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ABSTRACT

Carbon dioxide (CO.) absorption is a matured technology for CO> capture and
natural gas purification process. However, the presence of the acid gas in the unit
operation poses corrosion issues which need to be addressed to ensure integrity of the
operation system is uncompromised. The present study explores and provides
comprehensive information on the effects of process parameter variations on the
corrosion behaviour of carbon steel in CO. absorption systems using
methylethanolamine (MEA) blended with methanol (MeOH) or N-methyl-2-
pyrrolidone (NMP) as aqueous and hybrid solutions. The process parameters of
interest involved amine solutions type, temperature, and CO> loading. The gravimetric
and electrochemical experiments were carried out to investigate the corrosion
behaviour of the carbon steel coupons in these solutions. The results indicated that the
corrosion rate of carbon steels immersed in different amine solutions increased as the
solution temperature and CO: loading rose. The gravimetric results showed that the
carbon steel coupons had the lowest corrosion rate were the ones immersed
in MEA+MeOH. Both MEA aqueous and hybrid solutions were examined using
Raman spectroscopy analysis and the surface of the carbon steel coupons
subjected to the corrosion were studied using field emission scanning electron
microscopy (FESEM). However, the Electrochemical Impedance Spectroscopy
(EIS) results showed an opposite trend from the gravimetric results. This was
because the carbon steel immersed in MEA+H>O had the highest resistance
toward corrosion. For the electrochemical measurement method, unlike
gravimetric measurement method, the surface of carbon steel coupons after the
immersion was not scrubbed and straightaway brought for testing upon lifting from
the solution. Hence, the high resistance detected could be due to the initiation of
spontaneous passivation on the carbon steel coupons. Multivariable Power Least
Squares Method (MPLSM) was adopted to further examine the relationship of the
studied parameters to the corrosion behaviour of carbon steels immersed in solutions
MEA+H>0 and MEA+MeOH. The results showed a positive correlation for MEA
+H,O with the immersion time as the most prominent effect affecting
polarization resistance. As for the MEA+MeOH, it was found that the lower R? value
of 0.5 indicated that the current measured parameters were not sufficient to represent
the response data set. This implies the interaction between parameters could also
affect the polarization resistance. The knowledge gained from this project could
contribute to industries in reviewing the impact of organic solvents and improving on
the corrosion issue in the operation.



ABSTRAK

Penyerapan karbon dioksida (CO>) adalah teknologi matang untuk menangkap
CO: serta proses pembersihan gas asli. Walau bagaimanapun, kehadiran gas asid
dalam operasi unit menimbulkan isu-isu kakisan yang perlu ditangani oleh industri
untuk memastikan integriti sistem operasi tidak dikompromi. Kajian ini meneroka dan
menyediakan maklumat yang komprehensif mengenai kesan variasi parameter proses
ke atas tingkah laku kakisan keluli karbon dalam sistem penyerapan CO>
menggunakan methylethanolamine (MEA) dicampur dengan metanol (MeOH) atau N-
methyl-2-pyrrolidone (NMP) sebagai penyelesaian akueda dan hibrid. Parameter
proses minat melibatkan jenis penyelesaian amine, suhu, dan beban CO2. Eksperimen
gravimetric dan elektrokimia telah dijalankan untuk menyiasat tingkah laku kakisan
kupon keluli karbon dalam penyelesaian ini. Hasil eksperimen menunjukkan bahawa
kadar kakisan keluli karbon yang tenggelam dalam penyelesaian amine yang berbeza
meningkat sebagai suhu penyelesaian dan peningkatan beban CO,. Keputusan
gravimetric menunjukkan bahawa kupon keluli karbon mempunyai kadar kakisan
yang paling rendah adalah yang tenggelam dalam MEA+MeOH. Kedua-dua
penyelesaian berair dan hibrid MEA telah diperiksa menggunakan analisis
spekroskopi Raman dan permukaan kupon keluli karbon yang tertakluk kepada
kakisan telah dikaji menggunakan imbasan pelepasan medan mikroskopi elektron
(FESEM). Sebaliknya, keputusan Electrochemical Impedance Spectroscopy (EIS)
menunjukkan trend yang bertentangan dari hasil gravimetric kerana keluli karbon yang
direndam dalam MEA+H>0 mempunyai rintangan tertinggi terhadap kakisan. Untuk
kaedah pengukuran elektrokimia, tidak seperti kaedah pengukuran gravimetric,
permukaan kupon keluli karbon selepas rendaman tidak disapu dan terus dibawa untuk
ujian apabila mengangkat dari penyelesaian. Oleh itu, rintangan tinggi yang
dikesan mungkin disebabkan oleh permulaan kepasifan spontan pada kupon keluli
karbon. Kaedah Power Least Squares pelbagai variasi (MPLSM) telah diterima
pakai untuk mengkaji lebih lanjut hubungan parameter yang dikaji kepada tingkah
laku kakisan keluli karbon yang direndam dalam penyelesaian MEA+H>0 dan
MEA+MeOH. Keputusan menunjukkan korelasi positif untuk MEA+ H.O dengan
masa rendaman sebagai kesan yang paling menonjol yang mempengaruhi rintangan
polarisasi. Bagi MEA+MeOH, ia mendapati bahawa nilai R? yang lebih rendah
sebanyak 0.5 yang menunjukkan bahawa parameter diukur semasa tidak mencukupi
untuk mewakili set data tindak balas. Ini menunjukkan bahawa interaksi antara
parameter juga boleh menjejaskan rintangan polarisasi. Adalah dijangkakan
bahawa pengetahuan yang diperoleh daripada projek ini boleh menyumbang
kepada industri untuk mengkaji kesan pelarut organik dalam meningkatkan isu
kakisan dalam operasi.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

It is imperative to remove the acidic gases such as carbon dioxide (CO>) from
a gas stream like natural gas to achieve the pipeline standard specification for the
business distribution that is applied at industrial scale [4]. The process can also be
applied to flue gas from combustion process to alleviate greenhouse gas emission to
the environment [4]. High CO> content will reduce the market value of natural gas and
cause corrosion in the pipeline if the gas is exposed to water [4]. Hence, prudent
strategies of CO2 separation are required to optimize both the capital and the operating

expenses of carbon capture technology.

