Up to 1000  

Sodium Sulphide nonahydrate  Na2S-9H2O  48  

 

Table 6: Electron acceptor treatments added to different microcosms 

Component  Chemical Formula  Concentration g/l or ml/l  

Ferric (III) Citrate  C6H5FeO7  1.2247  

Sodium Sulphate  Na2SO4  0.7102  

Sodium Nitrate  NaNO3  0.4249  
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