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C o g e n e ra tio n  o f  s team  an d  e le c tr ic ity  is a  s tan d a rd  p rac tic e  in  th e  su g a rcan e  
in d u s try  w o rld w id e . F o r  T h a ilan d , 2 2 %  o f  th e  sm all p o w e r  p ro d u ce rs  (S P P s) u se  b ag asse  
as a  fuel, th u s  g e n e ra tin g  a  la rg e  q u an tity  o f  fly  ash  an d  resid u es. T h e  p u rp o se  o f  th is  
re sea rch  is to  c o n v e rt b ag asse  (B ) and  b a g a sse  fly  a sh  (B F A ) in to  in e x p e n s iv e  and 
e ffec tiv e  rem o v a l m a te ria ls  fo r  lead  (P b ) and  ch ro m iu m  (C r) and  to  assess  th e  e ff ic ien c ie s  
o f  c em en titio u s  so lid if ic a tio n  o f  sp en t m a te ria ls  fo r d isp o sa l in  lan d fill an d  to  d ev e lo p  
c o n s tru c tio n  m a te ria ls  nam ely ; in te rlo c k in g  c o n c re te  p av in g  b lo c k s  and  h o llo w  n o n -lo ad - 
b ea rin g  c o n c re te  b locks.

T h e  b a tc h  s tu d y  re su lts  in d ica ted  th a t rem o v al e ff ic ie n cy  o f  P b , to ta l C r, and  C r 
(V I) in c reased  w ith  in c re a s in g  co n ta c t tim e , and a m o u n t o f  m ate ria l app lied . T he 
m ax im u m  re m o v a ls  o f  P b  an d  C r w e re  o b ta in ed  a t p H  6 and  p H  1, re sp ec tiv e ly . B F A  w as 
a b e tte r  ad so rb en t fo r  Pb th an  B. T h e  rem o v a l o f  C r(V I) m ay  in v o lv e  tw o  p rocesses, 
nam ely , re d u c tio n  o f  C r(V I) to  C r ( n i )  and  ad so rp tio n  o f  C r(V I) and C r ( in ) .  R ed u c tio n  
w as like ly  th e  m a jo r C r(V I) rem o v a l m ech an ism  th an  a d so rp tio n  in  B w h ile  th e  rev e rse  
w as tru e  fo r  B F A . T h e  h y d ro x y l g ro u p s  in  ce llu lo se  s tru c tu re  o f  B  w ere  fo u n d  to  b e  th e  
p o ten tia l m a jo r re d u c tio n  sites. P o rtlan d  ce m e n t h y d ra tio n  w as  in h ib ited  by  th e  in c rea se  in 
th e  a m o u n ts  o f  B  an d  B F A , re su ltin g  in  p o o r  s tren g th  p erfo rm an ce . T h e  c o m p ress iv e  
s tren g th s  in c rea sed  w ith  cu rin g  tim e  and  a  3 -d ay  cu rin g  p e rio d  w as  en o u g h  to  m ee t th e  
s tren g th  re q u ire m e n t o f  lan d fill s tan d a rd s  (3 .5  k sc ) fo r  5 and  10%  re p la c e m en t w ith  B and  
B F A  resp ec tiv e ly . C o n c e n tra tio n s  o f  lead  an d  ch ro m iu m  in le ach a te  fo rm  all so lid ified  
p ro d u c ts  w e re  b e lo w  th e  lim its  (5 m g /L ) e s tab lish ed  by  th e  M in is try  o f  In d u s tr ie s  N o .6, 
B E. 2 5 4 0  (1 9 9 7 ). B F A  h a s  h ig h  e ffic ien cy  fo r  partia l c em e n t rep lacem en t u p  to  3 0 %  in 
in te rlo ck in g  p av in g  c o n c re te  b lo c k  and  h o llo w  n o n -lo a d -b e a rin g  co n c re te  b lo ck  
co n stru c tio n . T h is  a lte rn a tiv e  tre a tm e n t p ro cess  m ay v e ry  w e ll b e  th e  ch o ice  fo r  P b  o r  C r 
rem oval. I t u tiliz e s  w a s te s  fro m  o th e r fac to ry  to  tre a t w aste . T h is  is an  e x am p le  o f  
co m p reh en s iv e  w a s te  m a n a g e m e n t su itab le  fo r  su sta in ab le  d ev e lo p m en t.

F ie ld  o f  s tu d y  E n v iro n m e n ta l M a n a g e m e n t (In te r-D ep a rtm en t)
A cad em ic  y e a r ..2005



V I

ACKNOWLEDGEMENTS

I w o u ld  lik e  to  ex p ress  m y  p ro fo u n d  g ra titu d e , g re a te s t ap p rec ia tio n  to  m y 
ad v iso r, D r. M a n a sk o rn  R ach ak o rn k ij, fo r h is  v a lu ab le  ad v ice , en th u sia s tic  su p p o rt 
and  e n c o u ra g e m e n t th ro u g h o u t th is  re se a rch  w ork . H is k in d n ess  w ill a lw ay s be 
rem em b ered .

I am  v e ry  th a n k fu l to  P rof. D r. M e th i W ech ara tan a , m y  co -a d v iso r fo r his 
v a lu a b le  su g g e s tio n s  an d  assis tan ce . I a lso  w o u ld  like  to  th an k  D r. S u th a  K h ao d h ia r, 
C h a irm a n  o f  th e  c o m m itte e , D r. N u tth ap o l A sadatho rn , D r. C h an tra  T o n g cu m p o u , Dr. 
W it S o o n ta ran u n , and  D r. K h e m a ra th  O sa th ap h an  m em b ers  o f  th e s is  co m m ittee  fo r 
th e ir  in v a lu a b le  su g g e s tio n s  and  co m m en ts  d u rin g  th is  study.

S u p p o rt fo r  th is  w o rk  w a s  also  p ro v id ed  by  a g ran t fro m  S uan  D u sit R a jap h a t 
U n iv e rs ity  an d  N a tio n a l R e se a rc h  C en te r  fo r  E n v iro n m en ta l and  H a z a rd o u s  w as te  
m a n a g e m e n t (N R C -E H W M ). W ith o u t th e se  scho la rsh ips, th is  re se a rch  w ill n o t be 
ach iev ed .

