
THEORETICAL BACKGROUND AND LITERATURE REVIEW
CHAPTER II

2.1 Global Warming

G lo b a l w arm ing  is the rise in the average temperature o f  Earth 's atmosphere 

and oceans since the late 19th century. S ince  the ea rly  20th century, Earth 's mean sur

face tem perature has increased by about 0.8 °C  (1.4 °F), w ith  about tw o-th irds o f  the 

increase occu rr ing  s in ce  1980 (Board  on A tm o sp h e r ic  Sciences and C lim a te , 2011)7 

W a rm in g  o f  the c lim a te  system  is unequ ivoca l, and scientists are m ore than 90%  cer

tain that it is p r im a rily  caused by increas ing  concentra tions o f  greenhouse gases.

G lo b a l L a n d -O c e a n  T e m p e ra tu re  In d e x

Figure 2.1 G lo b a l tem perature anom a ly  1880-2012 (data.g iss.nasa.gov).

A  greenhouse gas (G H G s )  is a gas in an atm osphere that absorbs and em its 

rad ia tion  w ith in  the therm a l in frared range. T h is  p rocess is the fundam enta l cause o f  

the greenhouse effect. The  p rim ary  greenhouse gases in the Earth 's atm osphere are 

water vapor, carbon d io x id e , methane, n itrous ox ide , and ozone. G reenhouse gases 

greatly  a ffect the tem perature o f  the Earth  (en .w ik iped ia .o rg).
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Figure 2.2 Representation  o f  the exchanges o f  energy between the รนท, the surface, 

the atm osphere, and the u ltim ate  s in k  outer space (w w w .g loba lw a rm inga rt.com ).

F-gases 1%

Figure 2.3 G lo b a l greenhouse gas em iss ion s  by gas (w w w .ip cc .ch ).

http://www.globalwarmingart.com
http://www.ipcc.ch
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The  ln tergoverm enta l Panel o f  C lim a te  Change ( IP C C )  deve loped  the G lo b a l 

W a rm ing  Poten tia l (G W P )  to com pare the a b ility  to trap heat or potentia l o f  G H G s  

that affects the greenhouse effect. C a rbon  d io x id e  (C O 2) is a m a jo r cause o f  g loba l 

w arm ing . A lthough  the g loba l w arm ing  potentia l (G W P )  o f  C O 2 is lo w  but the large 

amount o f  C O 2 em iss ion  is the prob lem  (w w w .ip cc .ch ).

Table 2.1 G lo b a l w a rm ing  potentia ls (G W P )  and a tm ospheric life t im es  (Years) used 

in the inven to ry  (w w w .ip cc .ch )

Gas Atmospheric
Lifetime

100-year
GWP

20-year
GWP

500-year
GWP

Carbon dioxide 50-200 1 1 1
Methane 12 ±3 21 56 6.5

Nitrous oxide 1 2 0 310 280 170
HFC-23 264 11,700 9,100 9,800
HFC-125 32.6 2,800 4,600 920HFC-134a 14.6 1,300 3,400 420

HFC-143a 48.3 3,800 5,000 1,400
HFC-152a 1.5 140 460 42
HFC-227ea 36.5 2,900 4,300 950
HFC-236fa 209 6,300 5,100 4,700

HFC-4310mee 17.1 1,300 3,000 400
cf4 50,000 6,500 4,400 1 0 , 0 0 0
c2f6 1 0 , 0 0 0 9,200 6 , 2 0 0 14,000
c4f 10 2,600 7,000 4,800 1 0 , 1 0 0
c 6f 14 3,200 7,400 5,000 10,700

sf6 3,200 23,900 16,300 34,900

2.2 Carbon Dioxide

C a rbon  d io x id e  ( C O 2) is the p r im a ry  greenhouse gas em itted through human 

activ it ies. In 2010, C O 2 accounted fo r about 84% o f  a ll บ .ร .  greenhouse gas em is 

sions from  human activ it ie s . Carbon  d io x id e  is na tu ra lly  present in the atm osphere as 

part o f  the E a rth ’s carbon cy c le  (the natural c ircu la t io n  o f  carbon am ong the atm os

phere, oceans, so il, p lants, and an im als). H um an a c t iv it ie s  are a lte ring  the carbon cy - 

c le-both by  add ing m ore C O 2 to the atm osphere and by  in fluen c ing  the a b ility  o f  nat

ural s inks, lik e  forests, to rem ove C O 2 from  the atm osphere. W h ile  C O 2 em iss ions

http://www.ipcc.ch
http://www.ipcc.ch
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com e from  a va rie ty  o f  natura l sources, hum an-re lated em iss ions are respons ib le  fo r 

the increase that has occu rred  in the atmosphere s ince  the industria l re vo lu tion  (N a 

tional Research C o u n c il, 2010).

S ince  the beg inn ing  o f  the Industria l R evo lu tio n , the burn ing  o f  fo ss il fue ls  

has contributed to a 40%  increase in the concentra tion  o f  carbon d io x id e  in the at

mosphere from  280 ppm  to 397 ppm. A n th ropogen ic  carbon d io x id e  ( C O 2) em iss ions 

_come from  com bustion  o f  carbon based fue ls, p r in c ip a lly  w ood, coa l, o il,  and natural 

gas (L indebu rgh , 2006).

RECENT GLOBAL MONTHLY MEAN C 02

Figure 2.4 R ecen t m on th ly  mean carbon d io x id e  g lo b a lly  averaged ove r m arine sur

face sites (w w w .esr l.noaa .gov ).

