
CHAPTER II 
LITERATURE REVIEW

2.1 High Internal-phase Emulsion (HIPE)

A  h ig h  in te rn a l-p h ase  em u ls io n s  (H IP E ) p o ly m e riz a tio n  p ro cess  to  
m an u fac tu re  m ic ro ce llu la r, p o ly m eric  fo am  sy stem  w as p a ten ted  b y  U n ilev e r (B arb y  
et a l ,  1982). A  p o ly H IP E  is a m ic ro p o ro u s  m ate ria l p ro d u ced  b y  th e  p o ly m eriza tio n  
o f  the  m o n o m ers  in th e  co n tin u o u s p h a se  o f  a H IP E . M ic ro p o ro u s  fo am s o f  v e ry  h ig h  
vo id  frac tio n s  (p o ro s itie s  o f  up to  9 7 % ) can  be m ad e  th ro u g h  p o ly H IP E  sy n th esis . 
T h ey  are  d e fin ed  as in v erse  e m u ls io n s  (w ate r in  o il) in  w h ich  th e  in terna l aq u eo u s  
d ro p le t p h ase  o ccu p ie s  at least 74  v o l% . T he co n tin u o u s  o il p h ase  co n s is ts  o f  
m o n o m ers  (s ty ren e ), c ro ss lin k in g  c o m o n o m ers  (d iv in y l b en zen e ) and  n o n io n ic  
su rfac tan t (so rb itan  m o n o o lea te ) (W a lsh  et a l ,  1996). T h e  aq u eo u s p h ase  co n s is ts  o f  a 
w a te r-so lu b le  in itia to r  (p o tass iu m  p e ro x o d isu lfa te ) , s tab iliz e r  (ca lc iu m  c h lo r id e  
h yd ra te), an d  d e io n ized  w a te r (T ai et a l ,  2001). L a te r  rem o v al o f  th e  w a te r p ro d u c e s  
a  h ig h ly  o p en  p o ro u s  p o ly m eric  fo am s, as sh o w n  in  F ig . 2 .1 . T h e  fo am s are o p en -ce ll; 
th e re fo re  th e  large  sp h erica l c av itie s  in  th e  m ate ria l are  te rm  ce lls . T he c ircu la r  h o le  
co n n ec tin g  ad ja c e n t c e lls  are re fe rre d  to  as w in d o w s. In ad d itio n , fea tu re  o f  th e  
m o rp h o lo g y  su ch  as ce ll s ize , in te rco n n ec tin g  h o le  s ize  an d  p o ro s ity  can  be e f f ic ie n tly  
co n tro lled .

Figure 2.1 S E M  o f  P o ly H IP E . (Z h an g  et a l ., 2 0 0 8 )
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2.1.1 F ac to r E ffec tiv e  P ro p e rtie s  o f  P o ly H IP E
C h arac te ris tics  o f  th e  o b ta in ed  p o ly H IP E  co u ld  b e  a ffec ted  b y  severa l 

fac to rs  su ch  as a d d itio n  o f  p o ro g en ic  so lv en ts , c ro ss-lin k in g  ag en t, and  ra tio  o f  m ix ed  
su rfac tan ts  to  th e  m o n o m e r phase .

2.1.1.1 Porogenic Solvent
P o ro g en  is in e rt d ilu en ts  o r  n o n -p o ly m e risa b le  so lv en t su ch  as 

to lu en e , c h lo ro b en zen e , 2 -c h lo ro e th y lb en zen e , an d  l-c h lo ro -3 -p h y n y l-p ro p a n e . T he 
type  o f  p o ro g en  a d d ed  to  th e  co n tin u o u s  p h ase  o f  p o ly H IP E s  re su lt in  the  fo rm a tio n  o f  
po res w ith in  the  p o ly m e r p h ase  (B a rb e tta  et a i ,  2 0 0 4 ), as  sh o w n  in  F ig u re  2 .2 . T he  
w alls  o f  th e  re su ltin g  p o ly H IP E  a re  s im ila r to  m o rp h o lo g y  o f  p e rm a n e n tly  po ro u s 
p o ly m e r beads. T h e se  m ay  be  m ic ro -, m eso -, o r m acro p o re s  d ep en d  on  n a tu re  o f  the 
po ro g en .

Figure 2.2 S E M  o f  p o ly H IP E  p re p a re d  w ith  p o ro g en s . (B a rb e tta  et a l ., 2 0 0 0 )

T h e  n a tu re  o f  th e  p o ro g en  has a  s tro n g  in flu en ce  on  th e  su rface  
area , and  th is  is s tro n g ly  re la ted  to  th e  so lv en t type . N e tw o rk , o r  so lv en t w ith  b e tte r 
so lv en ts  fo r the  g ro w in g , g ive rise  to  h ig h e r su rface  a reas (C am ero n  et a i ,  1996).

