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

2.1 C la y  M in era ls

C lay m inerals, or ph yllosilica te , is a certain group o f  layered crystalline s ili­
cates mineral w hich  con sist o f  tw o  types o f  sheets, octahedral and tetrahedral, w hich  
are held together by w ea k  interaction forces b etw een  the layers. A ccord in g  to  the dif­
ferences in chem ical com p o sition  and crystal structure, they are d ivided in to  four 
m ain groups w hich  are sm ectite , verm icu lite, illite, and kaolite. The m ost com m on ly  
used layered silicates is  a group o f  sm ectite  clay.

M inerals o f  the sm ectite  group (so m etim es know n as the m ontm orillon ite  
group) is p h y llo silica tes or layered crystalline silica tes belong to  the structural fam ily  
know n as the 2:1 p h yllosilia tes. T heir crystal la ttice-con sists o f  tw o-d im en sion a l lay­
ers w here a central octahedral sh eet o f  alum ina or m agnesium  is  fused to  tw o  exter­
nal silica  tetrahedral sh eets so that the o x y g en  ion s o f  the octahedral sheet also b e­
lon g  to the tetrahedral sheet. The layer th ickness is around 1 nm and the lateral di­
m en sion s o f  these layers m ay vary from  30 0  Â  to several m icron or larger depending  
on the particular clay, their structure is g iven  in F ig. 2.1. and their chem ical form ula  
and characteristic param eter are show n in Table 1. T hese layer organize th em se lves  
to form  stacks w ith the regular van  der W alls gab in betw een  them  called  inter layer  
or ga llery (M anias e t a l .,  2001 ).

Figure 2.1 Structure o f 2:1 phyllosilicates (Sinha Ray and Okamoto, 2003).
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Table 2.1 Chemical formula and characteristic parameter of commonly used 2:1
phyllosilicates (Sinha and Okamoto, 2003).

2 : 1  p h y llosilica tes C hem ical form ular
CEC

(m e q /1 0 0 g)
Particle  

length  (nm )

M onm orilon ite M x(A l4.xM gx)S ig02o(OH)4 1 1 0 10 0-15 0
H ectorite M x(M g6-xL ix)S ig 0 2o(OH)4 1 2 0 2 0 0 -3 0 0
Saponite M xMg6(Sig-xA lx)S ig 0 2o(OH)4 8 6 . 6 5 0 -6 0

*M: m onovalent cation; x: degree o f  isom orphous substitution (b etw een  0.5 and 1.3)

B oth  the octahedral and tetrahedral sh eets can be substituted, w h ich  g en e ­
rates a charge im balance in the 2:1 layer. The tetrahedral Si atom  is isom orp h ica lly  
substituted by A1 and the octahedral atom s (A1 or M g) is substituted by atom  o f  lo w ­
er oxidation  number. The resulting charge d efic ien cy  is  balanced by hydrated cations, 
m ain ly  K, N a, Ca and M g, w h ich  is located betw een  the parallel c lay  layers. T his  
type o f  clay is characterized by a m oderate negative surface charge know n as the ca­
tion exch an ge capacity, CEC, and expressed in m eq /100g . The charge o f  the layer is  
not loca lly  constant it varies from  layer to  layer and m ust be considered  as an aver­
age va lu e over the w h o le  crystal (M anias e t a l . , 2001; S inha and O kam oto, 20 03 ).

B en ton ite  is a local clay m inerals in Thailand that gen erally  found in Lopburi, 
Sara- buri, and Prageenburi province. It is a clay m inerals generated  from  the altera­
tion  o f  vo lca n ic  ash, com prising predom inantly o f  sm ectite  m inerals, u su ally  m ont- 
m orillon ite. T h ese m inerals m ay include quartz, feldspar, ca lc ite  and gypsum . T he  
p resen ce o f  these com pounds can im pact the industrial va lu e o f  bentonite. Its ch em i­
cal form ula is  A l2 0 3 4 S i0 2 H 2 0  and the CEC va lu es h ave been  in the range o f  7 0 -1 0 0  
m e q /1 0 0 g d epending on source o f  bentonite.

There are tw o  types o f  bentonite : (1 ) so d iu m -b en to n ite  o r  h ig h -sw e llin g  ty p e , 
generated from  vo lca n ic  ash that w as deposited  in m arine environm ent; ( 2 ) ca lc iu m -  
b en ton ite  o r lo w -sw e llin g  ty p e , w h ich  evo lved  from vo lca n ic  ash deposited  in fresh­
w ater environm ent.
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B en ton ite clay found in Thailand is the ca lciu m -b en ton ite w h ich  contains a 
lot o f  impurity. T o increase its va lu e, it must be purified by rem ov in g  the associated  
gangue m inerals or treated with acids to produce acid-activated bentonite, m oreover; 
activated w ith  the addition o f  soda ash for changing calc iu m -b en ton ite  to sodium - 
bentonite. The special properties o f  bentonite such as sw ellin g , large ch em ica lly  
active surface area, high cation exch an ge capacity and high adsorption, m ake it a 
valuable m aterial for a w id e  range o f  usage and application.