I w o u ld  lik e  to  a ck n o w led g e  th e  S arabu ri S u g ar C rnpany  L im ited  fo r th e  
m a te ria l (b a g a sse  an d  b ag a sse  fly  ash) fo r  th is  research . S p ec ia l th an k  to  th e  
la b o ra to ry  s ta ffs  an d  o ffic e rs  o f  H a z a rd o u s  W aste  L ab o ra to ry , D e p a rtm en t o f  
E n v iro n m e n ta l E n g in e e r in g , E n v iro n m e n ta l R esea rch  In s titu te  o f  C h u la lo n g k o rn  
U n iv e rs ity  (E R IC ), N a tio n a l R e se a rc h  C e n te r  fo r E n v iro n m en ta l and H a za rd o u s  
W a s te  M a n a g e m e n t (N R C -E H W M ), and  Soil M ech an ica l L ab o ra to rie s  o f  th e  
D e p a rtm e n t o f  C iv il E n g in e e rin g , C h u la lo n g k o rn  U n iv e rs ity  fo r th e ir  lab in s tru m en ta l 
su p p o rtin g , th e ir  g u id an ce , and  he lp  d u rin g  th e  co u rse  o f  study.

S p ec ia l an d  h e a r tie s t th a n k s  sh o u ld  g o  to  D r. N u rak  G risad an u rak , M r. C haisri 
T h a ra sa w a tp ip a t, an d  M rs. W a le p o rn  S rip en p rap a  fo r th e ir  g u id a n c e  and  help  in 
L a n g m iu r-H in sh e lw o o d  m odel, ad so rp tio n , and A to m ic  A b so rp tio n  
S p e c tro p h o to m e te r , re sp ec tiv e ly .

I w ish  to  ex p re ss  s in ce re  g ra titu d e  to  m y p aren ts , m y siste rs, and  m y frien d s a t 
N R C -E H W M  fo r  th e ir  lo v e  an d  co n tin u ed  su p p o rt at all tim es. H o w ev er, by  far th e  
b ig g e s t th a n k s  m u s t g o  to  m y so u l m ate , S eree  T uprakay , and  m y  b e lo v ed  dog, K ai- 
T o m , fo r th e ir  love , e n c o u ra g e m en t, and  in ce ssan t support. T h is w o rk  w o u ld  n o t have 
b een  p o ss ib le  w ith o u t  th e ir  m o ra l support.



CONTENTS

A B S T R A C T  (IN  T H A I) ............................................................................................................... iv
A B S T R A C T  (IN  E N G L IS H ) ......................................................................................................  V
A C K N O W L E D G E M E N T S  ........................................................................................................ v i
C O N T E N T S  ...................................................................................................................................... v ii
L IS T  O F  F IG U R E S  ...........................................................................................................................  X
L IS T  O F  T A B L E S  ........................................................................................................................x v ii
N O M E N C L A T U R E  ............................................................................................................................xx i

C H A P T E R  I IN T R O D U C T IO N .....................................................................................................  1
1.1 S ta tem en t o f  th e  P r o b le m .......................................................................... 1
1.2 O b jec tiv e s  ......................................................................................................  2
1.3 S co p es  o f  th e  S tudy  ....................................................................................  2
1.4 B e n e fits  o f  th e  S tudy  ................................................................................. 3

C H A P T E R  II B A C K G R O U N D S  A N D  L IT E R A T U R E  R E V IE W ..................................  4
2.1 S u g a r P r o d u c t io n ..............................................................................................  4
2 .2  L ead  and  C h ro m iu m ........................................................................................  9
2.3 T h eo ry  o f  A d so rp tio n ....................................................................   13
2 .4  T h eo ry  o f  C r(V I) R e d u c t io n .........................................................................23
2 .5  P o rtlan d  C e m e n t..............................................................................................  29
2 .6  S o lid if ic a tio n /S tab iliz a tio n  P r o c e s s .......................................................... 41
2 .7  C o n c re te  B lo c k s .................................................................................................55

C H A P T E R  i n  R E S E A R C H  M E T H O D O L O G Y ....................................................................... 60
3.1 M a te ria ls  an d  C h e m ic a ls ............................................................................  60

3.1 .1  B a g a s se .............................................................................................  60
3 .1.2 B ag asse  F ly  A sh ........................................................ 61
3 .1 .3  P o rtlan d  C e m e n t..............................................................................61

Page



V lll

3 .1 .4  R iv e r sand  and  C ru sh ed  S to n e .................................................. 61
3 .1 .5  M ix in g  W a te r ................................................................................  61
3 .1 .6  S y n th e tic  W a s te w a te r ................................................................. 62

3 .2  E x p e rim e n ta l P ro cess  D ia g ra m .................................................................  63
3 .2 .1  S tep  1: P h y s ica l and  C h em ica l C h a ra c te ris tic  S tu d y  . . .6 4
3 .2 .2  S tep  2: P b (II)  and  C r(V I) R em o v al S tu d y .............................65
3 .2 .3  S tep  3: S o lid if ic a tio n /S tab iliz a tio n  S tu d y ............................. 66
3 .2 .4  S tep  4: C o n s tru c tio n  M a te ria ls  S tu d y ....................................67

3.3 E x p e rim e n ta l P ro g ra m s ................................................................................. 68
3.3 .1  P h y s ica l C h a ra c te ris tic  S tu d y .................................................  68
3 .3 .2  C h em ica l C h a ra c te ris tic  S tu d y ............................................... 71
3 .3 .3  R em o v a l S tu d y ..............................................................................  75
3 .3 .4  S o lid if ic a tio n /S ta b iliz a tio n  S tu d y ............................................76
3 .3 .5  C o n s tru c tio n  M a te ria l S tu d y ......................................................80

C H A P T E R  IV  R E S U L T S  A N D  D IS C U S S IO N ....................................................................... 83
4.1 P h y s ica l C h a ra c te ris tic  S t u d y ......................................................................83

4 .1 .1  B u lk  S p ec ific  G ra v ity ................................................................... 83
4 .1 .2  P o re  size, P o ro s ity , and  S p ec ific  P o re  V o lu m e .................84
4 .1 .3  P a rtic le  S ize  D is tr ib u tio n ............................................................ 85
4 .1 .4  S p ec ific  S u rface  A re a ................................................................... 86
4 .1 .5  M o rp h o lo g y ....................................................................................  87

