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(4)ABSTRACT 


Corrosion  constitutes  a  major  operational  difficulty  in  CO2  absorption  plants 
 using aqueous amine solutions and has a significant impact on the plant's economy. It 
 is  a  complex  phenomenon  in  which  transport,  electrochemical  and  chemical 
 processes  occur  simultaneously  and  interactively.  It  is  difficult  to  control  corrosion 
 problems  in  a  cost-effective  manner  as  knowledge  of  corrosion  in  this  system  is 
 limited  and  inconclusive.  Thus,  the  purpose  of  this  work  is  to  obtain  a  better 
 understanding  of  corrosion  process  in  an  aqueous  activated  amine  based  CO2


environment. 


A  mechanistic  corrosion  model  was  built  using  Matlab  software,  to  predict 
 corrosion rate of carbon steel in the carbon dioxide (CO2) absorption processes using 
 aqueous  solutions  of  activated  Methyl-di-ethanolamine  and  activated 
 Diethanolamine,  to  identify  the oxidizing agents  responsible for  corrosion reactions 
 when  no  protective  films  are  present.  The  developed  corrosion  model  takes  into 
 account  the  effects  of  fluid  flow  on  the  corrosion  process.  The  electrochemical 
 corrosion model takes into account charge transfer and diffusion of oxidizing agents. 


This  work  provides  comprehensive  information  on  the  corrosion  behavior  of 
 carbon steel in an aqueous carbonated solution of activated  Methyl-di-ethanolamine 
 and activated  Diethanolamine systems.  The model  comprises two main models,  i.e. 


Vapor-liquid  equilibrium  model and electrochemical  corrosion model. The rigorous 
 electrolyte-NonRandom  Two  Liquid  model  was  built  into  the  model  in  order  to 
 determine the concentrations of chemical species in the bulk solution. The speciation 
 results from electrolyte-nonrandom two liquid equilibrium model were subsequently 
 used for generating polarization curve and predict the corrosion rate taking place at 


Universit


y of Malaya



(5)The  direct  impact  of  the  important  process  parameters  were  investigated  by 
 conducting corrosion modeling using electrochemical polarization technique under a 
 wide range of input conditions. Corrosion rates are predicted based on the input data 
 required  for  model  simulation  such  as  solution  temperature,  CO2  partial  pressure, 
 amine concentration, electrode rotating speed and pipe diameter. The output from the 
 model simulation can be presented as species concentration in the bulk solution, CO2


loading,  corrosion  potential,  corrosion  rate,  and  polarization  curves.  Predictions  of 
 the present corrosion model were compared to the experimental corrosion data from 
 literature and generally good agreement was achieved.  


Simulation results show that the corrosivity order of CO2 amines in carbon steel 
 was  governed  mainly  by  their  CO2  loading;  higher  CO2  absorption  capacity  such 
 absorption  led  to  higher  corrosion  rate.  For  activated  amine  mixtures,  the  data 
 showed  that  a  reduction  in  carbon  steel  corrosion  rate  of  MDEA-PZ  system  when 
 keeping the total amine concentration at 2 M and varying the activator and the base 
 amine concentrations. However, for DEA-PZ the data showed an increase in carbon 
 steel  corrosion  rate,  the  corrosion  rates  were  evaluated  under  the  same  operating 
 conditions  (CO2  loading,  solution  temperature  and  amine  concentration)  for  both 
 systems.  At  low  CO2  loading,  low  solution  temperature,  and  low  activator 
 concentration, the order of the corrosivity of the systems is as follows: MDEA-PZ is 
 greater  than  that  of  DEA-PZ.  Whereas  at  high  conditions  of  CO2  loading,  solution 
 temperature and activator concentration, the corrosivity ranked is opposite to that of 
 lower conditions.  
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(6)ABSTRAK 