The removal of CO> through absorption process using chemical absorbent is
more commonly carried out than physical absorbent due to their better performance of
CO- absorption at low CO; partial pressure [5]. Additionally, with the emergence of
aqueous alkanolamine solutions, chemical absorption is considered as one of the
leading matured carbon scrubbing technologies in recent years [5]. Alkanolamine such
as monoethanolamines (MEA), methyldiethanolamine (MDEA), diethanolamine
(DEA) and di-2-propanolamine (DIPA) solutions have been frequently used for CO;
absorption process [5]. However, material corrosion is one of the drawbacks associated
these alkanolamine solutions . In the real industry application, when they are in contact
with tubing lines and the absorption vessel unit made of carbon steel during the
chemical absorption process, the tubing and vessel would be susceptible to the
phenomena of corrosion [6, 7]. Carbon steel is usually adopted as the construction
material for many industrial units, inclusive of the chemical absorption unit operations.
In fact, the production of carbon steel accounts for almost 85 % of the total annual

steel production worldwide due to its lower costcompared to other types of alloy [6].



Consequently, the chemical absorption units made up of carbon steel are susceptible
to corrosion in the real industry applications [7].

Carbon steel corrosion is a non-desired phenomenon that causes degradation
of pipes, and unit operations in the plants. From economic perspective, it is very
important to understand the corrosion behavior of carbon steel since every significant

investment on plant's equipment or system counts [8].

Various types of corrosion can happen in an amine-based CO; absorption unit.
These include uniform corrosion, erosion-corrosion, pitting corrosion, intergranular
corrosion, crevice corrosion, , and stress corrosion cracking (SCC) [9]. Generally,
catastrophic failure of major equipment or a plant due to corrosion problem is
intolerable. To further elaborate, the corrosion in CO. absorption plants poses
significant negative impacts on the industrial economics as well as the safety of plant
personnel. The plants could suffer from the losses of revenue due to equipment
downtime, cost of repair for the corroded process component, production losses and
shortening of equipment life span [10]. According to Greck [11], revenue loss up to
RM 1.36 million per day was reported in an amine plant with the production capacity
of 100 MMscf (million standard cubic feet) due to corrosion-related repairs. The
World Factbook 2017 also provided the information as in Figure 1.1 which shows the
data of global cost of corrosion by different categories. The global cost of corrosion is
estimated to be RM 10.19 trillion per year [11].

Agricultur
$153, 6%

Services,
$906 ,
36%

Industry,

$1,447 ,

58%

Figure 1.1 Data of cost corrosion study from National Association Corrosion

Engineer (NACE) corrosion report. Adopted from Impact, N.E, 2017 [8].



In recent years, a new dedicated hybrid formulation is adopted by Total to
improve CO. absorption performance of chemical absorption process. It is a
replacement for the conventional alkanolamine aqueous solvent that allows to remove
various acid gases simultaneously. The hybrid solvent is a mixture of physical and
chemical absorbents whereby its capability to remove CO: is optimized [12]. There
are numerous studies highlighting different hybrid solvents which are composed of
amines such as MEA, Aminomethyl propanol (AMP), and, Dimethylethanolamine
(DMEA) with acetal compounds are adopted for CO> absorption. One of the acetal
compounds, 2,5,7,10-tetraoxaundecane (TOU) plays as a physical absorbent is
observed to improve the performance of CO; absorption significantly compared to
other compounds [13]. Another study also found that hybrid solvent consisted of MEA,
N-Methyl-2-pyrrolidone (NMP) and water was able to improve the CO, removal from
natural gas with high CO. concentration, compared to the common MEA aqueous
solvent [14]. Additionally, hybrid solvent of MEA mixed with methanol (MeOH) was
reported to be able to increase the CO2 absorption performance [15]. With these
findings, MEA is regarded as the first-generation benchmark and most well-known
amine that makes up hybrid solvents for CO capture. The characteristics such as high
reactivity and fast absorption rate are among the major reasons for alkanolamine (or
MEA specifically) to be widely used in CO> absorption processes [16, 17]. However,
MEA is very corrosive and this is affirmed by the literatures [18]. Although hybrid
solvents had been proven to improve CO, absorption performance, the high corrosion
potential of MEA could potentially limit its application for CO. capture. Therefore,
prior to the expansion of the applications of MEA hybrid solvents, it is necessary to
understand the corrosion behaviour of these solvents, especially when they are in

contact with carbon steel.

1.2 Problem Statement

In the previous studies, the corrosion phenomena of carbon steels in the
aqueous alkanolamine solvent had been investigated by probing the effects of absence
or presence of water, CO, loading as well as process temperature [5, 19, 20].

Furthermore, the emergence of alkanoamine hybrid solvents has also started to gain



attention for application of CO2 capture in recent years [12]. Even so, the corrosion
behaviour of these alkanolamine hybrid solvent is scarely available. Such missing data
has challenged the design of engineering materials which can sustain corrosion in post-
combustion capture (PCC) technology and natural gas purification process. Therefore,
it is the interest of this study to further elucidate the corrosion behaviour of carbon
steel when in contact with alkanolamine hybrid solvent. In this study, the alkanolamine
hybrid solvents composed of physical absorbents (NMP and MeOH) and chemical
absorbent (MEA) were chosen. NMP was able to improve the CO removal from acid
gases through absorption process [14], while MeOH was able to decrease the rate of
deprotonation hereby enhancing the diffusivity and solubility of CO- in it [15]. As of
MEA, it was reckoned to have high corrosiveness and regarded as the first-generation
benchmark [16, 17, 18].

1.3  Research Objectives

The objectives of this study are:

To characterize the surface morphology changes of carbon steel in MEA agueous
solvent (MEA-H20) and MEA hybrid solvents (MEA-NMP-H,0, MEA-NMP,
MEA-MeOH-H>0 & MEA-MeOH).

To investigate the effect of the process condition (i.e. temperature and CO2 loading)
on the corrosion of the carbon steel in MEA aqueous solvent (MEA-H20) and
MEA hybrid solvents (MEA-NMP-H,0, MEA-NMP, MEA-MeOH-H,0 & MEA-
MeOH) based on gravimetric techniques.

