
THE ORETICAL BACKGROUND AND LITERATURE REVIEW
CHAPTER II

T he energy in fo rm ation  ad m in istra tion  estim ates that the  p rim ary  sou rce  o f  
energy  consists o f  pe tro leum  36 .0  % , coal 27 .4  %, and na tu ra l gas 23 .0  % , 
accoun ting  for 86.4 % o f p rim ary  energy  consum ption  in the w o rld  (P rasad  and 
D hanya, 2011). U se o f  coal as a huge sou rce  o f  energy has b eco m e  im p ortan t 
because  o f  its availab ility  and  low  cost. A cco rd in g  to in tergov ern m enta l pan el on 
c lim ate  change (IPCC) report, a  g reat n u m b er o f  coal-fired  pow er p lan ts  op era ted  in  
C an ada  and eisew here in the  w o rld  is coa l-fired . The com bustion  o f  coal has been  
considered  as a large p rod uction  source  o f  C O 2 .

In the w orld, 3 0 ^10  %  o f  to ta l C O 2 em issions com e from  co a l-fired  po w er 
p lan ts (H uang et a l, 2010). A  co m p o sitio n  o f  flue gases in ex istin g  co a l-fired  p o w er 
p lan ts generally  consists o f  con sid erab le  am o u n t o f  N 2, 7-15 % C O 2 , 2 - 1 2  %  O 2 and  
sm all am ount o f  NOx, S O 2 and  S O 3. A s sho w n  in  T able 2.1, it is a typ ica l flue gas 
com position  after S 0 2 sc ru b b in g  fo r coal-fired  p o w er plants (C hak m a et a l ,  1995).

Table 2.1 Typical com p osition  o f  flue gases after SC>2Scrubbing (C h ak m a et a l ,  
1995)

Composition in Coal-Fired Mole %
C 0 2 7-15

0 2 2 - 1 2

n 2 65-75
h 20 5-15
s o 2 2-400 ppm
s o 3 1 - 1 0  ppm
N O x 1-400 ppm

P articu la tes 0.1 - 0.5 ~ ra ins/S C F
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To reduce CO2 emission in the flue gas of the coal fired power plant going
into the atmosphere, one can integrate technology CO2 capture to the coal-fired
power plants as a schematic shown in Figure 2.1.
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Figure 2.1 S chem atic  d iagram  o f  the in teg ration  o f  a  C O 2 cap tu re  un it to a coal- 
fired  po w er p lan t (T h itakam ol et a l, 2007).

2.1 CO 2 C apture

A  novel tech no log y  that cou ld  e lim inate  all C O 2 em issio n s is C O 2 cap ture  
and  sto rage p rocess (C C S). Lackner et al. (2010) su m m arized  a basic o f  C C S 
co n sis tin g  o f  th ree  stages a) C O 2 separa tion  (from  co m b u stio n  exhaust), b) C O 2 

transp o rta tion  (u sua lly  v ia  pipeline), and c) C O 2 s to rage (su ch  as u rea  production , 
un derg rou nd  sto rage, food and beverage industry , en h an ced  oil recovery, dry ice 
p rod uction , etc.). S p igarelli and K aw atra (2013) e stim ated  th e  C O 2 capture cost o f  
7 0 -9 0  %  o f  the to ta l operating  costs o f  a C C S  system . C O 2 cap tu re  technologies can 
be  c lassified  in to  p re-com bustion , p o st-com bu stio n  and  ox y-fu e l com bustion  (W ang 
et a l,  2011). E ach techno logy  has its ow n advan tages and  d isadvan tages and is at 
d iffe ren t stages o f  developm ent.

P re-com b ustion  capture is C O 2 cap tu re  p ro cess  before  fossil fuel 
com b ustion  w h ich  it is in tegrated to  gasifica tio n  co m b in ed  cycle  (IG C C) po w er 
p lan ts. In the first step  o f  gasification, it p rod uces “ syn th esis  g ases” and creates a 
h ig h  pressure  con verting  to C O 2/H 2 gas s tream  w h ich  C O 2 is separa ted  out and  แ 2 

can be  u sed  fo r sou rce  energy (T ham bim uthu  et a l,  2010). T he advantage o f  IG C C
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pow er p lant is the  h igh est energy  effic iency , and the p en a ltie s  in trodu ced  b y  C O 2 

capture are the lo w est as w ell. H ow ever, it is very  d ifficu lt to re tro fit IG C C  
technology to ex istin g  facilities and  it is costly  (S trube and M anfrida , 2011). A t the 
current state o f  developm ent, p re -com bu stio n  techno logy  sh o u ld  on ly  be app lied  i f  a 
new  IG CC facility  is be ing  co n stru c ted  (Sp igarelli and K aw atra , 2013).

O x y-com bu stio n  cap tu re  is C O 2 captured  a fte r fo ssil fuel co m b u stio n  
in an O 2 rich a tm osphere , w h ich  sup p ressed  the form ation  o f  N O x after fossil fuel 
com busted and crea te  C O 2/H 2O gas stream . C O 2 can easily  be separa ted  by  coo ling  
the flue gas stream  to con den se  o u t the H 2O (Spigarelli an d  K aw atra , 2013). T he 
m ain advantage o f  o x y -com bu stio n  is high purities o f  the C O 2 s tream  w h ich  can be 
reached, so that it is su itab le  fo r  E O R  (C oninck  et a l,  2009). H o w ev er, equ ip m en t 
needed to ob tain  the  large vo lu m e o f  O 2 is costly  to op era te  and re tro fittin g  to 
existing  facilities is d ifficu lt (S tru be  and  M anfrida, 2011).

P ost-com b ustion  cap tu re  is C O 2 cap tured  a fte r fo ssil fuel com bustion . 
Spigarelli and K aw atra  (2013) found  that this tech no log y  possess the  g rea test 
po ten tial for near term  im p lem en ta tio n  at fossil fuel p o w er p lan ts  because  th ey  can 
be retrofitted to ex istin g  facilities w ith  the least d ifficu lty . In cu rren t chem ical 
absorp tion w ith  am ines, it is the m o st m atu re  techno logy  for po st-com bu stio n .

