
C H A P T E R  II  
L IT E R A T U R E  R E V IE W

2.1 High Internal-phase Emulsion (HIPEs)

A  h igh  internal-phase em u lsion  (H IP E s) p olym erization  p rocess to 
m anufacture m icrocellu lar, po lym eric  foam  system  w a s patented by U n ilev er  in 1982  
(B arby e t a l., 1982). This patent d isc lo ses a p olym erization  p rocess that occurs in a 
w ater-in -o il em u lsion  in w h ich  the dispersed p h ase o ccu p ies  m ore than 74%  o f  the 
vo lu m e. The continuous organic phase, w h ich  gen erally  con stitu tes less than 26%  o f  
th e final vo lu m e, can contain m onom ers (styrene), crosslin k in g com on om ers (d iv in y l 
b en zen e) and organic so lub le  surfactant (sorbitan m on o olea te) (E lm es e t a l ., 1988). A  
p olyH IP E  is a m icroporous m aterial produced by the p o lym eriza tion  o f  the m onom ers  
in  the continuous phase o f  a H IPE. M icroporous foam s o f  very h igh  vo id  fractions 
(porosities o f  up to  97% ) can b e m ade through p olyH IP E  synthesis. The dispersed  
aqueous, contain ing a w ater-so lu b le  initiator (potassium  persu lfate) and stabilizer  
(ca lc iu m  ch loride) ( พ  alsch  e t a l., 1996). Subsequent rem oval o f  the aqueous produces  
a h ig h ly  porous m aterial, as sh ow n  in Figure 2 .1 . The foam s are op en -cell; therefore  
the large spherical cav ities  in the m aterial are term  cells. T he circular h ole  con n ectin g  
adjacent ce lls  are referred to  as w in d o w s. In addition, feature o f  the m orp h ology  such  
as ce ll s ize, in terconnecting h ole s ize  and porosity  can be e ffic ien tly  controlled .

Figure 2.1 SE M  o f  P olyH IP E . (N e il R. C am eron, 2 0 0 5 )
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2.1 .1  Factor E ffectiv e  Properties o f  P olvH IP E
C haracteristics o f  the obtained polyH IP E s cou ld  be affected  by several 

factors such as addition  o f  p orogen ic  so lven t and m ixed  surfactants to  the m onom er  
phase.

2 .1 .1 .1  P o ro g en ic  S o lven t
P orogen  is inert d iluents or n on -p o lym erisab le  so lven t such as 

to lu en e, ch lorobenzene, 2-ch loroethy lb en zen e, and l-ch loro -3 -p h yn y l-p rop an e. The  
type o f  porogen  added to the continuous phase o f  polyH IP E s result in the form ation o f  
p ores w ith in  the p o lym er phase (Barbetta e t a l ., 2 0 0 4 ), as sh ow n  in F igure 2 .2 . The 
w a lls  o f  the resu lting polyH IP E  are sim ilar to  m orp h ology  o f  perm anently porous  
p olym er beads. T h ese m ay be m icro-, m eso -, or m acropores depend on  nature o f  the  
porogen .

Figure 2.2 SE M  o f  polyH IP E  prepared w ith  porogens. (Barbetta e t a l ,  2 0 0 0 )

T he nature o f  the p orogen  has a strong in flu en ce  on  the surface 
area, and th is is  strongly related to  the so lven t type. N etw ork , or solven t w ith  better  
so lven ts for the grow ing , g ive  r ise to  higher surface areas (C am eron e t a l ,  1996).

I f  a go od  sw ellin g  so lv en t is se lected  p h ase separation o f  the  
polym er g e l phase w ill  be delayed  until late in  the p olym erization . T his w ill produce a 
large num ber o f  sm all m icroparticles, w h ich  rem ain d iscrete until com p lete  
con version  is occured. S ince the residual m onom er is lo w , this w ill  result in  a m aterial 
o f  h igh  surface area. A  le ss  e ffic ien t sw ellin g  so lven t, h ow ever, cau ses precip itation  
o f  p o lym er m icroparticles at an earlier stage w h en  m onom er le v e ls  are h igher. T his
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residual m onom er w ill  locate in the polym er g e l phase and cau se  “fillin g  in” o f  the 
gaps b etw een  m icroparticles as it polym erizes. T he result is  a low er surface area 
m aterial (R ab elo  e t a l ., 1994).