To evaluate the electrochemical characteristics of carbon steel in the MEA solvent
with the least corrosion impact and the significance of process condition to the

corrosion behaviour.



1.4  Scope of Study

To establish the design of this study, the specific concentration of chemical
absorbent of MEA for both the aqueous and hybrid solvents was fixed at 20 wt% which
it was the median point of the concentrations commonly adopted (10-30 wt%) in
previous studies [21]. Furthermore, it was also reported that the optimal MEA
concentration in water was in the range of 20-30 wt% [22]. Therefore, concentrations

of the MEA aqueous and hybrid solvents studied in this work are as listed as follows:

1. 20 wt% MEA + 80 wt% H-O (named as MEA-H>0 solvent)

2. 20 wt% MEA + 40 wt% NMP + 40 wt% H20 (named as MEA-NMP-HO solvent)
3. 20 wt% MEA + 80 wt% NMP (named as MEA-NMP solvent)

4. 20 wt% MEA + 40 wt% MeOH+ 40 wt% H20 (named as MEA-MeOH-H0 solvent)

5. 20 wt% MEA + 80 wt% MeOH (named as MEA-MeOH solvent)

The gravimetric technique was employed to compare the effect of process
conditions of the carbon steels. Then, these carbon steels’ surface were characterized
via Field Emission Scanning Electron Microscope (FESEM) and the solutions were
characterized via Raman Spectroscopy. Subsequently, the MEA solution which had
the least corrosion of the gravimetric outcome was further analyzed via the
electrochemical technique. Finally, the significance of each process parameters was
determined using the multivariable power least squares method (MPLSM). Ultimately
the criteria of the best solvent was justified throughout the quantum of the

investigations.

1.5  Significance of Study

The addition of the organic solvent into the amine-based solvent was found to

improve the CO absorption process effectively. The findings had been encouraging



enough to merit further investigation on the corrosion behaviour of carbon steels in
these organic solvents. This study will provide a greater level of understanding for the
industries to review the potential technique in developing new corrosion-resistant

materials or technologies, thereafter.



10.

11.

12.

REFERENCES

Toropov, V.V., Schramm, U., Sahai, A., Jones, R. D., & Zeguer, T. Design
optimization and stochastic analysis based on the moving least squares
method. 6th World Congresses of Structural and Multidisciplinary
Optimization, 2005.

Breitkopf, P., Naceur, H., Rassineux, A., Villon, P. Moving least squares
response surface approximation: formulation and metal forming applications.
Computers & Structures, 2005. 83(17-18): 1411-1428.

Islam, M.S., Yusoff, R., Ali B.S., Islam M.N., Chakrabarti M.H. Degradation
studies of amines and alkanolamines during sour gas treatment process.
International Journal of Physical Sciences, 2011. 6(25):5877-5890.

Yeo Z.Y., Chew T.L., Zhu P.W., Mohamed A.R., Chai S.P. Conventional
processes and membrane technology for carbon dioxide removal from natural
gas: A review. Journal of Natural Gas Chemistry, 2012. 21(3):282-298.

Dutcher, B., Fan, M., Russell, A.G. Amine-based CO- capture technology
development from the beginning of 2013. A Review. ACS applied materials
& interfaces, 2015. 7(4):2137-2148.

Dwivedi, D., Lepkova, K., Becker, T. Carbon steel corrosion: a review of key
surface properties and characterization methods. RSC advances, 2017.
7(8):4580-4610.

American Society for Testing and Materials. Standard test method for
conducting potentiodynamic polarization resistance measurements.
Philadelphia, PA G59-97. 2014.

Impact, N.E. Assessment of the Global Cost of Corrosion. 2017.

Gunasekaran. P., Veawab. A., Aroonwilas. A. Corrosivity of amine-based
absorbents for CO2 capture. Energy Procedia, 2017. 1(114):2047-2054.

Gunasekaran. P. Corrosion Evaluation for Absorption-Based CO> Capture
Process Using Single and Blended Amines. Doctoral dissertation. Faculty of
Graduate Studies and Research, University of Regina.; 2012.

Geck, C., The world factbook. The Charleston Advisor, 2017. 19(1): 58-60.
Cloarec. E., Cadours, R., Weiss, C. Natural Gas Plant Debottlenecking

Thanks to Hybrid Solvent. In Abu Dhabi International Petroleum Exhibition
& Conference 2017. Nov 13, 2017. Abu Dhabi: OnePetro.2017.

105



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Gervasi, J., L. Dubois, and D. Thomas, Screening tests of new hybrid solvents
for the post-combustion CO> capture processby chemical absorption. Energy
Procedia, 2014. 1(63):1854-1862.

Tan L.S., Shariff A.M., Lau K.K., Bustam M.A. Impact of high pressure on
high concentration carbon dioxide capture from natural gas by
monoethanolamine/N-methyl-2-pyrrolidone solvent in absorption packed
column. International Journal of Greenhouse Gas Control, 2015. 1(34):25-
30.

Usubharatana. P., Tontiwachwuthikul. P. Enhancement factor and kinetics of
CO2 capture by MEA-methanol hybrid solvents. Energy Procedia,
2009.1(1):95-102.

Huertas. J.I., Gomez. M.D., Giraldo. N., Garzon. J. Absorbing Capacity of
MEA. Journal of Chemistry, 2015.1(23):965-1015.

Conway, W., Bruggink, S., Beyad, Y., Luo, W., Melian-Cabrera, I., Puxty,
G., Feron, P. CO> absorption into aqueous amine blended solutions
containing monoethanolamine (MEA), N, N-dimethylethanolamine (DMEA),
N, N-diethylethanolamine (DEEA) and 2-amino-2-methyl-1-propanol (AMP)
for post-combustion capture processes. Chemical Engineering Science.
2015.14(126):446-454.

Xiang, Y., Yan, M., Choi, Y.S., Young, D., Nesic, S. Time-dependent
electrochemical behavior of carbon steel in MEA-based CO> capture process.
International Journal of Greenhouse Gas Control, 2014.1(30):125-132.