Hakisan  merupakan  penyumbang  utama  kepada  permasalahan  operasi  loji 
 penyerapan CO2 yang menggunakan larutan cecair amina serta memberi kesan ekonomi 
 yang  mendalam  terhadap  loji  tersebut.  Ia  merupakan  satu  fenomena  kompleks  yang 
 menyebabkan  pengangkutan,  elektrokimia  dan  proses  kimia  terhasil  secara  serentak 
 serta  interaktif.  Kesukaran  mengawal  hakisan  dapat  diperhatikan  melalui 
 keberkesanannya  terhadap  penjimatan  kos,  oleh  kerana  pengetahuan  berkaitan  hakisan 
 pada  sistem  ini  terbatas  dan  kurang  meyakinkan.  Oleh  itu,  tujuan  penyelidikan  ini 
 adalah untuk mendalami proses hakisan di dalam larutan cecair amina  yang diaktifkan 
 oleh persekitaran  karbon dioksida (CO2).  


Model  hakisan  mekanik,  dibentuk  menngunakan  perisian  MATLAB,  bagi 
 meramalkan  kadar  hakisan  keluli  karbon  di  dalam  proses  penyerapan  CO2
 menggunakan  larutan  cecair  Methyl-di-ethanolamine  dan  Diethanolamine  yang 
 diaktifkan.  Ini  bertujuan  mengenalpasti  agen  oksida  yang  menyebabkan  berlakunya 
 tindakbalas penghakisan terutamanya semasa ketiadaan filem pelindung. Model hakisan 
 yang dibentuk mengambil kira kesan pengaliran cecair terhadap proses hakisan. Model 
 hakisan  berlandaskan  elektrokimia  juga  menekankan  perubahan  terhadap  pemindahan 
 dan penyebaran agen pengoksidaan. 


Penyelidikan ini memberikan maklumat yang komprehensif terhadap keluli karbon di 
 dalam  sistem  cecair  berkarbonat  Methyl-di-ethanolamine  dan  Diethanolamine  yang 
 diaktifkan. Model tersebut terbahagi kepada dua model utama iaitu gabungan gas-cecair 
 (VLE) dan hakisan elektrokimia. Model pengimbang elektrolit - tidak rawak dua cecair 
 dibentuk  bersama  bagi  mngukur  kepekatan  spesies  kimia  di  dalam  larutan  pukal. 


Keputusan spesies yang diperolehi daripada model pengimbang elektrolit - tidak rawak 
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(7)kadar  hakisan  pada  permukaan  berlogam.  Kesan  langsung  terhadap  parameter  yang 
 penting  di  dalam  proses  ini  juga  diselidiki  melalui  pembentukan  model  hakisan 
 menggunakan  teknik  polarisasi  elektrokimia  melibatkan  keadaan  input  yang  meluas. 


Kadar  hakisan  pula  dapat  diramalkan  berdasarkan  maklumat  input  dari  model  yang 
 disimulasikan  seperti  suhu  larutan,  tekanan  separa  CO2,  kepekatan  amina,  putaran 
 kelajuan elektrod dan diameter paip. Bahan yang keluar dari model yang disimulasikan 
 itu merupakan spesies kepekatan di dalam larutan pukal, bebanan CO2, potensi hakisan, 
 kadar hakisan dan lengkungan polarisasi.  


Ramalan  model  hakisan  semasa  ini  dibandingkan  dengan  maklumat  hakisan  yang 
 diperolehi  daripada  sumber  literature  dan  perbandingan  yang  memuaskan  diperolehi 
 secara  keseluruhannya.  Selain  itu,  keputusan  simulasi  menunjukkan  turutan  hakisan 
 amina  CO2  di  dalam  keluli  karbon  dipengaruhi  oleh  bebanan  CO2;  jika  kadar 
 penyerapan CO2 meningkat, maka kadar hakisan juga akan meningkat. Bagi campuran 
 amina yang diaktifkan pula, penurunan kadar hakisan terhadap keluli karbon bagi sistem 
 MDEA-PZ ditunjukkan melalui data dengan mengekalkan keseluruhan kepekatan amina 
 kepada  2M  dan  mengubah  bahan  pengaktif  serta  dasar  kepekatan  amina.  Walaupun 
 begitu,  data  bagi  DEA-PZ  menunjukkan  peningkatan  kadar  hakisan  terhadap  keluli 
 karbon,  sungguhpun  kedua-dua  penyelidikan  dijalankan  pada  keadaan  yang  sama 
 (bebanan  CO2,  suhu  larutan  dan  kepekatan  amina).  Pada  keadaan  bebanan  CO2,  suhu 
 larutan dan kepekatan bahan aktif yang rendah, turutan hakisan terhadap sistem tersebut 
 adalah  seperti  berikut:  MDEA-PZ  melebihi  DEA-PZ.  Namun  begitu,  pada  keadaan 
 bebanan  CO2,  suhu  larutan  dan  kepekatan  bahan  aktif  yang  tinggi  pula,  kadar  hakisan 
 berlainan dapat diperhatikan.  
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(28)CHAPTER 1: INTRODUCTION 