21%  0 /7 9 %  N2
“ C lp n n ”
F lu e  G as
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Figure 2.2 S im plified  p o st-co m b u stio n  capture b lock  d iagram  (S p ig are lli and  
K aw atra, 2013).
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CO2 instead of being discharged directly to the atmosphere, flue gases 
stream is passed through equipment which removes most of the CO2 and the 
remaining flue gases are discharged to the atmosphere shown in Figure 2.2 
(Spigarelli and Kawatra, 2013).

Technologies of CO2 capture for post-combustion are current employed 
technologies including physical and chemical solvents, particularly 
monoethanolamine (MEA), adsorption onto solids, various types of membranes, and 
cryogenic separation.

The choice of suitable technology depends on the characteristics of the flue 
gases, which depend mainly on the power plant technology. The most commonly 
used post-combustion CO2 capture is chemical absorption using alkanolamines 
solution techniques for low-pressure flue gas streams from coal-fired plant as 
substantiated by Bhown and Freeman (2011). Figure 2.3 shows distribution type of 
technology post-combustion CO2 capture.
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Figure 2.3 Distribution of post-combustion CO2 capture technology types by TRL 
ranking (Bhown and Freeman, 2011).
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2.1.1 Absorption
Absorption technologies are the most common CO2 capture process 

currently used with post-combustion flue gases. It can be chemical and physical 
absorption.

CO2 and steam

F igu re  2.4 Schematic diagram of the typical absorption-based CO2 capture unit 
(Thitakamol e t  a i ,  2007).

Absorption is technology for capturing CO2 from post-combustion flue 
gases of containing low partial pressures of CO2 (3-20 %). In Figure 2.4 flue gas 
component comes into contact with the chemical solvent and CO2 is absorbed from 
the gas phase into the liquid phase by chemical or physical absorption reaction to 
form a weakly bonded intermediate compound at condition low temperature and high 
pressure in an absorber. Then sweet gas or lean CO2 in flue gas exits at the top of the 
absorber. In part o f absorbent when absorbed CO2 from flue gas, it changed from 
lean solution to rich solution or high concentration of CO2 . The rich solution was 
sent to the regenerator for recovering the lean solution by adding an application of 
heat production and hot stream from the reboiler. In the regeneration step, the rich 
solution is being heated, the pressure is decreased, and CO2 is released at top of

o
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stripper. The lean solution or low concentration of CO2 as refer to the “rich solvent” 
was sent to bottom of regenerator and pass through heat exchanger for cooling before 
being sent back to the absorber to complete CO2 capture cycle. The rich solution is 
repeatedly cycled and exposed to heat at the reclaimer, so it can be degraded.

Physical absorption differs from chemical absorption which the physical 
absorption requires high partial pressure of CO2 , so the physical absorption is a 
function of the solubility o f CO2 in the solvent without reacting between CO2 and 
physical solvent. Factors which need to be considered when choosing a solvent are 
the solubility and reactive properties of the flue gases component in the solvent 
(Wang et a l ,  2011).

Currently commercial available technologies are chemical absorption. 
Several chemical absorption processes are different in the solvent used to capture 
CO2 . The four major processes are 1) amine absorption, 2) aqua ammonia absorption,
3) dual-alkali absorption, and 4) sodium carbonate (Na2CC>3) slurry absorption. 
Amine absorption is commonly used to capture CO2 in coal-fired power plant 
(Spigarelli and Kawatra, 2013).

2.2 Amine Absorbent

Conventional alkanolamines are classified as primary, secondary and 
tertiary alkanolamines depending on the number of substituting groups replacing 
hydrogen atoms of ammonia (NH3). Some of the alkanolamines most commonly 
used in CO2 capture are monoethanolamine (MEA), methyldiethanolamine (MDEA), 
2-amino-2-methylpropanol (AMP), diglycolamine (DGA), diethanolamine (DEA) 
and di-isopropanolamine (DIPA) (Rochelle, 2009). Table 2.2 shows the examples of 
commonly commercial alkanolamines.

๐
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T a b le  2.2 C om parison  the C O 2 abso rp tion , v ap o r p ressure , overall cost and  
co rrosiv ity  o f  M E A  w ith com m ercia l availab le am in es (D E A , M D EA ) (R ao and 
R ubin , 2002)

MEA DEA MDEA
Amines (Primary Amine) (Secondary Amine) (Tertiary Amine)

HOCH2CH2NH2 HN(CH2CH2๐ H) 2 CH3N(CH2CII2๐ แ )2
CO2 Absorption High Moderate High
Vapor Pressure High Low Low
Corrosivity High High Low
Cost Low Low High

In T able  2 .2 , there are several advan tages o f  M E A , such as h igh  C O 2 

abso rp tion  and  high vapor pressure  (R ao and  R u bin , 2002). M oreover it has h igh  
so lub ility  in w ater, low  viscosity , h igh  k inetics at lo w  C O 2 partia l pressure and  it is 
cheap. A lth oug h  the M E A  is com m ercia lly  u sed  in  na tu ra l gas treatm ent, M E A  
requires a large am ount o f  h igh  energy  for regenera tion , h igh  corrosiv ity  and  is 
degraded  in the presence o f  O 2. T hese  p rob lem s hav e  been  add ressed  th rough the  use 
o f  a lk ano lam in e  w h ich  chem ically  reac t w ith  the C O 2 du ring  capture.

2.2.1 M onoethanolam ine (M E A )
A n aqueous M E A  so lu tion , im p ortan t abso rb en t in the C O 2 rem o val 

p rocess, has m any advantages, such  as high reac tiv ity , low  so lven t cost, and  h igh  
abso rp tion  capacity  on a m ass basis , reasonab le  th e rm al stab ility  and re la tive ly  h igh  
b iodegrade  ability. Som etim es it can  be  im p rov ed  b y  us in g  an activator and m ix in g  
w ith  o ther am ines. M EA  is a p rim ary  am ine, the  lig h tes t m o lecu le  com pared to  the 
o ther am ines, and h igh pH, w h ich  m akes M E A  h ig h  e ffic ien t to  capture an acid  gas. 
M E A  chem ically  absorbs C O 2 w ith  exo th erm ic  reaction . H ow ever, M EA  deg radation  
leads to  irreversib le  side reactions m a in ly  w ith  C O 2 and  <ว2, and also w ith  N O x and  
S O x w h ich  creates different p rob lem s in  the  p rocess, such  as so lven t loss, fo rm ation  
o f  vo la tile  com pounds po ten tia lly  dangerous fo r env iron m en t, foam ing, fou ling  and  
especia lly  co rrosion  (Islam  et a l,  2010).
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2.3 Amine Degradation

Compositions o f flue gases from coal-fired power plant consist o f CO2 , 
NOx, O2 , SO2 and SO3 . These impurities are removed by aqueous solutions of 
alkanolamines but plant and laboratory reports indicate that for a long period use, 
alkanolamines may be transformed into unwanted products which are not easily 
recovered. This phenomenon commonly referred to as “amine degradation” (Islam 
eta/., 2 0 1 0 ).