In 1999, A ltin  e t  a l. determ ined surface area, pore vo lu m e distribution, and 
porosity o f  m ontm orillonite after being exp osed  to  aqueous so lu tion s w ith  various  
pH values. For the pH -adjusted m ontm orillonite, the results dem onstrated that the 
m icropore and m esopore surface areas w ere greatly increased by increasing pH  due 
to increasing pH  creates a m ore porous structure, sin ce the interlayer rep u lsive force  
b ecom e dom inant.

Banat e t al. (2 0 0 0 ) studied the potential o f  bentonite to  adsorb p h enol from  
aqueous solution  w ith  various pH  values, the resu lts dem onstrated that the adsorption  
capability bentonite w as strongly depended on the pH  o f  the solution . The adsorption  
capacity w as increased w ith  decrease in the pH  and an increase in the initial phenol 
concentration. M oreover, they also  investigated  the p ossib le  regeneration o f  ben­
tonite usin g difference solven t by studied the adsorption equilibrium  isotherm s o f  
phenol in w ater, m ethanol and cycloh exan e. The resu lts sh ow ed  that the phenol 
adsorption u sin g  m ethanol w as the lo w est o f  the three so lven ts so  that m ethanol w as  
used to  extract the adsorbed phenol.

2.2  P o ro u s C la y  H ete r o str u c tu r e  (P C H )

Porous silica is a class o f  m aterials that fu lfils  all the requirem ents. S ilica  is 
ch em ica lly  inert but a llo w s irreversible surface m od ification  by reaction  o f  the sur­
face silan ol groups. M esop orous silica  m aterials w ere  first syn th esized  in 1992 by  
B eck  e t a l. T hese material play a prom inent role in m aterials chem istry  due to  the 
m esop orou s m aterials have large surface area b ecau se o f  their num erous pore. There  
are various type o f  c la ys such as hectorite, verm iculite, synthetic saponite and m ont- 
m irillon ite can be used to synthesize the Porous C lay H eterostructure (PCH ).
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In 1995 ,G alarneau e t al. reported the d iscovery o f  a n ew  m aterial know n as 
porous clay heterostructure (PC H ). The PC H  w as prepared from  fluorohectorite  
w h ich  are 2:1 m ica-type layered silicate. T h ese intercalation com pounds are form ed  
through the surfactant m icelle  ordering o f  silicate sp ec ies  in the restricted tw o-  
dim ensional intragallery region  o f  host sm ectite  clay. The obtained m aterials afford  
the m aterials w ith  uniform  pore diam eters in the superm icropore to  sm all m esop ore  
range (1 .5  -  3 .0  nm).

Polverejan e t al. (2 0 0 0 )  prepared porous clay heterostructures through the 
surfactant-direct assem bly o f  m esop orou s silica  within the ga lleries o f  synthetic sa- 
p on ite  clays w ith  targeted layer charge den sities in the range X =  1 .2 -1 .7 e' units per 
Q +x[M g 6 ](S i8 -xAlx) 0 2 o(OH ) 4  unit cell. The CEC value proportionally increases w ith  
the alum inum  content o f  the clays. A ll three saponites w ere  used to  assem b le porous 
clay heterostructures that w ere denoted SA P 1.2-, SAP 1.5-, and S A P 1 .7-P C H , respec­
tively . The intragallery m ixture o f  neutral alkyl am ine and quaternary am m onium  ion  
surfactant (Q +) w a s rem oved by calcination. T he resulting PCH  exh ib ited  basal spac- 
in gs o f  33 -35  Â . The B E T  sp ecific  surface areas p rogressively  decreased  w ith  in­
creasing alum inum  load ing from  921 to 79 7  m2/g  and the fram ew ork pore vo lu m es  
decreased from 0 .4 4  to 0 .3 7  cm 3 /g . M oreover, these m aterials exh ib ited  the fram e­
w ork  pore sizes w ere in the superm icropore to  small m esop ore region  15-23 Â  .

In 20 0 2 , they have further studied the functionalization  o f  P C H  derived from  
synthetic saponite through postsynthesis grafting reactions usin g AICI3  and N a A 1 0 2  

as alum ination agents (Polverejan e t a l ,  2 0 0 2 ) .The am ount o f  tetrahedral alum inum  
incorporated into the saponite gallery structure is correlated w ith  the concentration o f  
alum inum  in the grafting solution. H ow ever, som e lo ss  o f  gallery m esostructure o c-  
cured at higher alum inum  load in gs (e .g ., S i/A l =  5) w ith  sodium  alum inate. D ep en d ­
ing on  the ch o ice  o f  alum inum  reagent (AICI3  or N a A 1 0 2), the A l-S A P /P C H  deriva­
tives exhibited basal sp acings o f  3 2 -3 4 .8  Â , B E T  surface areas o f  6 2 3 -9 0 6  m2 /g , pore 
vo lu m es o f  0 .3 2 -0 .4 5  cm 3 /g , and pore sizes in the large m icropore to sm all m esopore  
range (14-25  Â ).