4 .2  C h em ica l C h a ra c te ris tic  S t u d y ................................................................. 88
4 .2 .1  B u lk  C h em ica l C o m p o s itio n ..................................................  88
4 .2 .2  M in e ra lo g y  C o m p o s it io n ............................................................ 92
4 .2 .3  L o ss  o n  Ig n itio n  (L O I) ................................................................. 93
4 .2 .4  pH .......................................................................................................  94
4 .2 .5  A b so rp tio n  C a p a c ity ..................................................................... 94
4 .2 .6  F u n c tio n a l G ro u p ............................................................................94

Page



ix

4.3 R em o v a l S tu d y ..................................................................................................... 96
4 .3 .1  R e m o v a l o f  L e a d ........................................................................... 96
4 .3 .1  R e m o v a l o fH e x a v a le n t  C h ro m iu m ...................................  110

4 .4  S o lid if ic a tio n /S ta b iliz a tio n  S tu d y ...........................................................  126
4 .4 .1  B a g a s s e .............................................................................................. 126
4 .4 .2  B a g a sse  F ly  A s h ............................................................................. 139

4 .5  C o n s tru c tio n  M a te r ia ls  S t u d y ..................................................................  153
4 .5 .1  E ffe c t o f  A g g reg a te  P ro p o r tio n ............................................. 153
4 .5 .2  E ffe c t o f  P e rc e n ta g e  o f  R e p la c e m e n t.................................  154
4 .5 .3  E ffe c t o f  W a te r- to -C e m e n t R a t io ........................................... 157
4 .5 .4  E ffe c t o f  C u rin g  T im e ................................................................. 157
4 .5 .5  L e a c h a te  C h a ra c te ris tic s ............................................................ 157
4 .5 .6  E q u a tio n  D e v e lo p m e n t...............................................................162
4 .5 .5  T e s t o f  E q u a tio n s ........................................................................167

4 .6  E c o n o m ic  B e n e fit  S tu d y ................................................................................172

C H A P T E R  V  C O N C L U S IO N S  A N D  R E C O M M E N D A T IO N ......................................  186

5.1 C o n c lu s io n s .......................................................................................   186
5 .1 .1  R e m o v a l S t u d y ..........................................................................  186
5 .1 .2  S o lid if ic a tio n /S ta b iliz a tio n  S tu d y  (ร /ร  S tu d y )................188
5 .1 .3  C o n s tru c tio n  M a te ria l S t u d y ...................................................188
5 .1 .4  E c o n o m ic  B e n e fit S t u d y ...................................................... 189

5 .2  R e c o m m e n d a tio n s ......................................................................................... 190

R E F E R E N C E S ........................................................................................................................................  191
A P P E N D IC E S ..........................................................................................................................................200
B IO G R A P H Y .......................................................................................................................................... 268

Page



X

LIST OF FIGURES

Figure No. Figure Caption Pages

2.1 P ro cess  o f  S u g a r  P r o d u c t io n ................................................................................. 7
2 .2  P ro cess  o f  B a g a sse  M a n a g e m e n t................................................................ 8
2 .3 P re d o m in a n c e  D ia g ra m s  in  A q u e o u s  S o lu tio n  o f  L e a d  S p ec ies . . . .  12
2 .4  P red o m in an ce  D ia g ra m s  in  A q u e o u s  S o lu tio n  o f  C r(V I) S pecies,

fo r C h ro m iu m  C o n c e n tra tio n  o f  7* 1 O'4 M ...............................................  13
2 .5  S tru c tu re  M o d e ls  o f  C lin k e r  M a jo r  C o m p o n e n ts  (a) C 3 S,

(b) C 2S, (c ) C 3A, (d ) C 4A F ................................................................................ 31
2 .6  S ch em atic  V ie w  o f  H y d ra tio n  P ro c e sse s  O ccu rrin g  D u rin g  th e

F irs t F ew  H o u rs  o f  D a y s .................................................................................... 34
2 .7  D ia g ra m m a tic  R e p re se n ta tio n  o f  th e  V o lu m e tr ic  P ro p o rtio n s :

(a) B e fo re  H y d ra tio n  and  (b) D u rin g  H y d r a t io n ....................................  36
2 .8  V a rio u s  P o ss ib ilit ie s  fo r  th e  In te ra c tio n  o f  H a z a rd o u s  S u b stan ces

w ith  C e m e n t ................................................................................................................ 42
2 .9  T y p e  o f  S o lid if ic a tio n /S ta b iliz a tio n  P r o c e s s ................................................44
2 .1 0  In te rlo ck in g  C o n c re te  P a v in g  B lo c k s  (a ) T h ick n ess  60  m m . and

(b) T h ic k n e ss  100 m m ............................................................................................58
2.11 H o llo w  N o n -L o a d -B e a tin g  C o n c re te  B lo ck s  (a) W id th  70  m m . and

(b) W id th  90  m m .......................................................................................................58
3.1 B ag asse  (a ) B e fo re  A c id  T re a tm e n t and

(b) A fte r  A c id  T r e a tm e n t ...................................................................................... 62
3 .2  B a g asse  F ly  A sh  (a )  B e fo re  S iev in g  and  (b ) A fte r  S ie v in g .......  62
3.3 (a) O rd in a ry  (T y p e  I)  P o rtla n d  C em en t, (b ) R iv e r S and  and

(c) C ru sh ed  S to n e .......................................................................................................63
3 .4  S ch em atic  D ia g ra m  o f  th e  R e s e a r c h ....................................................  63
3.5 S ch em atic  D ia g ra m  o f  S tep  2: P b (II)  and  C r(V I) R em o v a l