It is important to understand degradation conditions that are varied within 
the gas treating plant. Bedell (2009) substantiated that different mechanisms may be 
involved in different parts o f the plant, such as the highest O2 concentration and the 
lowest temperature will occur in the absorber while the lowest O2 concentration and 
highest temperature will occur in the reclaimer. The amine degradation can produce 
several negative effects on the operation of a CO2 capture process as follows:

• Operating cost
The replacement cost of MEA system to be about 4 % of the total 
cost o f CO2 capture.
Viscosity increases with increase of MEA degradation and 
induces the costs associated with solvent pumping to increase.

• Performance
Increase of viscosity increases mass transfer limitations.
Formation of acidic degradation products will form heat stable 
salts which will reduce the solution’s capacity for CO2 ; thus, 
requires technologies to regenerate heat stable salts.

• Capital/material of construction issues
Acidic degradation products (HSS) are more corrosive; therefore, 
it requires materials resisting to corrosion which is more 
expensive for construction.
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Amine degradation can be systematized into two main reaction types
1) Amine oxidative degradation through

- Autoxidation pathways
- Oxidation in the presence o f metal ions

2) Thermal degradation including reactions in the presence of CO2 .

2.3.1 Oxidative Degradation
Oxidative degradation of alkanolamine solution is caused by the 

presence of O2 or metal in the flue gases. Excess O2 will enter in the absorber and 
this is where the most likely place “oxidative degradation” occurs. The oxidative 
degradation occurred by presence o f dissolved O2 into the liquid holdup at the bottom 
of absorber and is also catalyzed by metal ions. The degradation products will be 
oxidized into fragments o f alkanolamine, such as ammonia, organic acids and 
oxidants. Major product of MEA oxidative degradation product is a-amine 
acetaldehyde as shown in Equation 2.1 (Supap et a l ,  2011).

H2N-CH2-CH2-OH 1/2 ° 2r H2NCH2C -H  (2.1)
(MEA) (a-amine acetaldehyde)

Bedell (2009) proposed autoxidation of organic molecules without any 
specific catalyst. Autoxidation is a free radical chain reaction with O2 to form the 
peroxide radical which leads to the production of imine (NH2+) and hydrogen 
peroxide (H2O2).

Rochelle and Chi (2001) proposed oxidative degradation with metal 
ions which resulted in much faster reactions. Bedell (2009) and Fredriksen and Jens
(2013) explained mechanism of MEA degradation where the electron and hydrogen 
abstractions were proposed as pathways towards the degradation o f MEA, however 
there are still gaps in the knowledge that require to be elucidated. Bedell (2009) 
substantiated that Fe, Cu, Cr, Ni and V ions were found to catalyze these paths.
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O ne o f  the first o x id a tiv e  frag m en ta tio n  pathw ays o f  a lk an o lam in e  
deg radation  using  M EA  w as p rop osed  by  Jefferso n  C hem ical (H ofm eyer et a l, 
1965). T he pathw ay reaction  o f  M E A  w ith  in itia l O 2 is p roduce a -  am in e  
aceta ldehyde in term ediate as sho w n  in E qu atio n  2.2 . a -A m in eace ta ld ehy de  w as 
ox id ized  to glycine, glycolic acid , even tu ally  to  ox alic  acid. Supap et al. (2011) 
com m ented  that this m echan ism  w as u sefu l on ly  p ro p o sed  oxalic acid  as a final 
p roduct.

0 0
*/a O , II Vi 0 , II

H 2N-CEE-CIT-O H E E N C fE C -H . H2N C H 7C - O E
(MEA) (a-am in e  acetaldehyde) (Glycine)

1 0 2

0  0 0  0 0Il II o' II
O H - C - C - O H  *-----------  H - C - C - O H  *----------- - h o c h 2c - o h

(Oxalic acid) (Glyoxylic acid) (Glycolic acid)

Several years later, R o chelle  and  C hi (2001); B edell and L ep au m ier 
et al. (2009) proposed  the fo rm ation  routes for fo rm ation s o f  form ic and ace tic  acids 
by  add ing  pathw ays into the p rev io u s  m echan ism  as sho w n  in E quation  2.2. A cetic  
acid  w as though t to form  by  d eco m p o sitio n  o f  M E A ^giv ing  N H 3 and v iny l a lco ho l 
and  then  reac t to give acetaldehyde w h ich  finally  con verts  to acetic acid. F o rm ic  acid  
w as generated  from  fragm en tation  o f  a -am in o  ace ta ldeh yd e in term ed iate  p ro p o sed  
from  the  previous m echan ism . T he m od ified  m ech an ism  by  Supap et al. (2 0 1 1 ) is 
show n in E quation  2.3.

๐
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H2NCH2CH2OH
(MEA)

o
H2NCH2C -  H

\  =  / H NH3 + ' c =  ๙  -
H OH
(Vinyl alcohol)

H20

(a-Amino acetaldehyde)
1
๐

H iN C H A '-O H  —  
(Glycine)

o
* CHj C - H  -  
(Acetaldehyde)

o
► CH3NH2 + H - C - O H  
(Methvlamine) (Formic acid)

-  HOCH2C -O H  
(Glycolic acid)

H - I J - O H
(Glyoxylic acid)

o
CH3 C -O H  
(Acetic acid)

(2.3)

o  o
O H - C - C - O H  

(Oxalic acid)

Voice and Rochelle (2013) studied the effects o f metal ion catalysts 
(iron, manganese, and copper) on oxidative degradation of MEA in CO2 capture and 
found that the oxidation rate increased by up to a factor o f ten. The activation energy 
of the oxidation rate was 68-70 kJ/mol. Addition o f 2 % C 0 2 to the gas oxidation 
increased by a factor of five. The oxidation rate was found to be approximately first 
order in oxygen partial pressure. Addition of 50 ppm NO 2 or SO2 to the reactor gas 
had a minimal effect on the degradation rate. The mass balance was closed within 
5 % at high gas flow and within 20 % at low gas flow. Two-thirds o f the degraded 
MEA in both systems was converted to NH3 . The final conclusion was that the 
dissolved metals and temperature are the most important factors to consider in 
oxidation of MEA.