1.1 Background

Carbon  dioxide  (CO2)  is  known  as  a  major  greenhouse  gas  released  to  the 
 atmosphere  and  its  quantity  has  been  increased  in  the  recent  years  by  rapid 
 industrialization  and  urbanization,  enormous  number  of  industrial  and  anthropogenic 
 activities.  Greenhouse  gases  tend  to  accumulate  in  the  atmosphere,  introducing 
 problems such as: climate change and global warming. This is linked with the tendency 
 of  these  gases  to  behave  as  a  heat  barrier  in  the  atmosphere  that  absorbs  and  reflects 
 heat  back  to  the  earth  surface,  ultimately  leading  to  rapid  increase  in  global  average 
 temperature  (Wattanaphan,  2012).  The  main  sources  of  anthropogenic  CO2  emissions 
 are  related  to  generation  of  flue  gases  from  coal-fired  power  plants,  cement 
 manufacturing plants,  and oil refineries. To reduce CO2 emissions, carbon capture and 
 sequestration (CCS) is considered as an effective strategy and immediate technological 
 solution. CCS techniques are mainly divided into three categories: post-combustion CO2 
 capture, pre-combustion CO2 capture, and oxy-combustion (Figueroa et al., 2008). Post 
 combustion CO2 capture is primarily applied to sequester CO2 from flue gases produced 
 from  coal-fired  power  plants.  The  flue  gases  after  air  driven  combustion  consist  of  a 
 higher percentage of nitrogen (N2) and have lower percentages of CO2 present (< 15%).  


Pre-combustion  CO2  capture  is  mostly  applied  to  gasification  processes.  A 
 primary fuel is chemically reacted with either steam or oxygen to generate synthesis gas 
 containing mainly hydrogen (H2), carbon dioxide (CO2), and trace gases.  Later on, the 
 synthesis gas is further processed through a water-gas-shift reaction (WGS) to produce 
 a  CO2/H2 (40%/55%)  rich  stream.  Since  carbon  dioxide  in  the  synthesis  gas  has  high 
 partial  pressure,  it  is  easy  to  remove,  usually  by  physical  or  physical/chemical 
 absorption  (Blomen  et  al.,  2009).  In  oxy-combustion,  fossil  fuel  is  burnt  in  a  highly-
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(29)purified  oxygen  (O2)  stream,  typically  produced  using  cryogenic  air  separation  units 
 (ASU), which results in a very high carbon dioxide concentration flue gas.  


The  concept  of  post-  combustion  CO2  capture  and  sequestration  has  received 
 wide attention from researchers. This  concept  involves sequestration of  CO2 from  flue 
 gas  prior  to  their  release  into  the  environment,  without  affecting  the  fossil  fuel 
 combustion processes and more importantly the utilization of recovered CO2 in various 
 applications, such as in enhanced oil recovery operations or storing it in depleted oil/gas 
 reservoirs and deep oceans. 


There are various ways to recover or capture CO2 from industrial flue gas. The 
 most practical and promising way is the absorption process using aqueous solutions of 
 alkanolamines,  often  mentioned as  amine treating process.  Amine treating process  has 
 been applied in gas processing industry for decades to remove acidic impurities such as: 


CO2 and hydrogen sulfide (H2S) from natural gas streams. However, the perspective of 
 applying  amine  treating  process  for  CO2 capture  from  industrial  flue  gas  opens  new 
 prospects  for  practitioners  as  there  is  a  difference  in  the  operating  conditions  and 
 compositions of natural gas and industrial flue gas (Soosaiprakasam, 2007).  