S tu d y .............................................................................................................................  65
3 .6  S ch em a tic  D ia g ra m  o f  S tep  3 : S o lid if ic a tio n /S ta b iliz a tio n  S tudy  ... 66



xi

ges

67
70

72

73

73
78
78
78
79
79
79
81
81
81
82

82
85
86

.87

87
89

.93

.95

Figure Caption

S ch em atic  D ia g ra m  o f  S tep  4: C o n s tru c tio n  M a te r ia ls  S tu d y  ..
S can n in g  E le c tro n  M ic ro sc o p e  M o d e l JE O L  JS M -6 4 0 0 .............
(a) P h ilip s  X -ray  F lu o re sc e n c e  S p e c tro m e te r  M o d e l P W  2 4 0 0  
and  (b) P re p a re d  S am p le  fo r A n a ly z e .................................................
(a ) B ru k e r  X -ray  D iffra c tio n  sp e c tro m e te r  M o d e l D  8 and
(b) P rep a red  S am p le  fo r  A n a ly z e ............................................................
E x am p le  o f  X R D  S p e c tra  (a) N o n c ry s ta llin e  P h a se  and
(b) C ry sta llin e  P h a s e s ..................................................................................
P e rk in -E lm er M o d e l 800  A to m ic  A b so rp tio n  S p e c tro m e te r . ...
p H  M e te r  C o n so rt M o d e l c  8 3 0 ..................................... .....................
DCA FIS 501 S h a k e r ....................................................................................
C o n c re te  M i x e r .............................................................................................
C u b ic  M o u ld , 5x5x5  cm 3...........................................................................
3 0 -T o n s C o m p re ss iv e  S tren g th  T e s t M a c h in e ................................
A g ita to r  M a c h in e .........................................................................................
IK A H S  501 S h a k e r ....................................................................................
DCA H S  501 S h a k e r ....................................................................................
5 0 0 -T o n s C o m p re ss iv e  S tren g th  T e s t M a c h in e ............................
T y p e  o f  3D  g rap h s  (a ) P lan , (b ) G au ssian , (c ) P a rab o lo id , and
(d) L o r e n tz a in .............................................................................................
P a rtic le  S ize D is tr ib u tio n  o f  B a g a s s e ..................................................
P a rtic le  S ize D is tr ib u tio n  o f  B a g a sse  F ly  A s h .................................
S can n in g  E le c tro n  M ic ro g ra p h  fo r  (a) B ag asse  and
(b) B ag asse  F ly  A sh  (M a g n if ic a tio n  1500 x ) ...................................
S can n in g  E le c tro n  M ic ro g ra p h  fo r  U n tre a te d  B a g asse
(M ag n ific a tio n  1500 x ) ...............................................................................
S tru c tu re  o f  C e llu lo se ................................................................................
X R D  P a tte rn s  o f  (a ) B ag asse  and  (b) B a g a sse  F ly  A s h ..............
F T -IR  sp ec tra  o f  (a ) B ag asse  and  (b) B a g a sse  F ly  A s h ..............



X l l

Figure No. Figure Caption Pages

4 .8  E ffe c t o f  C o n tac t T im e o n  (a) R em o v a l o f  P b (II )  and  (b) A m o u n t
R e m o v e d  o f  P b (II)  (so lu tio n  p H  4, in itia l c o n c e n tra tio n  10 m g/L , 
d o se  10 g /L )m g /g ) ..................................................................................................... 97

4 .9  E ffe c t o f  In itia l C o n cen tra tio n  on  (a) R em o v a l o f  P b (II)  and  (b) 
A m o u n t R em o v ed  o f  P b (II)  by  B a g a sse  (c o n ta c t tim e  60  m in,
d o se  10 g /L ) ................................................................................................................. 99

4 .1 0  E ffe c t o f  In itia l C o n cen tra tio n  on  (a) R em o v a l o f  P b (II)  and  (b) 
A m o u n t R em o v ed  o f  P b (II)  by  B a g a sse  F ly  A sh  (c o n ta c t tim e
60  m in , d o se  10 g /L ) ...................................................................................  100

4 .11  E ffe c t o f  S o lu tio n  p H  o n  (a) R em o v a l o f  P b (II)  an d  (b ) A m o u n t
R e m o v e d  o f  P b (II)  by  B a g asse  at D iffe re n ce  In itia l C o n c e n tra tio n  
(c o n ta c t tim e  60 m in, d o se  10 g /L ) .................................................................  102

4 .1 2  E ffe c t o f  S o lu tio n  p H  o n  (a) R em o v a l o f  P b (II )  and  (b) A m o u n t
R e m o v e d  o f  P b (II)  by  B ag asse  F ly  A sh  a t D iffe re n ce  In itia l 
C o n c e n tra tio n  (c o n ta c t t im e  60  m in, d o se  10 g /L ) ................................... 103

4 .1 3  E ffe c t o f  D o sag e  on  (a) R em o v al o f  P b (II)  an d  (b ) A m o u n t 
R e m o v e d  o f  P b (II)  (co n tac t tim e  60  m in , in itia l c o n c e n tra tio n
80 m g /L , so lu tio n  p H  6 ) ........................................................................................ 106

4 .1 4  Iso th e rm s fo r R em o v al o f  P b (II)  o n to  B a g a sse  and  
B a g a sse  F ly  A sh  (c o n ta c t tim e  60 m in, in itia l c o n c e n tra tio n
80 m g /L , so lu tio n  p H  6 ) .........................................................................................107

4 .1 5  L in e a riz ed  (a) L an g m u ir and  (b) F re u n d lic h  I s o th e rm s .........................109
4 .1 6  E ffe c t o f  C o n tac t T im e o n  C o n c e n tra tio n  o f  T o ta l C r, Cr(VT) 

and  C r(III)  by  (a) B ag asse  and  (b) B a g a sse  F ly  A sh  (so lu tio n
p H  2, in itia l co n cen tra tio n  10 m g/L , d o se  20  g /L ) ................................... 111

4 .1 7  E ffe c t o f  C o n tac t T im e o n  R e m o v a l E ff ic ie n c y  o f  T o ta l C r 
and  C r(V I) by  (a) B ag asse  and  (b) B a g a sse  F ly  A sh  (so lu tio n  
p H  2, in itia l co n cen tra tio n  10 m g/L , d o se  2 0  g /L ) 1 1 2



X lll

4 .1 8  E ffe c t o f  C o n tac t T im e o n  P e rc e n ta g e  o f  P a rtia l R e d u c tio n  by  
B a g a sse  (B ) and  B ag asse  F ly  A sh  (B F A ) (so lu tio n  p H  2,
in itia l co n cen tra tio n  10 m g/L , d o se  20  g /L ) ................................................ 114

