
CHAPTER IV

R E S U L T S  A N D  D IS C U S T IO N

4.1 O p t im u m  c o n d i t io n  f o r  c l in k e r  s y n th e s is

In  o rd e r  to  in v e s tig a te  th e  e ffec t o f  h eav y  m e ta l o n  sy n th e s is  c lin k e r  an d  use  
th e  o b ta in e d  in fo rm a tio n  to  illu s tra te  th e  le ach in g  b e h a v io r  o f  h e av y  m e ta l from  th e  
real c lin k e r , th e  sy n th e tic  c lin k e r  sh o u ld  be  m ad e  w ith  s im ila r  ch a rac te ris tic  
c o m p a rin g  w ith  th e  rea l c lin k e r. So, th e  o p tim u m  c o n d itio n  fo r c lin k e r  sy n th esis  in 
la b o ra to ry  m u s t b e  fo u n d . T h e  v aried  p a ra m e te rs  fo r c lin k e r  sy n th e s is  w ere  b u rn in g  
te m p e ra tu re  a n d  b u rn in g  p e rio d . A n a ly sis  o f  free  lim e  c o n te n t, X -ray  D iffrac tio n  
(X R D ), a n d  S c a n n in g  E le c tro n  M ic ro sco p y  (S E M ) w ere  u sed  to  c o m p a re  the  
c h a ra c te r is tic s  o f  th e  rea l an d  th e  o b ta in ed  c lin k e rs .

T h e  fre e  lim e  c o n te n t in  th e  c lin k e r  is  a  g o o d  in d ic a to r  o f  th e  b u rn in g . T h is  
v a lu e  w o u ld  d e c re a se  w h e n  C aO  ta k e s  p lace  in  a  re a c tio n  th a t le ad s  to  a  n ew  
c o m p o u n d  su c h  as  C 3 S, C 2 S, C 3 A , and  e tc . T h e re fo re , d e c re a s in g  o f  free  lim e  co n ten ts  
m e a n s  a n  im p ro v e m e n t in  th e  b u m a b ility . In c o n tra s t a r is in g  o f  free  lim e  co n te n ts  
m e a n s  d e te r io ra tio n  in  th e  b u m ab ility . X R D  an d  S E M  are  u se d  fo r  s tru c tu re  an a ly sis . 
T h e  re su lt  f ro m  X R D  sh o w s  th e  p h ase s  su c h  as  a lite , b e lite , an d  a lu m in ite  o f  th e  
c lin k e r. T h e  re su lt  fro m  S E M  sh o w s th e  m o rp h o lo g y  o f  c lin k e r  su c h  a s  th e  su rface  
c h a ra c te r is tic  a n d  th e  sh ap e  o f  each  p h a se s  o f  c lin k er.

In  th is  s tu d y , th e  in te re s ted  b u rn in g  te m p e ra tu re  w a s  in  ra n g e  l ,3 0 0 - l ,4 5 0 ° c  
w h ic h  is th e  te m p e ra tu re  fo r p ro d u c in g  cem e n t in  m a n u fa c tu r in g . F ig u re  4.1 sh o w s 
th e  fre e  lim e  c o n te n t a t d iffe re n t b u rn in g  te m p e ra tu re . It w as  fo u n d  th a t w h en  the  
b u rn in g  te m p e ra tu re  in c re a se d , th e  free  lim e  c o n te n t d e c re a sed . In cem e n t 
m a n u fa c tu r in g  p ro c e ss , th e  free  lim e  c o n te n t sh o u ld  be  b e tw e e n  1 an d  1.5% . In  the  
s tu d ie d  te m p e ra tu re  ran g e , th e  lo w es t free  lim e  c o n te n t fo u n d  a t l,450°c w a s  2 .0 3 % . 
T h e  X R D  w as  a lso  u se d  to  c o m p are  th e  c lin k e r  c h a ra c te r is tic s  b e tw e e n  th e  o b ta in ed  
an d  th e  rea l c lin k e rs .
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Temperature, d eg ree ca lc iou s

Figure 4.1 F ree  lim e  c o n te n t as a  fu n c tio n  o f  b u rn in g  te m p e ra tu re  
( th e  b u rn in g  tim e  is 60  m in u te s)

F ig u re  4 .2  sh o w s  th e  X R D  sp e c tru m s a t d iffe re n t te m p e ra tu re s . T h e  p ro m in e n t 
p e a k s  in  th e  c lin k e r  f ro m  in d u s try  w ere  th o se  o f  tr ic a lc iu m  s ilic a te  (C 3 S) a t 2 0  o f  
2 9 .5 ° , 3 2 .6 ° , 3 3 .8 ° , a n d  34.5°, d ic a lc iu m  s ilic a te  (C 2 S ) a t 2 0  o f  3 2 .3 ° , 5 1 .7 ° , 56 .5 °, 
an d  6 2 .2 °  a n d  a lu m in ite  (C 3 A ) a t 20  o f  38 .8 . In c o m p a riso n , th e  sp e c tru m s o f  all 
p e a k s  o b ta in e d  fro m  th e  sy n th es is  c lin k e r  are  in  th e  sam e  p o s it io n  w ith  th o se  o b ta in ed  
fro m  th e  rea l c l in k e r  in  c e m e n t m a n u fa c tu r in g  p ro cess . T h e  sp e c tru m  o b ta in e d  fro m  
th e  sy n th e tic  c l in k e r  b u rn in g  a t l,450°c e x h ib ite d  th e  m o s t s im ila r  p a tte rn  as  
c o m p a re d  w ith  sp e c tru m  o f  th e  rea l c lin k e r. T h u s , fro m  th is  e x p e r im e n t se t, th e  
l,450°c is  c o n s id e re d  as  th e  a p p ro p ria te  te m p e ra tu re  fo r  c l in k e r  sy n th es is . H o w ev e r, 
th e  b u rn in g  p e r io d  is  re q u ire d  to  in v es tig a te . I t w a s  e x p e c te d  th a t  w ith  th e  a p p ro p ria te  
b u rn in g  p e r io d , th e  sp e c tru m  o f  th e  sy n th e tic  c lin k e r  w ill b e  m u c h  m o re  s im ila r  to  th e  
rea l c l in k e r  th a t  c a n  b e  u se d  in  th e  fu r th e r  e x p e rim e n ts  in  th is  re se a rch .
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Figure 4 .2  X R D  p a tte rn s  o f  c l in k e r  a t d iffe re n t te m p e ra tu re s  an d  c lin k e r  fro m  in d u s try
CO
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F ig u re  4 .3  sh o w s  th e  c o n te n t o f  free  lim e  at d iffe re n t b u rn in g  tim e . T h is  te s t 

w as  p e rfo rm e d  a t l,450°c fo r  a ll e x p e rim e n ta l c o n d itio n s . It w as  fo u n d  th a t th e  free 
lim e  c o n te n t d e c re a sed , w h e n  th e  b u rn in g  tim e  in c rea sed . A t 90 m in u te , th e  free lim e 
w as 1 .2 1 %  a n d  it is  e x p e c te d  th a t th e  free  lim e  co n te n t w o u ld  b e  c o n tin u o u s ly  
re d u c e d  a s  th e  b u rn in g  p e r io d  is lo n g e r th a n  90 m in u te s . H o w e v e r , th e  free lim e 
c o n te n t a t 90 m in u te  o f  th e  b u rn in g  p e rio d  w as in  th e  a c c e p tab le  ran g e . T h u s, the  90 
m in u te s  o f  th e  b u rn in g  p e r io d  w as c o n s id e re d  as  an  a p p ro p ria te  tim e  fo r th e  fu rth e r 
e x p e r im e n t se ts .

Figure 4.3 F re e  lim e  c o n te n t as a  fu n c tio n  o f  b u rn in g  tim e  (A ll e x p e rim e n ts  
c o n d u c te d  a t l,450°c b u rn in g  te m p e ra tu re )

F ig u re  4 .4  sh o w s  th e  s tru c tu re  a n a ly s is  b y  X R D  a t d iffe re n t b u rn in g  p erio d s . 
T h e  re su lts  sh o w  th a t  th e  o b ta in e d  c lin k e r  a t 90 m in u te  p ro v id e d  th e  s im ila r  
p ro m in e n t p e a k  p a tte rn s  a s  c o m p a re d  w ith  th o se  fro m  th e  rea l c lin k e r . W ith  th e  X R D  
su p p o rtin g  d a ta , th e  c o n d itio n s  to  sy n th es is  c lin k e r  a t l,450°c w ith  90 m in u te s  
b u rn in g  p e r io d  c o u ld  b e  u se d  a s  th e  o p tim u m  c o n d itio n  fo r c l in k e r  sy n th es is  in  the  
lab o ra to ry .