Hasib-ur-Rahman, M., Bouteldja, H., Fongarland, P., Siaj, M., and Larachi,
F. Corrosion behavior of carbon steel in alkanolamine/room-temperature
ionic liquid based CO; capture systems. Industrial & engineering chemistry
research, 2012.51(26):8711-8718.

Gunasekaran, P., Veawab, A., Aroonwilas, A. Corrosivity of amine-based
absorbents for CO2 capture. Energy Procedia, 2017. 1(114):2047-2054.

Babamohammadi, S., Shamiri, A., Borhani, T.N., Shafeeyan, M.S., Aroua
M.K., Yusoff, R. Solubility of CO2 in aqueous solutions of glycerol and
monoethanolamine. Journal of Molecular Liquids, 2018.1(249):40-52.

Brigman, N., Shah, M.1., Falk-Pedersen, O., Cents, T., Smith, V., De
Cazenove., T., Morken, A.K., Hvidsten., O.A., Chhaganlal, M., Feste, J.K,.
Lombardo, G. Results of amine plant operations from 30 wt% and 40 wt%
aqueous MEA testing at the CO2 Technology Centre Mongstad. Energy
Procedia, 2014.1(63):6012-6022.

Bockris, J., and A. Despic, Electrochemical reaction. Encyclopedia
Britannica,[Online]. Available: http://www. britannica.

106


http://www/

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Taylor C.D., Marcus P., editors. Molecular modeling of corrosion processes:
scientific development and engineering applications. John Wiley & Sons;
2015.

Chandrasekaran, S., Jain, A. Ocean structures: Construction, materials, and
operations. Crc Press. 2017. Florida: CRC Press. 2016.

Macnow, A.S., editor. MCAT Behavioral Sciences Review 2018-2019:
Online+ Book. USA: Simon and Schuster. 2017.

Nimmo, B., and G. Hinds, Beginners guide to corrosion. NPL: Teddington,
2003.

Vachtsevanos, G., Natarajan, K. A., Rajamani, R., Sandborn, P. Corrosion
Processes: Sensing, Monitoring, Data Analytics, Prevention/protection,
Diagnosis/prognosis and Maintenance Strategies. Springer International
Publishing, 2020.

Ahmad, Z., and Alfantazi, A. Principles of Corrosion Engineering and
Corrosion Control. Elsevier Science, 2019.

Popoola, A.P., Olorunniwo, O.E., Ige, O.O. Corrosion resistance through the
application of anti-corrosion coatings. Developments in corrosion protection,
2014. 13(4):241-270.

Talbot, D.E., Talbot, J.D. Corrosion science and technology. CRC press. Jan
29, 2018. America, CRC. 2018.

Fontana, M.G. Perspectives on corrosion of materials. Metallurgical
Transactions, 1970. 1(12):3251-3266.

Fontana, M.G., Greene, N.D. Corrosion engineering. McGraw-hill. 26 Oct,

2018. McGraw-Hill: Education. 2018.

34.

35.

36.

37.

38.

Fontana, M., Greene. N., and Klerer. J. Corrosion Engineering. Journal of
The Electrochemical Society, 1968. 115(5):142C

Shaw, B. A, and Kelly, R.G, What is corrosion? Interface-Electrochemical
Society, 2006. 15(1): 24-27.

Muthukumar, N., Fanun, M. Petroleum Products Transporting Pipeline
Corrosion—A Review, in The Role of Colloidal Systems in Environmental
Protection. 8 Feb 2014. Amsterdam: Elsevier. 2014.

Mitra, S., Ghosh. S.K., and Mukherjee, S. A. Novel Low-Carbon High-
Strength Steel: Processing, Microstructure and Mechanical Properties, in
Advanced High Strength Steel. Springer, 2018. 1(1):125-133.

USEPA Office of Water. Optimal Corrosion Control Treatment Evaluation

Technical Recommendations for Primacy Agencies and Public Water
Systems. Washington, DC 816B16003. 2016.

107



39.

40.

41.

42.

43.

44,

45.

46.

471.

48.

49,

50.

51.

52.

53.

Satyendra, Corrosion of Steel and Corrosion Protection. India: ISPAT Guru.
2014.

Bradford, S. Corrosion Control. US: Springer. 2012.

Popov, B.N. Corrosion engineering: principles and solved problems. US:
Elsevier. 2015.

Fang, H., Young, D., and N. Srdjan. Elemental sulfur corrosion of mild steel
at high concentrations of sodium chloride. NACE International, 2009. 1(25):
2592.

Shehadeh, M., et al., Experimental investigation of erosion-corrosion
phenomena in a steel fitting due to plain and slurry seawater flow.
International Journal of Mechanical and Materials Engineering, 2014. 9(1):
22.

Abbass, M.K, Ahmed, M.A. Study of erosion-corrosion behavior of
aluminum metal matrix composite. Engineering and Technology Journal.
2014. 1(1): 28-32.

Inox, E. Stainless Steel in Contact with Other Metallic Materials. Euroinox,
Materials and Applications Series, 2009. 10(1): 1-24.

Samaniego, A., and Feliu. S. J. Different performance of factors affecting the
estimation of the corrosion rate in magnesium alloys by implementation of
the common methods for electrochemical measurements. Light Metal Alloys
Applications. Croatia: Intech, 2014. 1(1):145-161.

Popoola, L.T., et al., Corrosion problems during oil and gas production and
its mitigation. International Journal of Industrial Chemistry, 2013. 4(1): 35.

Virtanen, S. Corrosion and passivity of metals and coatings, in
Tribocorrosion of Passive Metals and Coatings, D. Landolt and S. Mischler,
Editors. 2011. America: Woodhead Publishing. 3-28; 2018

Shreir, L. Corrosion: corrosion control. Newnes. 2013.

Revie, R.W. Uhlig's corrosion handbook. America: John Wiley & Sons.
2011.

LaQue, F.L., and Copson, H.R. Corrosion resistance of metals and alloys.
United Kingdom: Reinhold Publishing Corporation. 1963

Zhang, X. Galvanic corrosion. Uhlig's Corrosion Handbook, America: John
Wiley & Sons. 123; 2011.

