
CHAPTER II 
LITERATURE REVIEW

2.1 Global Warming

Global warming caused by the greenhouse effect has become a worldwide 
concern. With industrialization and population growth, the greenhouse gas (GHG) 
emissions derived from human activities have dramatically increased over the last 
200 years. The desire to alleviate the problem has resulted in serious environmental 
concerns deriving from the need to reduce GHG emissions from industrial sources 
Therefore, the international response to mitigate global warming was to ratify the 
Kyoto Protocol, in Japan in December 1997. Industrialized countries have agreed to 
cut the CO2 emissions down to approximately 5 % less than the emission in 1990, in 
a five year period from 2008 to 2012. The regulations on CO2 emissions are coming 
in the near future (Kyoto Protocol, 2009). Because CO2 accounts for the largest 
portion of the world’s annual emission of GHG, which contributes to 9-26 %, it has 
become a major target for reduction (Kiehl et a i, 1997).

2.2 CO2 Generation

2 .2 .1  Source of CO?
The primary natural processes that release CO2 into the atmosphere 

(sources) and that remove CO2 from the atmosphere (sinks) are as follows:
• Animal and plant respiration, by which oxygen and nutrients are 

converted into CO2 and energy, and plant photosynthesis, by which CO2 is removed 
from the atmosphere and stored as carbon in plant biomass.

• Ocean-atmosphere exchange, in which the oceans absorb and 
release CO2 at the sea surface.

• Volcanic eruptions, which release carbon from rocks deep in the 
Earth’s crust (this source is very small).
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A variety of human activities lead to the emission (sources) and 
removal (sinks) of CO2.

• The largest source of global CO2 emissions is the combustion of 
fossil fuels, such as coal, oil, and gas, in power plants, automobiles, industrial 
facilities, and other sources.

• A number of specialized industrial production processes and 
product uses, such as mineral production, metal production, and the use of 
petroleum-based products, can also lead to CO2 emissions.

• The emissions caused by the transportation of goods and people. 
People traveling (by car, plane, train, etc.) are examples of direct emissions since 
people can choose where they are going and by what method.

• Carbon sequestration is the process, by which growing trees and 
plants absorb or remove CO2 from the atmosphere and turn it into biomass (e.g 
wood, leaves, etc.). Deforestation, conversely, can lead to significant levels of CO2 

emissions in some countries.
• CO2 can be captured from power plants and industrial facilities 

before it is released into the atmosphere, and then injected deep underground.
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Figure 2.1 below displays a breakdown of sources of CO2 emissions in the บ.ร. in 
2006. It can be clearly seen that by far, the largest source is fossil fuel combustion.
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Figure 2.1 Sources of CO2 emissions in the บ.ร. in 2006, where y-axis units are 
teragrams of CO2 equivalent (บ.ร. Greenhouse Gas Emissions Inventory, 2006).

2.2.2 Flue Gas Characteristics
Flue gases emitted from medium to large sources are generally at or 

slightly above atmospheric pressure. They typically contain 3-15 % (by volume) of 
CO2. For example, flue gas from a coal-fired power plant typically contains about 
14 % CO2, 5 % O2, and 81 % N2. Flue gas from a natural gas turbine is even leaner in 
CO2, but higher in O2, with a typical composition of 4 % CO2, 15 % 02, and 81 % Ni. 
Typical trace contaminants found in flue gas include sulfur oxides (SOx), nitrogen
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o x id es (N O x), and  p a rticu la te s . T h e ir  leve ls  v a ry  w id e ly , d ep en d in g  o n  fuel 
co m p o sitio n , co m b u stio n  sy stem , o p e ra tin g  sy stem , an d  o p e ra tin g  co n d itio n s. F or 
ex am p le , th e  flue  gas o f  a  co a l-fired  p o w e r p lan t co n ta in s  3 0 0 -3 ,0 0 0  p p m  S O x, 100-
1,000 p p m  N O x, and  1 ,0 0 0 -1 0 ,0 0 0  m g /m 3 p a rticu la te  m atter. N a tu ra l gas fir in g  
s ig n ific an tly  lo w ers  th e  co n tam in an t lev e ls  to  less th an  1 p p m  S O x, 100-500  p p m  
N O x, and  to  a ro u n d  10 m g /m 3 p a rticu la te  m atter.

2.3 CO2 Removal Processes

T h ere  are  v a rio u s  te ch n o lo g ie s  b e in g  used  to  sep a ra te  C O 2  fro m  the  flu e  gas 
re leased  fro m  co n v en tio n a l fossil fu e l co m b u stio n . T h ese  in c lu d e  ad so rp tio n , 
m em b ran e , an d  c ry o g en ic  liq u e fac tio n  p ro cesses , as w ell as b o th  p hysica l and  
ch em ica l a b so rp tio n  p ro cesses.

2.3.1 A d so rp tio n  P ro cesses
T h e  ad so rp tio n  p ro cess  co m es w ith  c lo se  to  2 ,0 0 0  p lan ts  w o rld w id e  

u sin g  the  p ro cess  fo r C O 2  rem o v al. T h e  p ro cess  can  be  ap p lied  in  tw o m o d es  o f  
o pera tion : p re ssu re  sw in g  ad so rp tio n  (P S A ) and  tem p era tu re  sw in g  ad so rp tio n  
(T S A ). P S A  is one  o f  th e  m o st k n o w n  in d u stria l p ro c e sse s  fo r gas sep ara tio n . PSA  
tech n o lo g y  h as  a lread y  b een  su g g ested  fo r th e  rem o v a l o f  C O 2  f ro m  g aseo u s s tream s 
co n ta in in g  C H 4 . T h e  m o st im p o rtan t d e c is io n  in  any  ad so rp tio n -b ased  te ch n o lo g y  is 
th e  ad so rb en t se lec tio n . Z eo lites  are  m ic ro p o ro u s  m a te ria ls  th a t ad so rb  C O 2 s tro n g ly , 
su g g estin g  th a t th ese  m a te ria ls  can  be u sed  in  P S A  p ro cesses . Z e o lite s  hav e  p ro v ed  
to  hav e  b e tte r  p e rfo rm an ce  th an  a c tiv a ted  ca rb o n s in  th e  P S A  sep a ra tio n  o f  C O 2  from  
flu e  gases (C av en a ti e t a l., 2006). In  ad d itio n , T S A  uses a lu m in a  and  zeo lite  
ad so rb en ts  fo r n a tu ra l gas p u rifica tio n . O n ly  the  ze o lite  rem o v es  C O 2 a long  w ith  
o th e r co n ta m in a n ts  fro m  n a tu ra l gas v ia  p h y s iso rp tio n  w h ile  o th e r  co n tam in an ts  
bes id es  C O 2  a re  rem o v ed  by  the  a lu m in a  (P e tro ch em ica l P ro cesse s  H an d b o o k , 
2003).
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2 .3 .2  M e m b ran es  P ro cesses
M em b ran e  gas sep a ra tio n , e sp ec ia lly  C O 2  sep a ra tio n , h a s  b een  k n o w n  