20,degree
Figure 4 .4  X R D  p a tte rn s  o f  c lin k e rs  a t d iffe re n t b u rn in g  p e r io d s  an d  c lin k e r  fro m  in d u s try
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R e su lts  o f  S E M  w ere  a n o th e r e v id en ces  to  su p p o rt th e  s im ila r ity  o f  sy n th esis  

an d  th e  rea l c lin k e rs . F ig u re  4 .5 (a ) and  (c) sh o w  th e  m o rp h o lo g y  o f  c lin k e r from  
in d u s try  th a t  w as  a n a ly z e d  a t th e  m ag n ific a tio n  o f  3 50  an d  1 ,300 , re sp ec tiv e ly . F ig u re  
4 .5 (b ) an d  (d) sh o w  th e  m o rp h o lo g y  o f  o b ta in ed  c lin k e r  th a t w as  an a ly zed  a t th e  
m a g n if ic a tio n  o f  3 50  an d  1 ,300, re sp ec tiv e ly . It is o b v io u s  th a t th e  o b ta in e d  c lin k e r 
e x h ib ite d  th e  s im ila r  m o rp h o lo g y  as co m p ared  to  th e  real c lin k e r.

(c ) (d )
F ig u r e  4 .5  P h a se  a n a ly s is  b y  S E M  (a) c lin k e r  fro m  in d u s try  3 5 0 x  (b ) s im u la te d  

c lin k e r  3 5 0 x  (c ) c lin k e r  fro m  in d u s try  l ,3 0 0 x  (d ) s im u la te d  c lin k e r  1 ,300X

S h ap es  o f  m a jo r  p h a se s  o f  m a n u fa c tu r in g  c lin k e r  in  th is  s tu d y  w ere  sh o w n  in 
F ig u re  4 .6 . A lite  h a s  a  la rg e  s ize  an d  its  sh ap e  like  a  c ry s ta l. B e lite  is  sm a lle r  th an  
a lite  a n d  it h a s  a  ro u n d  sh ap e . A lu m in ite  is sm a lle r  th a n  b e lite  a n d  it h as  a  b a r shape . 
D u e  to  th e  sm a ll a m o u n t o f  C 4 A F , th e  sh ap e  o f  th is  p h a se  w a s  n o t fo u n d  in  th is  s tu d y  
(Jo u r lin  e t ฟ ., 2 0 0 1 ).
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a lu m in ite  (C 3 A )

Figure 4.6 S h ap e  o f  m a jo r  p h a se s  o f  c lin k e r

4.1 Effect of heavy metal on free lime

F ig u re  4 .7  sh o w s  th e  free  lim e  c o n te n t a t d if fe re n t o f  c h ro m iu m  
c o n c e n tra tio n s . A s th e  c o n c e n tra tio n  o f  c h ro m iu m  less  th a n  1.0 w t.%  (a c c o rd in g  to  
th e  to ta l w e ig h t o f  sa m p le ) , th e  free  lim e  c o n te n t w a s  c h a n g e  fro m  1 .2 1 %  to  1.31% . 
W h en  th e  c o n c e n tra tio n  o f  c h ro m iu m  in c rea se  to  2  w t.% , th e  free  lim e  c o n te n t w as 
in c re a se d  a s  e q u a l to  4 .0 0 5 % . S o m e  e ffec ts  o f  th e  c h ro m iu m  o n  th e  free  lim e  co n ten t 
in  c lin k e r  w e re  d e sc r ib e d  by  p re v io u s  re sea rch es . M a lo z h o n  e t.a l fo u n d  a 
c o n c e n tra tio n  o f  1.5 w t.%  o f  & 2 <ว3  in  th e  sam p le , th e  c o n te n t o f  free  lim e  ro se  
ex trem e ly . T h e y  a lso  fo u n d  a  lo w e r c o n te n t o f  C 3 ร  in  c lin k e r  w h e n  d o p e d  w ith  
c h ro m iu m . T h is  e f fe c t  w a s  re su lt fro m  d e c o m p o s itio n  o f  C 3 S. S te p h a n  e t.a l a lso  fo u n d  
th e  sam e  re su lts . U p  to  a  c o n c e n tra tio n  o f  0 .5  w t.%  o f  c h ro m iu m , th e  c o n te n t o f  free 
lim e  d e c re a sed . B e tw e e n  0 .5  a n d  2 .5  w t.% , th e  d o p in g  w ith  c h ro m iu m  led  to  a  h ig h  
c o n c e n tra tio n  o f  fre e  lim e . A t 2 .5  w t.%  o f  c h ro m iu m , th e  c o n te n t o f  b e lite  w as  a lw ay s 
h ig h e r  th a n  th a t  o f  a lite . In  ad d itio n , d u e  to  a lite  is fo rm e d  by  th e  re a c tio n  b e tw een  
b e lite  a n d  C aO . W h e n  c h ro m iu m  p re se n te d  in  th e  ra w  m a te r ia l, c h ro m iu m  w o u ld  
in h ib it th e  re a c tio n  b e tw e e n  b e lite  an d  C aO  to  fo rm  a lite  (S te p h a n  e t a l., 1999).
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Figure 4.7 F re e  lim e  co n te n t o f  c lin k e r  d o p e d  w ith  c h ro m iu m

F ig u re  4 .8  sh o w s  th e  free  lim e c o n te n t a t d iffe re n t o f  n ic k e l c o n c e n tra tio n . T h e  
re su lts  sh o w  th a t th e  c o n te n t o f  free  lim e d e c re a sed , as  th e  c o n c e n tra tio n  o f  n ick e l w as 
in c re a se d  fro m  0 to  2 w t.% . A t 2 w t.%  o f  n ick e l, th e  free  lim e  w as  0 .6 4 % . S tep h an  
e t.a l. fo u n d  th a t c lin k e r  w ith  n ick e l sh o w ed  a  p e rm a n e n t d e c re a se  in  th e  co n te n t o f  
free  lim e.

0 I---------------------------------  ----------------------------------------------- ’
0 0.5 1 1.5 2 2.5

initial nickel concentration, % by weight

F ig u r e  4 .8  V a lu e  o f  free  lim e  co n te n t o f  c l in k e r  d o p e d  w ith  n ick e l

F ig u re  4 .9  sh o w s  th e  free  lim e  c o n te n t a t d if fe re n t o f  z in c  c o n c e n tra tio n s . T h e  
re su lts  sh o w  th a t th e  free  lim e  c o n te n t d e c re a sed , w h e n  th e  c o n c e n tra tio n s  o f  z inc  
in c rea sed  fro m  0 to  2 w t.% . A t 2 w t.%  o f  z in c , th e  free  lim e  c o n te n t w as  0 .3 6 5 % . 
M an y  p re v io u s  s tu d ie s  in v e s tig a te d  th e  e ffe c ts  o f  th e  z in c  in  c lin k e r. O d le r  e t al. as
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w ell as  B o rd o lo i e t a l. fo u n d  a  b e tte r  b u rn a b ility  o f  c lin k e rs  c o n ta in in g  z inc . S tephan  
e t al. fo u n d  th a t  c l in k e r  w ith  z in c  sh o w ed  a  p e rm a n e n t d e c re a se  in  th e  c o n te n t o f  free 
lim e . T h e y  a lso  fo u n d  th a t 2 .5  w t.%  o f  z in c  sh o w ed  a  sm a ll in c rea se  o f  a lite . O d le r  et 
al. in te rp re te d  th e  in c re a s in g  o f  a lite  as  d u e  to  a  su b s titu tio n  o f  z in c  fo r  C a. T h is  free 
lim e  c a n  re a c t w ith  b e lite  to  g iv e  m o re  a lite . K ak a li an d  P a ris sa k is  fo u n d  a  n ew  p h ase  
in  th e  c lin k e r  c o n ta in in g  m o re  th an  1.5 w t.%  Z n O . T h e  n e w  p h ase  w as 
2 C a 0 Z n 0 S i0 2 .