B en jellou n  e t al. (2 0 0 2 ) studied the cation ic exch an ge cap acities (C E C s) o f  
tw o  porous clay heterostructures (PC H s), derived from  natural m ontm orillonite
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(P M H ) and synthetic saponite (P SH ). Three m ethods for the form ation o f  N H * - 
exchanged  P C H  form s are describe and evaluated: (1 ) adsorption o f  am m onia under 
a gas f lo w  on  calcined  and extracted PC H s in acid ified  m ethanol; (2 ) direct exch an ge  
in  N H 4 CI solutions; (3 ) so lven t extraction w ith  N H 4 A c/E t0 H /H 2 0 . W h en  com paring  
gas f lo w  p roves 3 the adsorption under N H  ,the different m ethods for exch an ge PC H  
.to b e the best m ethodT he resulting extracted m aterials had a higher sp ecific  surface  

area and porosity and ev en  a slightly narrower pore size distribution than the calcined  
on es w ith  m axim a o f  9 9 7  m 2 /g. and 0 .76  cm 3/g  for PM H  and 1118 m 2/g  and 0 .97  
cm 3/g  for PSH .

The next year, B en jellou n  e t al. (20 0 2 ) further synthesized  the tw o  different 
porous clay heterostructures PM H  and PSH. The tem plates w ere rem oved either by  
calcination  at 5 5 0 ° c  or by solvent extraction and both m aterials w ere  com pared. 
A cid ified  m ethanol extraction resulted in the successfu l rem oval m ore than 90%  o f  
the organics from  the P C H  precursors, w ithout an additional ca lcin ation  step. T he  
extracted m aterials had a high surface area (8 9 6  m 2/g  for PM H  and 1122 m 2 g '’ for 
P S H ) and pore vo lu m e (0 .8 4  cm 3/g  for PM H  and 1.13 cm 3  g ' 1 for PSH ). T he silanol 
num bers o f  the extracted and calcined PM H  and P S H  have b een  determ ined and 
com pared. The results dem onstrated that the calcined sam ples contained s ligh tly  le ss  
O H  nm ' 2  than the extracted sam ples, w h ile  all silanol num bers are situated b etw een
0 .9 6  and 1.17 O H  nm'2. T hese high O H  num bers after extraction are a great advan­
tage for subsequent post m od ifica tion s to catalytically activate the PC H  surface.

2 .3  F u n c tio n a liza t io n  o f  P oro u s C la y  H etero stru ctu re

The im portant w a y  o f  m od ify in g  the physical and chem ical properties o f  m e- 
sop orou s silicates has b een  the incorporation o f  organic com ponents, either on the  
s ilica te  surface or trapped w ithin  the channels. The inorganic com p onen ts can pro­
v id e  m echanical, thermal or structural stability, w hereas the organic features can in ­
troduce flex ib ility  into the fram ework. Through the developm ent o f  hybrid inor­
gan ic-organ ic m esop orou s solids, m uch progress has been m ade in the last few  years 
tow ards applications o f  m esop orou s solids in a variety o f  fields. M eso p oro u s solids
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have been  functionalized  at sp ecific  sites, and w ere dem onstrated to  exhibit im ­
proved activity, selectiv ity , and stability in a large num ber o f  catalytic reactions and 
sorption p rocesses.

Surface m odified  m esop orou s silica  v ia  covalent bonding o f  organic m o le ­
cu les can be achieved  by u sin g  tw o general strategies w h ich  are p ost-syn th esis m od i­
fication  also  called  grafting m ethod and co-con d en sation  reaction a lso  called  one-pot  
syn thesis (S tein  e t a l., 2000 ; Sayari and H am oudi, 2001).

1) P o st-syn th es is  m o d ifica tio n , this approach refers to  direct grafting o f  a m e­
soporous support by attachm ent o f  functional m o lecu les to  the surface o f  m eso ­
porous, usu ally  after surfactant rem oval as show n in F ig  2.2 .

F ig u re  2 .2  F unctionalization  o f  m esop orou s silicates by grafting( Stein  e t a l., 2000 ).

M esop orou s silicates p osses surface silanol (S i-O F l) groups that can be pre­
sent in h igh  concentration and act as anchoring points for organic functionalization . 
Surface m od ifica tion  w ith  organic groups is m ost com m on ly  carried out by sily la tion  
w ith a su itable organosilane reagent.

2 ) C o -co n d en sa tio n  reaction . This m ethod refers to co-con d en sation  o f  tetra- 
alk oxysilan e and one or m ore organosilane precursors v ia  so l-g e l technique to  pro­
duce organic functionalized  m esop orou s silicates. Such co-con d en sation  reactions  
have also  been applied to  surfactant tem plated syn thesis (Fig. 2 .3 ) . In this m ethod,
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the organic moieties are covalently linked via a non-hydrolyzable Si-C bonds to a
siloxane species, which hydrolyzes to form a silica network.