sin ce  th e  1980s. M em b ran e  sep a ra tio n  is u sed  b o th  in  th e  p e tro c h e m ic a l in d u s try  an d  
in  th e  c lean in g  o f  n a tu ra l gas b e fo re  tran sp o rt. T he u se  o f  p o ly m e r m e m b ra n e s  in  th e  
1980s c o n trib u te d  to  th e  co m m erc ia l su ccess o f  th is  se p a ra tio n  te ch n iq u e  ill 
c o m p ariso n  to  ab so rp tio n  p ro cesses  o r  c ry o g en ic  frac tio n a tio n . H o w ev e r, th e  m a in  
ta sk  o f  th e  C H 4 u sed  in  th o se  cases w as to  reco v er H 2  an d  C O 2  f ro m  C H 4 . In 
ad d itio n , th e se  p ro c e sse s  p ro ceed ed  a t h ig h  p ressu res. In  co n tras t, th e  m a in  goal o f  
th e  m em b ra n e s  u sed  in  th e  flue gas sy s tem  is th e  se p a ra tio n  o f  C O 2  fro m  N 2  at 
a m b ien t p ressu re . W ith in  th e  last sev era l y ea rs , d y n am ic  d e v e lo p m e n ts  in  m em b ran  
te c h n o lo g y  fo r C O 2 /N 2  sep a ra tio n  h av e  o ccu rred . T h e  u se  o f  h ig h ly  se lec tiv e  
m a te ria ls , e sp e c ia lly  p o ly m ers , has a llo w e d  fo r p ro d u c tio n  o f  m em b ran es  wits 
se lec tiv ity  o v e r  2 0 0  an d  e v en  up  to  400 . S im u ltan eo u sly , an  in c re a s in g ly  h ig h  
p ack in g  d en s ity , e x p re ssed  in  sq u are  m e te rs  o f  m em b ra n e  p e r  cu b ic  m e te r  o f  th e  
in s ta lla tio n , c a n  en ab le  a  re la tiv e ly  sm a ll sep a ra tio n  in s ta lla tio n  (K o to w ic z  e t a!
2 0 1 0 ). P o ly m e rs  th a t h av e  b een  s tu d ie d  fo r m em b ra n e  m a te r ia ls  in c lu d e  
p o ly ace ty len es , p o ly an ilin e , p o ly (a ry len e  e ther)s , p o ly a ry la te s , p o ly ca rb o n a te s , 
p o ly e th e rim id es , p o ly (e th y le n e  o x id e ), p o ly im id es , p o ly (p h e n y le n e  e th e r) , 
p o ly (p y rro lo n e )s , an d  p o ly su lfo n es .

2 .3 .3  C ry o g en ic  L iq u e fac tio n  P ro cesses
B y  red u c in g  th e  te m p e ra tu re  o f  th e  n a tu ra l gas s tream , C O 2  w ill 

liq u e fy  a t te m p e ra tu re s  m u c h  h ig h e r th a n  C H 4 th e re b y  b e in g  rem o v e d  in  an  
in te rm ed ia te  step . T h is  is an  a ttrac tiv e  te c h n o lo g y  w h en  n a tu ra l gas is g o in g  to  be  
tran sp o rted  in  th e  fo rm  o f  liq u e fied  n a tu ra l gas (L N G ). T h is  p ro c e ss  has the 
ad d itio n a l ad v a n ta g e  o f  sep a ra tin g  w a te r  an d  C O 2 . A p p ro x im a te ly  25 %  o f  th e  
n a tu ra l gas p ro d u c e d  in  th e  w o rld  is tra n sp o rte d  as L N G , s in ce  th e  v o lu m e  is re d u c e d  
a ro u n d  6 0 0  tim e s  (C av en a ti e t a l., 2 0 0 6 ). L iq u e fac tio n  te c h n o lo g y  o f  C O 2  is still 
lim ited  to  s tream s w ith  h ig h  C O 2  c o n c e n tra tio n  and  n o t v ia b le  fo r s tre am s co n ta in in g  
lo w  am o u n t o f  C O 2  (W h ite  e t a l., 2 0 0 3 ). C u rren tly , o n ly  e th an o l, H 2 , syngas, an d  
N H 3 p ro d u c tio n s  u tiliz e  th e  c ry o g en ic  liq u e fac tio n  tech n o lo g y .
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2 .3 .4  P h y sica l an d  C h em ica l A b so rp tio n  P ro c e sse s
A b o u t 2 ,5 0 0  p lan ts  w o rld w id e  ap p ly  th e  a b so rp tio n  te c h n iq u e  to  

rem o v e  C O 2 . T h e  p ro cess  u s in g  a m in e -b ased  so lu tio n s  h as  b een  c o m m e rc ia liz e d  to  
rem o v e  C O 2  fro m  n a tu ra l gas fo r 60  y ea rs . It is c o n s id e re d  as  th e  m o s t m a tu re  C O  ' 
rem o v a l p ro cess . T h e  p ro cess  can  b e  d iv id ed  in to  tw o  ca teg o rie s : ch em ica l and  
p h y sica l. T h e  p ro cesses , w h ere  th e  so lv e n t ch em ica lly  reac ts  w ith  th e  d isso lv ed  C O 2 , 
a re  re fe rre d  to  as ch em ica l a b so rp tio n  p ro cesses . F o r  th e se  ap p lica tio n s , 
a lk a n o la m in e s  a re  c o m m o n ly  u sed  as reac tiv e  ab so rb en ts . In  co n tra s t, p h y sica l 
ab so rp tio n  p ro cesse s  are  th e  ones, w h e re  th e  so lv e n t o n ly  in te rac ts  p h y s ica lly  w ith  
th e  d isso lv e d  C O 2 . A  so lv en t is u sed  as an  ab so rb en t w ith  th e rm o d y n a m ic  p ro p ertie  
su ch  th a t th e  re la tiv e  ab so rp tio n  o f  C O 2  is fav o red  o v e r th e  o th e r  c o m p o n e n ts  o f  the  
g as  m ix tu re . S o m e co m m o n ly  u sed  p h y s ica l so lv en ts  are  m e th an o l an d  g ly co l ether.:' 
(R itte r  an d  E b n er, 2 0 0 4 ). In ad d itio n , th e  ab so rp tio n  p ro cess  is a lso  ap p lied  to 
rem o v e  C O 2  fro m  syn g as an d  N H 3 p ro d u c tio n  u s in g  h o t ca rb o n a te  or 
m o n o e th an o lam in e . A  n u m b er o f  e lem en ts  in v o lv ed  in  th e  a b so rp tio n  p ro cess  hav e  
b e e n  stu d ied , in c lu d in g  ab so rb en t m o d ific a tio n , p ro c e ss  d e s ig n  im p ro v em en t, and  
p ro c e ss  o p e ra tio n  o p tim iza tio n .