2 I

Figure 4.9 F ree  lim e  c o n te n t o f  c lin k e r  d o p e d  w ith  z in c  

4.3 Leaching behavior of chromium

F ig u re  4 .1 0  sh o w s  th e  re su lts  o b ta in e d  fro m  M ic ro w a v e -a s s is te d  leach  m e th o d  
3051 A . T h is  re s u lt  sh o w s  th e  to ta l ex trac ted  c o n c n e tra tio n  o f  c h ro m iu m  w ith o u t 
c h ro m iu m  in  s ilic e o u s  m a tric e s  o f  c em e n t fo r d iffe re n t in itia l c o n e n tra tio n s  o f  
c h ro m iu m . In  th e  M 3 0 5 1 A , a  c o n c e n tra ted  H N O 3  in  a  c o m b in a tio n  w ith  h ea t w as 
u se d  to  e x tra c t  c h ro m iu m  fro m  c e m e n t. H o w e v e r , so m e  o f  th e  c h ro m iu m  w ere  
c a p tu re d  in  th e  m a tr ix  o f  c em en t. T h u s , th e  re su lt fro m  th is  te s t w as  a  re p re se n ta tiv e  
v a lu e  o f  th e  to ta l e x tra c te d  c o n c e n tra tio n  o f  h e a v y  m e ta l w ith o u t h eav y  m eta l in 
s ilic e o u s  m a tr ic e s . F ro m  th e  re su lt, it w as sh o w n  th a t to ta l e x tra c te d  c o n c e n tra tio n  o f  
c h ro m iu m  w ith o u t c h ro m iu m  in s ilic e io u s  m a tr ic e s  is a  fu n c tio n  o f  in itia l 
c o n c e n tra tio n  o f  c h ro m iu m . A s in itia l c o n c e n tra tio n s  o f  c h ro m iu m  in c rea sed , to ta l 
e x tra c te d  o f  c h ro m iu m  w a s  in c rea sed . T h e  a m o u n ts  o f  c h ro m iu m  d e te c te d  from  0 .1 ,
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0.5 , 1, a n d  2 w t.%  o f  in itia l c o n c e n tra tio n s  o f  c h ro m iu m  w e re  3 1 7 .3 , 1 ,531 .3 , 
3 ,5 5 1 .3 3 , an d  6 ,2 0 8 .6 7  m g /k g , re sp ec tiv e ly .

F ig u r e  4 .1 0  A v e ra g e  e x tra c te d  c o n c e n tra tio n  o f  c h ro m iu m  fro m  M 3 0 5 1 A

F ig u re  4 .11 sh o w s  th e  re su lts  o b ta in e d  fro m  m ic ro w a v e  a ss is te  a c id  d ig e s tio n  
o f  s ilic e o u s  a n d  o rg a n ic a lly  b a se d  m a tric e  m e th o d  3 0 5 2 . T h e  c o n c e n tra te d  H F  in  the  
c o m b in a tio n  w ith  c o n c e n tra te d  H N O 3  an d  h e a t w as  u se d  to  e x tra c t th e  c h ro m iu m  
fro m  c e m e n t. T h is  te s te d  c o n d itio n s  co u ld  d e s tro y e d  th e  s ilic e o u s  m a tr ix  in  th e  
c em en t. T h e re fo re , c h ro m iu m  in  th e  m a tr ix  w o u ld  b e  le a c h e d  o u t. R e su lts  fro m  th e  
M 3 0 5 2  c a n  b e  re p re se n tiv e  v a lu e s  o f  th e  to ta l c h ro m iu m  in  th e  c e m e n t. A s  c a n  be  
se e n  in  F ig u re  4 .1 1 , to ta l c h ro m iu m  m e a su re d  b y  M 3 0 5 2  is  d ire c t p ro p o tio n a l to  
in itia l to ta l c o n c e n tra tio n  o f  c h ro m iu m . T h e  a m o u n ts  o f  c h ro m iu m  d e te c te d  fro m  0 .1 ,
0 .5 , 1, an d  2 w t.%  o f  in itia l co n c e n tra tio n s  o f  c h ro m iu m  w e re  3 5 4 , 1 ,7 5 3 .3 3 , 3 ,9 2 9 , 
an d  6 ,4 4 2  m g /k g , re sp ec tiv e ly .
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F ig u r e  4 .11  A v e ra g e  ex trac ted  c o n c e n tra tio n  o f  c h ro m iu m  fro m  M 3 0 5 2

F ig u re  4 .1 2  sh o w s  th e  re su lts  o b ta in ed  fro m  a v a ila b ility  le a c h in g  te s t (N E N  
7 3 4 1 ). T h e  re su lts  sh o w  th e  m a x im u m  c o n c e n tra tio n s  o f  c h ro m iu m  to  b e  leach ed  o u t 
a t th e  e x tre m e  e n v iro n m e n ta l c o n d itio n s  fo r d iffe re n t in itia l c h ro m iu m  co n cen tra tio n s . 
T h e  re su lts  sh o w  th a t  th is  v a lu e  is a  fu n c tio n  o f  in itia l c o n c e n tra tio n  o f  ch ro m iu m . A s 
in itia l c o n c e n tra tio n  o f  c h ro m iu m  in c reased , m a x im u m  c o n c e n tra tio n  o f  c h ro m iu m  to  
b e  le a c h e d  o u t to  e n v iro n m e n t in c reased . T h e  a m o u n ts  o f  c h ro m iu m  d e te c te d  from
0 .1 , 0 .5 , 1, a n d  2 w t.%  o f  in itia l c o n c e n tra tio n s  o f  c h ro m iu m  w ere  2 6 7 .4 , 1 ,368 .6 , 
3 ,2 3 9 , a n d  5 ,2 9 8  m g /k g , re sp ec tiv e ly .

F ig u r e  4 .1 2  A v e ra g e  le ach ed  c o n c e n tra tio n  o f  c h ro m iu m  fro m  A V L T
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F ig u re  4 .13  sh o w s  th e  c h ro m iu m  c o n c e n tra tio n  th a t le a c h e d  fro m  o b ta in ed  

c e m e n t u s in g  d if fe re n t te s t m e th o d s  w h ic h  w ere  A V L T , M 3 0 5 1 A  an d  M 3 0 5 2 . A s 
c o m p a rin g  th e  re su lts  b e tw e e n  M 3 0 5 1 A  an d  M 3 0 5 2 , it w a s  fo u n d  th a t m o s t o f  
c h ro m iu m  in  c lin k e r  read y  to  leach  o u t fro m  c e m e n t w a s  n o t f lix e d  by  s ilic eo u s  
m a tr ic e s  o f  c em en t. W h e n  th e  re su lts  o f  M 3 0 5 1 A  w ere  ta k e n  to  c o m p a re  w ith  A V L T , 
it h a s  b e e n  se e n  th a t th e  m a x im u m  co n c e n tra tio n s  o f  c h ro m iu m  to  be  leach ed  o u t at 
th e  e x tre m e  e n v iro n m e ta l c o n d itio n s  w as a p p ro x im a te ly  8 4 .2 7 -9 1 .2 % . O n  th e  b asis  o f  
A V L T  a s  d e sc r ib e d  e a rile r , it co u ld  be  in d ica ted  th a t c h ro m iu m  w as lik e ly  to  be 
le ach ed  fro m  th e  c em en t. In  ad d itio n , w ith  th e  su itab le  c o n d itio n  fo r leach in g , m o s t o f  
c h ro m iu m  c a n  b e  le a c h e d  o u t fro m  th e  cem en t.