1.2 CO2 Absorption Process 


An  amine  treating  unit  is  regarded  as  an  absorption  process  in  which  aqueous 
 solutions  of  alkanolamines  are  used  as  an  absorbent  to  separate  acid  gases,  carbon 
 dioxide  (CO2)  and  hydrogen  sulfide  (H2S)  from  industrial  gas  streams.  The  unit  is 
 considered  essential  for  many  industrial  operations  including  natural  gas  processing, 
 sweetening  of  liquefied  petroleum  gas  (LPG),  coal  gasification,  and  in  the 
 manufacturing  of  hydrogen  and  ammonia.  The  purpose  of  this  unit  is  to  enhance  the 
 quality of gas products and avoid operational difficulties that may occur during the gas 
 processing steps. In addition to these industrial applications, the amine treating unit can 
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(30)emissions,  from  industrial  point  sources  particularly  the  coal-fired  power  plants  (Kohl 


&  Nielsen,  1997).  A  generalized  process  flow  diagram  for  a  typical  amine-based  CO2
 capture  unit  is  shown  in  Figure 1.1.  The  main  components  of  this  process  are  the 
 absorber,  regenerator,  rich-lean  heat  exchanger,  reboiler,  cooler  and  overhead 
 condenser.  


The first step in the processing of flue gases produced from power plant is the initial 
 treatment in a direct contact cooler. In this cooler, the initial temperature of the flue gas 
 100 °C is brought down to around 40 °C to enhance the absorption efficiency. The flue 
 gas is transported with the assistance of a gas blower to the absorber unit to overcome 
 the pressure drop induced by the absorber. 


The  flue  gas  stream  entering  from  the  bottom  of  the  absorber  is  counter-currently 
 contacted with  the lean alkanolamine solution  flowing down from  the top  of absorber.  


CO2  from  the  gas  stream  is  absorbed  into  the  lean  alkanolamine  solution  through 
 reversible  chemical  reactions.  The  treated  gas  from  the  absorber  top  passes  through  a 
 water wash  unit to  recover the volatile amine component and eventually  is  released to 
 the  atmosphere  while  the  alkanolamine  solution  leaves  the  absorber  bottom  as  rich 
 alkanolamine solution loaded with CO2. It is then sent through a heat exchanger, where 
 the rich alkanolamine solution is pre-heated by the lean amine solution from the stripper 
 bottom.  


The rich solution is then fed to the top of the stripper, where its temperature is further 
 elevated  to  100  –  120°C  by  heat  exchange  from  a  stream  of  hot  gaseous  mixture  that 
 contains water vapour, CO2, and alkanolamine and are produced from the reboiler. This 
 results  in  the  reversal  of  the  chemical  equilibrium  between  the  amine  and  CO2.  The 
 stripped  CO2  along  with  water  vapors  leaves  the  stripper  and  enters  in  the  overhead 
 condenser. The condensed water is recycled back to the stripper and the produced CO2
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(31)solution  is  cooled  by  the  heat  exchanger  to  reduce  its  temperature  before  reaching  the 
 top of the absorber for the next cycle of CO2 absorption.  


Figure 1.1: A Schematic diagram of the alkanolamine-based acid gas treating 
 plant 


1.3 CO2 Absorption Solvents 


Amines  chemically  react  with  carbon  dioxide  (CO2)  to  form  water  soluble 
 compounds; which are able to capture CO2 even at a low partial pressure within a flue 
 gas. However, capturing capacity of amines are  normally  equilibrium limited  (Mandal 
 et  al.,  2001).  Amines  are  considered  to  typically  exist  in  three  forms:  primary, 
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(32)most  important  solvents  for  CO2  absorption.  This  is  dedicated  to  the  fact  that  it  either 
 provides high reactivity with CO2 or simply has satisfactory removal capacity (Chakma, 
 1997).  A  hydroxyl  group  in  an  alkanolamine  is  considered  to  have  an  important 
 influence  over  the  reduction  of  vapor  pressure  and  in  the  increase  of  the  water 
 solubility,  while  an  amino  group  provides  the  necessary  alkalinity  in  aqueous  solution 
 for CO2 absorption (Kohl & Nielsen, 1997).  