A ll o f  th e se  fo u r C O 2  rem o v a l p ro c e sse s  a re  c o m m e rc ia lly  im p o rtan t. 
H o w ev er, c h em ica l ab so rp tio n , e.g . w ith  am in e -ty p e  ab so rb en ts , is w e ll su ited  for 
C 0 2  re co v e ry  fro m  flu e  gas. T h e  ch em ica l re ac tio n  b e tw e e n  C O 2  an d  am in es  g rea tly  
en h an ces  th e  d riv in g  fo rce  fo r th e  sep a ra tio n , ev en  a t lo w  p a rtia l p re ssu re s  o f  C O 2 . 
T h e  co sts  o f  th is  te ch n o lo g y  are re la tiv e ly  in se n s itiv e  to  th e  feed  C O 2  co n ten t. 
C o n seq u en tly , ch em ica l ab so rp tio n  w ith  am in es  p ro v id e s  th e  m o s t c o s t-e ffec tiv e  
m ean s  o f  d irec tly  o b ta in in g  h ig h  p u rity  (>  99  % ) C 0 2  v a p o r  fro m  flu e  g ases in  a 
s in g le  step  (C h a rk ra v a rty  e t a l., 1985).
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2.4 Chemical Absorption with Alkanolamines

C h em ica l ab so rp tio n  w ith  a lk an o lam in es  h as  been  g en era lly  u sed  in  m any  
p ro cesses , su ch  as  n a tu ra l gas sw ee ten in g  and  แ 2  p ro d u c tio n  fo r th e  re je c tio n  o f  C O 2 

H o w ev er, in  th e se  ap p lica tio n s , th e  C O 2  pa rtia l p re ssu re  is s ig n ific an tly  g rea te r  than 
th a t in  flu e  gas ap p lica tio n s . S ev e ra l a lk an o lam in es , such  as  m o n o e th an o lam in e  
(M E A ), d ie th a n o la m in e  (D E A ), m e th y ld ie th an o lam in e  (M D E A t 
d iiso p ro p an o lam in e  (D IP A ), d ig ly co lam in e  (D G A ), tr ie th an o lam in e  (T E A ), and  
o th er s te ric a lly  h in d e re d  am in es, h av e  found  co m m erc ia l u ses. T h e  m o st reco g n ized  
am ine o f  th e  la tte r  c la ss  is 2 -a m in o -2 -m e th y l- l-p ro p a n o l (A M P ). T h e  p a rticu la r 
ch o ice  o f  a lk an o lam in e  is p rim arily  d ic ta ted  by  th e  req u irem en ts  o f  th e  sp ec ific  
ap p lica tio n  (A ro o n w ila s  an d  V aew ab , 2004).

2.4 .1  A lk a n o la m in e  S o lu tio n
A lk an o lam in es  h av e  b een  found  to  e ffec tiv e ly  cap tu re  C O 2  f ro m  gas 

stream . T h ey  h av e  b een  ex ten s iv e ly  u sed  fo r d ecad es  in  g a s-trea tin g  un it. O n e  o f  the  
ad v an tag e  o f  a lk an o lam in es  is th a t, s tru c tu ra lly , th ey  co n ta in  a t le a s t o n e  hyd roxy l 
g roup , w h ich  h e lp s  to  red u ce  v a p o r p re ssu re  an d  a lso  to  in c rease  th e ir  so lu b ilitie s  in 
aq u eo u s so lu tio n  (K o h l and  R e isen fe ld , 1985). T h e  am in o  g ro u p  p ro v id es  su ffic ien t 
a lk a lin ity  to  ab so rb  C O 2 .

A lk an o lam in es  can  b e  c a teg o rized  in to  th ree  c lasses: p rim ary , 
secondary , an d  te rtia ry  am ines. T h e  c la ss if ic a tio n  is b a sed  o n  th e  n u m b e r o f  
su b s titu tin g  g ro u p s a tta ch ed  to  th e  n itro g en  a to m  o f  th e  m o lecu le . T ab le  1 show s 
co m m o n  p rim ary  am in es , e.g. m o n o e th a n o la m in e  (M E A ) and  d ig ly co lam in e  (D G A ); 
seco n d ary  am in es , e .g . d ie th a n o la m in e  (D E A ) an d  d iiso p ro p a n o la m in e  (D IP A ); and  
te rtia ry  am in es , e .g . tr ie th a n o la m in e  (T E A ) and  m e th y ld ie th a n o la m in e  (M D E A ).



10

Table 2.1 S tru c tu ra l fo rm u las  o f  co m m o n  a lk an o lam in es  (K o h l and  R e isen fe ld , 
1985)

I . Primary amine
H H H 

H—O —Ç —Ç - N ^
H H H

MEA

H
H - O —Ç- 

H
y ?  y  J « !- é - o - é —Ç - N ^
H H H  H 1

DGA
2. Secondary amine

ร, ? ? VH—O — ç —ç  à — Ç —0 ~ H  
jjf 1 ^  1 H H H 1 H 

H
DEA

H H
H—C—C -

HV

H H H H
-C  .C — C —C— H

1 w  ï  OH HH 1 H OH 
H

DIPA

3. Tertiary amine
H H H H H H H H

O H —c —c  c —c —OH HO—c - - c  C —C —OHT I \  / I  1 H H N H H H T V  1/ 1  TH N  H H
H —Ç— H H—Ç —H
H - Ç — H H

OH
TEA MDEA

T y p ica lly , p rim ary  an d  seco n d ary  am in es  reac t to  fo rm  a  c a rb am a te  spec ies , 
an d  th e  reac tio n  m ay  o r m ay  n o t p ro ceed  th ro u g h  an  in te rm ed ia te  c a lled  the  
zw itte rio n s .

C 0 2  +  R 2N H R 2N H +C O O ' (Z w itte rio n s) (1)

r 2 n h +c o o - +  r 2n h  ►  R 2N C O O ' +  r 2n h 2+ (2)
(C a rb am a te ) (P ro to n a ted  am in e)



T ertia ry  am in es ca n n o t fo rm  a  ca rb am a te  sp ec ies , b ecau se  th e y  do  n o t have  
h y d ro g e n  a ttach ed  to  the  n itro g en  a tom . T y p ica lly , th e  te rtia ry  a m in es  reac t 
a c c o rd in g  to  eq u a tio n  3.