Consequen tly , the o n ly  three rem a in ing  op tions o f  reducing  tota l C O 2 em is

s ion  into the atmosphere are: ( 1) reducing  energy in tensity; (2 ) reduc ing  carbon in 

tensity, i.e, use o f  carbon-free fuel; and (3) enhanc ing  the sequestration o f  C O 2. The 

firs t option requ ires e ff ic ie n t use o f  energy. The second op tion  requ ires sw itch in g  to 

using non -foss il fue ls such as hydrogen and renew able energy. The th ird  op tion  in 

vo lve s the deve lopm ent o f  techno log ies to capture and sequester m ore C O 2. It is

http://www.esrl.noaa.gov
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clear that im p lem entation  o f  a ll the above-m entioned op tions w il l  be necessary i f  

C O 2 em iss ion  abatement becom es a serious g loba l p r io r ity  (O la jire , 2010).

2.3 Carbon Capture Technologies

There is g row ing  concern  that anthropogen ic carbon d iox id e  ( C O 2) em iss ions 

are con tr ibu ting  to g lobal c lim a te  change. Therefo re, it is c r it ic a l to deve lop  techno l

og ies to m itiga te  this p rob lem . Irons e t al. (2007) show  that C O 2 em iss ion s  can be 

reduced fo r pow er generation by three capture techno log ies: p re -com bustion , oxy fu e l 

com bustion  and post-com bustion .

2.3.1 P re-com bustion  Capture

In pre-combustion capture, fuel is reacted w ith  oxygen to g ive  m a in ly  car

bon m onoxide and hydrogen. T h is  process is known as partia l oxidation. The m ixture o f  

m a in ly  C O  and แ 2 is passed through a ca ta lytic reactor, ca lled  a shift converter, where 

the C O  reacts w ith  steam to g ive  C O 2 and more H 2. C O 2 is separated, and H 2 is used as 

fuel in a gas turbine com bined-cyc le  plant. The prim ary disadvantage o f  pre-com bustion 

capture is that total capital costs o f  the generating fac ility  are very high (O la jire , 2010).

C O 2 to storage
Fue l A

- 1
Partia l Syngas W ate r gas c o 2+ h 2 C 0 2 h 2 Pow e r Exhaust

ox ida tion
---------► sh ift sépara- generation —► to

t reaction tion
unit

A ir* un it atmosphere

1 -

0 x y 8 e n  ร , ia m

Figure 2.5 P r in c ip le  o f  p re -com bustion  C O 2 capture (M o n d a i e t a l., 2012).

2.3.2 O xy fu e l C om bustion  Capture

O xyfue l combustion systems are being developed,as an alternative to post

combustion C O 2 capture for conventional coal fired power plants. Here, pure oxygen ra

ther than air is used for combustion. Th is elim inates the large amount o f  nitrogen in the
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flue gas stream. The flue gas consists on ly o f  water vapor and C O 2. The water vapor is eas

ily  removed by coo ling  and compressing the flue gas. Add itiona l removal o f  air pollutants 

leaves a nearly-pure C O 2 stream that can be sent d irectly to storage (Rubin et a l., 2012). 

The main disadvantage o f  oxyfue l combustion is that a large quantity o f  oxygen is re

quired, w h ich  is expensive, both in tenus o f  capital cost and energy consumption (Olajire.,

2 0 1 0 ).

Figure 2.6 P r in c ip le  o f  o xy fue l com bustion  C 0 2 capture (M o n d a i e t a l ., 2012).

2.3.3 Post-com bustion  Capture

Post-combustion capture involves the removal o f  C O 2 from the flue gas pro

duced by combustion. Existing power plants use air, which is almost four-fifths nitrogen, for 

combustion and generate a flue gas that is at atmospheric pressure and typ ica lly  has a C O 2 

concentration o f  less than 15% (Figueroa e t al., 2008). The low  concentration o f  C O 2 in 

power-plant flue gas means that a large volume o f  gas has to be handled, which results in 

large equipment sizes and high capitol costs. Post-combustion capture offers a significant 

design challenge due to the re latively low partial pressure o f  C O 2 in the flue gas (Olajire., 

2 0 1 0 ).

Figure 2.7 P r in c ip le  o f  post-com bustion  C O 2 capture (M o n d a i e t a l., 2012).



9

2.4 CO2 Separation Techniques

There are several technologies are available to capture C O 2 from fossil fuel power 

plant. These include m ain ly absorption, adsorption, cryogenic, and membrane processes.

Figure 2.8 T ech n o lo g y  options fo r C O 2 separation (Rub in  e t  a l ., 2012). „

2.4.1 A b so rp tio n

Chem ica l or physical absorption processes are w ide ly  used in the petroleum, 

natural gas, and coal fired power plants as w e ll as chem ical industries for separation o f  

C O 2. It is based on the reaction between C O 2 and chem ical solvent such as aqueous so lu

tion o f  mono-, di- and tri-amine, d i-isopropanol am ine, etc. (C h o i e t a l., 2009). In this 

method, absorber and regenerator are w orking continuously. F lue gas stream contain ing 

C O 2 is introduced at the bottom o f  the absorber. Absorbent is introduced from  top o f  the 

co lum n that leads counter current contact between flue gas and solvent and a selective ab

sorption o f  C O 2 takes place. Then, C O 2 rich stream is fed to the regenerator, where desorp

tion o f  C O 2 occurs, and regenerated solvent is recycled for further use. Desorbed C O 2 is
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compressed and sent to storage. A va ila b le  literature reveals that the chem ical absorption 

holds good result in terms o f removal e ffic iency and can be used for low  concentration flue 

gases (Rao e t a l . , 2002). Am ine-based solvents have been enhanced over the years, such 

that p rim ary (monoethanolam ine (M E A )  &  d ig lyco lam ine (D G A )), secondary (diethano

lam ine (D E A )  &  diisopropanolam ine (D IPA )) and tertiary (methyldiethanolam ine 

(M D E A )  &  triethanolam ine (T E A ))  variants are available through different suppliers, 

m any o f  wh ich include special proprietary additives to im prove performance and other 

characteristics. The choice o f  a particu lar alkanolam ine is p rim arily  dictated by the re

quirements o f  the specific application. W ith  the exception o f  a few, these am ines have a 

m axim um  sorption capacity o f  1 m ole o f  C 0 2 to two moles o f  amines. L iq u id  tertiary 

am ines and am idines have ร1า0 พฑ a higher sorption capacity w ith  a ratio o f  1:1 molar, 

thereby reducing the volum e o f  am ine, but the reaction rate is m uch slower. A m in e  blends 

have been used to compensate for th is difference in order to reduce regeneration and recir

cu lation costs and increase C O 2 load ing capacity (Benam or e t a l., 2012).