These  amines  are  broadly  classified  into  primary  (e.g.,  monoethanolamine 
 (MEA),  diglycolamine  (DGA)),  secondary  (e.g.,  diethanolamine  (DEA), 
 diisopropanolamine (DIPA), and piperazine (PZ)), tertiary (e.g., triethanolamine (TEA), 
 methyldiethanolamine  (MDEA)),  and  sterically  hindered  amines  (e.g.,  2-amino-2-
 methyl-1-propanol  (AMP),  2–piperidine  ethanol  (PE))  based  on  the  number  of 
 substitutions  on  the  nitrogen  atom.  Their  molecular  structures  are  described  in 
 Table 1.1.  MEA,  DEA,  and  MDEA  have  drawn  a  major  commercial  interest  in  the 
 application of gas purification processes (Kohl & Nielsen, 1997).  


Among  all  the  above  mentioned  amines,  MEA  is  the  most  widely  applied 
 solvent and estimates showed that in 1990, its market share in the solvent industry was 
 40%  (DuPart  et  al.,  1993).  The  main  characteristic  of  MEA  are  its  high  reactivity, 
 considerably  low  cost,  and  its  ability  to  absorb  CO2  at  a  low  partial  pressure,  which 
 makes  it  a  suitable  option  for  its  application  in  post-combustion  as  the  percentage  of 
 CO2 in a typical coal-fired flue gas is usually less than 15% (Chakma, 1995). 


It  is  important  to  mention  that  even  though  MEA  seems  to  be  an  ideal  candidate 
 based  on  a  reaction  rate  point  of  view,  its  absorption  capacity  is  usually  limited  by 
 equilibrium stoichiometry at about 0.5 CO2 loading (mole of CO2 per mole of amine), in 
 which carbamate is  the final  product  of the reaction  (Mandal et  al., 2001;  Mofarahi  et 
 al.,  2008).  Moreover,  from  an  energy  perspective,  MEA  is  not  the  most  appealing 
 solvent  because  it  requires  slightly  higher  energy  consumption  in  the  solvent 
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(33)regeneration  process  due  to  higher  heat  of  vaporization  compared  to  other 
 alkanolamines (Chakma, 1997). In addition, if the concentration of MEA is restricted by 
 the equilibrium limit, it directly affects the energy requirement for solvent regeneration, 
 as a lower weight percentage of MEA in an aqueous solution will require higher energy 
 in the solvent regeneration process (Chakma, 1995). Although, MDEA has a lower heat 
 of  reaction  with  CO2  but  the  rate  of  reaction  with  CO2  is  lower,  which  increases  its 
 capital cost due to the requirement of a larger size of absorber. PZ is  a cyclic diamine 
 and  is  generally  used  in  small  concentrations  as  a  promoter  or  as  an  activating  agent 
 with other amines due to its relatively higher rate of reaction with CO2. In recent years, 
 there  has  been  several  studies  on  the  application  of  PZ  alone  as  an  absorption  solvent 
 for CO2 capture (Bishnoi & Rochelle, 2000; Derks et al., 2006; Kadiwala et al., 2010; 


Samanta  &  Bandyopadhyay,  2007).  The  kinetic  studies  on  CO2  absorption  using 
 concentrated  PZ  (8  molarity)  have  revealed  its  rapid  rate  of  CO2  absorption,  higher 
 resistant to thermal degradation, lower oxidaative degradation rate, and lower equivalent 
 work requirement for stripping compared to  7  molarity  MEA (Freeman,  Dugas, et  al., 
 2010). 
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(35)involving  PZ,  AMP,  MEA,  MDEA  and  other  solvents  have  been  reported  in  the 
 literature (Dang, 2000; Dash & Bandyopadhyay, 2013, 2016).  