C O 2 +  R 3N  +  H 2 O  ►  H C 0 3- +  R 3N H + ( 3 )

(B ica rb o n a te )

A s d esc rib ed  by K o h l an d  N ie lsen  (1 9 9 7 ), p rim ary  and  se co n d a ry  am ines 
u su a lly  reac t fa s te r th an  te rtia ry  am in es, and  C O 2 has h ig h e r  hea ts  o f  a b so rp tio n  in 
th e se  am ines. H ea ts  o f  re ac tio n  at 15 °c an d  u n lo ad ed  co n d itio n s  a re  ap p ro x im a te ly  
20 .3  and  14.8 k ca l/m o le  fo r M E A  and  M D E A , resp ec tiv e ly . A m o n g  m a n y  am ines, 
M E A  is th e  m o s t w idely  u se d  b ecau se  M E A  has th e  h ig h e s t a lk a lin ity ; hence, it 
re a c ts  m o st rap id ly  w ith  C O 2 . A s w ell, it can  be  rec la im ed  w ith  ease  from  
c o n ta m in a te d  so lu tion . M ech an ism  o f  C O 2  ab so rp tio n  in to  a lk an o lam in e  so lu tio n  is 
c o m p le x  and  n o t to ta lly  u n d e rs to o d  (A sta rita  et a l., 1983). H o w ev er, a  general 
m e c h a n ism  p ro p o sed  severa l d ecad es  ago co u ld  rep re sen t th e  a b so rp tio n  p ro cess.

In g en e ra l, M E A  has th e  h ig h est C O 2  sep a ra tio n  ra te , w h ich  sh o u ld  lead  to 
re la tiv e ly  lo w  o v era ll costs. H o w ev er, M E A  req u ires  a  large  am o u n t o f  energ y  for 
reg en e ra tio n , d eg rad es  m o st rap id ly  in  th e  p re sen ce  o f  o x y g en  (O 2 ), h as  th e  h ig h est 
c o rro s iv ity  am o n g  co m m erc ia l am in es, an d  h as  a  su b s tan tia lly  h ig h e r v a p o r  p ressu re  
th a n  o th e r a lk an o lam in es , re su ltin g  in  s ig n ific an t v a p o riz a tio n  and  so lv e n t losses.

A s d iffe ren t o p e ra tin g  co n d itio n s  are  te s ted  an d  p ro v en  w ith  a  p a rticu la r 
a m in e , th ey  b eco m e  accep ted  on  an  in d u stry -w id e  basis . T h u s, each  am in e  has a 
c u rre n tly  "accep ted "  range  o f  p ro cess  co n d itio n s  and  p a ram e te rs  a sso c ia te d  w ith  it 
T h e se  "accep ted "  co n d itio n s  an d  p aram ete rs  are  d iscu ssed  b e lo w . S o m e o f  th e  typ ica l 
o p e ra tin g  co n d itio n s  fo r co m m o n  am ines are  su m m a riz e d  in  T ab le  2.



Table 2.2 T y p ica l o p e ra tin g  co n d itio n s  an d  d a ta  fo r am in es  (P o la se k  and  B u llin , 
2 0 0 6 )

A m ine : MEA DEA DGA MDEA

Solution strength, wt.% 15-20 25-35 50-70 20-50

Acid gas loading, mole/mole 
(carbon S tee l) 0.3-0.35 0.3-0.35 0.3-0.35 Unlimited

Ability to selectively absorbe H2S No
Under Limited 

Conditions
No

Under Most 
Conditions

2 .4.1 .1  M on oeth an olam in e (M EA)
M E A  is g en e ra lly  u se d  as a  10 to  20  w t.%  so lu tio n  in w ater. 

D u e  to  c o rro s io n  p ro b lem s, th e  acid  gas lo ad in g  is u su a lly  lim ited  to  0.3 to  0 .35 
m o le s  ac id  g as  p e r m o le  o f  am in e  fo r c a rb o n  stee l eq u ip m en t. L o ad in g s  as h igh  as 
0 .7  to  0 .9  m o le /m o le  h av e  b een  u sed  in  s ta in le ss  s tee l e q u ip m en t w ith  no  co rro sio n  
p ro b lem s. A lth o u g h  M E A  i ts e lf  is n o t c o n s id e re d  to  be  p a rticu la rly  co rro siv e , its 
d e g rad a tio n  p ro d u c ts  a re  ex trem e ly  co rro siv e . M E A  reac ts  w ith  o x id iz in g  agen ts, 
su ch  as ca rb o n y l su lfid e  (C O S ), ca rb o n  d isu lf id e  (C S 2), S 0 2, S 0 3, an d  0 2, to  form  
th e  so lu b le  p ro d u c ts , w h ic h  m u st be rem o v ed  fro m  th e  c ircu la tin g  sy stem  to avo id  
se rio u s  co rro s io n  p ro b lem s. D eg rad a tio n  o r d e a c tiv a tio n  o f  M E A  a lso  low ers the  
e ffec tiv e  am in e  co n cen tra tio n , b u t fo rtu n a te ly  a  re c la im e r can  re c o v e ry  m o st oi 
d eac tiv a ted  am ine .

S in ce  M E A  is a  p rim a ry  am in e , it has a  h ig h  p H , w h ich  
e n ab le s  M E A  so lu tio n s  to  p ro d u c e  a sw ee ten ed  gas p ro d u c t co n ta in in g  less th an  1/4 
g ra in  H 2ร p e r 100 s tan d ard  cu b ic  feet (S C F ) a t v e ry  lo w  H 2ร p artia l p ressu res . W h en  
M E A  is u sed , e ssen tia lly  all o f  th e  C 0 2  m u s t be  ab so rb e d  to  p ro d u c e  gas, w hich  
m ee ts  th e~ q u arte r g ra in  H 2ร sp ec ifica tio n . S in ce  th e  h e a t o f  re a c tio n  fo r M E A  is 
a b o u t 825 B T U /lb  C 0 2, a  feed  gas co n ta in in g  h ig h  co n cen tra tio n s  o f  C 0 2 w ill cau se  
e ith e r  ex tre m e ly  h ig h  re b o ile r  d u ty  o r p o o r  ac id  gas s trip p in g . T h e  h e a t o f  re ac tio n  
fo r M E A  w ith  H 2ร is 550  B T U /lb . N o te  th a t  th e  h ea t o f  re ac tio n  fo r a ll am in es  is a  
fu n c tio n  o f  lo ad in g  and  o th e r co n d itio n s  an d  u su a lly  v a rie s  by  o n ly  50 to  60  B T U /lb  
u p  to  ab o u t 0 .5  m o le /m o le  to ta l ac id  gas lo ad in g s . A b o v e  th is  lo ad in g , th e  h ea t o f
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reac tio n  v a rie s  co n s id e ra b ly  and  sh o u ld  be ca lcu la ted  as a  fu n c tio n  o f  lo ad in g  
(P o la sek  an d  B u llin , 2006).