Supap et al. (2011) studied MEA and major acidic degradation 
products, often detected in CO2 capture process to understand the mechanistic roles 
of these acids in the oxidation process. These acids which are formic acid, acetic 
acid, glycolic acid and oxalic acid form major heat stable salts (HSSs) with MEA. 
The reaction of MEA and acetic acid was similar to MEA-formic acid which 
occurred immediately after the formation of acid and they occur in two forms, 
acetate of MEA and N-(2-hydroxyethyl)acetamide (HEA), in equilibrium as shown 
in Equation 2.4 (Supap e t al., 2011).

O
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0

* A  .H3C 0  MEA

0

h 3c / J v n h ^ o h

(2 .4)

A nother reac tio n  w as succ in ic  acid  and M EA  fo rm ing  a  s tab le  N -(2 - 
hydroxyethyl)-succin im ide th rough  an  in term ediate  o f  N -(2 -h yd ro xye thy l)-  
succinam ide as show n in E qu atio n  2.5 (S u pap  et al., 2011).

2.3.2 T herm al D egradation
T herm al deg radation  o f  a lk ano lam in e  solu tion  in C O 2 cap tu res 

p rocess occurs at h igh  tem p era tu re  (> 100  °C ) and  h igh  partial p ressu re  (20 M P a) o f  
C O 2 in  the absorber. H igh  tem p era tu re  w ill b reak  chem ical b o n d s and  increases 
ac tion  rate o f  a lkano lam ine  so lu tion  lead in g  to successive th erm al deg rad a tion  
productions, w hich also  cause  loss o f  a lk ano lam in e  solution in  C O 2 cap tu res p rocess. 
M ost o f  therm al deg radation  p rod uction s w ill be  found  in the b o tto m  o f  rec la im er 
(G ouedard  et a l,  2012). M E A , com m on  a lk ano lam in e  for C O 2 cap tu re  is sub jec tive  
to ox idative degradation. D av is (2009); E id e-H augm o et al. (2011) s tu d ied  the M E A  
loss due to therm al deg rad a tion  at m ax im u m  tem peratu re  o f  1 2 0  ° c  o r  tem p era tu res 
b e lo w  200 ° c . Z oannou  et al. (2013) s ta ted  th a t carbam ate w as th e  M E A  m ajo r 
therm al degradation p rod uc ts  and  can  be  fo rm ed  to  o ther deg rad a tio n  p rod ucts  by  
side reaction.
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In the  absorber, M E A  reac tio n  w ith  C O 2 to  fo rm  M E A  carbam ate 
w h ich  it is m ajo r therm al degradation  p ro d u c t as show n in E q u a tio n  2.6 (Polderm an 
et a l ,  1955).

+  œ 2 ^ \  .NH HO " 0 0 2-
MEA Carbamate

(2 .6 )

T his process is no rm ally  reversed  in the stripper, b u t it w as p roposed  
th a t th is carbam ate  cou ld  go th rough a con den sa tio n  reac tio n  to  form  2 -oxazo lidone 
as sho w n  in  E qu a tio n  2.7 (Polderm an et a l ,  1955).

MEA Carbamate 2-Oxazolidone

Y azv ik ov a  et al. (1975) foun d  that M E A -carb am ate  can also reac t 
w ith  ano ther M E A  and  irreversib ly  dehydro lyze  to form  N ,N ’-di(2-hydroxyethy l)- 
u rea  as show n in E qu atio n  2.8 (P o lderm an  et a l ,  1955).

\  ,N H  N H-,
H O  '0 ว 2 -  +  H O  ^

M E A  C a r b a m a t e  M EA

..1 . , O H
- >  ^ ' '  ' N H  ' N H

N ,N  ' - d i ( 2 - h y d r o x y e t h y i ) u r e a

H20  (2.8)

T he fo rm er product o f  2 -o x azo lid o n e  can  th en  reac t w ith  M E A  to 
form  l-(2 -h yd ro xyethy l)-2 -im id azo lido ne  o r HELA sho w n  in  E quation  2.9 
(P o ld erm an  et a i,  1955), and H E IA  can  th en  b e  hy d ro lyzed  to  form  N -(2 -hydroxy  
e th y l)-e thy len ed iam ine  referred  as H E E D  A  as sho w n  in E q u a tio n  2.10 (Polderm an 
e ta l., 1955).
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NH

\  /  +
2 - O x a z o l id o n e

H O
J4H2 HN + H20  (2 .9)

l - ( 2- h y d r o x y e th y l ) - 2- im id a 2o l id o n e
(HEIA)

HN' + H20 HO ,NH
' nh2 + CO2 '2 .10)

N-(2-hydroxyetfiy1)-ethylenedtamine
(HEEDA)

T hese fou r species (2 -oxazo lidone, N ,N ’-d i(2 -hy d roxy eth y l)-u rea , 
H E IA  and  H E E D A ) p lus fu rth er po lym erization  p ro d u c ts  are the m a jo r p rod ucts  o f  
therm al deg rad ation  w hich are difficult to regenerate under norm al stripper conditions. 
T he rate o f  fo rm ation  o f  th e rm al degradation  p rod uc ts  is a  function  o f  tem pera tu re  
(faster k ine tics), C 0 2 lo ad ing  (m ore carbam ate p resen t), and  M E A  concentra tion . 
D avis and  R ochelle  (2009) sum m arized  H EIA , H E E D A  and  M E A  m akeu p , the 
m ajo r to ta l M E A  loss. H E IA  is the m ost stable and  d eg rad ation  p ro d u c t in h igh ly  
degraded com pound . P art o f  H E E D A  m ake costs fo r reg en era tio n  in  the  s trip p er low  
at tem pera tu res b e lo w  1 1 0  °c, bu t can becom e sig n ifican t i f  th e  p ressu re  in  the 
s t r i k e r  is increased .