F ig u r e  2 .3  Preparation o f  hybrid m esoporous silicates by co-con d en sation ) Stein e t  
a l ,  2 0 0 0 )

W ei e t al. (2 0 0 4 ) prepared a new  class o f  organic-inorganic hybrid porous 
clay heterostructures (H P C H s) through the surfactant-directed assem b ly  o f  organo- 
silica  in the ga lleries o f  m ontm orillonite by u sin g  co-con d en sation  m ethod. The reac­
tion in vo lved  h ydrolysis and condensation o f  phenyltri e thoxy  si lane and tetraethox- 
y sila n e  in the presence o f  d od ecy lam ine and cetyltrim ethylam m onium  ion  as the sur­
factant tem plates, w hich  w ere  rem oved by solvent-extraction . The m ech an ism  for the 
form ation  o f  hybrid porous clay heterostructure (H PC H ) has show n in F ig. 2 .4 . The 
products w ere characterized by X R D , N 2 adsorption, N M R  and FTIR. D ep en d in g  on  
the load in g  o f  phenyl groups, FtPCHs had B E T  surface areas o f  3 9 0 -77 1  m 2 /g , pore 
v o lu m es o f  0 .3 -0 .5 9  cm 3 /g , and the fram ework pore sizes in the superm icropore to 
sm all m esop ore range w h ich  are 1 .2 - 2 . 6  nm.

Figure 2.4 Schematic illustration of mechanism for formation of hybrid porous clay
heterostructure (FDPCH) through surfactant-directed assembly of organosilica in the
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ga lleries o f  clay (W ei e t a l., 2004 ).

In 2004 , Nakatsuji e t al. reported the syn thesis o f  porous verm icu lite  (A V -I)  
pillared w ith m ethyl incorporated p o lysiloxa n e using ethanol/H C l extraction. The 
form ation o f  stable precursors o f  the pillars containing m ethyl groups w as in vest-  
tigated using intercalation o f  m ethyltriethoxysilane (M T S ) and tetraethoxysilane  
(T E O S ) into the cetyltrim ethylam m onium  io n  (C T A )-exch an ged  verm icu lite, as 
sh ow n  in F ig 2.5 .
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F ig u re  2 .5  Sch em atic representation o f  the form ation o f  the pillars in verm icu lite  
(N akasuji e ta l . ,  2004 ).

The results dem onstrated that the B E T  surface areas increase to above 500  
m 2/g  w ith  an increase the HC1 concentration to 0 .4  m ol/d m 3 w h ich  nearly the cal­
cined product obtained  by the conventional m ethod. H ow ever, the pore size  o f  etha­
nol/H C l treated m aterials w ere narrower than the calcined products. The porosity and 
adsorptivity o f  the m odified  porous verm iculite w as a lso  evaluated, the results re­
vealed  that the product treated w ith a T E O S/M T S m ixture had a hydrophobic surface 
as a result o f  the su ccessfu l incorporation o f  m ethyl groups.
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Ishii e t al. (2 0 0 5 ) synthesized  h igh ly  porous silica  nan ocom p osites from  a 
clay m inerals by a n ew  approach using a pillaring m ethod com bined w ith  a se lec tiv e  
leach in g m ethod. The preparation w a s conducted  by applying an the extraction  
H C l/ethanol after intercalation and condensation  o f  tetraethoxysilane (T E O S ) and/or 
m ethytriethoxysilane (M T S ) into cetyltrim ethylam m onium  ion -exchan ged  verm i cu- 
lite. The products w ere in vestigated  by N 2 adsorption isotherm s the results re-vealed  
that the products had high porosity  w ith  1 2 0 5 -7 1 5  m 2 g _1 o f  BE T  surface area, o w in g  
to  the m ultip le pore form ations in and b etw een  the silicate layers.

Prakobna e t al. (2 0 0 6 )  synthesized  Porous clay heterostructures (P C H s) and 
hybrid organ ic-inorganic P C H s (H P C H s) from  N a-b en ton ite  clay by surfactant di­
rected assem bly o f  s ilica  sp ec ies  w ith in  the clay galleries. B efore the m odification , 
clay w a s adjusted pH  to four conditions, including pH  9, 7, 5, and 3. H PC H s have  
been fun ction a lized  w ith  the m ethyl group through co-condensation  reaction to  im ­
prove the hydrophobicity on  the porous structures for finding a n ew  application o f  
these porous clays u tiliz in g  as ethylene scavenger in active packaging. A ccord in g to 
N 2 adsorption-desorption data, the results sh ow  that PC H s have surface areas o f  5 0 1 -  
6 6 8  m 2 /g , an average pore diam eter in the superm icropore to small m esop ore range 
o f  3 .0 1 -3 .8 5  nm, and a pore vo lu m e o f  0 .4 3 -0 .6 4  cc/g , w h ile  H PC H s have a result o f  
4 6 9 -5 8 2  rn2 /g , 3 .1 9 -3 .8 8  nm , and 0 .3 3 -0 .4 9  cc/g , respectively. The ethylen e adsorp­
tion capacity o f  these porous clays is investigated  using gas chrom atography. The  
results dem onstrate that the enhancem ent o f  the hydrophobicity on H P C H s p lay an 
im portant role in ethy len e adsorption. A fter these PC H s and H PC H s w ere obtained, 
the PC H s and H P C H s n an ocom p osites o f  p p  have been fabricated. T he d ispersion  o f  
the 1 wt%  porous clays in p p  matrix is im proved by incorporating 2  wt%  o f  surlyn  
ionom er. A ccord in g  to eth y len e perm eability test, both PC H s and EfPCHs s ig n ifi­
cantly a ffect on the ethylene barrier property o f  the nanocom posite film s.