The use piperazine as an activator in conventional am ine systems fo r ac id ic 

gases rem oval has increasing ly been reported in the literature. T h is  is, because o f  its high 

absorption capacity, h igh selectiv ity, and low  regeneration energy. Roche lle  e t al. (2011) 

studied a new process that uses p iperazine (40 wt%  P Z ) w ith regeneration at 150 ๐c  by a 

two-stage flash as a substitute to the conventional 30 wt % M E A  scrubbing process. 

They cla im ed that p iperazine can be used up to 150 ° c  w ithout sign ificant thermal deg

radation, it is resistant to oxidative degradation and has less v o la t ility  than M E A ,  and it is 

not corrosive to stain less steel. B lended solvents p rov ide  an enhancement in overa ll e ff i

c iency  than ind iv idua l solvent. How ever, several lim itations to absorption process such 

as, so lvent degradation, corrosion, solvent regeneration effic iency, etc affect the e ffic ien 

cy  o f  C 0 2 removal (M o n d a i e t a l., 2012).

2.4.2 A d so rp tio n

Adsorption is a process for removal o f  one or more components o f  a m ixture 

w ith the help o f  a solid surface. The adsorption processes are based on significant intermo- 

lecular forces between gases (including C 0 2) and the surfaces o f  certain solid materials (such 

as m olecular sieves and activated carbons). Th is attachment can be either physical (phy- 

sisorption) or chem ical (chemisorption) depending on the temperature, partial pressure, sur-



11

face force and adsorbent pore sizes, single or multip le layers o f  gases can be adsorbed (O laji- 

re, 2010; A xe l and Xiaoshan, 1997). In C O 2 capture by adsorption technology, a packed co l

umn is m ain ly filled  by spherical adsorbent, and C O 2 bearing stream is passed through the 

column. C O 2 is attracted towards the adsorbent and adheres on the surface o f adsorbent, fo l

lowed by regeneration (desorption), which can be achieved either by reducing pressure 

(Pressure-Swing Adsorption or PSA ), or by increasing temperature (Temperature Sw ing 

Adsorption, or T S A )  or by passing an electric current through the adsorbent (Electrical 

Sw ing Adsorption, or E S A ) or process hybrids (P T S A ) or washing (Mondai e t a i ,  2012).

S o lid  adsorbents such as activated carbons, zeolites, mesoporous silicates, 

a lum ina, and metal ox ide have been extensive ly used for gas separation (Th iruvenka- 

tachari et a i ,  2009). Adsorption  o f  C O 2 from  a gas stream is a d ry  process; hence, it has 

no by-product such as wastewater in conventional absorption process. M oreover, it re

quires low  energy compared to that o f  cryogen ic and absorption processes. B u t there are 

some lim itations that make this process less effective such as low  se lectiv ity and capaci

ty o f  availab le adsorbent for C O 2, low er rem oval e ffic iency  a compared to other tech

no log ies (absorption and cryogen ic) and regeneration and reusab ility  o f  adsorbent (Cho i 

e t a i ,  2009). In these reasons, m uch attention is required fo r deve lop ing the new  adsor

bents or m od ifica tion  on surface chem istry  o f  ex isting  adsorbents so that the adsorbents 

can operate at h igher temperatures in the presence o f  steam w ith  increased capacity  and 

im proved se lectiv ity  (M onda i e t a l . , 2012).

2.4.3 C ryo g en ic s

The cryogen ic method o f  pu rifica tion  invo lves the separation o f  the gas 

m ixtures by fractional condensation and d istilla tion  at low  temperature. L o w  temperature 

d istilla tion  (cryogen ic separation) is a com m ercia l process com m on ly  used to lique fy  

and pu rify  C O 2 from  re la tive ly  h igh  purity (> 90%) sources. It in vo lves coo ling  the gases 

to a ve ry  low  temperature (lower than -73.3 °C ) so that C O 2 can freeze out/liquefied and 

separated. The process has the advantage that it a llow s recovery o f  pure C O 2 in the form  

o f  a liqu id , w h ich  can be transported conven iently  o r pumped to the injection site fo r en

hanced o il recovery (E O R ) or enhanced coal-bed methane ( E C B M )  (O lajire , 2010).

C ryogen ic  process is inherently d if f icu lt  to app ly  fo r C O 2 capture, because 

most C O 2 occurs in  conjunction w ith  other gases (S O x, NOx, H 2O), w h ich  severely inter
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fere w ith  coo ling  and cause corrosion, fou ling , and plugging. There is a need to rem ove 

all trace water from  feed, wh ich leads to increase the C O 2 capture cost. Furthermore, the 

phase behavior o f  C O 2 is com plex, and it easily  leads to the form ation o f  so lids, w h ich  

p lug equipment and severely reduce heat transfer rates resulting in the reduction o f  pro

cess e ffic iency  (A x e l e t a l ,  1997). In light o f  these lim itations and high cost o f  re frig 

eration, this process can be used on ly  fo r special circum stances as an adjunct to other 

processes (M onda i e t a l., 2012).

