
BACKGROUND AND LITERATURE SURVEY
CHAPTER II

Mixed wastes are defined as wastes that contain both toxic organic and 
heavy metal contaminants. Mixed wastes have been generated from various sources 
such as power generating plants, petroleum refining industry, gas manufacturing 
plant, industrial/municipal incinerators and leachate from underground tank or waste 
disposal site. Toxic organics commonly found in mixed wastes are chlorinated 
compounds (such as carbon tetrachloride, trichloroethylene, and polychlorinated 
biphenyls etc.), polyaromatic hydrocarbons and hydrocarbon solvents (benzene, 
toluene, xylene, acetone, chloroform etc.). Several heavy metals, such as Cd, Cr, Hg 
and Pb, are the inorganic constituents frequently found in mixed wastes.

2.1 Current Techniques for Contaminants Removal

Ion exchange/adsorption, precipitation, ultrafiltration and reverse osmosis 
are techniques currently used for the removal of dissolved heavy metals. Activated 
carbon and microbial degradation are extensively used to remove organic 
contaminants. The adsorption technique is one of the most simple, economical and 
efficient techniques. For several years, various natural adsorbents, such as clay, 
activated carbon and zeolite, have been used to remove heavy metal and organic 
contaminants. However, those adsorbents have a serious limitation due to their low 
capacity for removal of toxic organic contaminants from mixed wastes. To enhance 
the sorption capacity, various modification techniques have been studied, including 
the surface modification of clay or zeolite using surfactants. The modification not 
only increases the sorption capacity for organic compounds but also improves ability 
of the adsorbent for mixed waste treatment.

Consequently, numerous studies have been carried out to investigate the 
modification of the surface of natural adsorbents such as clay minerals. Organoclays 
can be formed by replacing natural inorganic cations on the surfaces of clay minerals 
with organic cations via simple ion exchange reactions (Xu and Boyd, 1995).
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T h e  u p tak e  o f  o rg an ic  co m p o u n d  b y  o rg an o c lay s  (su rfa c ta n t-m o d ifie d  c lay) is found  
to  in c rease  d u e  to  th e ir  h y d ro p h o b ic ity  (L o et al, 1997).

S u rfa c ta n t-m o d ifie d  c lays hav e  b een  u sed  n o t o n ly  to  rem o v e  o rgan ic  
c o n tam in an ts  b u t  a lso  to  rem o v e  to x ic  m e ta ls  such  as ch ro m iu m , cad m iu m , co p p er 
etc. M a la k u l et al. (1 9 9 8 ) in v es tig a ted  th e  m ech an ism  fo r so rp tio n  o f  m eta l on 
su rfa c ta n t-m o d ified  c lay  co m p lex es . T h e  re su lts  re v e a le d  m e ta l b in d  to  th e  ch e la tin g  
agen t on  m o d if ie d  c lay  co m p lex . U n lik e  u n m o d ifie d  c lay  w h ic h  th ro u g h  p u re ly  ion  
exchange .

In a d d itio n  to  c lay  m in e ra ls , n a tu ra l zeo lite  h as  a lso  b een  s tu d ied  in  th e ir  
ab ility  fo r h e a v y  m e ta l and  o rg an ic  rem o v al. U p m ie re  and  C z u rd a  (1997) 
in v es tig a ted  th e  ad so rp tio n  b e h a v io r  o f  th e  fo u r n a tu ra l z eo lite s  an d  c lay  fo r d iffe ren t 
p o llu tan ts . T h e  c lay  an d  th e  zeo lite  show ed  s im ila r  ad so rp tio n  cap ac itie s  fo r C d 2+ 
an d  p h en o l w h ile  th e  a d so rp tio n  cap ac ity  o f  th e  z eo lite s  fo r T l2+ are  up  to  50 tim es 
h ig h e r  th an  th a t o f  th e  clay. T h is  d em o n stra ted  th a t th e  n a tu ra l zeo lite  has h ig h er 
p o ten tia l to  re m o v e  h e a v y  m e ta l th an  n a tu ra l clay.