G illis et al. (1963) studied corrosion o f  M E A  com bination  test. The 
com bination o f  M EA  m ain produced degradation products are cyclic u rea  o f  H EIA  and 
diam ine o f  H EED A . The resu lt show ed that the d iam ine o f  H E E D A  is significantly 
increasing passing through in liquid phase o f  corrosive test. In a separate corrosion test, 
HEED A w as a large factor in the corrosion o f  carbon steel equ ipm ent in an am ine 
treating un it w hich one test show ed over 300 tim es m ore iron in a so lu tion  o f  H EED A  
and M EA  com pared to  a com parab le M EA  solution.
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The M E A  deg rad ation  p ro d u c ts  are com m on found  in  the  regenera tion  
process show n in T able  2.3. Supap et al. (2006) iden tified  and  com p ared  M E A  
degradation  products in  tw o system s, it is M E A  w ith  (ว2 and M E A  w ith  (ว2 and  C O 2 , 
and  analyzed deg radation  p rod ucts  by  G C -M S , H P L C -R ID , and  C E -D A D  
techniques. For G C -M S, it u sed  an H P -35 M S  co lum n for analysis o f  the  deg rad a tion  
products and H P -Innow ax  co lum n fo r analysis M EA . F or H P L C -R ID , it u sed  a 
N u cleosil colum n w ith  p h osp hate  b u ffe r for analysis o f  M E A  an d  deg rad a tio n  
products A nd for C E -D A D , it u sed  p h o sp h a te  and  borate for e lec tro ly tes  fo r analysis 
degradation  products. T he  resu lts  rece iv ed  by  these  techniques are  sh o w n  in T ab le
2.4.

Table 2.3 M ajor M E A  deg rad ation  p ro d u c ts  (G ouedard  et a l,  20 12 )

Chemical
Structure Name (Abbreviation) M ïï

(g/mol) References

■๙' ' ' - Y
N-(2-hydroxyethyl)acetamide (HEA) or 

( N-acetylethanolamine) 103 Lepaumier et al. (2009a); 
Strazisar et al. (2009b)

/ ฯsv ^0  11 N-(2-hydroxethyl)imidazole (HEI) 112 Lepaumier et al. (2009a); 
Sexton and Rochelle (2011)

Y
N-(2-hydroxyethyl)-succinimide 143

Lepaumier et al. (2009b); 
Rooney et al. (1998b); 

Supap et al. (2011)

A
0

2-oxazolidone (OZD) 87 Lepaumier et al. (2009a); 
Strazisar et al. (2003)

๐



Table 2.4 Summary of degradation products suggested by the GC-MS technique and previously reported in literature (Supap e t  a l . ,

2006)

D egradation Products S tandard ReferenceCom pound % Confidence Verification
P ro d u c ts  L abe led  in  th is  w ork
1 -M eth y laze tid ine 58
D ,L -h o m o serin e  lac tone 86

Im idazo le 80 X
N -(2 -h yd ro xye thy ) acetam ide 83 X H ofm eyer et al. (1965); S traz isar et al. (2003).
N -m eth y l fo rm am id e 40 H ofm eyer et al. (1965).
1 ,3-D ioxane 46
2 -E th y l-1 -im idazo le 25
5 -H y d raz in o ca rb o n y l-1 -im idazo le 53
U racil 35
N -(2 -h y d ro x y e th y l)su cc in im id e 72 S traz isar et al. (2003).
1 -A m in o -4 -m eth y lp ip eraz in e 64
2-P yro lid inon e 38
1 -M eth y l-4 -im id azo le -5 -carb o x y lic  acid 50



Table 2.4 Summary of degradation products suggested by the GC-MS technique and previously reported in literature (Supap e t  a l ,

2006) (cont.)

Degradation Products Standard ReferenceCompound % Confidence Verification
N -m ethy lene  e th anam in e 25
5-A m in ov aleric  acid 59
D ,L -aspartic  acid 72
2 -[(2 -A m in oethy l)am ino ] ethano l 92
E thylam ine 43
4 ,5 -D im eth y lox azo le 64
18-C row n-6 47 X
E thylu rea 38
N -g lycy lg lyc in e 59
D im ethy lh yd razon e-2 -p ro pan one 72

A dditio nal P roducts F ound  in T his W ork

A m m on ia 30
H ofm eyer et al. (1965); Chi et al. (2002); 
R o on ey  é ta l. (1998).

F orm ic  acid 86 X B lanc et al. (1982); R ooney  et al. (1998).



Table 2.4 Summary of degradation products suggested by the GC-MS technique and previously reported in literature (Supap e t  a l ,

2006) (cont.)

D egradation Products S tandard ReferenceCom pound % Confidence Verification
A cetic  acid 80 X B lanc et al. (1982); R o on ey  et al. (1998).
Pyrim id ine 86 X
A cetam ide 70 X
2-M ethy lam inoethano l 75 X B ello  et al. (2005).
A ceta ldehyde 65 R o on ey  et al. (1998).
E thanol 80
O xalic  acid H o fm ey er et al. (1965); R o on ey  et al. (1998).
G lycolic  acid H ofm eyer et al. (1965); R o on ey  et al. (1998).
B icine H o w ard  et al. (2001).
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G C -M S  is the  m ost sensitive fo r analysis w h ich  it can  detect g reatest 
p roduct. C o nfirm ation  o f  the resu lts cou ld  be  acco m p lish ed  th ro ug h  the  use o f  a 
com b inatio n  o f  G C -M S , H PL C -R ID , and  C E -D A D . T he G C -M S  tech n ique  analyzed 
the  deg radation  p rod uc ts  using  three d ifferen t G C  co lum ns h av in g  w idely  different 
po larities. H P -35M S  co lum n o f  in term ed ia te-p o larity  w as the  b est perform ed for 
analysis the deg rad a tion  products from  the M E A  w ith  O 2 an d  M E A  w ith  O 2 and C O 2 

deg rad ation  system s. H P -Innow ax colum n o f  h ig h -p o la rity  w as the  b est perform ed 
fo r analysis o f  M E A  and  H P-5M S co lum n o f  n o n -p o la rity  w as unsu itab le  for all. 
A  H P L C -R ID  tech n ique  using ca tion -ex chang er w as th e  b e s t perform ed for 
con tem porary  analysis degradation  p rod uct and  M E A  in  th is  sing le  colum n in a 
s ing le  run. C E -D A D  using an e lectro ly te  w as u n su itab le  for analysis high 
concen tra tion  o f  M E A .