I f  a  g ood  sw e llin g  so lv en t is se lec ted  p h ase  sep a ra tio n  o f  the 
p o ly m er gel p h ase  w ill be d e lay ed  u n til la te  in th e  p o ly m eriza tio n . T h is  w ill p ro d u ce  a 
large  n u m b er o f  sm a ll m ic ro p a rtic le s , w h ich  rem ain  d isc re te  un til co m p le te  
co n v e rs io n  is o ccu red . S ince  th e  re s id u a l m o n o m er is low , th is  w ill resu lt in  a  m ate ria l 
o f  h ig h  su rface  area . A  less e ff ic ie n t sw e llin g  so lv en t, h o w ev er, cau ses p rec ip ita tio n  
o f  p o ly m e r m ic ro p a rtic le s  at an  e a r lie r  stage  w h en  m o n o m er lev e ls  are h ig h er. T h is
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re s id u a l m o n o m e r w ill lo ca te  in  th e  p o ly m er gel p h ase  an d  cause  “ fill in g  in ” o f  the  
g ap s  b e tw e e n  m ic ro p a rtic le s  as  it p o ly m erizes . T h e  re su lt is a  lo w er su rface  a rea  
m a te ria l (R ab e lo  et al., 1994).

In 2 0 0 0 , B a rb e tta  et al. p rep a red  h ig h ly  p o ro u s  open -ce ll 
p o ly D V B  fo am s in  th e  p re se n c e  o f  v a rio u s  p o ro g en ic  so lven t, e ith e r  as sing le  
co m p o n en ts  o r  m ix tu res , co n ta in in g  to lu en e  (T ), ch lo b en zen e  (C B ), 2-
c h lo ro e th y lb e n z e n e  (C E B ), an d  l-c h lo ro -3 -p h y n y l-p ro p a n e  (C PP). T h e  n a tu re  o f  the  
so lv e n t has a  p ro fo u n d  in flu en ce  on  the  fo am  m o rp h o lo g y  on  bo th  a  la rg e  and  sm all 
sca le . F ro m  S E M , C B  w as fo u n d  to  red u ce  th e  fo am  ce ll s ize  (h ig h  su rface  area) 
co m p ared  to  T , w h e rea s  C E B  an d  C P P  seem ed  to  d estro y  th e  c h a rac te ris tic  P o ly H IP E  
c e llu la r  m o rp h o lo g y , H o w ev e r fro m  th e  m o rp h o lo g y  d esc rib ed  ab ove , th is  m ateria l 
w as  m e c h a n ic a lly  v e ry  w eak  an d  w as no t lik e ly  to  be u sab le  in  any  p ra c tic a l situa tion . 
T h is  s itu a tio n  c a n  be  rem ed ied  by  em p lo y in g  m ix ed  p o ro g en s . T he su rfa c e  areas o f  
th e  re su ltin g  m a te ria ls  w ere  n o t p red ic tab le  in  a  s im p le  fa sh io n  from  th e  v a lu es  o f  
fo am s p ro d u ced  fro m  th e ir  in d iv id u a l co m p o n en ts .

2.1.1 .2  Addition o f  Cross-linking Agent
T he e m p lo y m e n t o f  an  in c reas in g  frac tio n  o f  c ro ss-lin k in g  

m o n o m e r g e n e ra lly  lead s  to  p o ro u s  s tru c tu res  w ith  la rg e r su rface  a reas  an d  sm a lle r 
p o re  sizes. T h e  p h a se  sep a ra tio n  tak es  p lace  a t a  lo w er m o n o m er co n v e rs io n  for 
sy s tem s w ith  a  h ig h  frac tio n  o f  c ro ss-lin k e r (A lb rig h t et a l ,  1986).

In 1990, W illiam s et a l. ex ten d  th e ir  e a rlie r w o rk  to  in c lu d e  o il p h ases 
co m p rised  o f  100%  sty ren e  o r  100%  d iv in y lb en zen e . In  ad d itio n , th ey  h av e  s tud ied  
th e  in flu en ce  o f  d eg ree  o f  c ro ss lin k in g  o n  the  m ic ro s tru c tu re  and  co m p ress iv e  
p ro p e rtie s  o f  th e  foam s. T h ey  f in d  th a t d iv in y lb en zen e  h e lp s  to  red u ce  th e  ce ll size. 
T h e  D V B  level h as  a tre m e n d o u s  e ffec t on  cell size. C e lls  are n o n e x is te n t at 100%  
sty ren e , a re  2 0 -1 0 0  p m  in  d ia m e te r  w ith  2 .5 %  D V B  p resen t, and  are 10-50 pm  in 
d ia m e te r  at 100%  D V B