4 .1 9  E ffe c t o f  S o lu tio n  p H  and  In itia l C o n c e n tra tio n  on  P e rcen t
R em o v a l o f  T o ta l C r by  (a) B a g asse  and  (b) B a g a sse  F ly  A sh  
(c o n ta c t tim e  60 m in, d o se  20  g /L ) .................................................................  116

4 .2 0  E ffe c t o f  S o lu tio n  p H  and  In itia l C o n c e n tra tio n  on  P e rcen t
R e m o v a l o f  Cr(VT) by  (a) B ag asse  an d  (b ) B a g a sse  F ly  A sh  
(c o n ta c t tim e  60  m in, d o se  20  g /L ) .................................................................  118

4.21 E ffe c t o f  D o sag e  o n  F in a l C o n c e n tra tio n  b y  (a ) B a g a sse  and  
(b ) B ag asse  F ly  A sh  (c o n ta c t tim e  60  m in, in itia l c o n c e n tra tio n
80  m g /L , so lu tio n  p H  1 )........................................................................................ 121

4 .2 2  E ffec t o f  D o sag e  on  R em o v a l E ff ic ie n cy  b y  (a) B a g a sse  and 
(b ) B ag asse  F ly  A sh  (c o n ta c t tim e  60  m in, in itia l c o n c e n tra tio n
80  m g/L , so lu tio n  p H  1 ) .......................................................................................  122

4 .23  E ffe c t o f  D o sag e  o n  P e rc e n ta g e  o f  P a rtia l R e d u c tio n  by
(a ) B ag asse  and  (b) B ag asse  F ly  A sh  (c o n ta c t  tim e  60  m in,
in itia l co n cen tra tio n  80 m g/L , so lu tio n  p H  1 ) ............................................  123

4 .2 4  T e s t o f  L a n g m iu r-H in sh e lw o o d  M o d e l fo r  Cr(VT) R em o v al
by  B ag asse  and  B a g asse  F ly  A sh  (c o n ta c t tim e  60  m in , in itia l 
co n cen tra tio n  80 m g/L , so lu tio n  p H  1 ) ..........................................................125

4 .25  M o rta r  S p ec im en s w ith  C e m e n t R ep la c e d  by  B a g a sse  a t (a) 0% ,
(b ) 10% , (c) 15%  and  (d) a fte r  C o m p re ss iv e  S tren g th  T e s t ...............  129

4 .2 6  X R D  S p ec tra  o f  M o rta rs  w ith  (a) 0%  re p la c e m e n t and (b) 5%  
re p la c e m en t w ith  B ag asse  a t w /c  ra tio  o f  0 .4 5  and  7 -d ay  
C u rin g  T im e

Figure No. Figure Caption Pages

130



X I V

Figure No. Figure Caption Pages

4 .2 7  D e v e lo p m e n t o f  (a ) C o m p ress iv e  S tren g th  and  (b) R e la tiv e  
C o m p re ss iv e  S tre n g th  o f  B a g a sse -C e m e n t M o rta r  a t D iffe ren t 
P e rc e n t R e p la c e m e n ts  and  W a te r- to -C em e n t R a tio s  a t 7 -d ay
C u r i n g .......................................................................................................................... 132

4 .2 8  D e v e lo p m e n t o f  (a ) C o m p ress iv e  S tren g th  and  (b) R e la tiv e  
C o m p re ss iv e  S tren g th  o f  Pb ad so rb ed  B a g a sse -C e m e n t M o rta rs  
a t D iffe re n t P e rc e n t R ep lacem en ts  and W a te r- to -C e m e n t R a tio s
a t 7 -d ay  C u r i n g ........................................................................................................ 133

4 .2 9  D e v e lo p m e n t o f  (a ) C o m p ress iv e  S tren g th  and  (b) R e la tiv e  
C o m p re ss iv e  S tren g th  o f  C r ad so rb ed  B a g a sse -C e m e n t M o rta r  
a t D iffe re n t P e rc e n t R ep lacem en ts  and W a te r- to -C e m e n t R a tio s
a t 7 -d ay  C u r i n g .......................................................................................................... 134

4 .3 0  D e v e lo p m e n t o f  (a ) C o m p ress iv e  S tren g th  and  (b) R e la tiv e  
C o m p re ss iv e  S tren g th  a t D iffe ren t C u rin g  T im es o f  B , B -P b ,
and  B -C r (w /c  ra tio  o f  0 .50 , 5%  re p la c e m e n t) ...........................................  136

4 .31  M o r ta r  S p ec im en s  w ith  C em en t R ep laced  by  B a g a sse  F ly  A sh
a t 0, 10, 20, and  3 0 % ................................................................................................ 140

4 .3 2  X R D  S p e c tra  o f  M o rta rs  w ith  (a) 0%  re p la c e m en t and  (b) 15%
re p la c e m e n t w ith  B ag asse  F ly  A sh  a t w /c  ra tio  o f  0 .5 0  and  7 -d ay  
C u rin g  T im e .................................................................................................................. 143

4 .33  D e v e lo p m e n t o f  (a ) C o m p ress iv e  S tren g th  and  (b) R e la tiv e  
C o m p re ss iv e  S tre n g th  o f  B ag asse  F ly  A sh -C e m e n t M o rta r  at 
D iffe re n t P e rc e n t R ep lacem en ts  and W a te r- to -C e m e n t R a tio s
a t 7 -d ay  C u r in g ..........................................................................................................144

4 .3 4  D e v e lo p m e n t o f  (a ) C o m p ress iv e  S tre n g th  and  (b) R e la tiv e  
C o m p re ss iv e  S tre n g th  o f  Pb ad so rb ed  B a g asse  F ly  A sh -C e m e n t 
M o r ta r  at D iffe re n t P e rcen t R ep lacem en ts  and W a te r- to -C e m e n t 
R a tio s  a t 7 -d ay  C uring , 145



X V

Figure No. Figure Caption Pages

4 .3 5  D e v e lo p m e n t o f  (a) C o m p ress iv e  S tren g th  and  (b) R e la tiv e
C o m p re ss iv e  S tren g th  o f  C r A d so rb ed  B a g a sse  F ly  A sh -C e m e n t 
M o rta r  a t D iffe ren t P e rcen t R ep lacem en ts  and  W a te r- to -C e m e n t
R a tio s  a t 7 -d ay  C u rin g ........................................................................................... 146