F ig u r e  4 .1 3  C o m p a riso n  o f  M 3 0 5 2 , M 3 0 5 1 A , a n d  A V L T

T h is  le a c h in g  b e h a v io r  o f  c h ro m iu m  m ig h t b e  th e  re su lt o f  th e  n e w  p h ase s  
fo rm a tio n  o f  c h ro m iu m  c o m p o u n d  in  cem en t. F ro m  th e  X R D  su p p o rtin g  d a ta , as 
sh o w n  in  F ig u re  4 .1 4 , it  w as  fo u n d  th a t  th e  n e w  p h a se  o f  c h ro m iu m  w as  K2C1O4. It is 
c h ro m iu m  w ith  th e  v a la n c e  o f  + 6 , w h ic h  is re ad ily  so lu b le . T h e re fo re , th is  c o m p o u n d  
m ig h t b e  th e  re a so n  fo r th e  e a se  o f  le a c h a b ility  o f  c h ro m iu m  fro m  cem en t. S o m e 
p re v io u s  s tu d ie s  a lso  in d ic a te d  th e  n e w  p h a se s  fo rm a tio n  w h e n  c h ro m iu m  w a s  d o p ed  
in  ra w  m a te r ia l. S te p h a n  e t ah , 1999 re p o rte d  th a t in  th e  c lin k e r  c o n ta in in g  w ith  
c h ro m iu m  a n d  h ig h  c o n c e n tra tio n s  o f  K , K^CrCL a n d /o r  K 2 C r2 Û 7 w a s  found . 
M o re o v e r , th e y  a lso  fo u n d  th e  n e w  p h a se  as  C a 4 A l6 0 i2 C r 4 , w h e n  a d d e d  C h ro m iu m  in 
p u re  ra w  m a te r ia l o f  c lin k e r  p h ase .
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F ig u r e  4 .1 4  X R D  p a tte rn s  o f  c lin k e r  d o p e d  w ith  c h ro m iu m

F ig u re  4 .1 5  sh o w s  th e  e ffec ts  o f  p H  an d  in itia l c o n c e n tra tio n  o f  c h ro m iu m  on  
le a c h in g  b e h a v io r . F ro m  th e  g rap h , p H  in  th e  ran g e  o f  4 -1 0  h a d  a  fe w  e ffe c t o n  th e  
le a c h a b ility  o f  c h ro m iu m , th e  leach ed  c o n c e n tra tio n s  o f  c h ro m iu m  w ere  n o t 
s ig n if ic a n tly  d iffe re n t. In  co m p a riso n  b e tw e e n  th e  le ach ed  c o n c e n tra tio n  o f  c h ro m iu m  
an d  in itia l c o n c e n tra tio n  o f  ch ro m iu m  fo r each  c o n d itio n s , it w a s  fo u n d  th a t th e  
le a c h e d  c o n c e n tra tio n s  o f  c h ro m iu m  fo r p H  in  th e  ra n g e  o f  4 -1 0  w e re  a p p ro x im a te ly  
1 7 -2 0 %  o f  in itia l c o n c e n tra tio n s  o f  ch ro m iu m . It co u ld  b e  in d ic a te d  th a t  as  th e  cem e n t 
c o n ta m in a te d  w ith  c h ro m iu m  w as u sed  an d  c o n ta c te d  w ith  w a te r  u n d e r  v a r io u s  p H  
c o n d itio n s , th e  m a x im u m  a m o u n t o f  c h ro m iu m  co u ld  be  le a c h e d  o u t a p p ro x im a te ly  
2 0 % . A t p H  12, c o n c e n tra tio n s  o f  c h ro m iu m  in th e  le ach a te  w e re  m e a su re d  in  less 
am o u n t. F ro m  th e  p re v io u s  s tudy , th e  le ach ab iliy  o f  c h ro m iu m  w a s  d e c re a sed  at 
a lk a lin e  p H  (v a n  d e r  S lo o t, 2 0 0 2 ). T h e  p re v io u s  s tu d ie s  fo u n d  th a t le ss  a m o u n t o f  
c h ro m iu m  c o u ld  be  le ach ed  o u t w ith  th e  pH  h ig h e r  th a n  p H  8  (S e rc le ra t e t ah , 2 0 0 0 ; 
W an g  an d  V ip u la n a n d a n , 2 0 0 0 ). T h is  m ig h t be  re su lt fro m  th e  le a c h in g  b e h a v io r  o f  
K2C1O4 th a t is  e ffe c tiv e ly  leach ed  o u t a t w eak  ac id  o r  n eu tra l p H . B es id e , W an g  and  
V ip u la n a n d a n , 2 0 0 0  a lso  rep o rted  th a t C a C r 0 4  w as  fo u n d  u n d e r  a lk a lin e  p H  
c o n d itio n s . T h e  so lu b ility  o f  th is  n e w  p h a se  is v e ry  lo w  w h ic h  is  5.1 x i o *6  (C R C  
H a n d b o o k , 1996). T h e  lo w  so lu b ility  o f  th is  n e w  p h a se  m ig h t b e  a  re a so n  fo r th e  lo w  
c o n c e n tra tio n  o f  c h ro m iu m  u n d e r a lk a lin e  p H  c o n d itio n s  o f  th is  w o rk .
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F ig u r e  4 .1 5  A v e ra g e  le ach ed  c o n c e n tra tio n  fro m  p H  s ta tic  leach  test

A fte r  b u rn in g  ra w  m ate ria l c o n ta in in g  c h ro m iu m , m o s t o f  c h ro m iu m  w ere  
re m a in e d  in  th e  c lin k e r. W h en  th is  c lin k e r w a s  u se d  fo r c e m e n t p ro d u c tio n , th is  
c e m e n t m ig h t b e  c la s s if ie d  as  h a z a rd o u s  w aste . T C L P  te s t a n d  N F M I w ere  em p lo y ed  
in  o rd e r  to  id e n tify  th is  c e m e n t as  h a z a rd o u s  w aste . B o th  te s ts  w e re  p ro p o se d  by  บ .ร . 
E P A  a n d  T h a ila n d  re g u la tio n , re sp ec tiv e ly . T h e  re su lts  fro m  T C L P  w ere  sh o w n  in 
F ig u re  4 .1 6 . It w a s  fo u n d  th a t  le ach ed  c o n c e n tra tio n s  o f  c h ro m iu m  is d irec t 
p ro p o tio n a l to  in itia l c o n c e n tra tio n s  o f  ch ro m iu m . A fte r  18 h o u rs  o f  le ach in g , the  
a m o u n ts  o f  c h ro m iu m  d e te c te d  fro m  0 .1 , 0 .5 , 1, an d  2 w t.%  o f  in itia l co n c e n tra tio n s  
o f  c h ro m iu m  b e fo re  b u rn in g  p ro c e ss  w ere  5 .6 7 , 2 6 .3 4 , 4 6 .6 6 , an d  105 .48  mg/1, 
re sp e c tiv e ly . A c c o rd in g  to  th e  บ .ร . E P A , th e  a llo w a b le  o f  c h ro m iu m  in leach a te  
sh o u ld  b e  le ss  th a n  5 mg/1. F ro m  th e  re su lt, it h as  b e e n  se e n  th a t  c h ro m iu m  in  th e  
e x tra c tio n  f lu id  w a s  h ig h e r  th an  th e  a llo w a b le  v a lu e . T h e re fo re , th e  raw  m ate ria l o f  
c e m e n t d o p e d  w ith  in itia l co n c e n tra tio n s  o f  c h ro m iu m  m o re  th an  0 . 1  w t.%  co u ld  be 
id e n tif ie d  a s  h a z a rd o u s  w a s te  th a t c an  n o t be  u sed  as  a  p ro d u c t.
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F ig u r e  4 .1 6  A v e ra g e  le ach ed  c o n c e n tra tio n  o f  c h ro m iu m  fro m  T C L P

F ig u re  4 .1 7  sh o w s  th e  re su lts  o b ta in e d  fro m  N F M I. A fte r  18 h o u rs  o f  
leach in g , th e  a m o u n ts  o f  c h ro m iu m  d e te c te d  fro m  0 .1 , 0 .5 , 1, a n d  2 w t.%  o f  in itia l 
c o n c e n tra tio n  o f  c h ro m iu m  w ere  5 .2 6 , 17 .02 , 2 8 .2 8 , a n d  4 0 .2 8  m g/1, re sp ec tiv e ly . 
A c c o rd in g  to  th e  N o tif ic a tio n  o f  M in is try  o f  In d u s try  N o . 6  B .E . 2 5 4 0 , th e  a llo w ab le  
o f  c h ro m iu m  in  th e  le ach a te  sh o u ld  le ss  th a n  5 mg/1. F ro m  th e  re su lt, it h a s  b e e n  seen  
th a t c h ro m iu m  in th e  e x tra c tio n  flu id  w as h ig h e r  th a n  th e  a llo w a b le  v a lu e . T h u s , th e  
raw  m a te ria l o f  c e m e n t d o p e d  w ith  in itia l c o n c e n tra tio n  o f  c h ro m iu m  m o re  th an  0 . 1  

w t.%  co u ld  b e  id e n tif ie d  as  h a z a rd o u s  w as te  a n d  c a n  n o t b e  u se d  as  a  p ro d u c t. A s 
c o n s id e r in g  th e  re su lts  b e tw e e n  T C L P  an d  N F M I, th e  re su lts  f ro m  T C L P  w ere  ag reed  
w ith  N F M I th a t  is  th e  ra w  m a te r ia l o f  c e m e n t d o p e d  w ith  in itia l c o n c e n tra tio n  o f  
c h ro m iu m  m o re  th a n  0 . 1  w t.%  c o u ld  b e  c la ss if ie d  as  h a z a rd o u s  w as te .