2 .4 .1 .2  D ieth an o lam in e (DEA)
D E A  is m o st c o m m o n ly  u sed  in  a  25 to  35 w t.%  range. T h e  

to ta l ac id  gas lo ad in g  fo r D E A  is a lso  lim ited  to  0.3 to  0 .35 m o le /m o le  fo r ca rb o n  
steel eq u ip m en t. D E A  can  safe ly  be  lo ad ed  to  eq u ilib riu m  (~1 m o le /m o le ) w h en  
u sin g  s ta in le ss  s teel eq u ip m e n t o r w h en  u sin g  in h ib ito rs . T he  d e g ra d a tio n  p ro d u c ts  o f  
D E A  are  m u ch  less co rro s iv e  th an  th o se  o f  M E A . E x p o su re  to  o x y g en  fo rm s 
co rro siv e  ac id s  and  cos, an d  C S 2 m ay  reac t irrev e rs ib ly  w ith  D E A  to  so m e  ex ten t 
D E A  is n o t re c la im ab le  in  m o st un its  b ecau se  at a tm o sp h e ric  p ressu re , it d eco m p o ses  
b e lo w  its b o ilin g  p o in t, an d  v acu u m  rec la im ers  hav e  p ro v ed  o p e ra tio n a lly  u n re liab le . 
S ince  D E A  is a  seco n d a ry  a lk an o lam in e , it has a red u ced  a ffin ity  fo r  แ 2 ร and  C O 2 

an d  m ay  n o t be  ab le  to  p ro d u ce  p ip e lin e  sp ec if ic a tio n  gas for so m e lo w  p ressu re  gas 
stream s. In gen era l, as th e  gas p ressu re  is low ered , th e  s tr ip p in g  s team  m u st be 
in c reased , o r a  sp lit f lo w  d esig n  m u st be used . In so m e cases, e v en  th e se  m easu re s  
w ill n o t su ffice , and  a n o th e r  so lv en t m u s t be used . U n d e r som e c o n d itio n s , su ch  as 
lo w  p ressu re  and  a liq u id  re s id en ce  tim e  on  the  tray  o f  ab o u t 2 ร, D E A  is se lec tiv e  
to w ard  แ 2 ร and  w ill p e rm it a  s ig n ific an t frac tio n  o f  th e  C O 2 to  re m a in  in  th e  sa le s  
gas. In th is  p a rtic u la r  case , se lec tiv e  a b so rp tio n  w as n o t d esired , b u t w as  e n co u n te red  
d u e  to  a lo w  co n tac to r p re ssu re  o f  1 1  p s ig  and  a  sh o rt liq u id  re s id en ce  tim e  o n  the  
trays. A n  H 2 S /C O 2 feed  gas ra tio  >  1 w o u ld  p ro b ab ly  ru le  o u t any  ch an ce  o f  
s ig n ific an t C O 2 s lip p ag e  w h ile  p ro d u c in g  1/4 g ra in  H 2 S/IOO S C F  sa le s  gas. T h e  h ea t 
o f  re ac tio n  fo r D E A  w ith  C O 2  is 653 B T U /lb , w h ich  is ab o u t 25 %  less th an  for 
M E A . T h e  h ea t o f  re ac tio n  o f  D E A  w ith  H 2S is 511 B T U /lb  (P o la se k  and  B u llin ,
2006)

2 .4 .1 .3  M eth yld ie th an o lam in e (M DEA)
A n  accep ted  se t o f  o p e ra tin g  co n d itio n s  has n o t b een  as firm ly  

e s ta b lish e d  fo r M D E A  as fo r th e  p rev io u s ly  m en tio n ed  am ines. T h is  h as  been  d u e  to  
th e  flex ib ility  and  v e rsa tility  o f  M D E A  an d  th e  re su ltin g  w id e  ran g e  o f  ap p lica tio n s .
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A lth o u g h  th e  ran g e  o f  o p e ra tin g  co n d itio n s  fo r M D E A  is e x p an d in g , th e  p re sen t 
ran g e  o f  su ccessfu l ap p lica tio n s  w ill b e  d iscu ssed  be low .

M D E A  is co m m o n ly  u se d  in  a  20  to  50  w t.%  range . L o w er 
w t.%  so lu tio n s  are  ty p ica lly  u sed  in  very  lo w  p ressu re  fo r h ig h  se lec tiv ity  
ap p lica tio n s . D ue to  co n sid e rab ly  red u ced  co rro s io n  p ro b lem s, a c id  gas lo ad in g s  a 
h ig h  as 0 .7  to  0.8 m o le /m o le  are p rac tic a l in  c a rb o n  steel eq u ip m en t. H ig h er loading; 
m ay  be  p o ss ib le  w ith  few  p ro b lem s. E x p o su re  o f  M D E A  to  o x y g en  fo rm s co rro siv e  
ac id s , w h ic h  i f  n o t re m o v e d  from  th e  system , can  re su lt in  th e  b u ild u p  o f  iro n  su lfide  
in  th e  system . M D E A  has severa l d is tin c t ad v an tag es  o v e r p r im a ry  an d  secondary- 
am in es , w h ic h  in c lu d e  lo w er v ap o r p ressu re , lo w e r h ea ts  o f  re a c tio n  (6 0 0  B T lJ /lb  
C O 2  an d  522  B T U /lb  H 2 S), h ig h e r re s is tan ce  to  d eg rad a tio n , few er co rro s io n  
p ro b le m s , an d  h ig h e r  se lec tiv ity  to w a rd  H 2S in  th e  p re sen ce  o f  C O 2 . D ep en d in g  on 
th e  ap p lica tio n , so m e  o f  th e  ad v an tag es  have  sp ec ia l s ig n ifican ce . F o r ex am p le , due 
to  its lo w er h ea t o f  reac tio n , M D E A  can  be  em p lo y ed  in  p re ssu re  sw in g  p la n ts  fo r 
b u lk  C 0 2  rem o v al. In  a  p ressu re  sw in g  p lan t, th e  r ich  am in e  is m ere ly  fla sh ed  at O f  

n ear a tm o sp h e ric  p ressu re , and  little  o r no h ea t is ad d ed  fo r s trip p in g . A t th e  p re se n t 
tim e , th e  o v e rw h e lm in g  ad v an tag e  th a t M D E A  p o sse sse s  o v e r th e  o th e r am in es  is 
th a t it is read ily  se lec tiv e  to w ard  H 2 S in  the  p re se n c e  o f  C O 2 . A t h ig h  C 0 2 /T!;S 
ra tio s , a  m a jo r  p o rtio n  o f  th e  C 0 2  c an  be s lip p ed  th ro u g h  th e  a b so rb e r an d  in to  the  
sa les gas w h ile  re m o v in g  m o st o f  th e  H 2 S. T h e  en h an ced  se le c tiv ity  o f  M D E A  for 
H 2 S re su lts  fro m  th e  in ab ility  o f  te rtia ry  am in es  to  fo rm  a  c a rb am a te  w ith  C 0 2 