4 .3 6  D e v e lo p m e n t o f  (a ) C o m p ressiv e  S tre n g th  and  (b ) R e la tiv e  
C o m p re ss iv e  S tren g th  a t D iffe ren t C u rin g  T im e s  o f  B F A ,
B F A -P b , and  B F A -C r (พ /c ra tio  o f  0 .50 , 10%  re p la c e m e n t) .............  148

4 .3 7  E ffe c t o f  A g g re g a te  P ro p o rtio n ; C e m e n t : S and  : C ru sh ed  S tone  
as 1 : 1 : 2 (A ), 1 : 1.1 : 1.9 (B ), 1 : 1.5 : 2.5 (C ), 1 : 2 : 3  (D ), 
and  1 : 3 : 5 (E ) on  C o m p ress iv e  S tren g th  (cu rin g  tim e  7 day, 
w /c  ra tio  0 .5 ) ...............................................................................................................153

4 .3 8  C o n c re te  S p ec im en s w h ich  (a) C em en t R e p la c e m e n t by  
B a g a sse  F ly  A sh  a t 0, 10, 20, and  30%  and  (b) a fte r
C o m p re ss iv e  S tren g th  T e s t.................................................................................. 154

4 .3 9  D e v e lo p m e n t o f  (a) C o m p ressiv e  S tren g th  and  (b ) R e la tiv e
C o m p re ss iv e  S tren g th  at D iffe ren t P e rc e n t R e p la c e m e n ts  o f  
Pb A d so rb e d  B ag asse  F ly  A sh -C em en t M o rta r  a t 7 -D a y  C u rin g  
T im e, C e m e n t : S and  : C rushed  S to n e  o f  1 : 1.1 : 1 .9 .............................155

4 .4 0  D e v e lo p m e n t o f  (a ) C o m p ress iv e  S tren g th  and  (b ) R e la tiv e
C o m p re ss iv e  S tren g th  at D iffe ren t P e rcen t R e p la c e m e n ts  o f  
C r A d so rb ed  B ag asse  F ly  A sh -C em en t M o rta r  at 7 -D a y  C u rin g  
T im e, C e m e n t : S and  : C rushed  S to n e  o f  1 : 1.1 : 1 .9 .............................156

4 .41 D e v e lo p m e n t o f  (a ) C o m p ress iv e  S tren g th  and  (b) R e la tiv e  
C o m p re ss iv e  S tren g th  at D iffe ren t w /c  ra tio s  o f  P b  A d so rb ed  
B a g asse  F ly  A sh -C em en t M o rta r  at 7 -D ay  C u rin g  T im e,
C e m e n t : S and  : C rushed  S to n e  o f  1 : 1.1 : 1 .9 ..........................................  158



X V I

4 .4 2  D e v e lo p m en t o f  (a ) C o m p ress iv e  S tre n g th  and  (b ) R e la tiv e  
C o m p ress iv e  S tre n g th  a t D iffe ren t w /c  ra tio s  o f  C r  A d so rb ed  
B ag asse  F ly  A sh -C e m e n t M o rta r  at 7 -D ay  C u rin g  T im e,
C em en t : S and  : C ru sh ed  S to n e  o f  1 : 1.1 : 1 .9 ........................................... 159

4 .43  D e v e lo p m en t o f  (a ) C o m p ress iv e  S tre n g th  and  (b ) R e la tiv e  
C o m p ress iv e  S tre n g th  a t D iffe ren t C u rin g  T im es  o f  P b  A d so rb ed  
B ag asse  F ly  A sh -C e m e n t M o rta r  a t 7 -D ay  C u rin g  T im e,
C em en t : S and  : C ru sh ed  S to n e  o f  1 : 1.1 : 1 .9 ..........................................  160

4 .4 4  D e v e lo p m en t o f  (a ) C o m p ress iv e  S tre n g th  and  (b ) R e la tiv e  
C o m p ress iv e  S tre n g th  a t D iffe re n t C u rin g  T im e  o f  C r  A d so rb ed  
B ag asse  F ly  A sh -C e m e n t M o rta r  at 7 -D ay  C u rin g  T im e,

Figure No. Figure Caption Pages

C em en t : Sand  : C ru sh ed  S to n e  o f  1 : 1.1 : 1 .9 ..........................................  161
4 .4 5  3D  G rap h  R e la tio n sh ip  b e tw e e n  C o m p re ss iv e  S tren g th , w /c  ra tio  

and  P e rc e n t R e p la c e m e n t o f  (a ) B F A , (b ) B F A -P b  and
(c) B F A -C r a t 3 -d ay  C u rin g  T im e ................................................................. 163

4 .4 6  3D  G rap h  R e la tio n sh ip  b e tw e e n  C o m p re ss iv e  S tren g th , w /c  ra tio  
and  P e rc e n t R e p la c e m e n t o f  (a ) B F A , (b ) B F A -P b  and
(c) B F A -C r at 5 -d ay  C u rin g  T im e ...................................................................... 164

4 .4 7  3D  G rap h  R e la tio n sh ip  b e tw e e n  C o m p re ss iv e  S tren g th , w /c  ra tio  
and  P e rc e n t R e p la c e m e n t o f  (a ) B F A , (b ) B F A -P b  and
(c) B F A -C r a t 7 -d ay  C u rin g  T im e ....................................................................165

4 .4 8  H o llo w  C o n c re te  B lo c k  (a ) B e fo re  and  (b ) A fte r  C o m p re ss iv e
S tren g th  T e s t ..............................................................................................................  168

4 .4 9  In te rlo ck in g  P a v in g  C o n c re te  B lo c k  (a) B e fo re  an d  (b ) A fte r
C o m p ress iv e  S tre n g th  T e s t .................................................................................  168

4 .5 0  C o n v en tio n a l P b  R e m o v a l P ro c e ss  o f  F a c to ry  A ........................................ 177
4.51 A lte rn a tiv e  Pb R e m o v a l P ro c e ss  o f  F a c to ry  A ............................................. 178
4 .5 2  C o n v en tio n a l W a s te  M a n a g e m e n t P ro c e ss  o f  S u g a r  F ac to ry  A A ....... 183
4 .53  A lte rn a tiv e  W a s te  M a n a g e m e n t P ro c e ss  o f  S u g a r F a c to ry  A A ............184