R ecen tly , th e  su rface  m o d ific a tio n  te ch n iq u e  h as  a lso  b e e n  ap p lied  to 
n a tu ra l z e o lite  su ch  as c lin o p tilo lite . In  1994, C ad en a  an d  B o w m a n  s tu d ied  the  
s im u ltan eo u s  rem o v a l o f  an ion , ca tio n ic  an d  n eu tra l h a z a rd o u s  p o llu tan ts  from  
aq u eo u s so lu tio n s  b y  su rfac tan t-m o d ified  zeo lite  (S M Z ). T h e  re su lts  in d ica te  tha t 
S M Z  has s ig n if ic a n t p o te n tia l fo r trea tin g  w a te rs  c o n ta m in a te d  w ith  m ix tu re s  o f  
p o llu tan ts  o f  v a rio u s  types.

2.2 Clinoptilolite

C lin o p tilo lite  is th e  m o st co m m o n  n a tu ra l z e o lite  fo u n d  m a in ly  in  
sed im en ta ry  ro c k s  o f  v o lcan ic  o rig in . W h en  v o lcan o es  sp ew ed  th e ir  ash  on  anc ien t 
lak es  a  few  th o u sa n d  m ille n n ia  ago , th e  re su ltin g  ch em ica l re a c tio n  o f  th e  ash  and  
a lk a lin e  w a te r  a lte red  th e  ash  in to  v ario u s fo rm s o f  z e o lite  c rysta l. S ig n ifican t 
c lin o p tilo lite  d ep o s its  e x is t th ro u g h o u t the  w o rld . C lin o p tilo lite  is u sed  in  m an y  
ap p lica tio n s  su c h  as a  ch em ica l sieve , a  gas ab so rb er, a  feed  ad d itiv e , a food  add itive , 
and  an  o d o r co n tro l agen t, as a  w a te r filte r fo r m u n ic ip a l an d  re s id en ta l d rin k in g  
w a te r and  aq u a riu m s. C lin o p tilo lite  is w ell su ited  for th e se  ap p lica tio n s  d u e  to  its
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large  v o lu m e  o f  p o re  space , h ig h  re s is tan ce  to  e x trem e  te m p e ra tu re s  and  ch em ica lly  
n eu tra l b a s ic  s tru c tu re .

Figure 2.1 S E M  im ag e  o f  c lin o p tilo lite  ( A rm b ru s te r ,  1 9 9 6 ) .

T h e  s im p lif ied  fo rm u la  o f  c lin o p tilo lite  is, (N a ,K )6S i3oAl60 7 2  n H 20 .  
S tru c tu ra l o f  c lin o p tilo lite  is Si and  A1 o rd e rin g  w ith in  th e  te tra h e d ra l fram ew ork  
struc tu re . E v e ry  o x y g en  is co n n ec ted  to  e ith e r a  s ilico n  o r an  a lu m in u m  ion  
(a t a ra tio  o f  [A1 +  S i ] /0  =  1/2), p ro d u c in g  a  sh ee t- lik e  s tru c tu ra l o rg an iza tio n . 
A  few  b o n d s  th a t are  re la tiv e ly  w id e ly  sep a ra ted  fro m  each  o th e r co n n e c t th e  sheets 
to  each  o th e r. T h e  sh ee ts  co n ta in  o p en  rin g s o f  a lte rn a tin g  e ig h t an d  ten  sides. 
T h ese  rin g s  s ta ck  to g e th e r  from  sh ee t to  sh ee t to  fo rm  ch a n n e ls  th ro u g h o u t the 
crysta l s tru c tu re . T h e  size  o f  th ese  ch an n e ls  c o n tro ls  th e  s ize  o f  th e  m o lecu les  o r 
io n s  th a t can  p a ss  th ro u g h  th em  an d  th e re fo re  a  z e o lite  lik e  c lin o p tilo lite  can  act as a 
ch em ica l s iev e , a llo w in g  so m e io n s  to  p a ss  th ro u g h  w h ile  b lo c k in g  o thers. 
T h e  ex cess o x y g en  in  th e  a lu m in a  m o lecu les  g iv es th e  fram ew o rk  a  n eg a tiv e  charge. 
T h is  ch arg e  an d  th e  o p en  fram ew o rk  a llo w s th e  c lin o p tilo lite  to  trap  p o sitive ly - 
ch a rg ed  io n s  (ca tio n s) such  as so d iu m  (N a+1), p o ta ss iu m  (K +1), c a lc iu m  (C a2+) an d /o r 
M ag n esiu m  (M g +2).
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Figure 2.2 C lin o p tilo lite  fram ew o rk  m o d el v iew  a lo n g  c leav ag e  p lan e  o f  crystal 
p la tes.