2.4.4 M em brane

A  re lative ly  novel capture concept is the use o f  selective membranes to sepa

rate certain components from a gas stream, w h ich  can be C O 2 from flue gas (post

combustion system), C 0 2 from natural gas (natural gas processing), and C O 2 from  hydro

gen (pre-combustion systems) or oxygen from nitrogen (in oxyfue l combustion system). 

Membranes are sem i-permeable barriers able to separate substances by various mecha

nisms (solution/diffusion, adsorption/diffusion, m olecu lar sieve, and ion ic transport). They 

are available in d ifferent material types, w h ich can be either organic (polym eric) o r inor

ganic (carbon, zeolite, ceram ic or m eta llic) and can be porous to non-porous. Mem branes 

act as filters to separate one or more gases from  a feed m ixture and generate a spec ific  gas 

rich permeate as shown in F igure 2.9 below. T w o  characteristics dictate membrane per

formance; permeability, that is the flu x  o f  a spec ific  gas through the membrane, and selec

tiv ity, the membrane’ s preference to pass one gas species over the other (O lajire, 2010).

In membrane technology for C O 2 separation, the required energy per unit mass 

o f  C O 2 captured is in the range o f 0.5-6 M J/kg  o f  C O 2 compared to other existing technologies. 

But low  removal efficiency and low  purity o f  C O 2 make this process ineffective. A lso  its fea

s ib ility  is decreased when concentration o f  C O 2 in the feed stream is below 20%. Since the 

membrane cannot usually achieve high degree o f  separation, it cannot be optim ized for large 

volume o f  gas separation. So, multiple stages and/or recycle o f  one o f  the streams are neces

sary. Membranes are sensitive to sulfur compounds and other traces (Abass and Olajire, 2010).

Facilitated transport membrane, m ixed  m atrix membrane etc. are good en

hancement in membçane technology. A ls o  the membrane process in com bination w ith  

other ex isting processes may increase the overa ll e ffic ien cy  o f  the process, e.g. m em 

brane w ith  cryogen ic and membrane w ith  absorption process (M o n d a i e t a l., 2012)
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Figure 2.9 Schematic o f  gas-separation membrane (O la jire , 2010).

2.5 Adsorbents

Several d ifferent sorbents, e.g. carbonaceous material, zeolites, ordered mesopo- 

rous s ilica , m etal-organic frameworks, and amine-base materials, have been used for 

physica l and chem ical adsorption o f  C O 2. The potential adsorbents must have: ( 1) h igh 

se lectiv ity  and adsorption capacity fo r C O 2; (2) adequate adsorption/desorption k inetics; 

(3) stable cy c lic  adsorption capacity; (4) m echanical du rab ility  to m aintain reasonable 

performance after extended cy c lic  exposure to high pressure or h igh temperature; and (5) 

low  energy needs fo r regeneration o f  pure C O 2 (K w on  e t a l., 2 0 1 1 ).
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A d so rp t io n

± _________  _______ t
Phys ica l Chem ica l

A d so rp tion Adso rp tion

Carbonaceous m ateria l Am ine -base  m ateria ls
( A C ,  C N T , G raphene) • Am ine -im p regnated

• Am ine -g ra fted
Z eo lite by to luene re flu x

by SC -propane
O rde r m esoporous s ilic a by d irect synthesis
(M 41  ร, S B A -n , A M S )

L ith ium -base  m ateria ls
M e ta l-o rgan ic  fram ew orks '
(M O F s ) Ca lc ium -based  m ateria ls

Figure 2.10 F lo w  diagram  for C O 2 capture by adsorption (Yu  e t a l., 2012).

2.5.1 P hys ica l Adsorbents

Phys ica l adsorbents can be c la ss ifie d  into ะ

- Carbonaceous materia l

- Z eo lite

- O rdered m esoporous s il ic a

- M e ta l-o rg an ic  fram ew orks (M O F s )

2 .5 .1 .1  C a rb o n a c e o u s  m a te r ia l
Because o f  their w ide  ava ilab ility , low  cost, and high thermal sta

b ility , it is large ly established that activated carbons have advantages over other C 0 2 ad

sorbents. A m ong  the carbon based adsorbents reported in the literature, activated car

bons (A C s )  and carbon nanotubes (C N T s )  are the most investigated materials. C O 2 ad

sorption on A C s  have been studied experim enta lly  and theoretica lly fo r a long time and 

have found com m ercia l applications. There is a w ide range o f  A C s  w ith  a large variety  

o f  m icroporous and mesoporous structures. A ctiva ted  carbons m ay be produced from  

many raw materials such as coal, coke pitch, wood or biomass sources (e.g., saw dust, 

coconut shells, o live  stones), often v ia  two steps: carbonization and activation (Lozano- 

Caste llo  e t a l., 2002). Carbon m olecu la r sieves (C M S ), wh ich are a sub-class o f  activât-
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ed carbon w ith  narrow  pore size d istribution  (PSD ), are k inetic-based adsorbents. They  

have been com m ercia lized  m a in ly  fo r the separation o f  air and the production o f  h igh 

purity N 2 (Coe, 1995). However, at low  C O 2 partial pressure, A C s  exh ib it lower adsorp

tion capacity and se lectiv ity  than zeo lites due m a in ly  to their less favorable adsorption 

isotherms. In spite o f  the hydrophobic character o f  carbon-based adsorbents, their C O 2 
adsorption ab ility  is adverse ly affected by the presence o f  water vapor (F ilip e  e t a l.,
2009).

Carbonaceous materials seem to be interesting on ly  fo r C O 2 removal 

at high pressure and low  (e.g., room) temperature. These lim itations may nbt be suitable 

for low  pressure C O 2 capture from flue gas treatment. However, as discussed later, the 

strategy to increase the strength o f C O 2 interactions w ith such materials at low  partial pres

sure v ia  surface m od ifica tion 'm ay hold prom ise (Sayari e t a l., 2011).

