:'l
~ INTERNATIONAL Conference & Expo ©@

Investigation of the Impact of an Enhanced Oil Recovery Polymer on Microbial Growth and MIC

Ru Jia Hasrizal Bin Abd Rahman
Dept. of Chemical & Biomolecular Engineering Hydrocarbon Recovery
Institute for corrosion & multiphase technology Group Research & Technology
Ohio University Project Delivery & Technology
Athens, OH 45701 PETRONAS, Malaysia
Dongging Yang Tingyue Gu (gu@ohio.edu)

Dept. of Chemical & Biomolecular Engineering Dept. of Chemical & Biomolecular Engineering
Institute for corrosion & multiphase technology Institute for corrosion & multiphase technology
Ohio University Ohio University
Athens, OH 45701 Athens, OH 45701
ABSTRACT

In the oil and gas industry, water flooding, often with a polymer additive, is used in enhanced oil
recovery (EOR) to increase reservoir pressure because reservoirs are aging. This practice causes
operational concerns because water flooding brings nutrients and microbes downhole, which may allow
microbes to flourish. Polymers such as carboxymethyl cellulose sodium are used in EOR to increase
the viscosity of the injection water. However, there is a possibility that EOR polymers may be utilized as
a carbon source by microbes downhole causing reservoir souring and microbiologically influenced
corrosion (MIC). In this work, carboxymethyl cellulose sodium (3,000 ppm by mass) was found to be
utilized by an oilfield biofilm consortium containing various microbes including sulfate reducing bacteria
(SRB) and biodegradation microbes during a 30-day anaerobic incubation test at 37°C. The polymer
utilization increased the planktonic cell count and SRB sessile cell count in anaerobic vials with 100 ml
artificial seawater. After the 30-day incubation, the polymer utilization led to 16% viscosity loss. The
utilization also slightly increased weight loss and pitting corrosion on C1018 carbon steel.

Key words: microbiologically influenced corrosion, biofilm, enhanced oil recovery, reservoir, polymer,
biodegradation
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INTRODUCTION

In the oil and gas industry, enhanced oil recovery (EOR) is utilized very often nowadays because
reservoirs are aging.! Water flooding with added EOR chemicals is used to increase reservoir
pressure.? Seawater is often injected. This practice brings oxidants (e.g., sulfate), nutrients and
microbes downhole.? A reservoir is strictly anaerobic.* Oxygen is usually removed during water flooding
to avoid oxygen corrosion of downhole tubing. In this environment, anaerobic microbes such as sulfate
reducing bacteria (SRB) flourish.> SRB can produce biogenic H,S causing reservoir souring.®
Fermentative microbes can also grow.” In the field environments, microbes live in synergistic biofilm
consortia.? Biofilms can cause biocorrosion in many industries, especially in the oil and gas industry.®-12
This kind of corrosion is also known as microbiologically influenced corrosion (MIC).*3 MIC is gaining
more concerns since the Trans-Alaska Pipeline leak in 2006.14 It is important to investigate whether
EOR polymers can be used by microbes as organic carbons thus worsening reservoir souring and MIC.

Adding a polymer in EOR is an efficient way to increase fluid viscosity.'®> Xanthan gum, partially
hydrolyzed polyacrylamide (HPAM) and cellulose-based polymer are commonly used in EOR. Xanthan
gum was popular in the old days. However, it was found that it is susceptible to microbial degradation
which leads to the loss of viscosity.'® It is a polysaccharide!’ that is widely used as a food additive.*®
HPAM is inexpensive and commonly used in recent years. Reports showed that HPAM can also be
utilized by microbes.® It was found that HPAM can be utilized by a sulfate reducing bacterium as a
carbon source resulted in viscosity loss.?° Bacillus cereus was found to utilize the amide group and the
carbon backbone of HPAM as their nitrogen and carbon sources, respectively.?! Cellulose-based
polymers have been adopted as polymer flooding materials in EOR in recent years.?? Some reports
showed that the fermentation products of cellulose such as organic acids can be used as organic
carbon and contribute to SRB growth.?324 There is no literature reporting direct utilization of cellulose-
based polymers by SRB. However, microbes live in biofilm consortia in the field. It is expected that
other microbes can digest it and then provide organic nutrients to SRB. So far, there is a lack of reports
showing the utilization of cellulose-based polymers that affects microbial growth and MIC.