2 .4  S tra teg ies  fo r  P C H  A p p lic a b le  in W a ste w a te r  T rea tm en t

The contam ination o f  water by tox ic  h eavy  m etals and organic ch em ica ls  
through the d ischarge o f  industrial w astew ater is a w orldw ide environm ental pro­
blem  (A jm al e t a l . ,20 03 ). Their presence in stream s and lakes has been  resp on sib le
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for several health problem  w ith  anim als, plants, and hum an beings. In the last few  
years, adsorption tech n o log ies has been  show n to  be an alternative m ethod for re­
m ov in g  these tox ic  substance from  liquid w astes (B ayat ,2 0 0 2 )

PC H  are interesting m aterials for using in  w astew ater treatm ent due to  their 
large surface area and unique com bined  m icro- and m esoporosity . O ne outstanding  
feature o f  PCH  is the large am ount o f  silanol groups (S i-O H ) present on the PCH  
surface, generated by the synthesis, w hich  g ives the opportunity for further m od ifica ­
tion o f  the substrate for w astew ater treatment.

O rg a n ic  p o llu ta n t re m o v a l
M any organic ch em ica ls such as benzene, choloform , carbon tetrachloride, 

pentachlorophenol, napthalene, phenanthrene, etc. are one o f  the m ost com m o n  p o l­
lutants em itted by the chem ical process industries. Several techn iqu es for rem oving  
these organic com pounds h ave-b een  investigated  such as therm al incineration, cata­
lytic  oxidation , condensation, bio-filtration, and m em brane separation. O rganic com ­
pounds arè often rem oved by u sin g  adsorption process. B y  sp ec ific  surface fun ction ­
alization , m esop orou s silicates can increase the hydrophobicity m aking su itable for 
sorption o f  organics. This p rocess can be used to separate liqu ids o f  d ifferent polarity.

P ires, e t a i ,  2 0 0 4  prepared porous m aterials from clay  by the ga llery  tern- 
plated synthesis u sin g  a quaternary am m onium  cation (C T A B ) and neutral am ines 
w ith d ifferent chain length (octalam ine and decylam ine). The m aterials prepared in 
this w ork , after calcinations at 6 5 0  °c, had B E T  surface area va lues in the range o f  
6 0 0 -7 0 0  m 2/g  and m icropore vo lu m e near 0.3 cm 3 /g . The p ossib ility  o f  u sin g  such  
m aterials as adsorbents o f  organic com pounds w a s studied b y  the adsorption o f  etha­
nol and m ethyl ethyl ketone. T he results sh ow ed  that, particularly one sam ple w ere  
d ecylam in e w as u sed  in the synthesis, has interesting properties regarding the ad­
sorption o f  these organocom pounds.

In 2005 , Sayari e t a l. d evelop ed  a novel tw o-step  m eth o d o lo gy  con sistin g  o f
(1) syn thesis o f  M C M -41 at relatively lo w  temperature, typ ica lly  7 0 -1 0 0  ๐ c, and (2) 
p ost-synth esis hydrotherm al treatm ent o f  the as-synthesized  silica  m esop h ase in an 
aqueous em ulsion  o f  jV,jV-dimethylalkylamine at 120-130  ๐ c. They in vestigated  the 
adsorption properties o f  obtained m aterials toward metal cations and organic pollut-
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ants. In the adsorption of metallic cations (Cu2+, Ni2+ and Co2+) , the pore-expanded 
amine containing mesoporous silica MCM-41 were found to be fast and high capac­
ity for numerous metallic cations. For the adsorption of organic pollutants (4- 
chloroguaiacol, and 2,6-dinitrophenol) by the pore-expanded meso-porous silica 
MCM-41 which achieved through post-synthesis hydrothermal treatment results re­
vealed that the adsorption capacity was quite high for both substances. Moreover, in 
both case the adsorbents can be easily regenerate through acid or solvent washing.

Heavy metal ions removal
Heavy metals refer to high density metallic elements such as mercury, cobalt, 

copper, chromium(III), iron, manganese, zinc, etc. Some of these are essential to 
human, animal and plant life. On the contrary , excessive levels of some of them may 
be toxic. There are others, which are harmful to health even in low concentration 
such as mercury, lead, cadmium, chromium(VI), arsenic, and antimony.

Thus, there is an increasing interest around the world in cleaning up polluted 
rivers and lakes, and implementing system that regulate the disposal of waste that 
contains metals. These may be carried out through various techniques including, 
chemical precipitation, ultra-filtration, ionic exchange, reverse osmosis, adsorption, 
etc. Different natural substances especially the preparation of modified clays and de­
sign of new adsorbent materials have been studied as a way to improving environ­
mental conditions.

Mesoporous sieve of interest for the removal of toxic heavy metals, such as 
mercury, cadmium, and lead, are based mostly on mesoporous silicates functiona­
lized with mercaptopropyl surface groups. The thiol functionalities, which exhiit a 
high affinity for these metals, have been incorporated either by grafting or by co­
condensation techniques (Stein et al., 2000).