Cummings, A.L., Street. D., Lawson. G. Contaminants and Their Effects on
Operations—Yes! You Can Have Better Operating Amine and Glycol

108



54,

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Systems!. InThe Brimstone Sulfur Conference. Abu Dhabi: Banff, Alberta.
2003.

Scanlan, T.J. Filter Media Selection in Amine Gas Sweetening Systems. 3M
Purification Inc. 2014.

Kim, S.K., et al., Influence of surface roughness on the electrochemical
behavior of carbon steel. Journal of Applied Electrochemistry, 2013. 43(5):
507-514.

Kim, W.-C., et al., Effect of surface area on corrosion properties of
magnesium for biomaterials. Metals and Materials International, 2013.
19(5): 1131-1137.

Nakhijiri, K., Herrera, C., and Hilburn, R. Seattle distribution system
corrosion control study. Counteractive effects of disinfection and corrosion
control Volume 5. VA(USA): NTIS, SPRINGFIELD. 1984.

Revie, R.W. Uhlig's corrosion handbook. America: John Wiley & Sons.
2012.

Ismail, A., and Adan, D. Effect of oxygen concentration on corrosion rate of
carbon steel in seawater. American Journal of Engineering Research, 2014.
3(1): 64-67.

Wasim, M., et al., Factors influencing corrosion of metal pipes in soils.
Environmental Chemistry Letters, 2018. 16(3): 861-879.

Davis, J.R. Corrosion: Understanding the basics. America: Asm
International 2000.

Arrhenius, S. On the reaction rate of the inversion of non-refined sugar upon
souring. Z Phys Chem, 1889. 1(4): 226-248.

Jonas, D., and A. Houton., The Arrhenius Law: Arrhenius Plots. California,
USA: Chemistry 2020.

Thomas, S., et al., The effect of absorbed hydrogen on the dissolution of
steel. Heliyon, 2016. 2(12): 2009.

Zhou, Y., et al., The structure and composition of corrosion product film and
its relation to corrosion rate for carbon steels in CO2 saturated solutions at
different temperatures. Journal of the Brazilian Chemical Society, 2017.
28(12): 2490-2499.

Blackwood, D., Peter, L., and Williams, D. Stability and open circuit
breakdown of the passive oxide film on titanium. Electrochimica Acta, 1988.
33(8):1143-1149

Angst, U.M,, et al., The steel-concrete interface. Materials and Structures,
2017.50(2):143.

109



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Yadla, S.V., et al., A review on corrosion of metals and protection.
International Journal of Engineering Science & Advanced Technology, 2012.
2(3):637-644.

Liu, S., et al., Effects of pH and Cl— concentration on corrosion behavior of
the galvanized steel in simulated rust layer solution. Corrosion Science, 2012.
(1)65:520-527.

MccCafferty, E., Introduction to corrosion science. 2010: Springer Science &
Business Media.

LeBozec, N., et al., Effect of carbon dioxide on the atmospheric corrosion of
Zn—Mg-Al coated steel. Corrosion Science, 2013. 1(74): 379-386.

Rao L.N., AL-Hajri O.M., Feroz S. Study of Corrosion Rate in Water
Treatment Plant in Oil field. International Journal of Chemical Synthesis and
Chemical Reactions. 2017;3(1):1.

American Society for Testing and Materials. Standard practice for preparing,
cleaning, and evaluating corrosion test specimens. Philadelphia, PA G59-97.
2017.

Parker, G., Encyclopedia of materials: science and technology. 2011; 3703-
3707.

Berradja A., Electrochemical techniques for corrosion and tribocorrosion
monitoring: Methods for the assessment of corrosion rates. Corrosion
Inhibitors. 20109.

Frankel, G., Fundamentals of corrosion kinetics, in Active protective
coatings. Springer, 2016. 1(1):17-32.

Poursaee, A., Corrosion measurement and evaluation techniques of steel in
concrete structures, in Corrosion of Steel in Concrete Structures, A. Poursaee,
Editor. 2016. Oxford: Woodhead Publishing. 169-191; 2016.

Badea, G., et al., Polarisation measurements used for corrosion rates
determination. Journal of sustenable energy, 2010. 1(1):1.

Sun, D, et al., Potentiodynamic polarization study of the corrosion behavior
of palladium-silver dental alloys. The Journal of prosthetic dentistry, 2018.
119(4):650-656.

Bosch, R.-W., and Bogaerts, W.F. Introduction to different electrochemical
corrosion monitoring techniques. Corrosion Monitoring in Nuclear Systems
EFC 56: Research and Applications, 2017: 12(23):5.

Ribeiro, D., and Abrantes, J. Application of electrochemical impedance

spectroscopy (EIS) to monitor the corrosion of reinforced concrete: A new
approach. Construction and Building Materials, 2016. 1(111): 98-104.

110



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Montemor, M.F., Simdes, A.M.P. and Ferreira, M.G.S. Chloride-induced
corrosion on reinforcing steel: from the fundamentals to the monitoring
techniques. Cement and Concrete Composites, 2003. 25(4): 491-502.

Nnamchi, P.S., and Obayi, C.S. Chapter 4 - Electrochemical Characterization
of Nanomaterials, in Characterization of Nanomaterials, S. Mohan Bhagyaraj,
et al., Editors. 2018. America: Woodhead Publishing.103-127;2018.

Rawlings J.O., Pantula S.G. Dickey D.A. Applied regression analysis: a
research tool. Springer Science & Business Media, 2001.

Gelman, A., and Hill, J. Data analysis using regression and multilevel or
hierarchical models. Crc press 2016. Cambridge: Crx 2006.

Hoskuldsson, A., Common framework for linear regression. Chemometrics
and Intelligent Laboratory Systems, 2015. 146: 250-262.

Tey, W.Y ., et al., Multivariable power least squares method: Complementary
tool for Response Surface Methodology. Ain Shams Engineering Journal,
2020. 11(1): 161-169.

Liszka, T., An interpolation method for an irregular net of nodes.
International Journal for Numerical Methods in Engineering, 1984. 20(9):
1599-1612.

Solutions, S., Correlation (pearson, kendall, spearman). Statistics Solutions,
2016. 3(2):2016.