M D E A  d o es  n o t h av e  a  hyd ro g en  a ttach ed  to  th e  n itro g en  an d  c a n n o t reac t d irec tly  
w ith  C O 2  to  fo rm  carb am ate . T h e  C O 2  re a c tio n  can  o n ly  o c c u r  a fte r  th e  C O ; 
d isso lv e s  in  w a te r to  fo rm  a  b ica rb o n a te  ion , w h ic h  th en  u n d e rg o e s  an  ac id -b ase  
re a c tio n  w ith  the  am in e  (P o la sek  an d  B u llin , 2 006).

2 .4 .1 .4  O th er A m ines
P ip e raz in e  (P Z ) o r d ie th y le n e d ia m in e  is a  d iam in e  th a t has 

p re v io u s ly  b een  s tu d ie d  as a  p ro m o te r  fo r am in e  sy stem s to  im p ro v e  ab so rp tio n  
k in e tic s , su ch  as M E A /P Z  an d  M D E A /P Z  b len d s. Its s tru c tu ra l fo rm u la  is sh o w n  in 
F ig u re  2. T h e  c o n c e n tra tio n  o f  P Z  w h e n  u sed  as  a  p ro m o te r  h a s  b e e n  lo w  b e tw e e n  
0 .5 an d  2 .5  M  PZ , b e c a u se  P Z  is n o t h ig h ly  so lu b le . G iv en  th e  n a tu re  an d  m ag n itu d e  
o f  a b so rp tio n /s tr ip p in g  sy stem s, an y  p o ss ib ility  o f  p re c ip ita tio n  ru le d  o u t P Z  fo r  u se
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a t co n cen tra tio n s  ab o v e  its ro o m  tem p era tu re  so lub ility . A d d itio n a lly , th e  bo ilin g  
p o in t o f  P Z  (146 .5  ๐C ) is lo w er th an  tha t o f  M E A  (170  CC ), in d ica tin g  th e  p o ss ib ility  
fo r h ig h e r  v o la tility . R ecen t w o rk  has in d ica ted  th a t th e  v o la tility  o f  P Z  is 
c o m p arab le  to  th a t o f  M E A  d u e  to  th e  no  id ea lity  o f  P Z  in  so lu tion . In c reas in g  the 
c o n c e n tra tio n  o f  P Z  in  so lu tio n  a llo w s fo r in c reased  so lv e n t c ap ac ity  an d  faster 
k in e tic s  (F reem an  e t a l., 2009).

H

H
Figure 2.2  S tru c tu ra l fo rm u la  o f  p ip e raz in e  (P Z ).

F ro m  th e  a b o v e  m en tio n e d  in fo rm a tio n , there  a re  severa l 
d iffe ren t am in es th a t have  been  p ro p o se d  fo r sep a ra tin g  th e  C O 2 . M E A  is c h o sen  as 
th e  cu rren t so lv en t o f  ch o ice  fo r flu e  gas tre a tm e n t b ecau se  o f  its h ig h  cap ac ity  for 
C O 2 , fa s t re ac tio n  k in e tics , and  h ig h  rem o v a l e ffic ien cies . H o w ev er, th e  o p e ra tin g  
co st o f  th e  a b so rp tio n  p ro cess u s in g  M E A  is p ro h ib itiv e ly  h ig h , m ain ly  b ecau se  o f  (i) 
th e  s ig n ific an t am o u n t o f  en erg y  req u ired  fo r  so lv en t re g e n e ra tio n  and  (ii) severe  
o p e ra tio n a l p ro b lem s, su ch  as c o rro s io n  an d  so lv e n t d eg rad a tio n .

2 .4 .1 .5  M ix ed  A m in es
M o st freq u en tly , th e  rem o v a l o f  C O 2  f ro m  v ario u s  in d u stria l 

gas s tream s is d o n e  by  the  reg en e ra tiv e  c h em ica l ab so rp tio n  in to  aq u eo u s  so lu tio n s  
o f  a lk an o lam in es . C o m m erc ia lly  av a ilab le  a lk an o lam in e  so lv e n ts  fo r th ese  p ro cesses  
are  m o n o e th a n o la m in e  (M E A ), d ie th a n o la m in e  (D E A ) an d  m e th y ld ie th an o lam in e  
(M D E A ). R ecen tly , th e re  is a  g ro w in g  in te res t in  the  use o f  p ip e raz in e  (P Z )-ac tiv a ted  
aq u eo u s  M D E A  fo r gas trea tin g  p ro cesse s  in  o rd e r  to  ach iev e  h ig h e r o v e ra ll reac tio n  
ra te  fo r C O 2  an d  red u ced  re g e n e ra tio n  en erg y  req u irem en t. A c tiv a ted  
m e th y ld ie th an o lam in e  (M D E A ) so lu tio n s  h av e  b een  u sed  in  the  C O 2  rem oval 
p ro cess  su ccessfu lly . P ip e raz in e  (P Z ) is m o re  e ffec tiv e  th a n  o th e r trad itio n a l
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ac tiv a to rs , su c h  a s  m o n o e th an o lam in e  (M E A ), d ie th a n o la m in e  (D E A ), e tc  (A p p l e t  
a l ,  1982).