LIST OF TABLES

Table No. Table Caption Pages

2.1 In fo rm a tio n  o f  L ead  and  C h r o m iu m .................................................................10
2 .2  M a in  C o m p o u n d s  in  O rd in a ry  P o rtla n d  C e m e n t ..................................... 30
2.3 A p p ro x im a te  C o m p o sitio n  L im its  o f  P o rtla n d  C e m e n t ..........................31
2 .4  C h a ra c te ris tic s  o f  H y d ra tio n  o f  th e  C e m e n t C o m p o u n d s ...................... 33
2 .5  D im e n s io n s  and  T o le ran ces  o f  In te r lo c k in g  C o n c re te  P a v in g

B lo c k s .............................................................................................................................57
2 .6  D im e n s io n s  an d  T o le ran ces  o f  H o llo w  N o n -L o a d -B e a tin g

C o n c re te  B lo c k s .........................................................................................................58
2 .7  R e q u ire m e n t o f  C o m p ress iv e  S tren g th  o f  C o n c re te  B l o c k ................... 59
3.1 P h y s ica l C h a rac te riz a tio n  o f  B a g a sse  and  B a g a s se  F ly  A s h ................64
3 .2  C h em ica l C h a rac te riz a tio n  o f  B a g a sse  an d  B a g a s se  F ly  A s h ........... 64
3.3 R em o v a l E x p e r im e n ts ..........................................................................................  65
3 .4  S o lid if ic a tio n /S tab iliz a tio n  E x p e r im e n ts ........................................................66
3.5 C o n s tru c tio n  M a te ria ls  E x p e r im e n ts ...........................................................  68
4.1 B u lk  S p ec ific  G rav ity  o f  B ag asse , B a g a sse  F ly  A sh ,

P o rtlan d  C em en t, Sand  and  C ru sh ed  S t o n e ............................................  84
4 .2  P o re  size , P o ro sity , and  P o re  S p ec ific  V o lu m e  o f  B a g a sse  and

B ag asse  F ly  A s h ...................................................................................................  84
4 .3  P a rtic le  S izes o f  B ag asse  an d  B ag asse  F ly  A s h ........................................... 86
4 .4  M a in  C o m p o n en ts  o f  B a g a s s e ........................................................................ 89
4 .5  C h em ica l C o m p o sitio n  (พ /พ ; % ) o f  B ag asse , B a g a s se  F ly  A sh

an d  P o rtlan d  C e m e n t.................................................................................................90
4 .6  C h em ica l C o m p o sitio n  (พ /พ ; % ) o f  B a g a sse  F ly  A s h ............................. 91
4 .7  C o m p a riso n  o f  C h em ica l P ro p e rtie s  o f  B a g a s se  an d

B a g asse  F ly  A sh  w ith  A S T M  R e q u ire m e n t fo r  a  P o z z a la n a .................91
4 .8  E q u a tio n  and R e g re ss io n  V a lu es  o f  L a n g m iu r  an d

F ru n d lic h  Iso th e rm ..................................................................................................  108
4 .9  C o n s tan ts  V a lu es  o f  L an g m u ir and  F re u n d lic h  I s o th e rm ........................108

xvii



XV111

Table No. Table Caption Pages

4 .9  R ec o m m e n d e d  Iso th e rm  E q u a tio n  o f  B a g a s se  and  B a g asse
F ly  A s h .......................................................................................................................  108

4.11 T h e  K in e tic  A n a ly sis  D a ta  o f  B ag asse  an d  B a g a sse  F ly  A sh ............. 124
4 .1 2  L an g m iu r-H in sh e lw o o d  P a ram e te rs  fo r  Cr(VT) R em o v a l by

B a g a sse  and  B ag asse  F ly  A s h .............................................................................125
4 .13  C o m p ress iv e  S tren g th  and  R e la tiv e  C o m p re ss iv e  S tre n g th  at 

D iffe re n ce  P e rcen t R ep lacem en ts  and W a te r- to -C e m e n t R a tio s
o f  B , B -P b  and B -C r a t 7 -d ay  C u rin g  T im e ..................................................128

4 .1 4  T h e  tw o -w a y  A N O V A  R e su lts  o f  B a g a sse  a t 9 9 .5 0 %
C o n fid e n c e  L e v e l ................................................................................................... 128

4 .1 5  A m o u n t o f  R e leased  Pb fro m  B -P b , w ith  an d  w ith o u t P o rtlan d
C e m e n t at D iffe ren t w /c  ra tio s  and P e rc e n ta g e s  o f  R ep lacem en t 
( % R ) ..............................................................................................................................  137

4 .1 6  A m o u n t o f  R e leased  C r fro m  B -C r, w ith  an d  w ith o u t P o rtland
C e m e n t at D iffe ren t w /c  ra tio s  and P e rc e n ta g e s  o f  R ep lacem en t 
( % R ) .................................................................................................................................138

4 .1 7  C o n c e n tra tio n  o f  P b  and  C r in  leach a te  fro m  so lid if ie d  p ro d u c t
o f  B -P b  and  B -C r a t d iffe ren t cu ring  t i m e ................................................ 139

4 .18  C o m p re ss iv e  S tre n g th  and  R e la tiv e  C o m p re ss iv e  S tren g th  at 
D iffe re n c e  P e rcen t R e p la c e m e n ts  and  W a te r- to -C e m e n t R a tio s
o f  B F A , B F A -P b  and  B F A -C r at 7 -d ay  C u rin g  T i m e ...........................  141

4 .1 9  T w o -W a y  A N O V A  R esu lts  o f  B a g asse  F ly  A sh  a t 9 9 .5 0 %
C o n fid e n c e  I n te r v a l ...............................................................................................  142

4 .2 0  A m o u n t o f  R e leased  Pb fro m  B F A -P b , w ith  an d  w ith o u t
P o rtla n d  C em en t at D iffe re n t w /c  ra tio s  an d  R e p la c e m e n t R a tio s 
( % R ) ..............................................................................................................................  150