2.3 Adsorption Properties of Clinoptilolite

C lin o p tilo lite  has h ig h  ca tio n  ex ch an g e  cap a c ity  th a t p e rm its  an  e ffic ien t 
rem o v a l o f  h eav y -m e ta l ca tions. T h e  h ig h  ca tio n  ex ch an g e  cap a c ity  re su lts  from  th e  
u n iq u e  c ry sta l s tru c tu re  o f  zeo lite  m in e ra ls  w h ich  is b a s ic a lly  fo rm ed  b y  a fram ew o rk  
o f  S iO f  te tra h e d ra l, w h e re in  all oxygen  a to m s are  sh a red  b y  tw o  ad jacen t te trah ed ra  
re su ltin g  in  an  o v e ra ll o x y g en /s ilico n  ra tio  o f  2 :1 . T h e  su b s titu tio n  o f  s ilicon  by  
a lu m in u m  in  th e  te trah ed ra l-s ite s  resu lts  in  a n e t n eg a tiv e  ch a rg e  o f  th e  fram ew ork , 
w h ich  is, b a la n c e d  b y  lo o se ly  bo u n d , ex ch an g eab le , e x tra  fram ew o rk  ca tio n s , m a in ly  
o f  the  a lk a li an d  a lk a lin e  ea rth  e lem en ts . T h e  ca tio n  ex ch an g e  cap a c ity  (C E C ) for 
th e  c lin o p tilo lite  and  c lay  are  2 .6  and  0 .8  m eq /g , resp ec tiv e ly .

T h e  ca tio n  ex ch an g e  b eh av io r, w h ich  co n tro ls  th e  se le c tiv ity  fo r p a rticu la r  
ca tio n s  in  ex c h a n g e  p ro cesses , d ep en d s on  th e  ch a rg e  and  size  o f  th e  ca tio n s and the  
s tru c tu ra l c h a ra c te ris tic s  o f  th e  p a rticu la r  z e o lite  m in e ra l e.g. ch an n e l d im en sio n s. 
O uk i and  K av an n ag h  (1 9 9 9 ) s tu d ied  the  se lec tiv ity  and  rem o v a l p e rfo rm an ce  o f  
c lin o p tilo lite . T h e  s tu d y  rev ea led  tha t c lin o p tilo lite  is h ig h ly  se lec tiv e  for lead  (Pb), 
co p p e r (C u) an d  cad m iu m  (C d).

T h e  p H  o f  th e  so lu tio n  affec ts  th e  rem o v a l e ff ic ien cy  o f  th e  h eav y  m etal. 
M ie r et al. (2 0 0 1 ) s tu d ied  the  in te rac tio n s  o f  P b  (II), C d  (II) and  C r (II) co m p e tin g  
for ion  ex c h a n g e  s ites  in  n a tu ra lly  o ccu rrin g  c lin o p tilo lite . T h e  h ig h e r rem o v al
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e ffic ien c ies  (> 9 5 % ) o ccu rred  in  th e  ac id ic  p H  ran g e  w h ile  in  th e  h ig h e r  p H  ran g e  
( > 1 0 ) th e  e ff ic ie n cy  dec lined .