In 20 00 , Barbetta e t al. prepared h ig h ly  porous op en -ce ll 
p o ly D V B  foam s in  the p resen ce o f  various p orogen ic  so lven t, either as sin g le  
com p onen ts or m ixtures, containing to lu en e (T), ch lob en zen e (C B ), 2 -
ch loroethy lb en zen e (C E B ), and l-ch loro -3 -p h yn y  1-propane (C PP). The nature o f  the 
so lven t has a profound in flu en ce on  the foam  m orp h ology  on both  a large and sm all 
scale. From  SEM , C B  w a s found to reduce the foam  cell s ize  (h igh  surface area) 
com pared to  T, w hereas CEB and CPP seem ed  to  destroy the characteristic P olyH IP E  
cellu lar m orphology, H ow ever from  the m orp h ology described  ab ove, this m aterial 
w a s m ech an ica lly  very  w ea k  and w a s not likely  to  be u sab le in any practical situation. 
This situation  can b e  rem edied by em p loyin g  m ixed  p orogens. The surface areas o f  
the resu lting m aterials w ere not predictable in  a sim p le fash ion  from  the v a lu es o f  
foam s produced  from  their individual com ponents.

2 .1 .1 .2  A d d itio n  o f  m ix e d  su rfa c ta n ts  to  the m o n o m er p h a se
The effec tiven ess o f  a m ixture o f  an an ion ic, or a cationic, 

surfactant w ith  an am phiphilic com pound for em u lsion  stab ilization  has b een  k n ow n  
for a lo n g  tim e. The interfacial film  m ade by this m ixture o f  surfactants sh ow s an 
increased  ab ility to  w ithstand the pressure o f  droplet contacts (to  prevent co a lescen ce)  
and to  act as a barrier to  the p assage o f  the d ispersed phase in to  the con tin u ou s phase  
(to  lim it O stw ald ripening) (Tadros e t a i ,  1983).

In 2004 , Barbetta e t al. changed  the surfactant em p lo yed  from  
sorbitan m on o olea te  (S P A N 8 0 ) to  a 3 -com p on en t m ixture o f
cetyltrim ethylam m onium  brom ide (C T A B ), d o d ecy lb en zen esu lfon ic  acid sod iu m  salt 
(D D B S S ) and sorbitan m onolaurate (S P A N 20 ) and the result produced  som e further 
insights. W ith  this surfactant m ixture, surface area v a lu es w ere m uch h igher in  a lm ost  
ever}' ca se  than w ith  S P A N 80  (for CB: 68 9  com pared to  34 6  m 2 g~ '). The  
im p rovem en ts w ere due to  the m ixtures o f  ion ic and n on -ion ic  surfactants are kn ow n  
to  form  a m ore robust interfacial film  around each  em u lsio n  droplet, lead in g to  
enhanced em u lsion  stability.
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In 20 0 6 , Sevil e t al. su ccessfu lly  syn thesized  p olyH IP E  by 
u sin g d iv in y lb en zen e and styrene as p olym erisab le  continuous phase, aqueous phase  
contain ing p otassium  persulphate and calcium  chloride dihydrate, a m ixture o f  
em u lsifiers (S P A N 2 0 , C T A B  and D D B S S ) and toluene as a porogen. P olyH IP E  
sam p les w ere found to  be porous and op en -cell m icrostructures w ith  the surface area 
o f  3 7 0 -4 3 0  m 2 g '1.

2.2 Application of PolyHIPE

P olyH IP E  can b e used  for m any applications, esp ec ia lly  as adsorption and 
filtration m édias.

In 1996, W alsh  e t a l. illustrated the e ffect that tw o  properties o f  the em u ltion  
production  process, w ater to m onom er ratio and m ix in g  tim e, can have on  the  
resultant polyH IP E . It is  show n that for an open  fibrous typ e structure the em u lsio n  
m ust h av e  h igh  w ater content (95% ), and that the em u lsion  m ust be m ixed  for a 
reasonable length o f  tim e, in this case  o f  the order o f  one hour. Such foam s h ave b een  
show n to  be very effic ien t at rem oving fine particulates from  ga s flow s, w ith  all 
atm ospheric aerosol particles greater than 1 pm  diam eter b ein g  co llected .

In 20 0 2 , K atsoyian n is e t a l. m odified  o f  po lym eric  m aterials (p o lystyren e  
and p olyH IP E ) by coating their surface w ith  iron h yd roxid es in order to rem ove  
inorganic arsenic an ions from  contam inated w ater sources, am ong the exam in ed  
m aterials, po lyH IP E  w a s found to  b e  m ore e ffec tiv e  in the rem oval o f  arsenic, 
b ecau se they w ere capable in holding m uch greater am ounts o f  iron hydroxides, due  
to  their porous structure. This enabled the adsorbing agen ts to penetrate in to  the  
interior o f  the m aterial, w h ich  in com bination  w ith  the surface coatin g provid ed  a 
higher surface area availab le for adsorption.