2.4 M ethods for Removal of Amine D egradation Products

2.4.1 E lectrod ia lysis
E lectro -d ia ly sis  (ED ) w as first dev e lo ped  in th e  1950s as a  technology 

for desalting  w ater. T he  technique involves th e  se lec tive  rem o val o f  charged species 
by  flow ing  the  con tam in ated  ethano lam ine so lu tion  b e tw een  a s tack  o f  alternating 
p o sitiv e ly  and neg a tive ly  charged ion ex ch an g e  m em branes. H ow ever, fouling o f  
m em b ran e  and ov era ll econom ics are co n ce rn ed  and  b eco m e disadvantage in  the 
separa tion  o f  the  deg rad ation  products (D um ée et al., 2012).

2 .4 .2  D istilla tion
D istilla tio n  has an  econom ic ad v an tage  w h en  o p era tin g  w ith  very  h igh  

con cen tra tion s o f  M E A  degradation. In add ition , th ere  are  low  quan tities of w aste 
gen era ted  and it con sum es low  w ater and chem ical. T he  d is tilla tio n  w orks better w ith  
th e  am ines w ith  low  bo iling  po in ts. The m a jo r d isad v an tag e  o f  d istilla tion  is the 
energy  co n su m p tio n  needed  to vap o rize  an d  d istill o v e r the am ine solution. 
D is tilla tio n  has p o o r econom ics for m a in ta in in g  low  co n cen tra tio n s of M E A  
degradation , b ecause  such a large vo lum e o f  so lv en t m u st be d istilled  to  rem ove a 
sm all am ount o f  M E A  degradation . M E A  d eg rad a tio n  can  b e  separa ted  as the bo ttom
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residue in a reclaimer. Large energy input is needed to achieve this process (Dumée 
et ai, 2012).

2.4.3 Ion Exchange Resins (TEX)
Ion exchange resins are commonly used to remove ionic contaminants 

from the MEA degradation, such as the organic anions formed through oxidation or 
the sulfates and nitrates formed by reaction with acid gases. However, they are not 
able to remove uncharged contaminants such as those produced from thermal
degradation. In addition, an operational cost is relatively high. Also, several
researches have reported the belief that it will not work effectively for amine
reclaimation or thermal degradation and become a major disadvantage of this
technique (Dumée et al., 2012).

2.5 L iq u id -L iq u id  E xtraction

Liquid-liquid extraction (LLE) is a process of transferring a solute from one 
liquid phase to another immiscible or partially miscible liquid in contact with the 
first. The two phases are chemically quite different, which leads to a separation of 
the components according to their distribution or partition between the two phases. 
Normally one phase is aqueous solution and the other phase is an organic solvent. 
This is different from distillation, in which the liquid is partially vaporized to create 
another (vapor) phase, but the two phases are similar chemically.

Differential extraction becomes more effective if the process is repeated a 
number of times using a small volume of the organic solvent each time, than by 
using the whole solvent in one lot, i.e. multiple extraction is more efficient than 
single extraction.

Basically, the MEA degradation products are various acid anions, such as 
formate, acetate, glycolate and oxalate. The carboxylic acids are acidic because of 
the hydrogen in the -COOH group which increases the acidity of the solution. 
Therefore, the alkaline solution (base ions) is selected for extraction of acid from the 
MEA degradation solution by acid-base reaction (Wasewar et ai, 2011)

O
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This technology is a complex separation process. An additional component 
has to be introduced as extractant, which makes other subsequent separation steps 
necessary. A solvent extraction is often an organic liquid that can extract solute 
containing in an aqueous solution based on its solubility in a diluent and its 
selectivity of solute. Good diluents must possess a higher solubility of solute than the 
mixture, where the solute is originally dissolved; a high selectivity' of solute to the 
diluent, which is an important factor taken into account in the selection process. The 
diluents must selectively interact to the solute of interest, not the others.

The selection of the extractant is important for a reactive extraction process. 
The two most important characteristics are a high capacity and selectivity for the 
product compared with water. These two requirements are represented by the 
distribution coefficient and separation factor. The complexation between the 
extractant and the solute should also be strong enough to overcome the low activity 
of the solute in the aqueous phase, yet not so strong as to render regeneration 
difficult or impossible (Hong et al. 2001).

Yang et al. (1991) researched the extraction of carboxylic acids by 
using Alamine 336 (tertiary amine) and Aliquat 336 (a quaternary ammonium 
chloride) as extractants. The result showed that Aliquat 336 could extract both 
undissociated and dissociated acids under both acidic and basic conditions. However, 
extractant regeneration by striping may be difficult for Aliquat 336. For extraction 
with high concentration of Aliquat 336 with dilutent, it formed emulsion between 
aqueous phases and organic phase. Therefore, low efficiency of extraction due to low 
transfer between extractant and solute. They also reported that general diluent for 
Aliquat 336 was 2-octanol as had no apparent effects on extraction performance. The 
viscosity of Aliquat 336 in any diluent was extremely lower than that of pure Aliquat 
336. Therefore, no emulsion formed between aqueous phase and organic phase when 
diluent was used, and transfer between two phases increased.

Bora and Dutta (1998) researched the extraction of 7-amino 
cephalosporanic acid (7-ACA). They used secondary amine (di-«-octylamine, 
Amberlite LA-1, and Amberlite LA-2), tertiary amine (tri-n-octylamine) and 
quaternary amine (Aliquat336) as extractants with butyl acetate as a solvent. In case 
of extraction with secondary and tertiary amines, the extraction efficiency of 7-ACA

o
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decreased with the increase of pH. However, the extraction with Aliquat 336 
provided extraction efficiency higher than those of secondary and tertiary amines in 
the above pH ranges. The success of this method depends upon the difference in 
solubility of a compound in various solvents. For a given compound, a solubility 
difference between solvents is quantified as the “reactive extraction".

2.5.1 Reactive Extraction
Reactive extraction is a separation process using the reactions between 

extractants and the substances extracted. In organic phase, the extractant reacts with 
substances in the aqueous phase. The reaction complexes formed are then solubilized 
in the organic phase. Extractants, such as aliphatic amine are mainly used in the 
solvent extraction of carboxylic acids. (Hong et al. 2001).