F ig u r e  4 .1 7  A v e ra g e  le a c h e d  c o n c e n tra tio n  o f  c h ro m iu m  fro m  N F M I



51
4 .2  L e a c h in g  b e h a v io r  o f  n ic k e l

F ig u re  4 .1 8  sh o w s  th e  re su lts  o b ta in ed  fro m  M ic ro w a v e -a s s is te d  leach  m eth o d  
3051 A . F ro m  th e  g rap h , it w as  sh o w n  th a t to ta l e x tra c te d  c o n c e n ta tio n  o f  n ickel 
w ith o u t n ick e l in  s ilic e o u s  m a tric e s  is a  fu n c tio n  o f  in itia l c o n c e n tra tio n  o f  n ickel. A s 
in itia l c o n c e n tra tio n  o f  n ic k e l in c rea sed , e x tra c te d  c o n c e n tra tio n  o f  n ick e l increased . 
T h e  a m o u n ts  o f  n ic k e l d e te c te d  fro m  0 .1 , 0 .5 , 1, an d  2 w t.%  o f  in itia l co n cen tra tio n s  
o f  n ic k e l w e re  2 2 5 .6 7 , 8 6 0 , 2 4 3 0 , an d  4 4 7 3 .3 3  m g /k g , re sp ec tiv e ly .

F ig u r e  4 .1 8  A v e ra g e  e x tra c te d  c o n c e n tra tio n  o f  n ic k e l fro m  M 3 0 5 1 A

F ig u re  4 .1 9  sh o w s  th e  re su lts  o b ta in e d  fro m  M 3 0 5 2 . F ro m  th e  g rap h , it w as 
fo u n d  th a t to ta l n ic k e l is d ire c t p ro p o tio n a l to  in itia l c o n c e n tra tio n  o f  n ick e l. T h e  
a m o u n ts  o f  n ic k e l d e te c te d  fro m  0 .1 , 0 .5 , 1, an d  2 w t.%  o f  in itia l co n c e n tra tio n s  o f  
n ick e l w e re  2 4 9 , 1078 , 2 4 7 9 , an d  45 9 6 .3  m g /k g , re sp ec tiv e ly .
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Figure 4.19 A v e ra g e  e x tra c te d  c o n c e n tra tio n  o f  n ic k e l b y  M 3 0 5 2

F ig u re  4 .2 0  sh o w s  th e  re su lts  o b ta in e d  fro m  a v a ila b ility  le a c h in g  te s t (N E N  
7 3 4 1 ). T h e  re su lts  sh o w  th e  m a x im u m  co n c e n tra tio n s  o f  n ic k e l to  b e  le ach ed  o u t a t 
th e  e x tre m e  e n v iro n m e n ta l co n d itio n s  fo r d iffe re n t in itia l c o n c e n tra tio n s . F ro m  th e  
g rap h , it w as  fo u n d  th a t th e  m a x im u m  c o n c e n tra tio n  o f  n ic k e l is  a  fu n c tio n  o f  in itia l 
c o n c e n tra tio n  o f  n ic k e l. A s in itia l c o n c e n tra tio n  o f  n ic k e l in c re a se d , m a x im u m  
c o n c e n tra tio n  o f  n ic k e l to  be  leach ed  ou t at th e  e x tre m e  e n v iro n m e n ta l c o n d itio n s  
in c reased . T h e  a m o u n ts  o f  n ick e l d e te c te d  fro m  0 .1 , 0 .5 , 1, a n d  2 w t.%  o f  in itia l 
c o n c e n tra tio n s  o f  n ic k e l w e re  6 .6 6 , 61 , 146 .7 , an d  3 1 1 .5  m g /k g .

Figure 4.20 A v e ra g e  le ach ed  c o n c e n tra tio n  o f  n ic k e l b y  A V L T
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F ig u re  4 .21  sh o w s  th e  n ick e l c o n c e n tra tio n  th a t le ach ed  fro m  o b ta in ed  cem en t 

u s in g  d iffe re n t te s t  m e th o d s  w h ic h  w e re  A V L T , M 3 0 5 1 A  an d  M 3 0 5 2 . A s c o m p arin g  
th e  re su lts  b e tw e e n  M 3 0 5 1 A  an d  M 3 0 5 2 , m o st o f  n ic k e l in  c lin k e r  th a t read y  to  leach  
o u t fro m  c e m e n t w a s  n o t f ix e d  by  s ilic eo u s  m a tric e s  o f  c em en t. W h en  th e  re su lts  from  
M 3 0 5 1 A  w ere  ta k e n  to  c o m p a re  w ith  A V L T , it has b een  seen  th a t th e  m ax im u m  
c o n c e n tra tio n s  o f  n ic k e l to  b e  le ach ed  o u t a t th e  e x tre m e  e n v iro n m e ta l co n d itio n s  w as 
a p p ro x im a te ly  2 .9 5 -7 .0 9 % . O n  th e  b asis  o f  A V L T  as d e sc r ib e d  ea rile r , it co u ld  be 
in d ic a te d  th a t n ic k e l w as  u n lik e ly  to  be  le ach ed  fro m  th e  c em en t. In  a d d itio n , w ith  the  
su ita b le  c o n d itio n s  fo r  leach in g , th e re  is a  few  o f  n ic k e l in  so lu b le  fo rm  can  be 
le ach ed  o u t f ro m  cem en t.

Figure 4.21 C o m p a riso n  o f  M 3 0 5 2 , M 3 0 5 1 A , a n d  A V L T

T h is  le a c h in g  b e h a v io r  o f  n ick e l m ig h t b e  th e  e ffec t o f  a  n e w  p h a se s  fo rm a tio n  
o f  n ic k e l c o m p o u n d  in  c em en t. A s id en tify  by  X R D , F ig u re  4 .2 3 , in itia l co m p o u n d  
(N iO ) w a s  fo u n d  in  c lin k e r  a f te r  b u rn in g . M o re o v e r, n ick e l an d  M g  w as reac ted  and  
fo rm e d  a  n e w  p h a se  w h ic h  w as  MgNiC>2 . O th e r e v id e n c e  o f  th e  n ew  p h ase  fo rm in g  o f  
M g N iÛ 2  w as  th e  c lin k e r  m o rp h o lo g y  an a ly sed  by  S c a n n in g  E le c tro n  M ic ro sco p y  
(S E M ) as sh o w n  in  F ig u re  4 .2 2 . M o re  e v id e n c e s  fro m  S te p h a n  e t a h , 1999, th ey  
re p o rte d  th a t  M g N i0 2  w a s  fo u n d  in  th e  c lin k e r  c o n ta in in g  w ith  n ick e l and  h ig h  
c o n c e n tra tio n s  o f  M g . L o p e z  e t a h , 1998, fo u n d  a  n e w  p h a se  in  c lin k e r  d o p ed  w ith  
n ic k e l th a t  h a d  a  c o m p o s it io n  s im ila r  to  M g N i0 2. T h e  p re v io u s  s tu d ie d  rep o rted  th a t 
M gN iC >2 w a s  a  h y d ra te d  fo rm  w h ic h  co u ld  n o t h av e  re a c ted  w ith  w a te r  (S te p h a n  e t a l.,
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1999). T h e re fo re , th e se  co m p o u n d s  co u ld  be  th e  rea so n  fo r th e  le ss  le a c h a b ility  o f  
n ick e l fro m  cem en t.