1.4 Activated amines

Another remarkable development  in the amine absorption  process  is  the  use of 
 so  called  activated  amines.  Activated  amines  are  regarded  as  a  conventional  amine 
 solvent promoted by the addition of small amounts of ―activator‖, which are known for 
 their  very  fast  reaction  rate  with  CO2.  Piperazine  is  one  of  the  most  widely  used 
 activator to enhance CO2 absorption rate with amines. Piperazine is a cyclic secondary 
 diamine  that  is  known  to  be  very  reactive  with  CO2  (Dash  &  Bandyopadhyay,  2013; 


Freeman,  Davis,  et  al.,  2010;  Freeman,  Dugas,  et  al.,  2010).    In  fact,  reaction  of  CO2


with  PZ  is  about  ten  times  faster  than  reaction  of  MEA  with  CO2  (Dang  &  Rochelle, 
 2003).  Therefore,  the  addition  of  very  small  amount  PZ  to  aqueous  amine  accelerates 
 reaction kinetics considerably. The addition of small amount of PZ to amines does not 
 only  accelerate  the  reaction  kinetics  but  it  also  increases  the  CO2  absorption  capacity. 


The increase in the absorption capacity is attributed to the fact that PZ is a diamine that 
 contains  two  CO2-  reactive  amine  groups,  which  consequently  increases  the  CO2


absorption  capacity  per  molecule.  Piperazine  has  been  known  in  the  gas  sweetening 
 industry  since  the  1980’s  when  it  was  first  patented  by  BASF  to  activate  the  tertiary 
 amine  MDEA.  Since  then,  MDEA/PZ  solvent,  also  called  ″a  MDEA″  (activated 
 MDEA),  became  a  major  solvent  used  in  the  ammonia  synthesis  gas  purification  and 
 other  applications  that  requires  bulk  CO2  removal  (Ali  &  Aroua,  2004;  Bishnoi  & 


Rochelle,  2002;  Closmann  et  al.,  2009).  The  second  order  reaction  rate  constants  for 
 MEA,  DEA,  TEA,  MDEA  and  PZ  applied  for  CO2  absorption  reaction  at  25°C  are 
 presented in Table 1.2. 
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(36)Table  1.2: The overall forward rate constant for CO2-amine reactions at 25 °C 
 (Chakma, 1997). 


Solvent  Reaction rate constant (mol/l·s)

MEA  7600 


DEA  1500 


TEA  16.8 


DEA  9.2 


PZ  59000 


The comparison of the reaction rate constants indicates that PZ has a rate constant that 
 is  several  magnitudes  greater  than  MEA  reaction  constant,  which  has  the  highest  rate 
 constant  amongst  other  amines  (Mondal  et  al.,  2012).  Nevertheless,  PZ  has  some 
 limitations and disadvantages such as its limited solubility in aqueous phase (Nainar & 


Veawab,  2009;  Samanta  &  Bandyopadhyay,  2007).  Also,  PZ  is  highly  volatile  even 
 more volatile than MEA (PZ b.p: 146°C, MEA b.p: 170°C). In terms of cost, PZ is 2 to 
 3  times  more  expensive  than  MEA  (Bishnoi  &  Rochelle,  2000).  Due  to  all  the 
 mentioned  limitations,  the  addition  of  PZ  to  amines  does  not  usually  exceed  8wt.% 


maximum (Rinprasertmeechai et al., 2012).  


1.5 Corrosion in alkanolamine plants

CO2 absorption process using aqueous alkanolamine solutions can have a number 
 of  factors  that  can  cause  operational  difficulties,  such  as  corrosion,  alkanolamine  loss, 
 foaming,  and  plugging  of  the  equipment.  However,  corrosion  is  the  chief  influencing 
 factor  from  an  economic  perspective  (Kohl  &  Nielsen,  1997).  Corrosion  can  greatly 
 influence  both  the  economics  and  safety  associated  with  the  CO2  absorption  process. 


The  occurrence  of  corrosion  leads  to  unscheduled  downtime  of  plants,  production 
 losses, reduced equipment life and possibly injury or death (DuPart et al., 1993). 