Organic solvents used for extraction was accounted for by three major 
phenomena 1) conventional oxygen-bearing and hydrocarbon extractant, 
2) phosphorus-bonded oxygen-bearing extractant, and 3) high molecular weight 
aliphatic amines. Solvent extraction with conventional solvents such as alcohols, 
ketones, ethers, and aliphatic hydrocarbons is not efficient when applied to dilute, 
carboxylic acid solutions because of low aqueous phase solute in organic phase as 
refer to low distribution coefficients. However, carboxylic acid extractions with 
organophosphates, such as aliphatic amine have high distribution coefficients. And 
high aliphatic amine interactions with the acid allow formation of acid-amine 
complexes and thus provide high distribution coefficients.

In liquid-liquid extraction, a quantity of organic compound measured 
by distribution in between aqueous and organic phases is referring “the distribution 
or partition coefficient” as refer to K d which is a ratio of the solubility of solute 
dissolved in organic phase to the solubility of substances dissolved in aqueous phase. 
The constant KD, is essentially the ratio of the concentrations of the solute in the two 
different solvents, once the system reaches equilibrium. At equilibrium, the molecule 
of substances will distribute in the solvent. Inorganic and water soluble substances 
will stay in the aqueous phase and more organic molecules will remain in the organic 
phase.

๐
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There are many factors influent on the extraction concentrations of the 
acid and the extractant, and the type of extractant or diluent used. Since the 
extraction equilibrium is dependent on the concentration of undissociated acid in the 
aqueous phase, pH is also an important variable. The following reactions occur in the 
reactive extraction of carboxylic acids with aliphatic amine extractants (Yang et ai, 
1991).

Ion iza tion  o f  th e  C arboxylic  A c id s  in an A q u eo u s S o lu tio n  
Carboxylic acids are weak acids. The general formula of a carboxylic 

acid is R-COOH with -COOH referring to the carboxyl group. When a carboxyl 
group is deprotonated (H+), its conjugate base forms a carboxylate anion (R-COCT) 
as shown in Equation 2.11.

HA <-» H+ + A" (2.11)

The concentrations of hydrogen ion (H+) or pH effected to dissociated 
acids (A') and undissociated acids (HA) are the acid dissociation constant (Ka) which 
can be expressed as shown in Equation 2.12.

IT _  [HaqHAaq3 
3 [H A a q ] (2.12)

Partition of the undissociated molecular acid between the two phases, 
aqueous (aq) and organic (org) at low pH values or high H+ concentrations, the acid 
presence in the aqueous phase is mainly in the undissociated form, and the 
distribution coefficient is equal to Equations 2.13 and 2.14.

HA aq *-* HA 0rg

p  _  [HA] org
[H A ]aq = Kj

(2.13)

(2.14)
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D im eriza tio n  o f  the D ica rb o x y lic  in th e  A q u e o u s  P h a se
Dicarboxylic acids are strong acids. The molecular formulas of 

dicarboxylic acids are HOOC-R-COOH. Dissociating of the second carboxyl group 
occurs less readily than the first. This effect arises because more energy is required to 
deprotonate anions than neutral molecules. Where H2A is undissociate dicarboxylic 
acid, the second proton dissociated is defined as shown in Equations 2.15 and 2.16.

H2A <-» H+ + HA (2.15)

HA «-» H+ + A" (2.16)

Therefore, the dicarboxylic acid dissociation constant included Ka 1 
and Ka2 which are defined as shown in Equations 2.17 and 2.18.

K =  [H|qKHA£q]
[แ 2  Aa q]

_  [HaqHAaq] 
[H A a q] (2.18)

Partition of the undissociated molecular dicarboxylic acid between the 
two phases, aqueous (aq) and organic (org) at high pH values, is that the acid 
presence in the aqueous phase is mainly in the undissociated form, and the 
distribution coefficient is equal to Equations 2.19 and 2.20.

2HAorg HA 2,org (2.19)

D = = *2 (2.20)lHAlorg

In theoretical concept of carboxylic recovery with quaternary amine 
extraction, the molecule acid which is extracted by the extractant is bigger than the 
part of the extracted anions (carboxylate). Therefore, the concentration of
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undissociated acid (HA) is a function of the acid can be extracted by amine 
extarctant at equilibrium system.

The overall of acid such as, undissociated and dissociated acids, are . 
extracted from aqueous to organic phase at equilibrium that called “Distribution 
ratio”, is defined as the ratio of the total concentrations of that carboxylic acid in the 
two phases. The overall distribution coefficient can be written as shown in Equation 
2.21.

[T A ]o rg to ta l  __ [H A jorg  + 2H A 2 o rg  __ K 1 +  K2'K a /
[T A ]a q to ta l  [H A ]aq +  [Aa q] 1 +  Ka /  [H + ] (2.21)

Where[TA]orgtotaI and [TA]aqt0ta1 are the total concentrations of the 
acid in the organic and aqueous phases, respectively.

The degree of extraction (E %) of carboxylic acid is expressed as 
shown in Equation 2.22.

E%  = ^  (2-22)

The mechanism of the reactive extraction is interaction between 
carboxylic acid (HA) and quaternary ammonium chloride, (R4N+Cf) which can be4%
explained using the mass action law. Basically, interactions with acid-base extraction 
occur in the intermediate at equilibrium situation that there are some molecule acids 
connecting with molecule base of quaternary amine.

The extraction of acid with an amine solvent occurs by H-bonding or 
ion pair formation, which takes place only with the undissociated part of the acid. 
The portion of dissociated acid is generally negligible in the aqueous phase. The 
interfacial reaction between acid molecules and molecule of quaternary amine is 
given by Equation 2.23,

HAaq + (R4N+Cl-)org ~  (HA:R4N + Cl")org (2.23)

o
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The complexation consisted of more than one acid per amine, which 
was a common behavior for monocarboxylic acids. The ratio of complex formation 
was depended on the diluents. Diluents provide the solution of the extractants and 
also general and specific solvation to the acid-extractant complexes formed. 
Solvation of the whole extractant-acid complex is based on dipole-dipole interaction 
and was found to play an important role in the neutralization reaction between acid 
and extractant, which is promoted by increasing the polarity of the diluent 
(Waseware et al, 2011).