M g N iÛ 2

F ig u r e  4 .2 2  S h ap e  o f  M gN iC >2 in  o b ta in e d  c lin k e r

F ig u re  4 .2 4  sh o w s  th e  e ffe c ts  o f  p H  a n d  in itia l c o n c e n tra tio n s  o f  n ic k e l o n  
le a c h in g  b e h a v io r . T h e  re su lts  sh o w  th a t in  th e  s tu d ie d  p H  ra n g e , n ick e l w as 
e ffe c tiv e ly  le ach ed  a t p H  4 . In  c o m p a riso n  b e tw e e n  th e  le a c h e d  c o n c e n tra tio n s  o f  
n ic k e l an d  in itia l c o n c e n tra tio n s  o f  n ick e l a t p H  4  fo r  e a c h  c o n d itio n s , th e  le ach ed  
c o n c e n tra tio n s  o f  n ick e l w as  a p p ro x im a te ly  0 .8 -3 .2 8 %  o f  in itia l c o n c e n tra tio n s  o f  
n ick e l. It w a s  sh o w n  th a t as  th e  cem e n t c o n ta m in a te d  w ith  n ic k e l w as  u sed  and  
c o n ta c te d  w ith  w a te r  a t p H  4 , m a x im u m  n ic k e l c o u ld  b e  le a c h e d  o u t a p p ro x im a te ly
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3 .2 8 %  o f  in itia l c o n c e n tra tio n s  o f  n ick e l. M o re o v e r, a s  th e  p H  in c rea sed , the  
c o n c e n tra tio n s  o f  n ic k e l in  leach a te  d ec rea sed . A t p H  ra n g e  10-12 , th e re  is a  few  o f  
n ic k e l th a t  c a n  b e  le a c h e d  o u t fro m  cem en t. T h is  co u ld  be  e x p la in e d  th a t n ick e l is 
e x p e c te d  to  fo rm  h y d ro x id e  N i(O H ) 2  in  th e  h ig h  p H  c o n d itio n . T h e  so lu b ility  o f  
n ick e l h y d ro x id e  is m in im u m  at p H  10.2 (P o u rb a ix , 1994). M o s t o f  n ick e l h y d ro x id e  
w as in  a  so lid  fo rm  ra th e r  th an  so lu b le  fo rm . T h e re fo re , it m ig h t be a  re a so n  fo r low  
c o n c e n tra tio n  o f  n ic k e l in  leach a te  fo r th is  w ork .

Figure 4 .2 4  A v e ra g e  le ach ed  c o n c e n tra tio n s  fro m  p H  s ta tic  le ach  te s t

A fte r  b u rn in g  ra w  m a te ria l c o n ta in in g  n ick e l, m o s t o f  n ic k e l w e re  rem a in ed  in 
th e  c lin k e r. W h e n  u se  th is  clim cer fo r  c e m e n t p ro d u c tio n , th is  c e m e n t m ig h t be  
c la ss if ie d  a s  h a z a rd o u s  w aste . T C L P  a n d  N F M I w ere  a p p lie d  in  o rd e r  to  id e n tify  th is  
c e m e n t as  h a z a rd o u s  w a s te  o r  n o n -h a z a rd o u s  w as te . A c c o rd in g  to  th e  N o tif ic a tio n  o f  
M in is try  o f  In d u s try  N o . 6  B .E . 2 5 4 0  an d  บ .ร . E P A , th e  a llo w a b le  o f  n ick e l in the  
le ach a te  w as  n o t re g u la te d . H o w e v e r, in  an  a tte m p t to  q u a n tify  th e  h aza rd , th e  บ .ร . 
E P A  e s ta b lish e d  th e  g u id a n c e  th a t i f  m e ta l c o n c e n tra tio n s  in  th e  e x tra c ts  do  no t 
e x c e e d  th e  100 tim e s  th e  m a x im u m  c o n c e n tra tio n  lev e ls  (M C L s), th e  w as te  w o u ld  no t 
b e  c o n s id e re d  h a z a rd o u s  w a s te  (C a ry  H a rd aw ay  e t a h , 1999). T h e  M C L  o f  n ick e l is
0.1 mg/1. T h u s , n ic k e l w o u ld  b e  co n s id e re d  as  h a z a rd o u s  w a s te , i f  th e  co n c e n tra tio n s  
in  e x tra c ts  so lu tio n  e x c e e d e d  10 mg/1. In  th is  re se a rch , th is  c r ite r ia  w as  a p p lie d  to  
c o n s id e r  th e  le a c h a te  fro m  T C L P  an d  N F M I. A s  can  b e  se e n  in  F ig u re  4 .2 5 , it sh o w s 
th e  re su lts  f ro m  N F M I. A fte r  18 h o u rs  o f  leach in g , th e  a m o u n ts  o f  n ick e l d e tec ted
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fro m  0 .1 , 0 .5 , 1, an d  2 w t.%  o f  in itia l c o n c e n tra tio n  o f  n ick e l w e re  0 .0 2 2 , 0 .0 2 5 , 
0 .0 2 6 , an d  0 .031  mg/1, re sp ec tiv e ly . M o reo v e r, th e re  w as n o  n ic k e l le ach ed  fro m  the  
T C L P  te s t. T h e  le ach ed  c o n c e n tra tio n s  fro m  b o th  m e th o d s  w e re  lo w e r th an  th is  
c rite ria . It c o u ld  be  in d ica ted  th a t th is  c e m e n t w as  lik e ly  to  b e  c la ss if ie d  as n on - 
h a z a rd o u s  w aste . In a d d itio n , th e  lo w es t c o n c e n tra tio n  o f  m e ta ls  w h ic h  a re  reg u la ted  
fo r T C L P  an d  N F M I w as a lso  a p p lie d  to  id en tify  th e  c e m e n t as  h a z a rd o u s  w as te  o r 
n o n -h a z a rd o u s  w as te . T h e  lo w e s t c o n c e n tra tio n  o f  m e ta ls  is 0 .2  mg/1 w h ic h  is 
re g u la te d  fo r  m ercu ry . In  c o m p a riso n  b e tw e e n  th e  lo w e s t c o n c e n tra tio n  o f  m e ta ls  and  
le ach ed  c o n c e n tra tio n s  fro m  T C L P  an d  N F M I, th e  le a c h e d  c o n c e n tra tio n s  fro m  b o th  
te s t w e re  lo w e r th an  th e  re g u la te d  co n c e n tra tio n . T h u s , th e  c e m e n t w as  lik e ly  to  be  
c la ss if ie d  as  n o n -h a z a rd o u s  w aste . A s co n s id e r in g  th e  re su lts  fro m  T C L P  a n d  N F M I, 
th e  re su lts  fro m  T C L P  w ere  ag reed  w ith  N F M I. It co u ld  be  d e m o n s tra te d  th a t th e  raw  
m a te ria l o f  c e m e n t d o p e d  w ith  n ick e l less th an  2  w t.%  co u ld  n o t b e  c la ss if ie d  as 
h a z a rd o u s  w aste .

Figure 4 .2 5  A v e ra g e  le ach ed  c o n c e n tra tio n  o f  n ic k e l f ro m  N F M I

4.3 Leaching behavior of zinc

F ig u re  4 .2 6  sh o w s  th e  re su lt o b ta in e d  fro m  M ic ro w a v e -a s s is te d  le a c h  m e th o d  
3051 A . T h e  re su lts  sh o w  th e  to ta l e x tra c te d  o f  z in c  w ith o u t z in c  in  s ilic e o u s  m a tric e s  
in  c e m e n t a t d iffe re n t in itia l c o n e n tra tio n s  o f  z in c . It w a s  fo u n d  th a t  to ta l ex trac ted  
z in c  w ith o u t z in c  in  s ilic e o u s  m a tr ic e s  is a  fu n c tio n  o f  in itia l c o n c e n tra tio n  o f  z inc . A s
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in itia l c o n c e n tra tio n  o f  z in c  in c rea sed , th e  to ta l e x tra c te d  c o n c e n tra tio n  o f  z inc  
in c rea sed . T h e  a m o u n ts  o f  z in c  d e te c te d  fro m  0 .1 , 0 .5 , 1, an d  2 w t.%  o f  in itia l 
c o n c e n tra tio n s  o f  z in c  w e re  2 6 1 .6 7 , 1 ,9 3 6 .6 7 , 4 ,2 1 6 .6 7 , an d  9 ,1 5 7  m g /k g , 
re sp ec tiv e ly .