C lin o p tilo lite  h as  a lso  b een  ap p lied  to  rem o v e  to x ic  o rgan ics. 
S ism an o g lu  an d  P u ra  (2 0 0 1 ) h av e  s tu d ied  th e  ad so rp tio n  o f  o rth o -, m e ta - and  para- 
n itro p h en o ls  o n  c lin o p tilo lite . T h e  s tu d y  o b se rv ed  th a t th e  ad so rp tio n  o f  aqueous 
n itro p h en o ls  o n  c lin o p tilo lite  is a fu n c tio n  o f  th e  so lu tio n  co n cen tra tio n  and  
tem p era tu re . T h a t m an ife s t c lin o p tilo lite  h as  p o te n tia l to  re m o v e  b o th  to x ic  o rgan ic  
and  h eav y  m e ta l co n tam in an ts . H o w ev er, p ro b lem s o f  u s in g  n a tu ra l z eo lite s  fo r th is  
p u rp o se  are; p ro d u c ts  co n ta in  a v a rie ty  o f  im p u ritie s  and  h as  low  so rp tio n  cap ac ity  
fo r o rgan ic  c o m p o u n d s . So th e  en h an ced  o rg an ic s  so rp tio n  cap a c ity  b y  su rfac tan t 
m o d ified  c lin o p tilo lite  w as in v estig a ted .

2.4 Study of Cationic Surfactant Sorption on Clinoptilolite

C a tio n s  (N a, K ) ad so rb ed  on  th e  su rface  o f  c lin o p tilo lite  can  b e  rep laced  by  
ca tio n ic  su rfac tan t. C a tio n ic  su rfac tan ts , sh o w in g  a s tro n g  a ffin ity  to  th e  ex ch an g e  
sites  at the  z e o lite  su rfaces, tak e  the  p lace  o f  e x ch an g eab le  m e ta l ca tio n s  and  th ereb y  
fo rm  a lay er co v e rin g  th e  zeo lite  su rface. S in ce  o n ly  th e  ex te rn a l su rface  o f  the  
zeo lite  is a cc e ss ib le  fo r th e  large  su rfac tan t m o lecu le s , th e  ex te rn a l su rface  b eco m es 
e lec tr ica lly  n eu tra l o r  ev en  p o s itiv e ly  ch a rg ed  as a  co n se q u e n c e  o f  th e  su rfac tan t 
lo ad in g  as e ith e r  a m o n o lay e r o r  a b ilay er, resp ec tiv e ly . H o w ev e r, th e  in terna l 
su rfaces  s till re m a in  an  ac tiv e  ca tio n  ex ch an g er (L i and  B o w m an , 1994).

S o rp tio n  o f  th e  q u a te rn a ry  am in e  in  b ilay e r o r  a d m ice lle  fo rm  are cau sin g  
th e  ch arg e  o n  su rface  to  ch an g e  from  n eg a tiv e  ch a rg e  to  p o s itiv e  and  the  o rgan ic  
ca rb o n  c o n te n t c a rb o n  co n ten t o f  th e  zeo lite  to  in c rease . T h e  p o s itiv e  su rface  charge  
p ro v id es  s ite s  fo r so rp tio n  o f  an io n s  su ch  as ch ro m a te  and  n itra te . T h e  o rg an ic -rich  
su rface  lay er p ro v id es  a p a rtitio n in g  m ed iu m  fo r so rp tio n  o f  n o n p o la r  o rg an ics  such  
as c h lo rin a ted  so lv en ts  and  fuel co m p o n en ts . S o m e  o f  th e  z e o li te ’s o rig in a l ca tio n  
ex ch an g e  c a p a c ity  is re ta in ed  for so rb in g  p o s itiv e ly  ch a rg ed  m e ta ls  su ch  as P b 2+ and
H g 2+.
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Figure 2.3 S k e tch y  d raw in g  o f  H D T M A  fo rm in g  b ilay e r (ta il to  ta il)  on  the  su rface  
o f  c lin o p tilo lite  (B o w m an , 1994).