25 .7 .2  Z eolite
The adsorption effic iencies o f  zeolites are largely affected by their 

size, charge density, and chem ical com position o f  cations in their porous structures (W ang 

et a l ,  2011). A cco rd ing ly , a number o f  reports focus on zeolites w ith  h igh ly  crysta lline 

structure, high surface area, and 3-dimensional pore structures by altering their com posi

tion as S i/AI ratio. Another research fie ld  focuses on the exchange w ith  a lka li and a lka line- 

earth cations in the structure o f  zeolites to enhance the C O 2 adsorption. Though C O 2 ad

sorption can be enhanced by these approaches, there are several drawbacks. The C O 2 ad

sorption capacity and the C O 2/N 2 se lectiv ity are re lative ly low  (Sayari et al. 2011). Besides, 

the C O 2 adsorption capacity greatly declines in the presence o f  moisture in gas because o f  

their h igh ly  hydroph ilic  character, thus a high regeneration temperature (often above 300 

°C) is needed (Y u  e t a l ., 2012).

2.5 .1 .3  O rd e re d  m esoporou s s ilica
Ordered mesoporous s ilica  may be a candidate because o f  its high 

surface area, high pore volum e, tunable pore size, and good thermal and mechanical stab il

ity. So far mesoporous s ilicas includ ing the fam ilies o f  M41 ร, Santo Barbara Am orphous 

type material (SBA -n), anionicsurfactant- templated mesoporous s ilica  (A M S ), etc., have 

been reported. However, the C O 2 adsorption capacities are not high enough, especially, at 

atmospheric pressure, to a llow  their practicab ility  (Y u  e t a l., 2012).
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2 .5 .1 .4  M eta l-o rg a n ic  fra m e w o rk s  (M O F s)
M eta l-organ ic frameworks (M O Fs) have attracted significant interests 

in recent years due to the ir remarkably h igh surface areas, controllable pore structures, and 

tunable pore surface properties, which can be easily tuned by changing either the m eta llic 

clusters or the organic ligands. M il lw a rd  and Yagh i (2005) first reported M O F s  for C O 2 
capture at room  temperature. Thereafter, they have developed new types o f  M O F s  for C O 2 

capture. Kupp le r e t al. (2009) reviewed the progress o f  M O F s  for C O 2 capture from exper

imental to m olecu lar s imulation. In their review , M O F s  exhib it exceptional C O 2 adsorp

tion capacity to deal w ith  pure C O 2 at h igh pressures. The ir adsorption capacities are dra

m atica lly  reduced when they are exposed to a gas m ixture. Though M O F s  have been 

shown to be the prom ising  adsorbents fo r C O 2 capture in laboratory, more studies are re

quired to ve rify  their practical applications (Y u  et a l., 2012).

2.5.2 C h em ica l Adsorbents

M any studies have been devoted to improve C O 2 adsorption and selectivity by 

chem ical m odification on the surface o f  solid  materials possessing high surface area. The 

basic organic group (amine) and inorganic metal oxide (alkali metal or alkali-earth metal) are 

o f  particular interest. The interaction between the acidic C O 2 molecules and modified basic 

active sites on the surface facilitates C O 2 adsorption through the formation o f  covalent bond

ing.

2.5.2 .1 A m ine-functionalized A dsorben ts
The technology currently used in industry for C O 2 capture is absorption 

with liqu id  amine solutions. The removal o f  C O 2 by amines occurs v ia  the w idely accepted 

formation o f  carbamate and bicarbonate species, as represented in Eq. (2.1) - (2.2). These are 

reversible reactions that perm it the regeneration o f  amines, typically by heating the C 0 2 -rich 

solution.

2 (R N H 2) + C 0 2 «------ ► R N H C 0 2 ■ R N H 3 + (2 .1)
carbamate

RN H 2 +  CO2 +  H2O «-------►  R N H 3+ H C 0 3' ^ ----- ►  ( R N F ^ C O j 2' (2.2)
bicarbonate carbonate
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The liq u id  am ine absorption process inspired researchers to use 

am ine-m od ified  so lid  m ateria ls as adsorbents fo r C O 2 capture. A s  far as flue gas treat

ment is concerned, it was anticipated that supported am ines w il l m ainta in  a high se lec

t iv ity  toward C O 2 w ith  a neg lig ib le  uptake o f  other com ponents, p a rticu la r ly  N 2, but 

w ithout the aforem entioned drawbacks associated w ith  aqueous am ine solutions.

The fo llow ing  sections are organized according to the type o f  interac

tions between amine groups and the support, namely (i) amine-impregnated materials where 

mostly weak interactions occur, and (ii) covalently bonded am ine-containing species, ob

tained typ ica lly  v ia  surface-grafting o f  aminosilanes. The grafted materials offer compara

tive ly  higher rate o f  adsorption than amine-impregnated adsorbents (Serna-Guerrero and 

Sayari, 2001) and, in some cases even higher than com mercia l adsorbents such as 13X 

(H a r lic k  and Sayari, 2007). However, the organic content o f  amine-grafted adsorbents de

pends on the surface density o f  hydroxyl groups, needed to anchor the aminosilane. A s  for 

impregnated amines, higher loadings may be achieved,-but often accompanied by increas

ingly strong diffusion lim itations (Sayari e t a l . , 2011).