Figure 4.26 A v e ra g e  e x tra c te d  c o n c e n tra tio n  o f  z in c  fro m  M 3 0 5 1 A

F ig u re  4 .2 7  sh o w s  th e  re su lts  o b ta in e d  fro m  M 3 0 5 2 . A s can  be  seen  fro m  th e  
re su lt, it w a s  sh o w n  th a t to ta l z in c  is a  fu n c tio n  o f  in itia l c o n c e n tra tio n  o f  z in c . A s 
in itia l c o n c e n tra tio n  o f  z in c  in c rea sed , th e  to ta l c o n c e n tra tio n  o f  z in c  in c rea sed . T h e  
a m o u n ts  o f  z in c  d e te c te d  f ro m  0 .1 , 0 .5 , 1, an d  2  w t.%  o f  in itia l c o n c e n tra tio n s  o f  z in c  
w e re  2 8 4 .7 , 2 ,0 8 3 .3 ,4 ,4 3 8 .3 ,  a n d  9 ,6 7 0 .7  m g /k g , re sp e c tiv e ly .

Figure 4 .2 7  A v e ra g e  e x tra c te d  c o n c tra tio n  o f  z in c  fro m  M 3 0 5 2
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F ig u re  4 .2 8  sh o w s th e  re su lts  o b ta in ed  fro m  a v a ila b ility  le a c h in g  te s t (N E N  
7 3 4 1 ). T h e  re su lts  sh o w  th e  m a x im u m  c o n c e n tra tio n  o f  z in c  to  b e  le ach ed  o u t from  
c e m e n t a t d iffe re n t in itia l c o n c e n tra tio n  o f  z inc . F ro m  th e  re su lt, it w as  fo u n d  th a t the  
m a x im u m  c o n c e n tra tio n  o f  z in c  is d irec t p ro p o tio n a l to  in itia l c o n c e n tra tio n  o f  z inc . 
T h e  a m o u n ts  o f  z in c  d e te c te d  fro m  0 .1 , 0 .5 , 1, and  2 w t.%  w ere  2 4 0 .6 6 , 1 ,645 .33 , 
3 ,6 2 7 .6 7 , an d  8 ,4 6 0 .6 6  m g/kg .

Figure 4 .2 8  A v e ra g e  m a x im u m  c o n c e n tra tio n  o f  z in c  fro m  A V L T

F ig u re  4 .2 9  sh o w s  th e  z in c  c o n c e n tra tio n  th a t le a c h e d  fro m  o b ta in e d  c e m e n t 
u s in g  d iffe re n t te s t  m e th o d s  w h ic h  w e re  A V L T , M 3 0 5 1 A  a n d  M 3 0 5 2 . In  c o m p a r iso n  
th e  re su lts  b e tw e e n  M 3 0 5 2  an d  M 3 0 5 1 A , it h as  b een  se e n  th a t  m o s t o f  z in c  in  c lin k e r  
th a t re ad y  to  le ach  o u t fro m  cem e n t w as  n o t fix ed  by  s ilic e o u s  m a tr ic e s  o f  cem en t. 
W h en  th e  re su lts  o f  A V L T  w ere  tak en  to  c o m p a re  w ith  M 3 0 5 1 A , it co u ld  b e  in d ic a te d  
th a t th e  m a x im u m  c o n c e n tra tio n s  o f  z in c  to  be le ach ed  o u t a t th e  e x trem e  
e n v iro n m e ta l c o n d itio n s  w as  a p p ro x im a te ly  8 4 .9 5 -9 2 .3 9 %  o f  z in c  th a t c a n  b e  le ach ed  
fro m  c em en t. O n  th e  b a s is  o f  A V L T  as d e sc rib e d  ea riie r , it c o u ld  b e  d e m o n s tra te d  th a t 
z in c  w a s  lik e ly  to  b e  le ach ed  eas ily  fro m  th e  cem en t. H o w e v e r , th e  le a c h in g  o f  z in c  
d e p e n d s  m a in ly  o n  p H  o f  w a te r  c o n ta c tin g  to  th e  c e m e n t. It is n eed ed  to  e x p lo re  
fu th e r  d e ta ils  in  e ffe c t o f  pH  o n  z in c  le ach in g  to  o b ta in  a m o u n t o f  z in c  th a t  c a n  be  
le ach ed  in  e a c h  co n d itio n . T h is  in fo rm a tio n  w as d isc u sse d  in  n e x t sec tio n .
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F ig u r e  4 .2 9  C o m p a riso n  o f  M3052, M3051A, a n d  AVLT

F ig u re  4.30 sh o w s  th e  e ffec ts  o f  p H  an d  in itia i c o n c e n tra tio n  o f  z in c  on  
le a c h in g  b e h a v io r . T h e  re su lts  sh o w  th a t in  th e  s tu d ie d  p H  ra n g e , z in c  w as e ffec tiv e ly  
le a c h e d  a t  p H  4 . A s  c o m p a rin g  th e  le ach ed  c o n c e n tra tio n s  o f  z in c  w ith  in itia l 
c o n c e n tra tio n s  o f  Z in c  a t p H  4 , it w as  fo u n d  th a t th e  le a c h e d  c o n c e n tra tio n s  o f  z in c  
w as  a p p ro x im a te ly  2 0 .7 7 -2 3 .6 2 %  o f  in itia l c o n c e n tra tio n s  o f  z in c . In  a d d itio n , i f  th e  
c e m e n t c o n ta m in a te d  w ith  Z in c  w as u sed  an d  c o n ta c te d  w ith  w a te r  a t p H  4 , z in c  
c o u ld  b e  le a c h e d  o u t a p p ro x im a te ly  23.62%. M o re o v e r, a s  th e  p H  in c rea sed , th e  
c o n c e n tra tio n  o f  z in c  in  le ach a te  d ec rea sed . T h is  le a c h in g  b e h a v io r  m ig h t be  the  
re a so n  fro m  a  fo rm a tio n  o f  z in c  h y d ro x id e  in  th e  h ig h  p H  c o n d itio n  (> 8 ) o f  cem en t 
sy s te m  (P o u rb a ix , 1994). In  a d d itio n , th e  h y d ro x y -c o m p le x s  Z n (O H ) 4 2‘ an d  Z n (O H )s2' 
c a n  b e  p re se n t in  a  s tro n g  a lk a lin e  so lu tio n . T h ey  m ay  fo rm  th e  c a lc iu m  z in c  c o m p le x  
h y d ra te  c o m p o u n d  C a Z n 2 ( 0 H)ô-H 2 0  (M o lla h  e t a l., 1992). T h is  c o m p o u n d  can  n o t 
re a c t w ith  w a te r. T h u s , th a t is a  re a so n  fo r th e  d e c re a s in g  o f  z in c  in  leach a te  a t h ig h  
p H  co n d itio n . M o re o v e r , i t  w as  a lso  fo u n d  th a t th e re  w as  n o  z in c  in  th e  le ach a te  a t pH
10. D u e  to  th e  so lu b ility  o f  z in c  w a s  m in im u m  a t p H  9 .3  (P o u rb a ix , 1994). M o s t o f  
z in c  h y d ro x id e  is  in  a  so lid  fo rm . T h e re fo re , it w a s  n o t fo u n d  in  th e  le ach a te . T h e  
o b ta in e d  re su lts  fro m  th is  re se a rch  is  an  a g re e m e n t w ith  th e  p re v io u s  w o rk s  th a t the  
h ig h  le a c h a b ility  o f  z in c  w a s  fo u n d  a t p H  <  8 . (v an  d e r  S lo o t e t a h , 1996; Li e t ah , 
2001 ; v a n  d e r  S lo o t, 2 0 0 2 )
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F ig u r e  4 .3 0  A v e ra g e  le ach ed  c o n c e n tra tio n  o f  z in c  fro m  p H  s ta tic  leach  te s t