In this work, a commercial cellulose-based polymer (carboxymethyl cellulose sodium) at 3,000 ppm
(w/w) was tested in 125 ml anaerobic vials to see whether it could be utilized by an oilfield biofilm
consortium containing SRB and biodegradation microbes during a 30-day incubation period. Planktonic
cell count, SRB sessile cell count, pitting data and weight loss data were analyzed to check its effects
on the microbial growth and MIC of C1018 carbon steel.

EXPERIMENTAL PROCEDURE

A corrosive oilfield biofilm consortium labeled as Consortium Il containing SRB, fermentative microbes
and biodegradation microbes was used in this work. Its metagenomics data are reported previously.’
Consortium Il was cultured in artificial seawater for testing. The composition of artificial seawater was
(9/1): NaCl 23.476, Na>SO4 3.917, NaHCO3 0.192, KCI 0.664, KBr 0.096, H3sBOs 0.026, MgCl,:6H,0O
10.610, SrCl;-6H,0O 0.040, CaCl,-2H,O 1.469, tri-sodium citrate 0.5, MgSO4-H,O 0.4, CaSO4 0.1,
NH4Cl 0.1, K;HPO4 0.05, Fe(NH4)2(S04)2 0.5. The artificial seawater was enriched with 3.5 g/l sodium
lactate and 1 g/l yeast extract only for the seed culture of Consortium Il and 1 ml of it was used to
inoculate 100 ml artificial seawater. The medium, vials and other lab tools were sterilized at 121°C for
20 min. One hundred ppm L-cysteine was used as an oxygen scavenger to counter any potential
oxygen ingress. All liquid solutions were deoxygenated by sparging with filtered N; for at least 0.5 h
before use. Square C1018 carbon steel coupons were used in this task. Only a 1 cm? top surface was
exposed while the others were coated with inert Teflon. Coupons were polished sequentially with 180,
400 and 600 grit sandpapers. After that, coupons were cleaned with pure alcohol and then dried under
UV light. A commercial cellulose-based polymer (carboxymethyl cellulose sodium) (100%) was
provided by Petronas of Malaysia. Other chemical reagents were from Fisher Scientific (Pittsburgh, PA,
USA) or Sigma-Aldrich (St Louis, MO, USA).
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Table 1 shows the test conditions. Five replicate coupons and 100 ml culture medium were added to
each 125 ml anaerobic vial (Wheaton Industries Inc., Millville, NJ, USA) before inoculation using 1 ml
seed culture. Carboxymethyl cellulose sodium was added to the culture medium to reach 3,000 ppm.
The uninoculated artificial seawater with 3,000 ppm polymer was used as the abiotic control. The initial
pH of the culture medium was 7.5 before inoculation. The initial planktonic cell concentration was 108
cells ml* following inoculation. After inoculation, sealed anaerobic vials were incubated at 37°C without
shaking. The planktonic cell count was obtained using a hemocytometer.?®> After 7, 14, 21 and 30 days,
coupons were retrieved for various analyses. The most probable number (MPN) method in this work
used modified Postgate's B liquid medium (Biotechnology Solutions’, Houston, TX, USA) for SRB
sessile cell count.? The viscosity was measured using a falling ball viscometer at 23°C. After 30 days of
incubation, biofilms were examined under scanning electron microscopy (SEM) (Model JSM-6390,
JEOL', Tokyo, Japan) and confocal laser scanning microscopy (CLSM) (Model LSM 510, Carl Zeiss',
Jena, Germany).> At least 4 coupons were used for each weight loss data point. Biofilms and corrosion
products were removed and cleaned using Clarke’s solution for 0.5 min before weighing the coupons.
Corrosion pit images were obtained under SEM.