2 .5 .2 .2  A m in e-im pregn a ted  A d sorben t
X u  e t a l. (2002) reported the effects o f  polyethylenim ine (PEI) loading, 

gas conditions, temperature, moisture, and supports on C 0 2 adsorption capacity for the PEI- 

impregnated mesoporous s ilica  and carbonaceous materials. A  higher PEI loading s ign ifi

cantly enhanced C O 2 adsorption capacity together with the decrease in the surface area, pore 

size, and pore volume o f  the PE I impregnated supports. The highest C O 2 adsorption capacity 

o f  3.02 mmol/g for the PEI-impregnated M C M -4 1  (PE I/M C M -41 ) w ith 75 wt% o f  PE I 

loading was observed under pure C O 2 at 75 ๐c ,  w h ile  the highest amine effic iency (CO 2/N 2 
m olar ratio) occurred at 50 wt%  PEI loading and was reduced with an increase in the PEI 

loading. In general, the amine loading is not d irectly related to the amines fo r C O 2 adsorption 

because the formation o f  the aggregated am ine on supports would reduce the amine accessi

ble to C O 2. When the PE I/M C M -41  with 50 wt%  PEI loading was used to treat an anhy

drous gas containing 15% C O 2 in N 2 at 75 °c, the adsorption capacity was found to reduce 

to 2.03 mmol/g. When the temperature was decreased from 75 to 25 ๐c ,  the C O 2 adsorption 

capacity was found to decrease as well. It is known that C O 2 adsorption is an exothermic 

process. 'H ie increasing temperature is unfavorable for C O 2 adsorption capacity. However, 

the formation o f  bu lk-like PEI inside the pore at low  temperature leads to C O 2 adsorption as
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a diffusion-lim ited process (Sayari e t a l., 2011). A t  high temperature, the high C O 2 adsorp

tion capacity is possibly due to the high diffusion rate o f  C O 2 into bulk like P E I and the in 

creasing reaction rate o f  C O 2 w ith PEI (Yu  et a i ,  2012).

X u  e t al. (2005b) further studied the effect o f  moisture on C O 2 capture 

using the PE I/M C M -41  and showed that the C O 2 adsorption capacity was increased from

2.03 mmol/g for an anhydrous flow  containing 15% o f  C O 2 to 2.84 mmol/g fo r a flow  con

taining 10% o f  moisture and 13% o f  C O 2. The improvement o f  C O 2 adsorption capacity was 

interpreted ๒  terms o f  adsorption mechanisms, i.e., the formation o f  carbamate and bicar

bonate under anhydrous and hydrous conditions, respectively. The positive effect o f  mois

ture was only observed for the m olar concentration o f  moisture not higher than that o f  C O 2. 

Concerned w ith structure o f  support, W ang and Song (2012) also prepared the PEI- 

impregnated S B A -15  with a PE I loading o f  50 พ t% and found a higher C O 2 adsorption ca

pacity as 3.18 mmol/g. which was about 1.5 times higher than the PE I/M C M -41  for an an

hydrous flow  containing 15% C O 2 at 75 °c. Son e t al. (2008) also reported the effect o f  sup

port and demonstrated that C O 2 adsorption capacity and kinetics were m ain ly influenced by 

pore size and fo llow ed an order o f  hexagonal ทาesoporous s ilica  (H M S ) > K IT - 6  > SB A -16  

~ SB A -15  > M C M -4 8  > M C M - 4 1.

Plaza e t al. (2007, 2008) studied C O 2 capture using activated carbon 

and alumina impregnated w ith various types o f  amines includ ing primary and secondary 

a lkylam ines such as diethylenetriam ine (D E T A ), pentaethylenehexamine (P E H A )  and PEI, 

alkanolamines such as diisopropanolam ine (D IPA ), sterically hindered 2-am ino-2-methyl- 

1,3-propanediol (A M P D ), and triethanolamine (T E A ). The ir results indicated that the D E - 

TA-impregnated alum ina exhibited the highest C O 2 adsorption capacity throughout the test

ed temperature range. The decrease in the C O 2 adsorption capacity for impregnation o f  

amine-impregnated activated carbon was m ain ly due to reduction o f  m icroporous volume 

responsible for physical adsorption o f  cc>2. They further studied the carbon-based supports 

derived from sewage sludge and air-oxidized o live  stones impregnated w ith PE I and found 

that the increase o f  C O 2 adsorption capacity depended on the textural properties o f  the sup

port and the surface m odification methodology (Y u  e t a i ,  2012).

. Quanm in e t al. (2012) studied C O 2 capture using s ilica gels impregnat

ed w ith methyldiethylam ine (M D E A )  activated w ith piperazine (PZ). The ir results indicated
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that surface coating w ith a m ixture o f  M D E A  and P Z  considerably increased the selectivity 

and capacity o f  s ilica  gel for cc >2 adsorption.

In addition to mesoporous materials, zeolites have also been used as 

supports. Jadhav e t al. (2007) dispersed M E A  on 13X zeolite producing materials w ith d if

ferent loadings. Quite interestingly, the adsorbent w ith the highest capacity at low  tempera

ture (i.e., 35 °C), w ith 1.96 mmol/g for 15% C O 2 in N 2, contained on ly 2.9 w t%  M E A , 

w h ile  the best capacity at 75 ๐c  (i.e., 0.45 mmol/g) was obtained on a sample w ith the high

est loading (i.e., 25 wt%). The capacitiy was comparatively higher than unm odified 13X, 

whioh adsorbed 0.64 and 0.36 mmol/g at 35 and 75 ๐c ,  respectively. A n  interesting ad

vantage o f  amine-containing 13 X  was a significant improvement in its tolerance to moisture. 

W h ile  it is generally accepted that preferential adsorption o f  water on 13X resulted in a dras

tic reduction o f  C O 2 uptake, the adsorption capacity in the presence o f  100% R H  decreased 

by on ly  ca. 13% w ith respect to dry conditions (Sayari e t a l., 2011).