4 .21 A m o u n t o f  R e lea sed  C r fro m  B F A -C r, w ith  an d  w ith o u t P o rtlan d
C e m e n t a t D iffe ren t w /c  ra tio s  and R e p la c e m e n t R a tio s  (% R )..........  151



X I X

Table No. Table Caption Pages

4 .2 2  C o n c e n tra tio n s  o f  P b  and  C r fro m  S o lid if ied  M a tr ic e s  
In c o rp o ra tin g  B F A -P b  an d  B F A -C r a t D iffe re n t C u rin g  P e rio d s  ... 152

4 .23  C o n c e n tra tio n s  o f  P b  an d  C r in  L e a c h a te  fro m  S o lid if ied  P ro d u c t
o f  B F A -P b  and  B F A -C r in  C o n s tru c tio n  M a te ria l S tu d y  at 
D iffe re n t w /c  R a t i o s ............................................................................................  162

4 .2 4  C o e ff ic ie n t o f  C o rre la tio n  (R 2) o f  P lan e , P a rab o lo id , G au ssian ,
and  L o re n tia n  E q u a t io n .......................................................................................  166

4 .25  R e c o m m e n d e d  E q u a t io n s ...................................................................................  166
4 .2 6  C o m p a riso n  o f  P re d ic te d  C o m p ress iv e  S tre n g th  an d  A c tu a l

C o m p re ss iv e  S tre n g th  o f  In te r lo c k in g  C o n c re te  P av in g  B lo ck s  
and  H o llo w  N o n -L o a d -B e a rin g  C o n c re te  B lo ck s  w ith  B F A -P b  
a t D iffe re n t C u rin g  T im e s  and  R e p la c e m e n t R a tio s ............................... 169

4 .2 7  C o m p a riso n  o f  P re d ic te d  C o m p ress iv e  S tre n g th  and  A ctu a l 
C o m p re ss iv e  S tre n g th  o f  In te r lo c k in g  C o n c re te  P av in g  B lo ck s  
and  H o llo w  N o n -L o a d -B e a rin g  C o n c re te  B lo ck s  w ith  B F A -C r
a t D iffe re n t C u rin g  T im e s  and  R e p la c e m e n t R a tio s ............................... 170

4 .2 8  E rro rs  b e tw e e n  P re d ic te d  C o m p re ss iv e  S tre n g th  and  A c tu a l 
C o m p re ss iv e  S tre n g th  o f  In te r lo c k in g  C o n c re te  P av in g  B lo ck s  
and  H o llo w  N o n -L o a d -B e a rin g  C o n c re te  B lo ck s  w ith  B F A -P b
and  B F A -C r  at D iffe re n t C u rin g  T im es  an d  R e p la c e m e n t R a t io s . .. 171

4 .2 9  P rice  o f  C o n s tru c tio n  M a te r i a l .........................................................................  175
4 .3 0  C o m p a ra tiv e  C o s ts  o f  O n e  In te r lo c k in g  C o n c re te  P av in g  B lo ck s

C o n s tru c tio n  at D iffe re n t M ix  P ro p o r tio n s ...................................................175
4.31 C o m p a ra tiv e  C o s ts  o f  O n e  H o llo w  N o n -L o a d -B e a rin g  C o n c re te

B lo c k s  C o n s tru c tio n  a t D iffe ren t M ix  P r o p o r t io n s ................................  176
4 .3 2  C h a ra c te ris tic  o f  W a s te w a te r  fro m  F a c to ry  A ............................................. 177
4 .33  C o s t o f  C o n v e n tio n a l P b  rem o v a l P ro c e ss  o f  F a c to ry  A ...................... 180
4 .3 4  C o s t o f  A lte rn a tiv e  P b  re m o v a l P ro c e ss  o f  F a c to ry  A .............................181



X X

Table No. Table Caption Pages

4 .3 5  In fo rm a tio n  o f  S u g ar F ac to ry  A A ................................................................... 183
4 .3 6  C o s t o f  C o n v en tio n a l W a s te  M an ag em en t P ro c e ss  o f  S u g a r

F a c to ry  A A ................................................................................................................ 185



X X I

NOMENCLATURE

A A S =  A to m ic  A b so rp tio n  S p e c tro p h o to m e te r
A S T M = A m e ric a n  S o c ie ty  fo r  T es tin g  an d  M a te r ia ls
B =  b ag asse
B -C r =  ch ro m iu m  a d so rb ed  b a g a sse
B -P b =  lead  a d so rb ed  b a g a sse
B F A = b ag asse  fly  ash
B F A -C r =  ch ro m iu m  ad so rb ed  b a g a sse  fly  ash
B F A -P b =  lead a d so rb ed  b a g a sse  fly  ash
C 2S = d ica lc iu m  s ilic a te
C 3S =  tr ic a lc iu m  s ilic a te
c 3a =  tr ic a lc iu m  a lu m in ite
c 3a f =  te tra c a lc iu m  a lu m in o fe rr ite
C r =  ch ro m iu m
C r(III) =  tr iv a le n t ch ro m iu m
C r(V I) =  h e x a v a le n t ch ro m iu m
C -S -H =  ca lc iu m  s ilic a te  h y d ra te
D I =  d e io n ized  w a te r
IC P =  in d u c tiv e ly  c o u p led  p la sm a  o p tic a l e m iss io n  sp ec tro sco p y
ksc =  k ilo g ra m  p e r  sq u a re  c e n tim e te r
L O I =  loss o n  ig in itio n (% ) d e fin ed  b y  A S T M  C 3 11 as th e  w e ig h t 

frac tio n  o f  m a te ria ls  th a t  is lo s t b y  h ea tin g  th e  o v en  d ried  
sam p le  a t 7 50  ° c

Pb =  lead
S E M =  scan n in g  e le c tro n  m ic ro sc o p e
ร /ร =  S o lid if ic a tio n /S ta b iliz a tio n
T o ta l C r =  to ta l ch ro m iu m , in c lu d e  o f  h e x a v a le n t ch ro m iu m  and 

tr iv a le n t ch ro m iu m
w /c  ra tio =  w a te r- to -ce m e n t ra tio , th e  w e ig h t ra tio  o f  w a te r  to  cem en t
X R D =  X -ray  d iffra c tio n  sp e c tro m e te r
X R F =  X -ray  f lu o re sc e n c e  sp e c tro sc o p e
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