Li (1 9 9 9 ) in v estig a ted  the  so rp tio n  k in e tic s  o f  h ex ad ecy ltrim e th y l- 
am m o n iu m  (H D T M A ) on  n a tu ra l c lin o p tilo lite . T h e  am o u n t o f  so rb e d  H D T M A  is a 
fu n c tio n  o f  th e  in itia l H D T M A  in p u t and  th e  so rp tio n  tim e . W h en  th e  in itia l 
H D T M A  in p u t is less th an  th e  ex te rn a l c a tio n -ex ch an g e  cap ac ity  o f  th e  c lin o p tilo lite , 
th e  H D T M A  so rp tio n  is fast and  eq u ilib riu m  can  b e  e s ta b lish e d  in  1 hour. 
A s th e  in itia l H D T M A  in p u t g rea te r th an  th e  ex te rn a l c a tio n -e x c h an g e  cap ac ity  o f  
c lin o p tilo lite , w h ic h  w ill resu lt in  m o re  th an  a m o n o lay e r H D T M A  su rface  cov erag e , 
th e  tim e  fo r H D T M A  so rp tio n  to  reach  eq u ilib riu m  in c rea se s  ex ponen tia lly . 
T h e  co u n te rio n  so lu tio n  co n cen tra tio n  d a ta  su g g est th a t at th e  in itia l s tag e  H D T M A  
m o lecu le s  so rb  o n  th e  zeo lite  v ia  m ice lle  fo rm s, w h ic h  is  m a n ife s t b y  a  d ecrease  in  
ch lo rid e  so lu tio n  co n cen tra tio n  w ith  tim e. W h en  H D T M A  so lu tio n  co n cen tra tio n  is 
d ep le ted  to  le ss  th an  its  c ritica l m ice lle  c o n cen tra tio n , th e  ad so rb ed  m ice lles  
rea rran g e  th e m se lv e s  to  a  m o re  s tab le  m o n o lay e r o r  b ila y e r  co n fig u ra tio n , w h ich  is 
re flec ted  b y  an  in c rease  in  co u n te rio n  so lu tio n  co n cen tra tio n  d u e  to  d eso rp tio n  o f  
ch lo rid e  fro m  ad m ice lle s .

In ad d itio n , th e  T ap p in g -M o d e  A to m ic  F o rce  M ic ro sc o p y  (T M A F M ) and  
H ig h -R e so lu tio n  T h e rm o  g rav im e tric  (H R -T G A ) h av e  a lso  b e e n  u sed  to  s tu d y  the
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p a tte rn s  o f  h ex a d e c y ltr im e th y lam m o n iu m  b ro m id e  (H D T M A ) so rp tio n  o n  th e  trea ted  
su rface . T h e  re su lts  in d ica te  th a t th e  b u ild u p  o f  H D T M A  b ilay er, o r  so m e  fo rm  o f  a 
b ilay er, b e g in s  b e fo re  fu ll m o n o lay e r co v erag e  is c o m p le te  (S u lliv an  et al, 1998).

T h e  ch em ica l an d  b io lo g ica l s tab ility  o f  S M Z  w as s tu d ied  b y  Li et al.
(1998). U n d e r  ac id ic  co n d itio n s , d e so rp tio n  o f  H D T M A  w as n eg lig ib le .
U n d e r b a s ic  c o n d itio n s , d e so rp tio n  w as n eg lig ib le  w h en  c r  w a s  th e  H D T M A  
co u n te rio n , w h ile  d e so rp tio n  w as 15%  w h en  B r ' w a s  th e  co u n te rio n . T h is  in d ica ted  
th a t m o re  d e so rp tio n  o ccu rred  w h en  B r ' w as  th e  c o u n te rio n  th an  w h e n  c r  w as the  
co u n te rio n , e x c e p t fo r th e  low  ion ic  s tren g th  cases. B ecau se  o f  m o re  H D T M A  
d eso rb ed  at lo w  io n ic  s tren g th  system . T h e  re su lt a lso  su g g ested  th a t o n ly  m o n o m er 
d eso rb ed  fro m  th e  so rb ed  b ilay e r an d  th e  am o u n t o f  m o n o m e r d e so rb ed  d ep en d s on  
th e  an io n  c o n c e n tra tio n  in  so lu tio n . T h is  w o u ld  ex p la in  w h y  m o re  H D T M A  
d eso rb ed  w h e n  S M Z  w as eq u ilib ra ted  w ith  w a te r  th an  w ith  h ig h e r  io n ic  s treng th  
so lu tio n s. T h e  re su lts  o f  the  S M Z  to x ic ity  ex p e rim en ts  in d ica ted  th a t th e  b ac te ria  
rem a in ed  v ia b le  in  all th e  m ic ro co sm s w ith  SM Z . In  th o se  m ic ro c o sm s  co n ta in in g  
aq u eo u s H D T M A  w ith o u t zeo lite , H D T M A  in h ib ite d  th e  g ro w th  o f  the  
m ic ro o rg an ism .