Humbird, D., and Fei, Q. Scale-up considerations for biofuels, in
Biotechnology for biofuel production and optimization. Elsevier, 2016. 513-
537.

Yu, W., and Sepehrnoori, K. Chapter 6 - An Integrated Framework for
Sensitivity Analysis and Economic Optimization in Shale Reservoirs, in
Shale Gas and Tight Oil Reservoir Simulation. Yu. W and Sepehrnoori, K
Editors. 2018. United Kingdom: Gulf Professional Publishing. 207-275;
2018.

Jahan, A., Edwards, K.L., and Bahraminasab, M. Multi-criteria decision
analysis for supporting the selection of engineering materials in product
design. Butterworth-Heinemann; 2016.

Bas, D., and Boyac1, I.LH. Modeling and optimization I: Usability of response
surface methodology. Journal of Food Engineering, 2007. 78(3):836-845.

Wong, K.H., et al., Optimisation of Pueraria isoflavonoids by response

surface methodology using ultrasonic-assisted extraction. Food Chemistry,
2017. 1(231):231-237.

111



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Tey, W.Y ., and Lee, K.M. Computational one-factor investigation on the
effect of sonication parameters in biomass pretreatment. Progress in Energy
and Environment, 2021. 16(1):18-35.

Tan, L., Lim, M., and Tey.W. Characterization of ozone production from
multi-cylinder reactor in non-thermal plasma device using multivariable
power least squares method. in IOP Conference Series: Materials Science
and Engineering. I0OP Publishing. 2020.

Veawab, A., Tontiwachwuthikul, P., and Chakma, A., Corrosion behavior of
carbon steel in the CO> absorption process using agueous amine solutions.
Industrial & engineering chemistry research, 1999. 38(10):3917-3924.

Campbell, K.L.S., et al., The effect of CO»-loaded amine solvents on the
corrosion of a carbon steel stripper. International Journal of Greenhouse Gas
Control, 2016. 47(2): 376-385.

Ooi, Z.L., et al., Amine-based solvent for CO_ absorption and its impact on
carbon steel corrosion: A perspective review. Chinese Journal of Chemical
Engineering, 2020.

Lang, P., Denes, F., and Hegely, L. Comparison of different amine solvents
for the absorption of CO». Chemical Engineering Transactions, 2017. 38(61):
1105-1110.

Abd Rahman, S.N. Comparison of Chemical Solvent for CO, Removal from
Power Plant Using Amine Scrubbing Process. UMP 2014,.

Kladkaew, N., et al., Studies on corrosion and corrosion inhibitors for amine
based solvents for CO> absorption from power plant flue gases containing
CO2, O2 and SO». Energy Procedia, 2011. 1(4):1761-1768.

Benamor, A., Nasser, M., and Al-Marri, M.J. Gas Processing Technology-
Treatment and Utilization, in Encyclopedia of Sustainable Technologies,
M.A. Abraham, Editor. 2017, Oxford: Elsevier. 359-387; 2017.

Stewart, M.1., Chapter Nine - Gas Sweetening, in Surface Production
Operations (Third Edition), M.I. Stewart, Editor. 2014, Boston: Gulf
Professional Publishing. 433-539.

Sizhou, T., et al., Corrosion mechanism of steels in MDEA solution and
material selection of the Desulfurizing equipment. Int. J. Electrochem. Sci,
2017.12(1):5742-5755.

Danckwerts, P.V. The reaction of CO2 with ethanolamines. Chemical
Engineering Science, 1979. 34(4): 443-446.

Liang, Z.H., et al., Recent progress and new developments in post-

combustion carbon-capture technology with amine based solvents.
International Journal of Greenhouse Gas Control, 2015. 40 (23):26-54.

112



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Sedransk Campbell, K., et al., The effect of CO2-loaded amine solvents on
the corrosion of a carbon steel stripper. International Journal of Greenhouse
Gas Control, 2016. 47(43):376-385.

Xiang, Y., et al., Corrosion of carbon steel in MDEA-based CO2 capture
plants under regenerator conditions: effects of O2 and heat-stable salts.
Corrosion, 2015. 71(1):30-37.

Mokhatab, S., Poe, W.A and Mak, J.Y. Handbook of natural gas
transmission and processing: principles and practices. Gulf professional
publishing: 2018.

Singh, M.R., Bhrara, K., and Singh, G. The inhibitory effect of
diethanolamine on corrosion of mild steel in 0.5 M sulphuric acidic medium.
Port Electrochim Acta, 2008. 26(6):479-492.

Kakaei, M.N. and J. Neshati, Corrosion inhibition of carbon steel in
diethanolamine—H>0O—CO> system by some organic sulphur compounds.
Corrosion Engineering, Science and Technology, 2019. 54(5): 413-421.,

Wang, R., et al., CO> capture performance and mechanism of blended amine
solvents regulated by N-methylcyclohexyamine. Energy, 2021. 215 (23):119-
209.

Conway, W., et al., CO; absorption into aqueous amine blended solutions
containing monoethanolamine (MEA), N, N-dimethylethanolamine (DMEA),
N, N-diethylethanolamine (DEEA) and 2-amino-2-methyl-1-propanol (AMP)
for post-combustion capture processes. Chemical Engineering Science, 2015.
126 (224):446-454.

Nainar, M., and A. Veawab, Corrosion in CO2 capture unit using MEA-
piperazine blends. Energy Procedia, 2009. 1(1): 231-235.

Bernard, F.L., et al., Anticorrosion Protection by Amine—lonic Liquid
Mixtures: Experiments and Simulations. Journal of Chemical & Engineering
Data, 2016. 61(5):1803-1810.

Luis, P. Use of monoethanolamine (MEA) for CO2 capture in a global
scenario: Consequences and alternatives. Desalination, 2016. 380 (212):93-
99.

Kutz, M., and A. Elkamel, Environmentally Conscious Fossil Energy
Production. Wiley Online Library:2010.

Tamajon, F.J., et al., CO> absorption into N-methyldiethanolamine aqueous-
organic solvents. Chemical Engineering Journal, 2016. 283(143):1069-1080.

Chiba, M., et al., Corrosion of Al alloys in repeated wet-dry cycle tests with

NaCl solution and pure water at 323 K. Journal of Solid State
Electrochemistry, 2015. 19(12):3463-3471.