2.5 Amine Degradation

A  s ig n ific a n t p ro b le m  w ith  th e  M E A  ab so rp tio n  te ch n iq u e  in  its cu rren t 
fo rm  is the  d e g ra d a tio n  o f  th e  am in e  o v e r tim e . T h e  b y -p ro d u c ts  o f  M E A  d eg rad a tio n  
a re  k n o w n  to  d e c re a se  th e  e ff ic ie n cy  o f  C 0 2  cap tu re  an d  h a v e  a lso  b een  im p lic a te d  in 
th e  co rro s io n  o f  m ach in e ry . In  o rd e r to  co m p en sa te  fo r  th is  d eg rad a tio n , cu rren t 
fa c ilitie s  in c lu d e  d is tilla tio n  o f  th e  am in e  to  rem o v e  b y -p ro d u c ts  w h ile  co n tin u o u sly  
ad d in g  fre sh  am in e  to  th e  sy stem . U n fo rtu n a te ly , th is  lead s to  in c reased  m a te ria l and  
w as te  d isp o sa l costs. In  a d d itio n , d eg rad a tio n  p ro cesses  h a v e  fo rced  th e  u se  o f  lo w er 
co n c e n tra tio n s  o f  M E A  (<  2 0  % ), le ad in g  to  la rg e r o v e ra ll eq u ip m en t s ize , higher 
so lv en t c irc u la tio n  ra te , an d  th e re fo re  in c reased  e n e rg y  req u irem en ts  fo r C O 2 

re g e n e ra tio n  fro m  th e  r ich  am in e . T h is  in c reased  en e rg y  re q u ire m e n t is e sp ec ia lly  
s ig n ific an t s in ce  it in c rea se s  th e  p a ra s itic  load  o n  th e  p o w e r p lan t, le ad in g  to  
in c reased  fuel co n su m p tio n , h ig h e r m a in ten an ce  co sts , an d  ( iro n ica lly )  in c reased  
C O 2 p ro d u c tio n  re la tiv e  to  th e  p o w e r o u tp u t o f  th e  p la n t (S tra z isa r  e t a l ,  2002 ).

M o s t so u r gas p ro c e ss in g  fac ilitie s  u se  ch em ica l a b so rp tio n  u sing  
a lk a n o la m in e s  (o r  am in es in  sh o rt)  to  sep a ra te  H 2 S an d  C O 2  fro m  th e  raw  gas. 
N o rm a lly , th e  am in e  p ro cesse s  a re  cy c les  o f  ab so rp tio n  an d  d e so rp tio n  in  o rd e r to  
p e rm it th e  u se  o f  th e  ab so rb en t. D ue to  th e  c lo sed  lo o p  n a tu re  o f  th e se  p ro cesses , 
n o n -re g e n e rab le  co n ta m in a n ts  te n d  to  accu m u la te  an d  can  cau se  m a jo r  re d u c tio n  in 
e ff ic ien c ie s  an d  o p e ra tio n a l p ro b le m s  (A b d i an d  M e isen ., 2001). D e g ra d a tio n  o f  
M E A  in  a  f lu e  g as  s tream  c a n  b e  c la ss ified  in to  th ree  d iffe re n t ty p es, d e p e n d in g  on  
its  p ro d u c ts , m ech an ism s, an d  co n d itio n s . T h ey  are:

•  C a rb a m a te  p o ly m e riz a tio n  is the  m o st co m m o n  d e g rad a tio n  m ech an ism . 
I t req u ires  C O 2  and  h ig h  tem p era tu re . S ince  o n ly  p rim a ry  an d  seco n d ary  
a lk a n o la m in e s  fo rm  ca rb am a tes  w ith  C O 2 , te r tia ry  am in es  do  n o t u n d erg o  th is  ty p e  o f  
d e g rad a tio n  reac tio n . T h e  d e g ra d a tio n  p ro d u c ts  re su ltin g  fro m  th e  ca rb am ate  
p o ly m e riz a tio n  a re  u su a lly  o f  h ig h  m o lecu la r  w eigh t.



•  O x id a tiv e  d eg rad a tio n  req u ires  0 2 . It p ro d u ces  o x id ized  frag m en ts  o f  the  
so lv en t, su ch  as o rg an ic  ac id s an d  am m o n ia , an d  is e x p e c te d  to  o ccu r in  th e  p resen ce  
o f  d isso lv ed  O 2  in  th e  liq u id  h o ld u p  a t th e  b o tto m  o f  th e  ab so rb er. S in ce  flue  gas 
co n ta in s  5 %  O 2 , o x id a tiv e  d e g rad a tio n  can  be  s ig n ifican t. N e ith e r C O 2  n o r h igh  
te m p e ra tu re  is req u ired  in  th is  case .

•  T h e rm a l d eg rad a tio n  is  n o t c o m m o n ly  e n c o u n te re d  sin ce  it in v o lv es  h ig h  
te m p e ra tu re s  th a n  205 °C ; th e re fo re , it is th e  leas t w ell s tu d ied .
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Si an d  A ro u a  (2 0 0 4 ) in v es tig a ted  th e  so lu b ilitie s  o f  C O 2  in  aq u eo u s  
so lu tio n s  o f  ac tiv a ted  m e th y d ie th a n o la m in e  (M D E A ) fo r te m p e ra tu re s  an d  C O 2 

partia l p re ssu re s  ran g in g  fro m  40  to  8 0 ° c  an d  0.1 to  100 K P a , resp ec tiv e ly  
P ip e raz in e  (P Z ) w as u sed  as a c tiv a to r, w ith  a  c o n c e n tra tio n  ran g in g  fro m  0.01 to  0.1 
M , k eep in g  th e  am in e  to ta l co n cen tra tio n  in  th e  aq u eo u s  so lu tio n  a t 2 M . T he 
ex p e rim en ta l so lu b ility  re su lts  w ere  rep re sen ted  b y  th e  m o la r ra tio  o f  C O 2  per 
ac tiv a ted  am in e  p re sen t in  th e  liq u id  m ix tu re . T h e  a d d itio n  o f  p ip e raz in e , as ac tiv a to r 
fo r M D E A , in c reased  th e  so lu b ility  o f  C O 2  in  the  re g io n  o f  lo w  C O 2  p a rtia l p ressu re  
co m p ared  to  p u re  M D E A . T h e  C O 2  lo ad in g  in c rea sed  w ith  d e c rea s in g  tem p e ra tu re , 
in c reas in g  C O 2  p a rtia l p re ssu re , an d  in c rea s in g  P Z  co n cen tra tio n .

A ro o n w ila s  an d  V aew ab  (2 0 0 4 ) in v es tig a ted  the  c h a ra c te riz a tio n  an d  
c o m p ariso n  o f  th e  C O 2  ab so rp tio n  p e rfo rm an ce  u s in g  s in g le  an d  b len d ed  
a lk an o lam in es: m o n o e th an o lam in e  (M E A ), d ie th an o lam in e  (DEA),.
d iiso p ro p a n o la m in e  (D IP A ), m e th y ld ie th a n o la m in e  (M D E A ), 2 -a m in o -2 -m e th y l- l-  
p ro p an o l (A M P ), and  th e ir  m ix tu res , in c lu d in g  M E A -M D E A , D E A -M D E A , M E A - 
A M P , and  D E A -A M P . T h e  ran k  o f  th e  C O 2 ab so rp tio n  p e rfo rm an ce  is th e re fo re  เท 
acco rd an ce  w ith  th e  o rd e r o f  th e  re a c tio n  ra te  c o n s ta n t (k i), i.e. M E A  >  D E A  > A M P  
>  D IP A  >  M D E A . A m o n g  th e se  so lv en ts , M E A  h a s  a  fas te r ra te  o f  re ac tio n  w ith 
C O 2 , b u t it u ses  h ig h  a m o u n t o f  en e rg y  fo r so lv e n t re g e n e ra tio n  and  severe  
o p e ra tio n a l p ro b lem s, su ch  as  co rro s io n  an d  so lv en t d eg rad a tio n .