Table 1
Text Matrix of impact of cellulose-based EOR polymer on microbial growth and corrosion

Microbe Biofilm Consortium Il

EOR polymer Carboxymethyl cellulose sodium
. 0 ppm polymer

Concentration 3,000 ppm polymer

Liquid medium Artificial seawater

Liquid volume 100 ml in 125 ml anaerobic vials

Temperature 37°C

Duration 30 days

Planktonic cell count, SRB sessile cell count, medium
viscosity, biofilm images, coupon weight loss, pit image

Assay

RESULTS

Figure 1 shows planktonic cell counts during the 30-day incubation in the culture media with and
without the polymer. The planktonic cell count in the inoculated artificial seawater with O ppm polymer
decreased during incubation continuously due to a shortage of organic carbon in the medium. With
3,000 ppm carboxymethyl cellulose sodium in the medium, the planktonic cell amount decreased in the
first 6 days. Then, it started to increase. The results showed that biofilm Consortium Il adapted during
the first few days and then started to utilize carboxymethyl cellulose sodium as an organic carbon
source for growth. The adaption period is a typical phenomenon because cells need time to synthesize
new enzymes to digest a new organic carbon. The SRB sessile cell count data in Figure 2 show that
the utilization of carboxymethyl cellulose sodium contributed to the increase of the SRB sessile cell
count. The SRB sessile cell count in the medium with O ppm polymer decreased during the 30-day
incubation. However, the SRB sessile cell count in the medium with 3,000 ppm polymer did not
decrease during the incubation period. SRB benefited from the metabolic products of carboxymethyl

Trade name

©2018 by NACE International.

Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to

NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.

The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

3



cellulose sodium.?* In this work, only SRB sessile cell count was assayed because SRB dominated
biofilm Consortium Il for the growth condition used in this work.’
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Figure 1. Planktonic cell counts in inoculated artificial seawater with and without polymer. (Error
bars represent standard deviations from 4 independent samples.)
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Figure 2. SRB sessile cell counts in inoculated artificial seawater with and without polymer for
different incubation lengths. (Error bars represent standard deviations from 4 independent
samples.)

The polymer utilization promoted cell growth especially SRB growth. This is visually verified by Figure
3. More Fe?* ions were precipitated by biogenic sulfide as black FeS precipitates in the medium with
3,000 ppm polymer compared with that having 0 ppm polymer. This was because more cell growth
produced more HS" to precipitate Fe?*. Figure 4 shows the viscosity change of the culture medium with
3,000 ppm carboxymethyl cellulose sodium in the abiotic medium and in the inoculated atrtificial
seawater during the 30-day incubation time. In the abiotic control, the viscosity remained almost
constant as expected during the incubation. However, in the inoculated medium, the viscosity of the
culture medium decreased by 16% after the 30-day incubation. The results further confirmed that
microbes in Consortium Il degraded some carboxymethyl cellulose sodium. This polymer utilization was
consistent with the planktonic cell count (Figure 1) and the SRB sessile cell count (Figure 2).

Figure 5 shows biofilm images under SEM and CLSM after 30 days of incubation in inoculated culture
media with and without carboxymethyl cellulose sodium. SEM images of biofilms on coupons from the
media with 0 ppm and 3,000 ppm polymer show that biofilm Consortium Il was a mixed culture in
Figure 5A and Figure 5B. However, biofilm SEM images only showed that there were numerous sessile
cells without distinguishing live and dead cells. Figure 5A" shows that sessile cells on the coupon from
the medium with O ppm polymer after 30 days of incubation were mostly dead cells (red dots), whereas
sessile cells on the coupon incubated with 3,000 ppm polymer were mostly live cells (green dots). The
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biofilm thickness on the coupon incubated with 3,000 ppm polymer was larger than that on the coupon
incubated with O ppm polymer.

(A) (B)

Figure 3. Images of anaerobic vials after 30-day incubation in artificial seawater: (A) with O ppm
polymer, and (B) with 3,000 ppm polymer.
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Figure 4. Viscosities of the abiotic artificial seawater and inoculated artificial seawater, both
with 3,000 ppm polymer. (Error bars represent standard deviations from 3 independent
samples.)
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Figure 5. Biofilm SEM and CLSM images on the surfaces of coupons after the 30-day incubation
in inoculated artificial seawater with O ppm polymer (A, A", and with 3,000 ppm polymer (B, B").