Corrosion is regarded as a serious issue in amine-based gas treating plants that has been 
 reported in the literature, notably when carbon steel is used for plant construction. The 
 corrosion of carbon steel is primarily caused by CO2 in alkanolamine solutions but not 
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(37)Severe  corrosion  was  observed  in  CO2  absorption  plant  in  both  uniform  and  localized 
 forms  and  the  most  common  locations  for  corrosion  occurrence  were  the  absorber 
 bottom, rich-lean heat exchanger, regenerator areas (trays and valves) and in some cases 
 reboiler,  and  associated  piping  area  are  also  susceptible  to  serve  corrosion  (DuPart  et 
 al.,  1993).  Corrosion  in  the  alkanolamine-based  CO2  absorption  process  can  be 
 classified  into  two  categories:  1)  wet  acid  gas  corrosion  or  CO2  corrosion  and  2) 
 alkanolamine  solution  corrosion.  Their  brief  descriptions  will  be  provided  in  the 
 following section. 


1.5.1 Wet acid gas corrosion  


Wet CO2 corrosion occurs predominantly in the process  areas, where CO2 reacts 
 with carbon steel in an aqueous CO2 environment with little or no alkanolamine (Kohl 


&  Nielsen,  1997).  The  absence  of  alkanolamine  makes  the  solution  of  CO2  and  water 
 highly  acidic  which  is  highly  corrosive.  As  illustrated  in  Figure  1.1,  the  wet  acid  gas 
 corrosion  occurs  in  the  overhead  sections  of  the  regenerator  and  at  the  bottom  of  the 
 absorber  in  situations  where  feed  gas  is  water  saturated  (Kohl  &  Nielsen,  1997).  This 
 type of corrosion can be minimized by spraying or wetting the surface of the regenerator 
 top with alkanolamine to increase the pH. Such alkanolamine wash should be ensured to 
 have  a  result  of  0.5  wt.%  of  alkanolamine  in  the  reflux  condensed  water  (Kohl  & 


Nielsen, 1997). The absorber bottom can also be protected from wet acid gas corrosion 
 by wetting the wall of the absorber with alkanolamine. This can be achieved effectively 
 by immersing the inlet gas distributor in the alkanolamine solution. Drilling weep holes 
 around  the  perimeter  of  the  bottom  tray  support  ring  would  be  an  alternative  solution 
 and far better than to submerged gas distributor since it avoids the entrainment of gas in 
 the rich alkanolamine solution. In cases, where the CO2 is the only acid gas, the bottom 
 tray  of  the  absorber  made  of  carbon  steel  will  corrode  and  this  will  propagate  to  the 
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(38)upper  trays  as  well.  This  problem  can  be  solved  by  using  stainless  steel  trays 
 (Najumudeen, 2012).  


1.5.2 Alkanolamine solution corrosion  


Pure  alkanolamines  and  aqueous  alkanolamine  solutions  are  not  corrosive. 


However, when alkanolamines contain a certain amount of CO2, they have the tendency 
 to  become  corrosive  (Kohl  &  Nielsen,  1997).  This  type  of  corrosion  is  called 
 alkanolamine  solution  corrosion.  As  illustrated  in  Figure 1.1,  alkanolamine  solution 
 corrosion  occurs  predominantly  in  the  piping  sections  of  the  rich  solution  from  the 
 bottom  of  the  absorber  to  the  regenerator,  the  rich  alkanolamine  side  of  the  lean-rich 
 heat exchanger, and the hot bottom part of the regenerator.  


1.6 Factors affecting corrosion

Corrosiveness  of  the  amine  solutions  loaded  with  CO2  depends  on  a  number  of 
 factors, such as: type and concentration of alkanolamine solution, higher temperature in 
 the  regenerator,  oxygen  ingression,  alkanolamine  degradation  products,  high  CO2
 loading,  and  solution  contamination.  Apart  from  these  described  issues,  plant  design, 
 plant  metallurgy,  poor  operating  practices,  and  improper  fabrication  can  also  lead  to 
 severe corrosion (Kohl & Nielsen, 1997). In the following section, influence of several 
 parameters will be discussed in detail.  