A fte r  b u rn in g  ra w  m ate ria l c o n ta in in g  z in c , m o s t o f  z in c  w e re  re m a in e d  in  th e  
c lin k e r. W h e n  u se  th is  c lin k e r  fo r cem en t p ro d u c tio n , th is  c e m e n t m ig h t b e  c la ss if ie d  
as  h a z a rd o u s  w as te . T C L P  and  N F M I w ere  ap p lie d  in  o rd e r  to  in d e n tify  th e  c e m e n t as 
h a z a rd o u s  w a s te  o r  n o n -h a z a rd o u s  w aste . A c c o rd in g  to  th e  N o tif ic a tio n  o f  M in is try  o f  
In d u s try  N o . 6  B .E . 2 5 4 0  an d  บ .ร . E P A , th e  a llo w a b le  o f  z in c  in  th e  le ach a te  w a s  n o t 
reg u la ted . In  a n  a tte m p t to  q u an tify  th e  h aza rd , th e  บ .ร . E P A  e s ta b lish e d  th e  g u id a n c e  
th a t i f  m e ta l c o n c e n tra tio n s  in th e  ex tra c ts  do  n o t e x c e e d  th e  1 0 0  t im e s  th e  m a x im u m  
c o n c e n tra tio n  le v e ls  (M C L s), th e  w aste  w o u ld  n o t be  c o n s id e re d  h a z a rd o u s  w as te  
(C a ry  H a rd a w a y  e t a l., 1999). T h e  M C L  o f  z in c  is 5 m g/1, w h ic h  is re g u la te d  u n d e r  a  
s e c o n d a ry  w a te r  q u a lity  s tan d a rd . T h e re fo re , z in c  w o u ld  b e  c o n s id e re d  a s  h a z a rd o u s  
w a s te , i f  th e  c o n c e n tra tio n s  in  ex tra c ts  e x c e e d e d  5 0 0  m g/1. In  th is  re se a rch , th is  
c r ite r ia  w as  a p p lie d  to  c o n s id e r  th e  leach a te  fro m  T C L P  a n d  N F M I. T h e  re su lts  fro m  
T C L P  w e re  sh o w n  in F ig u re  4 .31 . It w as  fo u n d  tha t a f te r  18 h o u rs  o f  le ach in g  
(T C L P ), th e re  is  o n ly  2 w t.%  o f  in itia l c o n c e n tra tio n  o f  z in c  w e re  d e tec ted . T h e  
a m o u n ts  o f  z in c  in  th e  e x tra c tio n  flu id  w ere  0 .1 3 8  mg/1. T h e  le a c h e d  co n c e n tra tio n s  
fro m  th is  m e th o d  w a s  lo w e r th an  th is  c rite ria . It co u ld  be  in d ic a te d  th a t th is  c em e n t 
w as  lik e ly  to  b e  c la ss if ie d  as  n o n -h a z a rd o u s  w aste . In  a d d itio n , th e  lo w es t 
c o n c e n tra tio n  o f  m e ta ls  w h ich  are  reg u la ted  fo r T C L P  an d  N F M I w a s  a lso  a p p lie d  to  
id en tify  th e  c e m e n t a s  h a za rd o u s  w as te  o r  n o n -h a z a rd o u s  w aste . T h e  lo w e s t 
c o n c e n tra tio n  o f  m e ta ls  is 0 .2  mg/1 w h ich  is re g u la te d  fo r  m e rcu ry . In  c o m p a riso n  
b e tw e e n  th e  lo w e s t c o n c e n tra tio n  o f  m e ta ls  an d  le ach ed  c o n c e n tra tio n s  fro m  T C L P ,



61

th e  le a c h a te  fro m  T C L P  w a s  lo w er th an  th e  a llo w a b le  v a lu e . T h u s , th e  ce m e n t w as 
lik e ly  to  b e  c la s s if ie d  as  n o n -h a z a rd o u s  w aste .

Figure 4.31 A v e ra g e  le ach ed  c o n c e n tra tio n  o f  z in c  fro m  T C L P

F ig u re  4 .3 2  sh o w s  th e  re su lts  fro m  N F M I. T h e  re su lts  sh o w  th a t a f te r  18 h o u rs  
o f  le a c h in g , th e  a m o u n t o f  z in c  d e tec ted  fro m  0 .1 , 0 .5 , 1, an d  2 w t.%  w ere  0 .0 4 7 ,
0 .2 2 1 , 0 .2 5 5 , a n d  0 .2 6 3  m g/1, re sp ec tiv e ly . T h e  le a c h e d  c o n c e n tra tio n s  fro m  th is  
m e th o d  w a s  lo w e r  th a n  th is  c rite ria . T h u s, th is  c e m e n t w as  lik e ly  to  b e  c la s s if ie d  as 
n o n -h a z a rd o u s  w as te . M o re o v e r , th e  lo w e s t c o n c e n tra tio n  o f  m e ta ls  w h ic h  are 
re g u la te d  fo r  T C L P  a n d  N F M I w as a lso  ap p lie d  to  id e n tify  th e  c e m e n t as  h a z a rd o u s  
w a s te  o r  n o n -h a z a rd o u s  w as te . T h e  lo w es t c o n c e n tra tio n  o f  m e ta ls  is 0 .2  mg/1 w h ich  
is re g u la te d  fo r m e rcu ry . In  c o n s id e r in g  b e tw e e n  th e  lo w e s t c o n c e n tra tio n  o f  m e ta ls  
an d  th e  le a c h e d  c o n c e n tra tio n s  o f  z in c  fro m  T C L P  an d  N F M I, th e  leach ed  
c o n c e n tra tio n s  o f  z in c  fro m  b o th  te s ts  m o stly  e x c e e d  th e  re g u la te d  c o n c e n tra tio n  o f  
m e ta ls . H o w e v e r , th e  le ach ed  co n c e n tra tio n s  o f  z in c  w e re  h ig h e r  th an  0 .2  mg/1 fo r a 
little . A s  c o n s id e r in g  th e  h a z a rd  b e tw e e n  z in c  an d  m ercu ry , it w a s  fo u n d  th a t z in c  
e x h ib ite d  lo w e r  h a z a rd  th a n  m e rc u ry  a t th e  sa m e  c o n c e n tra tio n . T h e re fo re , th is  
c e m e n t w a s  lik e ly  to  b e  c la ss if ie d  as  n o n -h a z a rd o u s  w as te . A s  c o n s id e r in g  th e  resu lts  
fro m  T C L P  a n d  N F M I, th e  re su lts  fro m  T C L P  w e re  a g re e d  w ith  N F M I. It co u ld  be  
in d ic a te d  th a t  ra w  m a te r ia l o f  c e m e n t d o p e d  w ith  in itia l c o n c e n tra tio n  o f  z in c  less 
th a n  2  w t.%  c o u ld  b e  c la ss if ie d  as n o n -h a z a rd o u s  w aste .
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Figure 4.32 A v e ra g e  leach ed  c o n c e n tra tio n  o f  z in c  fro m  N F M I 

4.4 Application of this research

T h e  re su lts  fro m  th is  th e s is  m ay  p re d ic t th e  a m o u n t o f  c h ro m iu m , n ic k e l, and  
z in c  th a t  c a n  b e  le a c h e d  o u t to  e n v iro n m e n t w h e n  th e y  p re se n t in  th e  c e m e n t ra w  
m eal. T h e  re su lts  fro m  th is  th e s is  ex h ib it th e  le ach in g  b e h a v io r  o f  c h ro m iu m , n ick e l, 
an d  z in c  fro m  c e m e n t w h e n  th e  cem e n t is u sed  an d  c o n ta c te d  w ith  w a te r  o n  v a rio u s  
p H  co n d itio n . M o re o v e r , th e  re su lt from  to x ic ity  c h a ra c te r is tic  le a c h in g  p ro c e d u re  and  
N o tif ic a tio n  o f  M in is try  o f  In d u stry  N o . 6  can  b e  th e  b a se lin e  lev e l o f  c h ro m iu m , 
n ic k e l, a n d  z in c  in  th e  h a z a rd o u s  w aste  th a t a re  d isp o se d  in  th e  c e m e n t p ro d u c tio n  
p ro c e ss . H o w e v e r , in  th e  rea l a p p lic a tio n , th e  le a c h in g  b e h a v io r  o f  h e a v y  m e ta ls  
b u rn e d  w ith  ra w  m e a l in  ro ta ry  k iln  sh o u ld  be  in v e s tig a te d  to  e n su re  th a t  th e  cem e n t 
w ill n o t b e  c la s s if ie d  a s  h a z a rd o u s  w aste  an d  can  u se  as  a  c e m e n t p ro d u c t.
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