Mercier and Pinnavaia (1998) demonstrated the first potential environmental 
application of a porous clay heterostructure. A heavy metal ion adsorbent that bind 
Hg2+ ions was prepared by grafting 3-mercaptopropyltrimethoxysilane to the intra­
gallery framework walls of a porous fluorohectorite clay heterostructure (PCH) as 
illustrated in Fig. 2.6.



14

Figure 2.6 Grafting of mercaptopropylsilane groups to the inner and outer walls of 
mesostructural silica intercalated in smectite clay (Mercier and Pinnavaia, 1998).

The results showed that the BET surface area of MP-PCH (175 m2/g) was 
significantly lower than PCH (550 m2/g). Moreover, a pore size of 2.1 nm was ob­
served in PCH but no mesoporosity in discernible for MP-PCH. Thus, the grafting 
process results in constriction of the pore channel. Although there was a considerable 
reduction in the size of the PCH pore channels, the thiol sites should still be accessi­
ble for metal ion binding, because the MP-PCH retained an appreciable surface area 
and pore volume. For the Hg2+ adsorption experiment the results revealed that up to 
67% of the immobilized thiol.groups were accessible for Hg2+ trapping.

In 2000, thiol- and amino- functionalized SBA-15 silica with uniform meso- 
porosities were prepare and employed for removing heavy metals ions from waste- 
water by Liu et al. SBA-15 functionalized with 3-mercaptopropyl and 3- aminopro- 
pyl groups were obtained through the treatment with chloroform solution of 3- 
mercaptopropyltriethoxysilane and 3-aminopropyltriethoxysilane , respectively. It 
was found that, upon functionalization, the surface area , total pore volume, and pore 
size decreased significantly, revealing that the surface modification indeed occurred 
inside the primary mesoporous of the SBA-15. The thiolated SBA-15 adsorbent ex­
hibited a higher affinity for Hg2+, while the other metal ions (Cu2+, Zn2+, Cr3+ and 
Ni2+) showed higher binding ability with its aminated analogue. In addition, both ad­
sorbents remained effective even after extended regeneration and reuse cycle, the 
BET surface surface area and pore volume only slightly decreased, while the pore 
size essentially remained unchanged.

Lee et al. (2001) synthesized bi-functional porous silica via the introduction
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of 3-aminopropyltriethoxysilane (APTES) and 3-mercaptopropyltrimethoxysilane 
(MPTMS) by co-condensation process. Dodecylamine was use as a template, and 
tetraethoxysilane (TEOS) as a silica precursor. In order to investigate the adsorption 
capacity of metal ions and the properties of adsorbents, the fraction of amino and 
mercapto groups were changed. The results demonstrated that as the mercaptopropyl 
concentration in the adsorbents increased, the adsorption capacities for heavy metal 
ions also increased because the number of active sites of mercapto groups which are 
capable of adsorbing mercury ions increased as shown in Fig. 2.7. and the amino li­
gands increased the surface hydrophobicity of the adsorbents.
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Figure 2.7 The form of combination between mercapto groups and mercury ions in
(a) the mercapto-functionalized silica and (b) the mercapto- and amine- functional­
ized silica (Lee et al. , 2001).

Bois et al. (2003) prepared the heavy metal ion adsorbents by co-conden- sa- 
tion of tetraethoxysilane and functionalized trialkoxysilane RSi(OR')3 . Func- tional- 
ized porous silicas with aminopropyl (H2N(CH2)3-), [amino-ethylamino] propyl- 
(H2N-(CH2)2-NH(CH2)3), (2-aminoethylamino)-ethylamino]propyl (H2N-(CH2)2- 
NH-(CH2)2-NH(CH2)3-), and mercaptopropyl(HS-(CH2)3-) groups were synthesized 
using dodecylamine as directing agent. These organo-silicas were tasted for the re­
moval of heavy metal ions from aqueous solutions by batch adsorption experiment. 
The results demonstrated that samples synthesized with [aminoethyl amino]propyl- 
and (2-aminoethylamino)ethylamino]propyl- functions show a high loading capacity 
for Cu2+, Ni2+, Co2+ and the anion Cr(VI). The sample synthesized with a mercapto­
propyl function has a high loading capacity for Cd2+.
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Recently, Quintanilla et al, 2006 functionalized mesoporous silica (SBA-15 
and MCM-41) by two different methods. Using the heterogeneous route the silylat- 
ing agent, 3-chloropropyltriethoxysilane, was initially immobilized onto the meso­
porous silica surface to give the chlorinated mesoporous silica Cl-SBA-15 or Cl- 
MCM-41. In a second reaction a multi-functionalized N, ร donor compound (2- 
mercaptopyridine, MP) was incorporated to obtain the functionalized silica denoted 
as MP-SBA-15-Het or MP-MCM-41-Het. Using the homogeneous route, the func­
tionalization was achieved via the one step reaction of the mesoporous silica with an 
organic ligand containing the chelating functions, to give the modified mesoporous 
silica denoted as MP-SBA-15-Hom or MP-MCM-41-Hom. When the functionalized 
mesoporoussilicas were employed as adsorbents for the regeneration of aqueous so­
lutions contaminated with Hg(II) the results showed that mercury adsorption was 
higher in the mesoporus silicas prepared by the homogeneous method. The modified 
mesoporous silica MP-SBA-15-Hom displayed the best mercury adsorption effici­
ency.