113



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Sundjono, S., et al., Corrosion behavior of mild steel in seawater from
northern coast of Java and southern coast of Bali, Indonesia. Bandung
Institute of Technology: 2017.

May, M. Corrosion behavior of mild steel immersed in different
concentrations of NaCl solutions. Journal of Sebha University (Pure and
Applied Sciences) 2016. 15(1).

Xiang, Y., et al., Effect of Exposure Time on the Corrosion Rates of X70
Steel in Supercritical CO2 /SO /O /H20 Environments. Corrosion -Houston
Tx, 2013. 69(28):251-258.

Guo, S, et al., Corrosion of alloy steels containing 2% chromium in CO2
environments. Corrosion Science, 2012. 63(65): 246-258.

American Society for Testing and Materials. Standard practice for
calculation of corrosion rates and related information from electrochemical
measurements West Conshohocken, USA G102-89. 2014.

American Society for Testing and Materials. Standard practice for preparing,
cleaning, and evaluating corrosion test specimens. West Conshohocken,
USA G31-72. 2014.

Liu, G.R, and Gu, Y.T. An introduction to meshfree methods and their
programming. Springer Science & Business Media:2005.

Yang, L. Techniques for corrosion monitoring. Woodhead Publishing.2018
Pedeferri, P. Corrosion science and engineering. Springer. 2018.
Haidemenopoulos, G., et al., Investigation of Stress-Oriented Hydrogen-
Induced Cracking (SOHIC) in an Amine Absorber Column of an Oil
Refinery. Metals, 2018. 8(6):663.

Miller, B.G. Carbon Dioxide Emissions Reduction and Storage, in Clean
Coal Engineering Technology (Second Edition), Miller, B.G., Editor. 2017,
Butterworth-Heinemann. 609-668; 2016.

Kim, Y.S., and Kim, J.G. Corrosion behavior of pipeline carbon steel under
different iron oxide deposits in the district heating system. Metals, 2017. 7(5):
82.

Chaneac, C., Duchateau, A., and Abou-Hassan, A. Synthetic Formation of
Iron Oxides. Iron Oxides: From Nature to Applications, 2016.

Kim, Y.S., Kim, J.G., and Kim, W.C. Corrosion behavior of pipeline steel
under different iron oxide deposit in the district heating system. 2016.

114



135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

Lakkanasri, P. and Lothongkum, G. Effect of Monoethanolamine on
Corrosion of A283 Carbon Steel in Propionic Acid Solution. Engineering
Journal, 2019. 23(72):183-191.

Tjong, S.C. Synthesis and Structural-Mechanical Property Characteristics of
Graphene—Polymer Nanocomposites, in Nanocrystalline Materials (Second
Edition), Tjong, S.C., Editor. 2014, Elsevier: Oxford. 335-375:2014.

Hunt, A., and Dale, N. Economic valuation in 1-Methyl-2-pyrrolidone (NMP)
regulation. 2018.

N-methylpyrrolidone. 2001 [cited 2001 07 May]; Available from:
https://p2infohouse.org/ref/19/18161/alt.cfm-id=nmp&cat=gi.htm.

Xu, L., Mei,D., and Henkelman, G. Adaptive kinetic Monte Carlo simulation
of methanol decomposition on Cu(100). The Journal of Chemical Physics,
2009. 131(24): 244-520.

Yarris, L. Alcohol and Water Don't Mix., University of California, 2003.

Lorenz, W.J., and Heusler, K. Anodic dissolution of iron group metals, in
Corrosion mechanisms. Marcel Dekker New York. 1987; 1-84.

Keddam, M., Anodic dissolution, in Corrosion mechanisms in theory and
practice. CRC Press. 2020. Florida:CRC 2020.

Blaser, H., Baiker, A., and Prins, R. Heterogeneous catalysis and fine
chemicals IV. Elsevier, 1997.

Gao, J., et al., Corrosion and degradation performance of novel absorbent for
CO2 capture in pilot-scale. Energy Procedia, 2011.4(23):1534-1541.

Tuutti, K. Service life of structures with regard to corrosion of embedded
steel. Special Publication, 1980. 65(28): 223-236.

SchieRl, P. and Raupach, L. Chloride-induced corrosion of steel in concrete-
investigations with a concrete corrosion cell, in The Life of Structures.
Elsevier.1989. 38(24):226-233.

Murzin, D.Y. Requiem for the Rate-Determining Step in Complex
Heterogeneous Catalytic Reactions? Reactions, 2020. 1(1):37-46.

Cox, G. Effect of Temperature on the Corrosion of Zincl. Industrial &
Engineering Chemistry, 1931. 23(8): 902-904.

Zaher, A., et al., Inhibition of Mild Steel Corrosion in 1M Hydrochloric

Medium by the Methanolic Extract of Ammi visnaga L. Lam Seeds.
International Journal of Corrosion, 2020.

115


https://p2infohouse.org/ref/19/18161/alt.cfm-id=nmp&cat=gi.htm

150. Li, L., etal., The Henry Coefficient of CO> in the MEA-CO2-H>0 System.
Energy Procedia, 2017. 114(212):1841-1847.

151.  Scheiman, M. A review of monoethanolamine chemistry. US Naval Research
Laboratory: Surface Chemistry Branch.1962.

152.  Gangloff, R.P. Hydrogen-assisted Cracking, in Comprehensive Structural
Integrity, Milne, R.O., Ritchie, L., and Karihaloo, B., Editors. 2003,
Pergamon: Oxford. 31-101.

153. Raeissi, K., et al., Corrosion Behavior of Carbon Steel in Carbon Dioxide-
Loaded Activated Methyl Diethanol Amine Solution. Corrosion, 2008.

154.  Si Ali, B., et al., Carbon Steel Corrosion Behaviors in Carbonated Agqueous
Mixtures of Monoethanolamine and 1-n-butyl-3-methylimidazolium
Tetrafluoroborate. International Journal of Electrochemical Science, 2012.
3(7):3835-3853.

155. Tang, D., et al., Effect of pH value on corrosion of carbon steel under an
applied alternating current. Materials and Corrosion, 2015. 66(33): 21-28.