Z h an g  e t al. (2 0 0 8 ) in v es tig a ted  th e  re g e n e ra tio n  o f  2 -a m in o -2 -m e th y l- l-  
p ro p an o l (A M P ) used  fo r C O 2  ab so rp tio n . T he re su lts  sh o w ed  th a t th e  s te rica lly  
h in d e red  A M P  en h an ced  th e  C O 2  a b so rp tio n  cap ac itie s  an d  reg en e ra tio n  e ffic ien c ie s  
in  co m p a riso n  to  o th e r am in es . T h e  reg en e ra tio n  p e rfo rm a n c e  can  b e  ran k ed  in  th e  
fo llo w in g  o rd er: A M P  >  M D E A  >  D E T A  >  D E A  >  M E A . A m o n g  th e se  so lv en ts , 
A M P  m ad e  th e  ca rb am ate  le ss  s tab le  as co m p ared  to  o th e r p rim ary  a lk an o lam in es , 
su ch  as M E A , fac ilita tin g  fo rm a tio n  o f  b ica rb o n a te  th ro u g h  rev e rs io n  o f  ca rb am ate . 
T h e  o rd e r o f  ab so rp tio n  cap ac ity  o f  d iffe ren t am in es  w as D E T A  >  A M P  > M E A  > 
D E A  >  M D E A .
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X u  e t al. (1 9 9 2 ) in v es tig a ted  th e  k in e tic s  o f  ca rb o n  d io x id e  a b so rp tio n  in  
a c tiv a ted  m e th y ld ie th an o lam in e  (M D E A ) so lu tio n s , w h ich  c o n ta in  p ip e raz in e  as  an  
ac tiv a to r. A  little  p ip e ra z in e  o b v io u s ly  im p ro v ed  th e  ab so rp tio n  ra te . T h e  h ig h e r  th e  
a b so rp tio n  tem p e ra tu re , th e  h ig h e r th e  c o n trib u tio n  o f  p ip e raz in e  to  a b so rp tio n  rate. 
T h e  re a c tio n  b e tw een  p ip e raz in e  an d  C O 2 is a  ra p id  p se u d o -f irs t-o rd e r  rev e rs ib le  
reac tio n , an d  it is p a ra lle l w ith  th e  reac tio n  b e tw een  M D E A  an d  C O 2 .

T o b ie sen  an d  S v en d sen  (2 0 0 6 ) d ev e lo p ed  a  co m p u ta tio n a l m o d e l fo r the  
re g e n e ra tio n  u n it o f  a  M E A -b ased  ab so rp tio n  p la n t fo r C O 2  rem o v a l. T h e  d e so rp tio n  
p ro cess  u s in g  M E A  is v ery  sen sitiv e  to  th e  re b o ile r  tem p e ra tu re . T h ere  is a 
s ig n ific an t in c rease  in  re b o ile r  d u ty  as h y d ro ca rb o n  is add ed  to  th e  system . H o w ev er, 
th e  re b o ile r  and  d e so rb e r c o lu m n  tem p e ra tu res  a re  red u ced  sig n ifican tly . T h e  d riv in g  
fo rce  fo r  d e so rp tio n  is lo w ered , e v en  th o u g h  th e  ac id  gas is d ilu te d  th ro u g h o u t the 
d e so rb e r to w er. T h is  is due  to  th e  s tro n g  tem p e ra tu re  d ep en d en cy  o f  th e  C O 2  partia l 
p re ssu re  o v e r th e  M E A . T h e  a m o u n t o f  h ex an e  th a t m u st be  ad d ed  cau se s  th e  
re b o ile r  d u ty  to  in c rease  s ig n ifican tly . H o w ev er, an  in creased  d e so rb e r  p re ssu re  can  
red u ce  co m p ress io n  co sts . I f  a  re d u c tio n  in  re b o ile r  tem p e ra tu re  is req u ired  b ecau se  
o f  e x c e ss iv e  co rro s io n  o r so lv en t d eg rad a tio n , th e  ad d itio n  o f  an  o rg an ic  co m p o n em  
can  g rea tly  red u ce  to w e r tem p e ra tu res , ho w ev er, a t th e  ex p en se  o f  in c reased  re b o ile r  
du ties.

C lo sm an n  e t al. (2 0 0 9 ) in v estig a ted  th e  b len d ed  m e th y ld ie th a n o la m in e  
p ip e raz in e  (M D E A /P Z ) so lv en t as  an  a lte rn a tiv e  fo r  C O 2  c ap tu re  fro m  co a l-f ired  
p o w e r p lan ts . M D E A /P Z  o ffe rs  ad v an tag es  o v e r m o n o e th a n o la m in e  (M E A ) and  
m e th y ld ie th an o lam in e  (M D E A ) a lo n e  b ecau se  o f  its re s is tan ce  to  th e rm a l and  
o x id a tiv e  d eg rad a tio n  a t ty p ica l a b so rp tio n /s tr ip p in g  co n d itio n s . T h e  re s is ta n c e  to 
o x id a tiv e  d e g rad a tio n  fo llo w s  th e  o rder: M D E A /P Z  >  M D E A  >  P Z . T h e  fo rm atio n  
o f  a m id es  in  o x id a tiv e ly  d eg rad ed  sam p les  can  b e  as  m u ch  as tw ice  th e  a m o u n t o f  
fo rm a te  p ro d u ced . T h e  b len d ed  M D E A /P Z  so lv e n t p ro v id ed  g rea te r  s tab ility  th an  
M E A  (3 0  to  50 w t % ) w h e n  te s te d  a t co n d itio n s  p e r tin e n t to  C O 2  sc ru b b in g  in  flue  
gas. F o rm a te  p ro d u c tio n  in  so lv en ts  ad h ered  to  th e  fo llo w in g  o rd er: M E A  >  M D E A  
>  M D E A /P Z . A m id e  p ro d u c tio n  ra te s  w ere  ro u g h ly  tw ice  th e  fo rm a te  p ro d u c tio n  
ra tes  in  th e  M D E A /P Z  so lven t.
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