It seems to be more appropriate to use supports w ith large pore size and 

pore volume to impregnate amine. However, the decreases in adsorption rate, am ine effi

ciency (C O 2/N 2 ratio), and cyc lic  performance were observed accompanied by h igh amine 

loading. Thus, how  to overcome these drawbacks in order to promote the performance o f 

amine-impregnated adsorbent needs further studies (Y u  e t a i ,  2012).

2.5 .2 .3  A m in e-grafted  A dsorben t
Though high C O 2 adsorption capacity was observed in amine- 

impregnated materials, the lack o f  thermal stability in desorption was also reported 

(D ’A lessandro e t a l., 2010). To  overcome this lim itation, aminosilanes were proposed to be 

covalently grafted onto the intrachannel surface o f  the mesoporous silicas through silylation. 

Generally, there are two preparation methods, post m odification and direct synthesis (also 

called co-condensation). Several studies have been reported for synthesis o f  am ine grafted 

silicas for C O 2 capture using am inosilanes such as (3-am inopropyl) triethoxysilane (APS), 

jV-[(3-trimethoxysilyl)propyl] ethylenediamine (2N -A P S ) and N - [(3-trimethoxysiIyl) pro- 

pyl]diethylenetriam ine (3N -APS). Leal et al. (1995) firstly published the w ork on A P S  

grafted silica gel for C O 2 capture and proposed the C O 2 adsorption v ia  the formation o f  am

monium  carbamate under anhydrous condition and the formation o f  ammonium bicarbonate 

in the presence o f  moisture leading to one amino group reacted w ith one m olecu lar C O 2.
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Th is A P S  grafted s ilica  gel exhibited a C 0 2 adsorption capacity as 0.41 and 0.89 mmol/g 

under an anhydrous and hydrous flow  w ith pure C O 2 at 27 ° c , respectively.

In previous work, A PS , 2 N -A P S  and 3 N -A P S  were grafted onto 

M C M -4 1 , SBA -15  and pore expanded-SBA- 15 (Chang e t a i ,  2009). The experimental re

sults showed that S B A -15  was the most appropriate support because-its pore size cou ld  ac

commodate more am ines and avoid b locking during C O 2 adsorption. Besides, its high pore 

surface area provid ing large amount o f  silanol group was more beneficial for am inosilane 

grafting. Am ong  the studied amines, 3 N -A P S  exhibited the highest C O 2 adsorption capacity 

as 2.74 and 3.06 mmol/g at 40 ° c  under anhydrous and hydrous (78% R H ) flows containing 

17% C 0 2 ,  respectively, fo llowed by 2 N -A P S  and A P S .

The other approach to synthesize amine-grafted adsorbent is the direct 

synthesis v ia  the co-condensation o f  siloxane and am inosilane in the presence o f  an organic 

template. The direct synthesis can be carried out in ac id ic or basic media. K im  e t al. (2008) 

reported a comparative study for the amine-grafted mesoporous s ilica using the anhydrous 

grafting and direct synthesis methods. They used an ion ic surfactants such as linear alkylben- 

zene sulfonates (LA S ), sodium dodecyl sulfate (SDS), and A-lauroylsarcosine sodium  salt 

(LSS ) as the templates to synthesize APS-grafted A M S  at basic condition. The prepared ad

sorbents exhibited the amine content up to 3.33 mmol/g and C 0 2  adsorption capacity up to

1.25 m mol/g ๒  pure C O 2 at 25 ๐c  (Y u  e t  a l., 2012).

2.5 .2 .4  A lka li Earth m eta l-b a sed  S o lid  Sorben ts
A lk a li earth jneta l, such as C aO  can reversibly react w ith C O 2 to form 

alkali earth metalcarbonate CaCC >3 in the absence o f  water vapor at high temperature, which 

is suitable to both pre-combustion and post-combustion applications. For example, the sim 

plified process flow  diagram o f  post-combustion capture using the calcium  looping cyc le  is 

shown in F igure 2.11. In one vessel (the carbonator), the carbonation reaction between C O 2 
and so lid  C aO  separates C O 2 from coal-combustion flue gas at a temperature between 600 

๐c  and 650 °c . The C aC C >3 formed is then passed to another vessel (the calciner), where it is 

heated to reverse the reaction (900 -  950 ๐C), releasing the C O 2 suitable for sequestration, 

and regenerating the CaO-sorbent which is then return to the carbonator. The carbonation 

process is exothermic, w h ich is matched w ith the temperature o f  a steam cycle, a llow ing  re

cuperation o f  the heat ( L i e t  a l., 201 1 ).
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C o a l A i r  A i r

Figure 2.11 The process flow  diagram o f  post-combustion capture using the ca lcium  loop

ing cyc le  (M a cK en z ie  e t a l., 2007).

2.5 .2 .5  A lkali M etal C arbon a te  S o lid  Sorben ts
A lk a li metal carbonate, such as N a 2C 0 3  and K 2C O 3 can react w ith  C O 2 

and H 2O  and transform to alkali metal hydrogen carbonates salt (N aH C C >3 or K H C O 3) at 

low  temperatures. Water vapor is always necessary as the fo llow ing reaction:

M 2C 0 3 + C 0 2 + H 20  «------ ► 2 M H C 0 3 (M  = Na, K )  (2.3)

Researchers have tried to develop the K-based sorbents supporte on 

various supports, including activated carbon, M g O  Z r0 2 , S i0 2, A l  O 3, T i0 2, CaO , and zeo

lites. the capacity o f  C 0 2 over K 2C 0 3 /M g 0  sorbent exhibited excellent characteristics at low  

temperatures (Lee, 2008). However, the carbonation reaction rate was rather slow. Recently, 

K 2C 0 3 w ith a hexagonal structure showed excellent C 0 2 absorption reaction rate (Zhao e t  
a l., 2009).