2.5 Use of SMZ to Adsorb Toxic Organics and Heavy Metals

C a d e n a  an d  B o w m an  (1 9 9 4 ) in v es tig a ted  th e  m ech an ism  o f  an io n  so rp tio n  
(e .g .ch ro m a te ) b y  h ex ad ecy l-tr im e th y lam m o n iu m -m o d ified  zeo lite . T h e  re su lts  
sh o w ed  th a t th e  m a x im u m  ch ro m ate  so rp tio n  ap p ea rs  to  o ccu r w h e n  ze o lite  is trea ted  
to  100%  o f  its  ex te rn a l c a tio n  ex ch an g e  capacity . B ro m id e  w as u sed  as co u n te rio n  
fo r H D T M A -m o d ifie d  zeo lite  in  th e ir  study. D e so rp tio n  o f  b ro m id e  w as found  to  b e  
ap p ro x im a te ly  lin e a r w ith  in c reas in g  ch ro m ate  so rp tio n . T h e  p ro p o rtio n  o f  b ro m id e  
d eso rb ed  w as  a lm o st tw ice  th e  q u an tity  o f  ch ro m a te  so rbed . M o reo v e r, th ey  also  
fo u n d  th a t th e  p re se n c e  o f  in o rg an ic  p o llu tan ts  su ch  as P b 2+ and  o rg an ic  p o llu tan t 
su ch  as B T X  (B en zen e , T o lu en e  an d  X y lene) to g e th e r  in  th e  sam e  so lu tio n  d id  n o t 
d im in ish  H D T M A -z e o lite  ab ility  to  re ta in  e ith e r c la ss  o f  co m p o u n d . T h e  resu lts  
in d ica ted  th a t H D T M A -z e o lite  can  tre a t w a te rs  c o n tam in a ted  w ith  m ix tu res  o f  
p o llu tan ts  o f  w id e ly  v a ry in g  ch em istries .
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C o u n te r io n s  h av e  s ig n ific an t e ffec ts  on  th e  H D T M A  so rp tio n  on  zeo lite , 
ch ro m ate  o n  ca tio n ic -trea te d  ze o lite  and  a lso  a ffec t in  s ta b iliz in g  th e  so rb ed  ca tion ic  
b ilayer. T h e  H D T M A  so rp tio n  cap ac ity  on  zeo lite  fo llo w s B r > C r > H S 0 4\  
In co n tras t, th e  ch ro m a te  so rp tio n  cap ac ity  fo llo w s H S 0 4> B r > C r .  T h a t in d ica ted , 
th e  e x c h a n g e a b ility  o f  th e  co u n te rio n  is m o re  im p o rtan t th an  th e  to ta l H D T M A  
lo ad in g  in  co n tro llin g  th e  am o u n t o f  ch ro m ate  ad so rb ed  b y  H D T M A -tre a ted  zeo lite . 
H D T M A -H S C L -trea ted -zeo lite  sh o w ed  th e  g rea te s t ch ro m a te  so rp tio n  b u t in d u stria l 
g rad e  H D T M A -H S O 4 is n o t cu rren tly  av a ilab le . T h u s, it m ay  n o t b e  eco n o m ica l to  
p rep a re  H D T M A -H S C L -zeo lite  fo r en v iro n m en ta l ap p lica tio n . T h a t m eans 
H D T M A -B r-tre a te d -z e o lite  is m o re  p rac tic ab ility  (L i and  B o w m an , 1997).