156. Atabani, A.E., et al., Chapter Seventeen - Edible and Nonedible Biodiesel
Feedstocks: Microalgae and Future of Biodiesel, in Clean Energy for
Sustainable Development, Rasul, M.G., Azad, A.K., and Sharma, S.C.,
Editors. 2017, Academic Press. 507-556.

157.  Yu, T., R. Cristiano, and R.G. Weiss, From simple, neutral triatomic
molecules to complex chemistry. Chemical Society Reviews, 2010. 39(5):
1435-1447.

158. Chai, C., et al., Cysteamine modified polyaspartic acid as a new class of
green corrosion inhibitor for mild steel in sulfuric acid medium: Synthesis,
electrochemical, surface study and theoretical calculation. Progress in
Organic Coatings, 2019. 129(53):159-170.

159. Juttner, K., et al., Application of Dynamic System Analysis for Investigating
Oxygen Corrosion of Iron in Neutral Aerated Solutions. Werkst. Korros.,
1986. 37(7):377-384.

160. Soto Puelles, J., et al., Electrochemical and surface characterization study on
the corrosion inhibition of mild steel 1030 by the cationic surfactant
cetrimonium trans-4-hydroxy-cinnamate. ACS omega, 2021. 6(3):1941-1952.

161. Duan, H., et al., Electrochemical corrosion behavior of composite coatings of
sealed MAO film on magnesium alloy AZ91D. Electrochimica Acta, 2006.
51(14): 2898-2908.

162. Ye, C.Q., etal., EIS analysis on chloride-induced corrosion behavior of

reinforcement steel in simulated carbonated concrete pore solutions. Journal
of Electroanalytical Chemistry, 2013. 688(561):275-281.

116



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Deberry, D.W., Kidwell, J.K., and Malish, D. Corrosion in Potable Water
Systems—Final Report. Washington, United States Environmental Protection
Agency: Office of Drinking Water, 1982.

Das, G. Influence of hydrogen sulfide on CO2 corrosion in pipeline steel.
International Journal of Engineering Research & Technology (IJERT). 2014.

Speight, J.G. Chapter 4 - Corrosion in Gas Processing Plants, in Oil and Gas
Corrosion Prevention, Speight, J.G. Editor. 2014, Gulf Professional
Publishing: Boston. 67-91.

Talkhan, A.G., et al., Corrosion study of carbon steel in CO2 loaded solution
of N-methyldiethanolamine and l-arginine mixtures. Journal of
Electroanalytical Chemistry, 2019. 2(8):10-21.

Renpu, W., Chapter 11 - Oil and Gas Well Corrosion and Corrosion
Prevention, in Advanced Well Completion Engineering (Third Edition),
Renpu,W., Editor. 2011, Gulf Professional Publishing. 617-700.

Hesjevik, S.M., Olsen, S., and Seiersten. M. Corrosion at high CO2 pressure.
in Corrosion, NACE International, 2003.

Kladkaew, N., et al., Corrosion Behavior of Carbon Steel in the
Monoethanolamine— H20—CO2—02—-S02 System: Products, Reaction
Pathways, and Kinetics. Industrial & Engineering Chemistry Research, 2009.
48(23): p. 10169-10179.

Tansug, G., et al., A new corrosion inhibitor for copper protection. Corrosion
Science, 2014. 84(28): 21-29.

Strazisar, B.R., Anderson, R.R., and White, C.M. Degradation Pathways for
Monoethanolamine in a CO, Capture Facility. Energy & Fuels, 2003.
17(4):1034-1039.

Cummings, A.L., Waite, S.W., and Nelsen, D.K. Corrosion and corrosion
enhancers in amine systems. Canada: Brimstone Sulfur Conference. 2005.

Kim, Y. Effect of Ethanolamines on Corrosion Inhibition of Ductile Cast Iron
in Nitrite Containing Solutions. Corrosion Science and Technology, 2016. 15
(26): 171-181.

Edoziuno, F.O., Adediran,A.A., Odon, B.U., Akinwekomi. A.D.
Optimization and development of predictive models for the corrosion
inhibition of mild steel in sulphuric acid by methyl-5-benzoyl-2-
benzimidazole carbamate (mebendazole). Cogent Engineering, 2020. 7 (1):
1714100.

Yanti, E.L. Intergranular Corrosion: Exfoliation Corrosion. Webbcorr The
corrosion Clinic, 2020.

117



176.

177.

178.

179.

180.

Ansari, T.Q., Luo J.L., Shi S.Q. Modeling the effect of insoluble corrosion
products on pitting corrosion kinetics of metals. NPJ Materials Degradation.
2019. 26;3(1):1-2.

Suresh, K.P, Chandrashekara S. Sample size estimation and power analysis
for clinical research studies. Journal of human reproductive sciences. 2012.
1;5(1):7.

Allen, M.P. Understanding regression analysis. Springer Science & Business
Media; 2004.

Meeker, W.Q, Escobar L.A, Pascual F.G. Statistical methods for reliability
data. John Wiley & Sons; 2021.

Xinyi, L.1, Yazhou, Z.H., Huan, Z.H., Li, C.H. Effect of Chloride
Concentration in a Simulated Concrete Pore Solution on Metastable Pitting of
304 Stainless Steel. Journal of Chinese Society for Corrosion and protection.
2021.1;41(2):195-201.

118



LIST OF PUBLICATIONS

Journal with Impact Factor

1. OoiZ.L,TanP.Y, Tan L.S & Yeap S.P. (2020). Amine-based solvent for
CO- absorption and its impact on carbon steel corrosion: A perspective
review. Chinese Journal of Chemical Engineering, 1;28(5), 1357-67.
(Indexed by SCOPUS).

Indexed Conference Proceedings

1. TanP.Y, TanL.S, Yeap S.P, Kow K.W, Shariff A.M, & Wong M.K. (2020).
Corrosion of Carbon Steel in Hybrid N-Methyl-2-Pyrrolidone-
Monoethanolamine Solutions for Carbon Dioxide Absorption Unit
Application. IOP Conference Series: Materials Science and Engineering
2020, 736(2), 22-86).

119