2.3 Clay Minerals

Clay minerals are hydrous aluminium phyllosilicates, consists of sheets of
silica tetrahedral and alumina octahedral which are held together by only weak inter
atomic forces between the layers. Depending on the composition o f the tetrahedral
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and octahedral sheets, the layer w ill have no charge, or w ill h ave a net n egative  
charge. I f  the layers are charged, these charge are balanced by interlayer cation s such  
as N a  or K +. In ease  the interlayer can a lso  contain water. T he crystal structure is  
form ed from  a stack o f  layers interspaced w ith  the interlayers. C lay m inerals can be  
div ided  into four different groups and these four different groups are kaolite, sm ectite, 
illite , and chlorite. A m o n g  these, the one that is found to be u sefu l in the fie ld  o f  gas  
adsorption or gas retention is a group o f  expandable clay k n ow n  as sm ectite  clay.

Sm ectite  c lay  is  a group o f  clay  m inerals. T he sm ectites are 2:1 layer  
p h y llo silica te  constituted  o f  the octahedral sh eet containing A1 or M g ion s b etw een  
tw o  tetrahedral s ilica  sheets. There are tw o  different series o f  sm ectites: dioctahedral 
and trioctahedral, accord ing to  w hether the total num ber o f  io n s in  six -coord in ation  
per half-un it-cell layer lie s  c lo se  to  2 or 3, resp ectively . M ontm orillon ite, w h ich  is  the  
m ain constitute o f  bentonites, is a m ain ly sp ec ies  o f  sm ectite  clay, as sh ow n  in F igure
2 .3 . T h ese layers organ ize th em se lv es  is a parallel fash ion  to  form  stacks w ith  a 
regular gap b etw een  them , called  interlayer or gallery. (M anias e t  a l ., 2 0 0 1 )
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Figure 2.3 Stucture o f  m ontm orillonite. (B a iley  e t a l., 1980)

The sm ectites can  retain ga ses but the p resen ce o f  im purities such  as quartz, 
feldspar, cristobalite, etc. in sam ples are unfavorable b ecau se the adsorption o f  these  
m inerals is  usu ally  sm all (V o lzo n e  e t a l., 1999; M eln itchen k o e t a l., 2000; V enaruzzo  
e t a l., 2 0 0 2 ).
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B en ton ite is  clay  generated  frequently from  the alteration o f  v o lca n ic  ash, 
con sistin g  predom inantly o f  sm ectite  m inerals, u su a lly  m ontm orillonite. T he presence  
o f  these m inerals can im pact the industrial va lu e o f  a deposit, reducing or increasing  
its va lu e  depending on  the application. B enton ite presents strong co llo id a l properties  
and its vo lu m e in creases several tim es w h en  com in g  into contact w ith  w ater. The  
specia l properties o f  bentonite (hydration, sw ellin g , w ater absorption, v isco sity , and 
thixotropy) m ake it a valuable m aterial for a w id e  range o f  u se s  and applications.

In 20 00 , V o lzo n e  e t a l. dem onstrated that bentonite rich in trioctahedral 
sm ectite  is a better solid  adsorbent than bentonite rich in  dioctahedral sm ectite. 
G enerally, the natural clays have lo w  retention cap acity  for N 2, O 2, CO  and C H 4 g ases  
(0 .0 5 -0 .0 8  m m ol o f  ga s per gram  o f  clay) and a h igher capacity  for C O 2, C 2H 2 and 
SO 2 (0 .1 5 0 -0 .6 3 6  m m ol o f  gas per gram  o f  clay). A ctu ally , it is  p o ss ib le  to  m ention  
that the natural sm ectite  as so lid  adsorbent is better than natural illite  and kaolin ite  
(V o lzo n e  e t a l., 20 0 6 ).

M any o f  industrial u sed  o f  sm ectite  c lays m aterials are related to  adsorptive  
capacity w h ich  m ay b e increased w ith  acid treatment.

A cid  treatm ent o f  clay  m inerals is  ch em ica l treatm ent o f  the c la ys to  m od ify  
structural, textural and/or acidic properties, w h ich  in flu en ce the adsorption capacity. 
C hanges in internal and external surface area, porosity, p ore vo lu m e, chem ical 
com p osition , charge density, contribute to the adsorption properties. A cid  activated  
clay m inerals (by u sin g  m ain ly acid HC1 or H 2 SO 4 so lution s) (M ills  e t a l., 1950 ) are 
used  as adsorbents and in cata lysis b ecau se acid ic  and structural properties are 
favourable for such  applications.

In 1998, V o lzo n e  and O rtiga have analysed  the retention o f  C H 4, C O 2, CO, 
O 2, N 2 and C2H 2 g a ses  by acid-treated sm ectites and found that in  all ca ses  the acid  
treatm ents im proved the gas retention w ith  resp ect to  the starting sm ectites, and the  
h ighest adsorption va lu es  w ere  found for C O 2 and C 2H 2 gases.