2.1.1.3 Addition o f  M ixed Surfactants to the M onomer Phase
T h e  e ffe c tiv en e ss  o f  a  m ix tu re  o f  an  an ion ic , o r  a  ca tion ic , 

su rfac tan t w ith  an  a m p h ip h ilic  co m p o u n d  fo r em u ls io n  s tab iliza tio n  h as  b een  kno w n  
fo r a  lo n g  tim e. T h e  in te rfac ia l film  m ade  by  th is  m ix tu re  o f  su rfac tan ts  show s an  
in c reased  ab ility  to  w ith s ta n d  th e  p ressu re  o f  d ro p le t co n tac ts  (to p rev en t co a lescen ce )
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an d  to  ac t as  a  b a rrie r to  th e  p a ssag e  o f  th e  d isp e rsed  p h ase  in to  th e  co n tin u o u s  p h ase  
(to  lim it O s tw a ld  rip en in g ) (T ad ro s et al., 1983).

In 2 0 0 4 , B arb e tta  et al. ch an g ed  th e  su rfac tan t em p lo y ed  fro m  
so rb itan  m o n o o lea te  (S P A N 8 0 ) to  a  3 -co m p o n en t m ix tu re  o f  
c e ty ltr im e th y la m m o n iu m  b ro m id e  (C T A B ), d o d ecy lb en zen esu lfo n ic  ac id  so d iu m  salt 
(D D B S S ) an d  so rb itan  m o n o lau ra te  (S P A N 2 0 ) and  th e  resu lt p ro d u ced  som e fu rth e r 
in sig h ts . W ith  th is  su rfac tan t m ix tu re , su rface  a rea  v a lu e s  w ere  m u ch  h ig h e r  in a lm o st 
ev e ry  case  th an  w ith  S P A N 8 0  (fo r C B : 689  co m p ared  to  3 46  m 2 g ') . T he 
im p ro v em en ts  w ere  due  to  th e  m ix tu res  o f  ion ic  and  n o n -io n ic  su rfa c ta n ts  are k n o w n  
to fo rm  a m o re  ro b u st in te rfac ia l film  around  each  em u ls io n  d ro p le t, lead ing  to  
e n h an ced  e m u ls io n  s tab ility .

In 2 0 0 6 , Sevil et al. su ccessfu lly  sy n th es ized  p o ly H IP E  b y  
u s in g  d iv in y lb en zen e  an d  s ty ren e  as p o ly m erisab le  co n tin u o u s p h ase , aq u eo u s p h ase  
co n ta in in g  p o ta ss iu m  p e rsu lp h a te  and  ca lc iu m  ch lo rid e  d ih y d ra te , a  m ix tu re  o f  
em u ls if ie rs  (S P A N 2 0 , C T A B  and D D B S S ) and  to lu en e  as a p o ro g en . P o ly H IP E  
sam p le s  w ere  found  to be  p o ro u s  and  o p en -ce ll m ic ro stru c tu res  w ith  th e  su rface  a rea  
o f  3 7 0 -4 3 0  m 2/g.

2.2 Application of PolyHIPE

P o ly H IP E  can  be  u sed  fo r m an y  ap p lica tio n s , esp ec ia lly  as ad so rp tio n  an d  
filtra tio n  m éd ias .

In  1996, W alsh  et al. illu stra ted  the  e ffec t th a t tw o  p ro p ertie s  o f  th e  em u ltio n  
p ro d u c tio n  p ro cess , w a te r  to  m o n o m er ra tio  and  m ix in g  tim e, c a n  hav e  o n  th e  
re su lta n t p o ly H IP E . It is sh o w n  tha t fo r an  open  fib ro u s  ty p e  s tru c tu re  th e  em u ls io n  
m u st h av e  h ig h  w a te r c o n te n t (95% ), an d  th a t th e  em u ls io n  m u st be  m ix ed  fo r a  
re a so n a b le  len g th  o f  tim e , in  th is  case  o f  th e  o rd er o f  o n e  hour. S uch  fo a m s hav e  been  
sh o w n  to be  v ery  e ff ic ien t a t rem o v in g  fine  p a rticu la te s  from  gas flow s, w ith  all 
a tm o sp h e ric  ae ro so l p a rtic le s  g rea te r th an  1 p m  d iam e te r be in g  co llec ted .