S o rp tio n  o f  io n izab le  o rg an ic  so lu tes  b y  S M Z  w as s tu d ied  b y  Li et al. 
(2000). T h e  re su lts  o f  th is  s tu d y  d em o n stra te  th a t so rp tio n  o f  o rg an ic  co n tam in an ts  
in c reased  w h e n  in c reased  su rfac tan t lo ad in g  up  to  eq u iv a len t m o n o la y e r cov erag e  
(1 0 0 m m o l/k g ). B ey o n d  m o n o lay e r cov erag e , fu rth e r in c reases  in  su rfac tan t lo ad in g  
d id  n o t e n h an ce  so rp tio n  o f  o rg an ic  co n tam in an ts  at n eu tra l pH . O n  th e  o th e r hand , 
th e  so rp tio n  o f  th e  io n izab le  o rg an ic  co m p o u n d s  su ch  as p h en o l an d  an ilin e  v aried  as 
a  fu n c tio n  o f  b o th  p H  and  su rfac tan t lo ad in g  on  th e  zeo lite . W h en  so lu tio n  pH  is 
such  th a t th e  n eu tra l fo rm  o f  an  io n izab le  sp ec ies  d o m in a te s , no  so rp tio n  
en h an cem en t o ccu rs  in  tre a tin g  th e  S M Z  b ey o n d  m o n o la y e r co v erag e . A t p H  va lu es 
w h ere  io n ized  sp ec ie s  are im p o rtan t, so rp tio n  to  S M Z  at b ilay e r co v erag e  w ill be  
en h an ced  o r d e p re sse d  d ep en d in g  u p o n  th e  ion ic  charge .

Li an d  B o w m an  (1 9 9 8 ) s tu d ied  th e  so rp tio n  o f  P e rch lo ro e th y le n e  (P C E ) b y  
S M Z  as c o n tro lle d  b y  su rfac tan t load ing . S o rp tio n  o f  P C E  on  S M Z  o ccu rred  th ro u g h  
p a rtitio n in g  o f  P C E  in to  th e  o rg an ic  p h ase  fo rm ed  b y  th e  su rfac tan t o n  th e  zeo lite  
su rface . T h e  P C E  so rp tio n  co e ffic ien t o n  S M Z  is a  fu n c tio n  o f  th e  su rfac tan t lo ad in g  
and  re su ltan t o rg an ic  p h ase  density . A t b e lo w  fu ll m o n o la y e r co v e rag e  and  h ig h e r 
su rfac tan t lo a d in g  levels, th e  P C E  so rp tio n  is m o st e ffec tiv e . In  b ila y e r  P C E  so rp tio n  
th e  e ffic ien cy  d ec rea sed  due  to  in c reased  d e n s ity  o f  th e  h y d ro p h o b ic  co re  o f  the  
so rb ed  su rfac tan t b ilayer. T h e  re su lts  rev ea led  th e  g rea te r h y d ro p h o b ic ity  o f  the  
m o n o lay e r- v e rsu s  th e  b ilay e r-m o d ified  su rface  m ig h t b e  a  re su lt o f  th e  g rea te r P C E  
so rp tio n  e ffic ie n cy  ex h ib ited  b y  th e  m o n o lay e r sy stem s.
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2.6 Regeneration of SMZ