2.5 Applications of Mesoposous Clay in Adsorbent Materials

Because of unique properties of mesoporous materials such as large surface 
area, combined micro- and mesoporosity, and well-modified surface properties, they 
offer many application as adsorbents, catalyst, gas-separation devices, gas-storage 
materials, optical applications, and polymer nanocomposites.

Adsorption
One of the most adsorption application of mesoporous clay is used as adsorb­

ent. Beside the environmetal applications that explained in above section, porous ma­
terials can be use in other applications such as adsorption of gaseous molecule.

Newalkar et al., 2003 investigated equilibrium adsorption isotherms for light 
hydrocarbons such as ethane, ethylene, acetylene, propane, and propylene on hex­
agonal mesoporous silica (HMS)-type mesoporous silica. The adsorption capacity for 
C 2 and C 3 olefins are found to be higher than for corresponding alkanes. Further, up­
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take of acetylene is observed to be more comparable to ethylene. The isosteric heats 
of adsorption for ethylene are marginally higher than ethane but those observed for 
propylene are found to be significantly higher than for propane. The isosteric heats 
observed for propylene are found to be comparable with those reported for p- 
complexation based systems. Such a trend has in turn suggested a higher affinity of 
TIMS framework for propylene over propane.

Catalyst
Mesoporous materials can improve the overall efficiency of the catalytic 

processes because: 1) it is easier to retain the solid catalyst in the reactor or to sepa­
rate it from the liquid process stream by filtration; 2) often the catalyst can be regen­
erated and recycled, and 3) confinement of the catalyst within mesopores provides a 
means of introducing size and/or shape selectivity and thus greater specificity to a 
reaction )Stein et al., 2000).

Shirai et al. (2003) prepared mesoporous smectite-type clays containing co­
balt species in lattice (MST(Co)) by a hydrothermal method and examined for hy­
drodesulfurization (HDS) which is an important process for producing clean fuel. 
The results showed that the MST(Co) catalysts showed higher HDS activities than a 
commercial alumina-supported cobalt-molybdenum catalyst (C0 -M 0 /AI2O3). In situ 
XAFS and nitrogen adsorption techniques showed that surface cobalt species located 
at the edge of silicate fragments of MST(Co) were the active sites.

Porous Clay Nanocomposites
Incorporation of layered silicates (i.e., clay minerals) into the polymer micro­

structures to improve the mechanical, thermal and barrier properties has been an at­
tractive approach developed. Nanocomposites with different morphology, i.e., ag­
glomerated, intercalated and exfoliated structures are accessible based on the proc­
essing conditions and interactions between the layered clays and polymer systems. A 
number of studies revealed the enhanced properties of clay/polymer nanocomposite 
systems.

Tanoglu et al. (2007) prepared PMMA based porous nanocomposites that 
contain clay (montmorillonite, MMT) platelets as reinforcements within the cell
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walls of the porous structure. To render the clay layers organophilic, MMT was sur­
face treated by an ion exchange reaction between interlayer cations of the clay and 
ammonium ions of a surfactant. Clay/PMMA based porous nanocomposites were 
prepared by polymerization of water-in-oil emulsions with and without clay addition. 
The microstructure and compressive mechanical behavior of the nanocomposites 
were investigated. The results of mechanical tests showed that the porous systems 
with the addition of 1 wt.% of organoclay (OMMT) exhibited a 90% and 50% in­
crease of collapse stress and elastic modulus values, respectively, as compared to 
neat porous PMMA.

Optical Applications
Suitable functionalized hybrid mesoporous silicates are promising candidates 

for optical applications, including lasers, light filters, sensors, solar cells, pigments, ■ 
optical data storage, photocatalysis, and frequency doubling devices.

Recently, Tchinda et al., 2007 prepared thiol-functiorialized porous clay het­
erostructures (PCHs) by intragallery assembly of mesoporous. Organosilica in natural 
smectite clay. The mesoporous framework was formed by surfactant-directed co­
condensation of tetraethoxysilane (TEOS) and 3-mercaptopropyltrimethoxysilane 
(MPTMS), at various MPTMS/TEOS ratios, in the interlayer region of the clay. Af­
ter template removal, the resulting PCEIs were characterized by large specific surface 
areas (400-800m2/ g) and pore volumes (0.3-0.6mL/g), with mesopore channels 
bearing a high number of accessible mercaptopropyl groups (0.4-3.0 mmol/ g). 
These functionalized mesoporous layered materials were deposited as thin films onto 
the surface of glassy carbon electrodes and applied to the voltammetric detection of 
Hg(II) subsequent to open-circuit accumulation. They displayed attracttive features 
as the regular mesostructure offered a favorable environment for fast diffusion rates, 
resulting in great sensitivity, while the layered morphology ensured good mechanical 
stability. Various parameters have been optimized to get the highest current re­
sponses, such as the film composition and thickness, accumulation time, detection 
conditions, and concentration of the sample. Linear calibration curves were obtained 
in the Efg(II) concentration ranges from 4 nM to 20 nM and 0.05 pM to 0.8 pM, re­
spectively, for 20 min and 3 min accumulation. The detection limit calculated on the
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basis of a signal-to-noise ratio of 3 was 5xlCf 10M (20 min).