The weight losses of coupons incubated after 30 days in the abiotic artificial seawater with 3,000 ppm
polymer and in the inoculated artificial seawater with and without polymer are shown in Figure 6. The
coupon incubated in the abiotic medium showed negligible corrosion indicating that chemicals in the
abiotic culture medium caused almost no corrosion under anaerobic condition. The small weight loss
could be attributed to coupon cleaning. The coupons incubated in the inoculated medium with 3,000
ppm polymer showed slightly more weight loss than that of coupons incubated in the inoculated
medium with O ppm polymer. However, they were not statistically significant. The culture medium pH for
the abiotic medium was still 7.5 after 30 days of incubation. The culture medium pH values of the
inoculated medium with O ppm polymer were more than 7.5 during the 30-day incubation as shown in
Figure 7. The pH values of the inoculated medium with 3,000 ppm polymer were more than 6.5 and
slightly increased during the incubation. The organic acid attack was not a significant factor in corrosion
with this kind of pH. Negligible pitting corrosion was found on the coupons incubated in the abiotic
control with 3,000 ppm polymer as shown in Figure 8(A, A"). More pits are seen on the SEM image for
the coupon from the inoculated medium with 3,000 ppm polymer (Figure 8C") compared to that with 0
ppm polymer (Figure 8B'). The pitting data corroborate the weight loss data in Figure 6.

©2018 by NACE International.

Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to

NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.

The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

7



KKK
oSeretetateteteteteds;
elgatesels:

J osesateleletetetetod
fotetodetetedeletetole:

SRS
reresetetetetetedelels
LIS
eteleteleleletedetete:
fodedetoteetedetetede
oreteetetetedeteted
reteteletetedeteteted:
1 - 0RHNRN

Weight loss (mg/cmz)
N

) g
K555
SR
SRRRLHRKRS
- 0.0.0.0.0.."

R TREERHKKHA
Nesesotete e teteetel

0 RN
oG
po©
Y
AL 0
00 p‘)ﬁ\ ? %
50

Figure 6. Weight loss of coupons after 30 days of incubation in inoculated artificial seawater
with and without polymer. (Error bars represent standard deviations from 6 independent
samples.)

Biofilms are responsible for MIC.26 The biocatalytic cathodic sulfate reduction (BCSR) theory explains
the SRB MIC with sulfate as the terminal electron acceptor.?” The following two reactions in BCSR
explained the bioenergetics of MIC because of the utilization of extracellular electrons by SRB in EET-
MIC with extracellular electron transfer (EET).282°

Fe — Fe?* + 2e” Q)
S04 + 9H* + 8e~ — HS™ + 4H,0 2)

The equilibrium potential for Fe?* reduction and sulfate reduction are -447 mV and -214 mV,
respectively versus standard hydrogen electrode at 25°C, pH 7, 1 M solutes (1 bar gases).%° The AE' of
the redox reaction coupling Reactions 1 and 2 is +233 mV, which means the reaction is
thermodynamically favorable.®! However, in the abiotic control, negligible corrosion was found although
it contained sulfate. This was because the actual reaction rate depended on kinetics which needed
biocatalysis of SRB. More corrosion was found in the inoculated medium judging from the weight loss
and pitting corrosion. The results show that biocatalysis was necessary for SRB MIC. As more FeS
precipitation was observed in the inoculated medium with 3,000 ppm polymer as shown in Figure 3.
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Reaction 3 below explains the lower pH observed in the inoculated medium with 3,000 ppm polymer
compared to that in the medium with O ppm polymer.2®

Fe?* + HS™ — FeS + H* 3)
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Figure 7. Culture medium pH values in inoculated artificial seawater with and without polymer.
(Error bars represent standard deviations from 3 independent samples.)
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Figure 8. Pit images (apostrophe indicates lower resolution images) for coupons after 30 days
of incubation in artificial seawater with and without polymer: (A) 3,000 ppm polymer (abiotic
control), (B) 0 ppm polymer (inoculated), and (C) 3,000 ppm polymer (inoculated).

CONCLUSIONS

The results in this work showed that carboxymethyl cellulose sodium present as the sole organic
carbon in the artificial seawater at 3,000 ppm was utilized by biofilm Consortium Il during the 30-day
anaerobic incubation test. The polymer utilization increased the planktonic cell count and SRB sessile
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cell count in 125 ml anaerobic vials. After the 30-day incubation, viscosity decreased by 16% in the
inoculated culture medium containing 3,000 ppm polymer. The utilization also slightly increased weight
loss and pitting corrosion on C1018 carbon steel. A future project evaluating biocide efficacy in the
mitigation of MIC in polymer flooding is recommended.