In 20 07 , V o lzo n e  e t a l. treated bentonitic clay  m inerals w ith  hydrochloric  
acid at b o ilin g  tem perature originated an adsorpbent w ith  con siderab le cap acities for  
the adsorption o f  C O 2, SO 2 ga ses found that the S O 2 adsorption (up to  1.231 m m ol/g )  
by prepared acid m aterials w ere  superior to  the va lu es o f  the C O 2 (up to  0 .5 8 6  
m m ol/g ) and CO (up to  0 .1 1 9  m m ol/g ) adsorptions. T hese e ffe c ts  occu r from  acid
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rem ove the interlayer cation  such as Ca2+, N a + and K +, as w e ll as octahedral cation s o f  
the sm ectite  clays in  the fo llo w in g  order: M g 2+> F e 2+/3+> A l3+> T i2+ resu lt in in creasin g  
surface area due to  increase p orosity  caused m ain ly  by lea ch in g  octahedral layer  
cations o f  the clay.

In 20 08 , P akeyangkoon  e t a l. studied the e ffec t o f  acid-treated clay to  CO 2 

gas adsorption o f  polyH IP E  by incorporating the acid-treated clay into the m onom er  
phase o f  the high internal phase em u lsion , preparing s in g le  surfactant (S P A N 8 0 )  
found that CO 2 gas adsorption capacity increased w h en  acid-treated clay w a s added.

2.4 Gasification Process

G asifica tion  is  a p rocess that converts carbonaceous m aterials, such  as coal, 
petroleum , or b iom ass, into carbon m on oxid e, carbon d io x id e , and h yd rogen  by  
reacting the raw m aterial at tem peratures ab ove 7 0 0 ° c  w h en  the carbonaceous  
m aterials are a llo w ed  to react w ith  a gasification  agent such  as ox yg en , air, or steam .

A ir is on e  o f  the m ain b asic  e lem en ts o f  life. A ir p o llu tion  im p lies  the 
presence o f  harm ful substances in the air (n itrogen  ox id es, particulate matter, sulphur 
d ioxid e, hydrocarbons, carbon m on oxid e, ozo n e, etc.). T h ese substances n eed less  to  
say caused  bad serious effec ts  on  our health. A dsorption  p rocesses h ave b eco m e  
u sefu l to o ls  to  rem ove pollutants by u sin g  m ain ly  carbon (K ap oor e t a l., 1989), 
zeo lites  (Jun e t a l., 2 0 0 2 ) and m od ified  silica  m aterials (H uang e t a l., 2 0 0 3 )

In 20 01 , Z ou  Y o n g  e t a l. studied the adsorption cap acity  o f  carbon d io x id e  
on h igh  surface area carbon-based adsorbents b efore and after ch em ica l m od ifica tion  
at 2 8 ° c  and 3 0 0 ° c , found that the h igh  adsorption capacity  adsorbents for carbon  
dioxid e at high tem perature have b een  d evelop ed  by in troducing M gO  and S -C aO - 
M gO  o n  carbon-based adsorbents. Their adsorption cap acities for carbon d io x id e  
w ere 0 .2 8  and 0 .2 2  m m ol/g  at 3 0 0 ° c , 1 Bar, respectively .

In 2002 , Jun e t a l. sh ow ed  the zeo lite  adsorbents u sed  for the gas adsorption  
p rocesses. E sp ecia lly , as the ratio o f  S i0 2 /A l2 0 3  increases, the adsorbed am ount o f  
m oisture is reduced w h ile  the adsorbed am ounts o f  strong adsorbates lik e  acid g a ses  
are little reduced. A s  a result, the se lectiv e  adsorption o f  acid  g a ses  co ex istin g  
together w ith  m oisture b ecom es p ossib le . It is k n ow n  that th e  adsorbing perform ance
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o f  zeo lite  is rem arkably deteriorated b ecau se A1 in  the n etw ork  o f  S i-O -A l 
constituting the crystal structure reacts w ith  acid gases absorbed on  zeo lite  and it is  
released  from  the crystal lattice.

In 20 05 , D abek  studied in flu en ce o f  m ethod and con d ition s o f  spent 
P d/A ctivated  Carbons catalyst regeneration on  its catalytic activ ity. It has b een  stated  
that supercritical flu id  extraction (C O 2) fo llo w ed  by heating in  h yd rogen  atm osphere  
is an e ffec tiv e  m ethod o f  the catalyst regeneration. The results o f  FTIR  and X P S  
in vestigations indicate that regeneration o f  a spent P d /A ctivated  C arbons catalyst, 
irrespective o f  the reaction in  w h ich  it has b een  used , should  be b ased  on  the com p lete  
rem oval o f  by-products and cleaning the catalyst surface as w e ll as on restoring the 
original form  o f  the palladium .
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