2.6 Characterizations of Heavy Metal Adsorbent

The heavy metal adsorbent can be characterized by two ways (1) batch ex­
periment, which is the conventional experiment that used to test in small scale to 
study the suitable condition; and (2) continuous column method, which is the 
experiment that commonly used to study in the practical application and regeneration 
property of a solid adsorbent. Although batch experiment provide useful information 
of the adsorption property of the adsorbent, continuous column studies provide the 
most practical application. For industrial water treatment, operation in the column 
mode is more preferable. Therefore, experimental and theoretical data obtained from 
the continuous column method is desired from the industry point of view ( Lv et al., 
■ 2007). Goef ๙  al., 2005 studied the adsorption behavior of Pb(II) from aqueous sys­
tems onto activated carbon (AC) and treated activated carbon (AC-S) via static and 
column mode studies under various conditions. Both the adsorbents are subjected to 
static mode adsorption studies and then after a comparison based on isotherm analy­
sis; more efficient adsorbent is screened for column mode adsorption, studies. The 
Pb(II) removal increased for sample of treated carbon. The extent of Pb(II) removal 
was found to be higher in the treated activated carbon. The aim of carrying out the 
continuous-flow studies was to assess the effect of various process variables, bed 
height, hydraulic loading rate and initial feed concentration on breakthrough time 
and adsorption capacity. This has helped in ascertaining the practical applicability of 
the adsorbent. Breakthrough curves were plotted for the adsorption of lead on the 
adsorbent using continuous-flow column operation by varying different operating 
parameters like hydraulic loading rate (3.0-10.5 m3/(hm2)), bed height (0.3-0.5 m) 
and feed concentrations (2.0-6.0 mg/1). At the end, an attempt has also been made to 
model the data generated from column studies using the empirical relationship based 
on Bohart-Adams model. AC-S column regeneration using 0.5 and 1.0 M concentra­
tion of HN03 has been investigated. It has shown a regeneration efficiency of 52.0% 
with 0.5 M HN03.

Figueiredo et al., 2005 used the three natural waste materials containing chi-
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tin, namely the Anodonta (Anodonta cygnea) shell, the Sepia (Sepia officinalis) and 
the Squid (Loligo vulgaris) pens, as adsorbents for textile dyestuffs. The selected 
dyestuffs were the Cibacron green T3G-E (Cl reactive green 12), and the Solophenyl 
green BLE 155% (Cl direct green26), both from CIBA, commonly used in cellulosic 
fiber dyeing, the most used fiber in the textile industry. Batch equilibrium studies 
showed that the adsorption capacities of materials increase after a simple and inex­
pensive chemical treatment, which increases their porosity and chitin relative con­
tent. Kinetic studies suggested the existence of a high internal resistance in both sys­
tems. Fixed bed column experiments performed showed an improvement in behavior 
of adsorbents after chemical treatment. However, in the column experiments, the 
biodegradation was the main mechanism of dyestuff removal, allowing the bio­
regeneration of the materials. The adsorption was strongly reduced by the pore clog­
ging effect of the biomass.The deproteinised Squid pen was the adsorbent with 
highest adsorption capacity (0.27 and 0.037 g/g, respectively, for the reactive and 
direct dyestuffs, at 20°C), followed by the demineralised Sepia pen and Anodonta 
shell, behaving like pure chitin in all experiments, but showing inferior performances 
than the granular activated carbon tested in the column experiments.

Recently, Vijayaraghavan et al, 2006 reported biosorption of copper(II) ions 
onto Sargassum wightii biomass in batch and continuous mode of operation. Batch 
experiments were fundamentally aimed to determine the favorable pH for copper(II) 
biosorption. Langmuir model was used to describe the copper(II) biosorption iso­
therm and maximum uptake of 115 mg/g was obtained at pH 4.5. Continuous ex­
periments in a packed column were performed to study the influence of bed height, 
flow rate and inlet solute concentration on copper(ll) biosorption. The highest bed 
height (25 cm), lowest flow rate (5 ml/min) and highest inlet Cu(II) concentration 
(100 mg/1) resulted in highest copper(II) uptake of 52.6 mg/g, compared to other 
conditions examined. Column data obtained at different conditions were described 
using the Thomas, Yoon-Nelson and modified dose-response models. All three 
models were able to predict breakthrough curves; in particular, the breakthrough 
curve prediction by the Thomas and Yoon-Nelsonmodels were found to be very sat­
isfactory. Also, the well-established design model, the Bed depth-service time 
(BDST) model was used to analyze the experimental data. The BDST model plot at 5
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ml/min (flow rate) and 100 mg/1 (inlet solute concentration) was used to predict bed 
depth service time data at different conditions. The BDST model predicted values 
always coincide with experimental values with high correlation coefficients.
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