ACKNOWLEDGEMENTS

We acknowledge the financial support from PETRONAS Research Sdn. Bhd., Malaysia.

10.

11.

12.

REFERENCES

R. Jia, D. Yang, H.B. Abd Rahman, P.A. Hamid, I.K. Salleh, J.M.M. Ibrahim, T. Gu, “Laboratory
testing of enhanced biocide mitigation of microbiologically influenced corrosion in enhanced oil
recovery,” Corrosion/2017, Paper No. C2017-9039 (New Orleans, LA: NACE, 2017).

J.J. Sheng, “A comprehensive review of alkaline—surfactant—polymer (ASP) flooding,” Asia-Pac. J.
Chem. Eng. 9 (2014): pp. 471-489.

R. Jia, D. Yang, A. Zlotkin, Y. Li, T. Gu, “A novel peptide at a very low concentration enhanced
biocide treatment of corrosive biofilms,” Corrosion/2017, Paper No. C2017-8950 (New Orleans,
LA: NACE, 2017).

C.M. Aitken, D.M. Jones, S.R. Larter, “Anaerobic hydrocarbon biodegradation in deep subsurface
oil reservoirs,” Nature 431 (2004): pp. 291-294.

R. Jia, D. Yang, Y. Li, D. Xu, T. Gu, “Mitigation of the Desulfovibrio vulgaris biofilm using
alkyldimethylbenzylammonium chloride enhanced by D-amino acids,” Int. Biodeterior. Biodegrad.
117 (2017): pp. 97-104.

F. Shi, L. Zhang, J. Yang, M. Lu, J. Ding, H. Li, “Polymorphous FeS corrosion products of pipeline
steel under highly sour conditions,” Corros. Sci. 102 (2016): pp. 103-113.

Y. Li, R. Jia, H.H. Al-Mahamedh, D. Xu, T. Gu, “Enhanced biocide mitigation of field biofilm
consortia by a mixture of D-amino acids,” Front. Microbiol. 7 (2016) p. 896.

R. Jia, D. Yang, H.H. Al-Mahamedh, T. Gu, “Electrochemical testing of biocide enhancement by a
mixture of D-amino acids for the prevention of a corrosive biofilm consortium on carbon steel,” Ind.
Eng. Chem. Res. 56 (2017): pp. 7640-7649.

R. Jia, Y. Li, H.H. Al-Mahamedh, T. Gu, “Enhanced biocide treatments with D-amino acid mixtures
against a biofilm consortium from a water cooling tower,” Front. Microbiol. 8 (2017): p. 1538.

D. Xu, R. Jia, Y. Li, T. Gu, “Advances in the treatment of problematic industrial biofilms,” World J.
Microbiol. Biotechnol. 33 (2017): p. 97.

Y. Lou, L. Lin, D. Xu, S. Zhao, C. Yang, J. Liu, Y. Zhao, T. Gu, K. Yang, “Antibacterial ability of a
novel Cu-bearing 2205 duplex stainless steel against Pseudomonas aeruginosa biofilm in artificial
seawater,” Int. Biodeterior. Biodegrad. 110 (2016): pp. 199-205.

R. Jia, D. Yang, Y. Li, H.H. Al-Mahamedh, T. Gu, “Enhancement of alkyldimethylbenzylammonium
chloride and tributyl tetradecyl phosphonium chloride biocides using D-amino acids against a field

©2018 by NACE International.

Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to

NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.

The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

11



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

biofilm consortium,” Corrosion/2016, Paper No. C 2016-7279 (Vancouver, BC, Canada: NACE,
2016).

R. Jia, D. Yang, D. Xu, T. Gu, “Mitigation of a nitrate reducing Pseudomonas aeruginosa biofilm
and anaerobic biocorrosion using ciprofloxacin enhanced by D-tyrosine,” Sci. Rep. 7 (2017): p.
6946.

G.A. Jacobson, “Corrosion at Prudhoe Bay: a lesson on the line,” Mater. Perform. 46 (2007): pp.
26-34.

D.C. Standnes, |. Skjevrak, “Literature review of implemented polymer field projects,” J. Petrol.
Sci. Eng. 122 (2014): pp. 761-775.