S M Z  has d em o n stra ted  its  ab ility  to  rem o v e  a v a rie ty  o f  co n tam in an ts . 
H o w ev er, S M Z  h as  a fin ite  so rp tio n  cap a c ity  for d iffe re n t co n tam in an ts . 
S u ccessfu l re g e n e ra tio n  o f  S M Z  ap p ears  to  b e  th e  k ey  fac to r fo r its  ap p lica tio n s  in  
w as te  trea tm en t. Li and  B o w m an  (1999) s tu d ied  th e  re g e n e ra tio n  o f  S M Z  after 
sa tu ra tio n  w ith  co n tam in an ts . T h ey  hav e  sh o w n  th a t c h ro m a te -sa tu ra te d  S M Z  can  be 
trea ted  w ith  a  c a rb o n a te  so lu tio n , w h ere  th e  ch ro m a te  w as re p la c e d  b y  ca rb o n a te  
an d /o r h y d ro x id e  an io n s. B y  rin s in g  w ith  HC1 so lu tio n , th e  c a rb o n a te  so rbed  on 
su rfac tan t b ila y e r  reac ts  w ith  p ro to n s  to  fo rm  C O 2 th a t e scap e  from  th e  su rface  and 
so lu tio n , le a v in g  cr  as th e  co u n te rio n . H o w ev er, th e  p ro d u c tio n  o f  C O 2 gas 
d ecreased  th e  h y d rau lic  co n d u c tiv ity , re su ltin g  in no  fu rth e r d ra in ag e  u n d e r grav ity , 
in d ica tin g  th a t th is  m e th o d  w as no t a  p rac tica l reg e n e ra tio n  sch em e. A n  a lte rn a tiv e  
m e th o d  w as a lso  s tu d ied  b y  u s in g  so d iu m  d ith io n ite  so lu tio n  to  red u c e  C r (V I) to  
C r (III). R e d u c tio n  o f  ch ro m ate  to  C r ( in )  frees up  an io n  ex c h a n g e  sites  fo r fu rther 
ch ro m ate  so rp tio n . T h e  ca tio n ic  C r (III) is lik e ly  s tro n g ly  b o u n d  to  th e  S M Z  by  
ca tio n  ex c h a n g e  an d /o r p rec ip ita tio n  as h y d ro x id es. E a rly  b re a k th ro u g h  w as found  
a fte r re g en e ra ted  b y  so d iu m  d ith io n ite  so lu tion . T h e  b e h a v io r  o f  th e  d ith io n ite - 
reg en era ted  m a te ria l su g g ests  a d ecrease  in  ch ro m a te  so rp tio n  a ffin ity  an d /o r ch ange  
in  h y d rau lic  p ro p e rtie s  o f  th e  S M Z  th a t resu lt in  in c reased  h y d ro d y n am ic  d isp ersio n . 
T h e  re su lts  a lso  sh o w ed  th a t P C E -sa tu ra ted  S M Z  co u ld  b e  fu lly  re g en e ra ted  by  a ir 
stripp ing .

C h a n g in g  th e  pH  o f  the  so lu tio n  is an  a lte rn a tiv e  m e th o d  to  reg en era te  
su rfa c ta n t-m o d ified  ad so rb en ts . M alak u l et al. (1 9 9 8 ) fo u n d  th a t th e  ad so rp tio n  o f  
m eta l ions in to  m o d ifie d -c la y  co m p lex es  h as  a  s tro n g  p H -d ep en d en t. F o r the  
cad m iu m  a d so rp tio n  b y  th e  m o d ified -c lay  co m p lex es , it w as fo u n d  th a t h ig h  m eta l 
ad so rp tio n  c a p a c ity  co u ld  b e  o b ta in ed  at p H  7, w h ile  th e re  is n eg lig ib le  m eta l 
ad so rp tio n  at p H  3. F o r the  co p p e r ad so rp tio n , it w as  fo u n d  th a t no  u p tak e  o f  co p p er 
a t pH  3 w h ile  a t p H  8 c o p p e r ions are ad so rb ed  stro n g ly . It is su g g ested  tha t the 
ad so rp tio n  o f  m e ta l ions on  su rfac tan t-m o d ified  a d so rb en ts  is re v e rs ib le  m echan ism . 
T h e  sh ift o f  p H  fro m  h ig h  to  low  v a lu es  can  be  u sed  to  tran sfo rm  th e  ad so rb en ts  from  
a s ta te  o f  “h ig h ” a ffin ity  for m e ta l ions (ad so rp tio n ) to  o n e  o f  “ lo w ” a ffin ity
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(d eso rp tio n ). T h u s ch an g in g  p H  o f  th e  so lu tio n  can  c o n v e n ie n tly  b e  u sed  to 
reg en e ra te  su rfa c ta n t-m o d ified  adso rben ts.
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