1.6.1 Effect of CO2 loading or CO2 partial pressure 


CO2 loading plays an important role in the corrosiveness of aqueous amine-CO2


system. The corrosion rates are seen to increase with the increase of CO2 loading in the 
 amine  solution.  Because  of  the  increase  in  CO2  loading,  the  direct  reduction  of 
 bicarbonates also increases due to the increase in HCO3-


 and H+ ion concentration in the 
 solution.  This  is  supported  by  the  fact  that  the  rich  amine  (high  loading)  solutions  are  
 more corrosive than the lean amine (low loading) solution  (Kohl & Nielsen, 1997). de 
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(39)varying  conditions  of  pressure  and  temperature.  They  reported  that  the  corrosion  rate 
 increases  proportionally  with  PCO2  raised  to  the  power  of  0.67.  Similar  power  laws 
 between  corrosion  rates  and  PCO2  were  reported  in  another  study  with  the  exponent 
 ranging from 0.5 to 0.8 (Feng et al., 2012). 


1.6.2 Effect of solution temperature  


Temperature  has  a  significant  impact  on  corrosion  as  higher  temperature  tends  to 
 increase  the  rate  of  corrosion  (DuPart  et  al.,  1991;  Helle,  1995;  Keller  et  al.,  1992; 


Veawab  et  al.,  1999).  As  a  general  rule,  an  increase  in  the  solution  temperature 
 increases all electrochemical and chemical processes involved in the amine solution by 
 increasing  reaction  rates  and  mass  transport.  Because  the  operating  temperature  in 
 amine treating plants varies from 40 to as high as 120  °C, a great variety of  corrosion 
 rates can be found throughout the plant. 


1.6.3 Effect of amine concentration  


The most important factor that affects the corrosion rate is the concentration of amine 
 solution.  In  general,  an  increase  in  the  amine  concentration  results  in  an  increase  in 
 corrosion  rate  (Chakma  &  Meisen,  1986;  DuPart  et  al.,  1991;  Veawab  et  al.,  1999). 


According to Tanthapanichakoon & Veawab (2003), the industry preferred to use a high 
 amine concentration rather than lower one concentration of amine. The reason for using 
 higher  amine  concentration  is  justified  by  energy  saving.  Several  investigators  offered 
 recommendations for the amine concentrations that keep the corrosion within acceptable 
 limits. 


1.6.4 Effect of solution velocity 


The  solution  velocity  affects  the  corrosiveness  of  the  amine  solution  by  increasing 
 the transfer of oxidizing agents between the metal surface and the carbonated solution. 


Where,  there  is  no  evidence  of  film  formation,  the  corrosion  rate  is  completely 
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(40)controlled by the solution velocity (Videm & Dugstad, 1989). While in the presence of 
 corrosion  inhibitor  or  corrosion  product  formed,  the  solution  velocity  may  remove  the 
 film  leading  to  an  increase  in  corrosion  rate  (Nešić,  2007).  However,  as  the  main 
 corrosion  resistance  in  the  presence  of  a  protective  film  is  not  only  due  to  the  species 
 transfer but also to the film layer itself, thus the effect of flow is not as great as in the 
 condition without film formation. 


1.7 Mechanism of solution corrosion

1.7.1 Wet CO2 corrosion mechanism 


When CO2 is dissolved in water to form carbonic acid (H2CO3) (reaction (1.1), 
 which, in turn, ionizes partially to form hydrogen ion (H+) and bicarbonate on (HCO3-


) 
 (reaction (1.2) (Nešić et al., 2002; Nyborg, 2002). 


       


(1.1) 
       


(1.2) 
 The  increase  in  H+  ions  plays  a  major  role  in  the  wet  CO2 corrosion  of  carbon  steel, 
 where the H+ accepts electrons from iron (Fe), thereby oxidizing it to ferrous ions (Fe2+) 
 and forming hydrogen (H2) as expressed in reaction (1.3). 


           


(1.3) 
 At a pH values higher than 4, bicarbonate ions are further reduced to carbonate ions 
 (CO32-


) thereby producing more hydrogen ions and increasing the corrosion rate 
 Reaction (1.4) (Nes
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