A. Mandal, “Chemical flood enhanced oil recovery: a review,” Int. J. Oil Gas Coal Technol. 9
(2015): pp. 241-264.

M. Marudova-Zsivanovits, N. Jilov, E. Gencheva, “Rheological investigation of xanthan gum-—
chromium gelation and its relation to enhanced oil recovery,” J. Appl. Polym. Sci. 103 (2007): pp.
160-166.

H.Y. Jang, K. Zhang, B.H. Chon, H.J. Choi, “Enhanced oil recovery performance and viscosity
characteristics of polysaccharide xanthan gum solution,” J. Ind. Eng. Chem. 21 (2015): pp. 741-
745.

C.Y. Li, D. Zhang, X.X. Li, S.M. Mbadinga, S.Z. Yang, J.F. Liu, J.D. Gu, B.Z. Mu, “The biofilm
property and its correlationship with high-molecular-weight polyacrylamide degradation in a water
injection pipeline of Daging oilfield,” J. Hazard. Mater. 304 (2016): pp. 388—399.

F. Ma, L. Wei, L. Wang, C.C. Chang, “Isolation and identification of the sulphate-reducing bacteria
strain H1 and its function for hydrolysed polyacrylamide degradation,” Inter. J. Biotechnol. 10
(2008): pp. 55-63.

M. Bao, Q. Chen, Y. Li, G. Jiang, “Biodegradation of partially hydrolyzed polyacrylamide by
bacteria isolated from production water after polymer flooding in an oil field,” J. Hazard. Mater. 184
(2010): pp. 105-110.

A.A. Olajire, “Review of ASP EOR (alkaline surfactant polymer enhanced oil recovery) technology
in the petroleum industry: Prospects and challenges,” Energy 77 (2014): pp. 963-982.

Y.W. Cheong, W. Hur, G.J. Yim, S.W. Ji, J.E. Yang, H.J. Baek, Y.S. Shim, “Longevity of organic
layers of vertical flow ponds for sulfate reduction in treating mine drainages in South Korea,”
Environ. Geochem. H. 34 (2012): pp. 115-121.

M.P. Matshusa-Masithi, J.S. Ogola, L. Chimuka, “Use of compost bacteria to degrade cellulose
from grass cuttings in biological removal of sulphate from acid mine drainage,” Water SA 35
(2009): pp. 111-116.

R. Jia, D. Yang, D. Xu, and T. Gu, “Anaerobic corrosion of 304 stainless steel caused by the
Pseudomonas aeruginosa biofilm,” Front. Microbiol. 8 (2017): pp. 2335.

R. Jia, D. Yang, D. Xu, T. Gu, “Electron transfer mediators accelerated the microbiologically
influence corrosion against carbon steel by nitrate reducing Pseudomonas aeruginosa biofilm,”
Bioelectrochemistry 118 (2017): pp. 38-46.

©2018 by NACE International.

Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to

NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.

The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

12



27.

28.

29.

30.

31.

R. Jia, D. Yang, J. Xu, D. Xu, T. Gu, “Microbiologically influenced corrosion of C1018 carbon steel
by nitrate reducing Pseudomonas aeruginosa biofilm under organic carbon starvation,” Corros.
Sci. 127 (2017): pp. 1-9.

R. Jia, J.L. Tan, P. Jin, D.J. Blackwood, D. Xu, and T. Gu, “Effects of biogenic H.S on the
microbiologically influenced corrosion of C1018 carbon steel by sulfate reducing Desulfovibrio
vulgaris biofilm,” Corros. Sci. 130 (2017): pp. 1-11.

R. Jia, D. Yang, H.B. Abd Rahman, T. Gu, “Laboratory testing of enhanced biocide mitigation of
an oilfield biofilm and its microbiologically influenced corrosion of carbon steel in the presence of
oilfield chemicals,” Int. Biodeterior. Biodegrad. 125 (2017): pp. 116-124.

D. Xu, Y. Li, F. Song, T. Gu, “Laboratory investigation of microbiologically influenced corrosion of
C1018 carbon steel by nitrate reducing bacterium Bacillus licheniformis,” Corros. Sci. 77 (2013):
pp. 385-390.

D. Xu, Y. Li, T. Gu, “Mechanistic modeling of biocorrosion caused by biofilms of sulfate reducing
bacteria and acid producing bacteria,” Bioelectrochemistry 110 (2016): pp. 52-58.

©2018 by NACE International.

Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to

NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.

The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

13