In the solid C 0 2 sorption process, heat control is important to avoid hot 

spots generated during the h ighly exotherm ic carbonation reaction, and high superficial ve
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loc ity  is also necessary to reduce reactor size. To  solve these problems, a flu id ized  bed is 

proposed as a proper process to control high volumes o f  flue gases ( L i e t a l., 2011).

2.6 Benzoxazines

Benzoxazine  is a m olecu le, where an oxazine ring (a heterocyc lic  s ix  membered 

ring w ith  oxygen and nitrogen atom) is attached to a benzene ring. There are several 

benzoxazine structures depending on the position o f  the heteroatoms, F igu re  2.12. For 

example, the trad itional nam ing o f  the structure a is a 1,3-benzoxazine (3 ,4-d ihydro-3- 

m ethy l-2H -l,3 -benzoxazine ), whereas structure b is a 3,1-benzoxazine. The num bering 

is m ade in such a w ay  that the oxygen position precedes the nitrogen. Thus, structure c is 

a 1,4-benzoxazine. T h is  is because the benzoxazine was o r ig in a lly  the com pound w ith  a 

double bond, such as in structure d. The word, d ihydro , indicates the hydrogenated ver

sion o f  benzoxazine d. It is the 1,3-benzoxazines that are the subject o f  interest fo r de

ve lopm ent o f  po lym eric  materials as th is class o f  benzoxazines read ily  po lym erizes v ia 

ca tion ic ring-opening po lym eriza tion  (Ishida, 2011).

(a) 1, 3 -B en zoxa z in e  (b) 3, 1-B en zoxa z in e  (c) 1 ,4 -B en zoxa z in e  (d) 1, 3 -B en zoxa z in e  

Figure 2.12 Various structures o f  benzoxazine m olecules.

2.6.1 Syn thes is  o f  B en zoxa z in e

Benzoxazine monomers are typ ica lly  synthesized using phenol, form alde

hyde, and am ine (aliphatic or aromatic) as starting materials either by em ploy ing solution 

or solventless methods. Various types o f  benzoxazine monomer can be synthesized using 

various phenols and am ines w ith d ifferent substitution groups attached. These substituting 

groups can provide additional po lym erizab le sites and also affect the curing process. C on 

sequently, polym ericm ateria ls w ith desired properties may be obtained (G hosh  e t  a i ,  
2007).
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2 .6 .2  T h e rm a l P o ly m e r iz a t io n  o f  th e  B e n z o x a z in e  M o n o m e r  -
T h e  p o ly m eriza tio n  p ro cess  o f  th e  ben zo x az in e  m o n o m e r th ro u g h  ring 

o p e n in g  reaction  o f  th e  b en zo x az in e  r in g  is sho w n  in F igure  2 .12 . T h e  therm al p o ly m e riz a 
tion  o f  the  b e n zo x az in e  m o n o m e r is in itiated by  th e  free p h en o ls  from  th e  o lig o m eric  
s truc tu res. T h e  o x y g en  a tom  from  th e  ben zo x az in e  cy c le  is p ro to n a ted  and th en  th e  m e th 
y len e  is linked to th e  free  o rth o  p o s itio n  from  th e  p h en o lic  structu re  as d ep ic ted  in F igure
2 .12  (A n d ro n e s c u  et ai, 2 0 1 2 ).

Figure 2.13 P o ly m eriza tio n  reac tio n  o f  th e  b en z o x a z in e  m o n o m er (A n d ro n e s c u  et ai, 
2 0 1 2 ).

P o lybenzoxazines are  in a class o f  therm osetting  pheno lic  resins, o ffe r
ing a n u m b er o f  a ttrac tiv e  p ro p erties  such as h igh  g lass transition  tem pera tu re , high
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th e rm a l s ta b ili ty , w id e  m o le c u la r  d e s ig n  f le x ib il i ty , g o o d  m e c h a n ic a l p ro p e r t ie s ,  low  
a b s o rp tio n  o f  w a te r , h ig h  re s is ta n c e  w ith  re sp e c t to  b u rn in g , a n d  lo w  c o s t. T h e re fo re , 
th e y  a re  w id e ly  a p p lie d  in v a r io u s  f ie ld s  su c h  a s  p ro te c tio n  c o a tin g s  fo r  c irc u i ts  in 
te le v is io n  s tu d io s , p ro te c tio n  c o a t in g s  fo r  c o m p u te r  c h ip s , a irp la n e  b o d ie s , m a te r ia ls  
fo r  a irp la n e  in te r io rs , c u r in g  a g e n ts  fo r  o th e r  s y n th e tic  re s in s , v a rn is h e s  w h ic h  fo rm  
f ilm s  w ith  a  g o o d  re s is ta n c e  to  w a te r , a lk a li, a n d  so lv e n ts  (G a re a  et ai, 2 0 0 7 ) .

S tru c tu re  o f  p o ly b en z o x az in es  h av e  am in e  g ro u p s th a t can  rea c t w ith  C O 2 

m olecu le . H ao et al. (201 1 ) s tu d ied  C O 2 cap tu re  u s in g  p o ly (b en zo x az in e -co -re so l)-b ased  
p o ro u s carbon  m o n o lith s . T h e ir  resu lts  indicated  th a t the  p o ly (b en zo x az in e -co -re so l)-b ased  
ca rb o n  so rben ts pe rfo rm  w ell in C O 2 up takes, se lec tiv ity , and  regen era tio n  a m o n g  the 
co m m erc ia l and sta te -o f-the -a rt c a rb o n  so rben ts rep o rted  to  da te . M o reo ver, p o ly b e n z o x a 
z in es  have arom atic  g rou ps. T o rris i et al. (200 9 ) foun d  that th e  C 0 2 m o lecu le  h av e  inter- 
m o le c u la r  in te rac tio ns w ith  fu n c tio n a lized  arom atic  m olecu les.
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