In  2 0 0 2 , K a tso y ian n is  et al. m o d ified  o f  p o ly m eric  m a te ria ls  (p o ly sty ren e  
an d  p o ly H IP E ) by  co a tin g  th e ir  su rface  w ith  iron  h y d ro x id es  in  o rd e r  to  rem o v e  
in o rg an ic  a rsen ic  an io n s  fro m  co n tam in a ted  w a te r so u rces, am o n g  th e  ex am in ed
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materials, polyHIPE was found to be more effective in the removal of arsenic, 
because they were capable in holding much greater amounts of iron hydroxides, due 
to their porous structure. This enabled the adsorbing agents to penetrate into the 
interior of the material, which in combination with the surface coating provided a 
higher surface area available 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 of the tetrahedral 
and octahedral sheets, the layer will have no charge, or will have a net negative 
charge. If the layers are charged, these charge are balanced by interlayer cations such 
as Na+ or K+. In ease the interlayer can also contain water. The crystal structure is 
formed from a stack of layers interspaced with the interlayers. Clay minerals can be 
divided into four different groups and these four different groups are kaolite, smectite, 
illite, and chlorite. Among these, the one that is found to be useful in the field of gas 
adsorption or gas retention is a group of expandable clay known as smectite clay.

Smectite clay is a group of clay minerals. The smectites are 2:1 layer 
phyllosilicate constituted of the octahedral sheet containing A1 or Mg ions between 
two tetrahedral silica sheets. There are two different series of smectites: dioctahedral 
and trioctahedral, according to whether the total number of ions in six-coordination 
per half-unit-cell layer lies close to 2 or 3, respectively. Montmorillonite, which is the 
main constitute of bentonites, is a mainly species of smectite clay, as shown in Figure 
2.3. These layers organize themselves is a parallel fashion to form stacks with a 
regular gap between them, called interlayer or gallery. (Manias et al., 2001)
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Figure 2.3 Stucture of montmorillonite. (Bailey et ai, 1980)

The smectites can retain gases but the presence of impurities such as quartz, 
feldspar, cristobalite, etc. in samples are unfavorable because the adsorption of these 
minerals is usually small (Volzone et ai, 1999; Melnitchenko et al., 2000; Venaruzzo 
et a i, 2002).

Bentonite is clay generated frequently from the alteration of volcanic ash, 
consisting predominantly of smectite minerals, usually montmorillonite. The presence 
of these minerals can impact the industrial value of a deposit, reducing or increasing 
its value depending on the application. Bentonite presents strong colloidal properties 
and its volume increases several times when coming into contact with water. The 
special properties of bentonite (hydration, swelling, water absorption, viscosity, and 
thixotropy) make it a valuable material for a wide range of uses and applications.

In 2000, Volzone et ai demonstrated that bentonite rich in trioctahedral 
smectite is a better solid adsorbent than bentonite rich in dioctahedral smectite. 
Generally, the natural clays have low retention capacity for N2, O2, CO and CH4 gases 
(0.05-0.08 mmol of gas per gram of clay) and a higher capacity for CO2, C2H2 and 
SO2 (0.150-0.636 mmol of gas per gram of clay). Actually, it is possible to mention 
that the natural smectite as solid adsorbent is better than natural illite and kaolinite 
(Volzone et ai, 2006).

Many of industrial used of smectite clays materials are related to adsorptive 
capacity which may be increased with acid treatment.

Acid treatment of clay minerals is chemical treatment of the clays to modify 
structural, textural and/or acidic properties, which influence the adsorption capacity.
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composition, charge density, contribute to the adsorption properties. Acid activated 
clay minerals (by using mainly acid HC1 or H2SO4 solutions) (Mills et al., 1950) are 
used as adsorbents and in catalysis because acidic and structural properties are 
favourable for such applications.

In 1998, Volzone and Ortiga have analysed the retention of CH4, CO2, CO, 
O2, N2 and C2H2 gases by acid-treated smectites and found that in all cases the acid 
treatments improved the gas retention with respect to the starting smectites, and the 
highest adsorption values were found for CO2 and C2H2 gases.

In 2007, Volzone et al. treated bentonitic clay minerals with hydrochloric 
acid at boiling temperature originated an adsorpbent with considerable capacities for 
the adsorption of CO2, SO2 gases found that the SO2 adsorption (up to 1.231 mmol/g) 
by prepared acid materials were superior to the values of the CO2 (up to 0.586 
mmol/g) and CO (up to 0.119 mmol/g) adsorptions. These effects occur from acid 
remove the interlayer cation such as Ca2+, Na+ and K+, as well as octahedral cations of 
the smectite clays in the following order: Mg2+>Fe2+/3+>Al3+>Ti2+ result in increasing 
surface area due to increase porosity caused mainly by leaching octahedral layer 
cations of the clay.

In 2008, Pakeyangkoon et al. studied the effect of acid-treated clay to CO2 
gas adsorption of polyHIPE by incorporating the acid-treated clay into the monomer 
phase of the high internal phase emulsion, preparing single surfactant (SPAN80) 
found that CO2 gas adsorption capacity increased when acid-treated clay was added.
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