In the equilibrium, the molecules of extractant are computed by 
applying law of mass action that is the ratio between concentrations of extractant 
molecules and the concentration of carboxylic acids species, according to the general 
equation of interaction between 2 phases. Therefore, extraction the undissociated 
molecules of acid by amine interaction is equilibrium complexation equal to 
Equation 2.24.

(H A :R 4 N + Cl_ )oi-g
H A a q ( R 4 N + C l - ) o r g

(2.24)

2.6 L iteratu re R eview

Gouedard et al. (2012) summarized alkanalamiiw degradation products. In 
case of MEA, ammonia,N-(2-hydroxyethyl)-piperazin-3-one (HEPO) and N-(2- 
hydroxyethyl)-2-(2-hydroxyethylamino)-acetamide (HEHEAA) are the main 
identified degradation products in pilot plants. Among lab studies, the most cited 
degradation products are ammonia, carboxylic acids, N-(2-hydroxyethyl)-formamide 
(HEF), N-(2-hydroxyethyl)-acetamide (HEA) and N-(2-hydroxyethyl)-imidazole 
(HEI) for oxidative degradation, and oxazolidin-2-one (OZD), N-(2-hydroxyethyl)- 
ethylenediamine (HEEDA) and N-(2-hydroxyethyl)-imidazolidin-2-one (HELA) for 
thermal degradation.

Yang et al. (1991) studied extractions of carboxylic acids by tertiary and 
quaternary amines under various equilibrium pHs ranging from 2.0 to 8.5. Alamine 
336 and Aliquat 336 used in this research, the result showed that Aliquat336 could

๐
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extract both undissociated and dissociated acids and can be used under both acidic 
and basic conditions. However, extractant regeneration by striping may be difficult 
for Aliquat 336. For extraction with concentration greater 25 % of Aliquat 336 in 
diluent, an emulsion phase was also observed at the interface between the aqueous 
and organic phases when the equilibrium pH of the aqueous phase was lower than 
3.0. The formation of emulsion not only affects the equilibrium, but also causes 
difficulty in separating the two phases. They also reported that the use of 2-octanol as 
a diluent had no effects on extraction efficiency for Aliquat 336. Nevertheless, the 
use of a diluent with Aliquat 336 can improve the physical properties of the 
extractant, which Aliquat 336 in any diluent was decreased viscosity. Also, the 
surface tension that arises at the interface of the two phases was decreased when a 
diluent was used, which allows the two phases to separate faster.

Kyuchoukov et al. (2001) studied the extraction of lactic acid by mixed 
extractant consist of tri-n-octylamine and Aliquat 336 in decanol, which result shown 
that more efficient in the extraction of lactic acid. After extraction, the aqueous phase 
had a higher pH value in comparison with that of the initial solution.

Akkarachalanont et al. (2012) studied the process for regenerating amine- 
based solvents from impurities, degradation products and HSSs in CO2 capture 
process. Liquid-liquid extraction is a process for regenerating the lean amine solvent, 
using extractant and diluent. Example of reaction composition consist of extractant 
(Aliquit 336) and diluent ( 1 -octylamine) for the extraction of HSSs and HSSs in 
MEA solution, the extract ability of HSSs in the aqueous phase without MEA was 
better than that with the MEA solution. The mixed extractant could reduce added 
chloride' better than the 2-step extarction technique and the use of extractant alone. 
And presence of CO2 into the MEA solution reduced the extraction efficiency.

Suppaibulsuk et al. (2013) รณdied the effect of different extraction diluents 
(1-octanol, 2-ethyl-hexanol, 1-heptanol, 1-hexanol and 1-pentanol) to extract HSS, 
i.e. acetate, formate, glycolate, and oxalate from aqueous monoethanolamine (MEA) 
solution. The diluent are selected based on their solvation power, which helps 
transfer of HSS from the aqueous amine to organic diluent. The result of this work 
prefers the 2-ethyl-hexanol for the optimized diluents.

๐
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Teptakob et al. (2014) studied the extraction equilibrium of heat stable salt 
in MEA absorption solution in CO2 capture. The efficient extraction of HSSs from 
the lean MEA solvent can increase but in the presence of CO2 and MEA absorption 
efficiency of extraction decrease. In addition different temperature can be different 
result, increase temperature will increase efficiency of extraction.

From the literature review, the neutral MEA degradation products 
accumulations in the amine solution present many problems that needed to be taken 
care of. These products have no ability to absorb CO2 and must be removed from the 
MEA solvent because they reduce the efficiency of the absorption process. 
A commercial removal process of MEA degradation products is based on distillation, 
which consumes a large quantity of energy, thus economically unattractive. A liquid- 
liquid extraction technique shows a potential in replacing the conventional 
distillation as it can be achieved at atmospheric and lower temperature conditions 
(e.g. 1 atm and 25-60 °C). Also, the technique can be possibly applied to separate the 
neutral MEA degradation products in amine used for CO2 capture due to its 
successful use in other applications as shown in Table 2.5.

Therefore, the objective of this research is to use the liquid-liquid- 
extraction to separate neutral MEA degradation products such as imidazole, 
N-acethylethanolamine, 2-oxazolidone and N-(2-hydroxyethyl)-succinimide) from 
the MEA absorption solution. The selection of Aliquat336 as the extractant in 
2-ethyl-1-hexanol diluent in this research was based on the studies of Yang et al. 
(1991); Akkarachalanont et al. (2012); Suppaibulsuk et al. (2013) Effects of 
temperature and CO2 loading were also investigated.

๐



32

Table 2.5 Summary of literature review

E x tra c ta n ts D ilu e n ts
D e te c te d

C o m p o n e n ts
R e fe r e n c e s

• Alamine 336 
Aliquat 336 (C1‘) 

Ammonium chloride

kerosene
2-octanol

Carboxylic
acid Yang e t  a i ,  1991

Mixed extractants: 
TOA and Aliquat 336 (Cl ) decanol Lactic acid Kyuchoukov e t  a l . ,  2001

Aliquat 336 (Cl ) 
Aliquat 336 (OH) 1-octylamine HHSs Akkarachalanont é t a l . ,  2012

1-octanol
2-ethyl-hexanol

1-heptanol
1-hexanol
1-pentanol

HHSs Suppaibulsuk e t  a l .  ,2013

Aliquat 336 (OH ) 2-ethyl-1- 
hexanol HHSs Teptakob e t  a l .  (2014)
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