
CHAPTER III

M A T E R I A L  A N D  M E T H O D S

3.1 R a w  m a te r ia l s

R a w  m eal w h ic h  is no t m ix ed  w ith  h e av y  m e ta l w a s  ta k e n  fro m  S iam  C ity  
C em en t, C o ., L td . T h e  c o m p o s itio n s  o f  raw  m eal a re  sh o w n  in  T a b le  3 .1 . H eav y  m eta l 
c o m p o u n d s  w e re  c h ro m ic  o x id e , n ick e l m o n o x id e  an d , z in c  o x id e . A ll h eav y  m e ta l 
o x id e s  w e re  p u rc h a se d  fro m  C arlo  E rb a  C o m p an y . A ll re a g e n ts  u se d  in  th is  s tudy  
w e re  a t le a s t re a g e n t g rad e .

Table 3.1 C o m p o s itio n s  o f  raw  m ate ria l

C o m p o n e n ts Q u a n tity  (%  b y  w e ig h t)
S i 0 2 14.33

AI2O3 3 .26
F e20 3 2 .1 7
CaO 4 3 .1 3
MgO 1.14
k 20 0 .4 7

Na20 0.03
S03 0 .1 7

LOI* 35.31
Total 100 .00

* LOI = Loss on ignition

3.2 Experimental Procedures

The experiment procedures were separated in to  2  parts; c e m e n t p re p a ra tio n  
and leaching tests.
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3.2.1 Cement preparation

3.2.1.1 Investigation of burning temperature for clinker synthesis in the 
laboratory

A p p ro x im a te ly  150 g o f  raw  m ea l w as  b u rn ed  in  c ru c ib le s  in  a  tu b e  fu rnace . 
T h e  te m p e ra tu re  w a s  h e a te d  up  to  th e  d e s ig n e d  te m p e ra tu re  w h ic h  w e re  1,3 0 0 , 1,4 0 0 , 
an d  l,4 5 0 °c. R a w  m e a l w as  b u rn e d  a t th e se  te m p e ra tu re s  fo r  60  m in u tes . A fte r 
b u rn in g  th e  sa m p le s  w e re  ta k e n  o u t fro m  fu rn ace  im m e d ia te ly  fo r  rap id  c o o lin g  by  
air. A fte r  re a c h  th e  ro o m  te m p e ra tu re , it w as  g ro u n d  to  sm a lle r  s iz e  b e fo re  an a ly z in g  
fo r th e  re s id u a l fre e  lim e  in  th e  c lin k e r, w h ic h  sh o u ld  be  in  th e  ra n g e  o f  1 .2 -1 .5  w t. % .  

T h is  v a lu e  u se d  to  te ll th e  b u rn a b ility  o f  c lin k e r. T h e  a n a ly s is  m e th o d s  in c lu d in g  X - 
ray  d if f ra c tio n  (X R D ) an d  S can n in g  E le c tro n  M ic ro sc o p y  (S E M ), w ere  u sed  to 
a n a ly z e  th e  c e m e n t m a tr ix  p h a se  o f  th e  sy n th e tic  c lin k e r  in  c o m p a r iso n  w ith  th a t o f  
rea l c l in k e r  fro m  th e  c e m e n t m a n u fa c tu r in g  p ro cess . T h e  a n a ly s is  s e ttin g s  o f  X R D  
w ere  sh o w n  in  T a b le  3 .2 . T h e  a p p ro p ria te  b u rn in g  c o n d itio n  w as  o b ta in e d  fro m  th e  
sy n th e tic  c l in k e r  a n a ly s is  th a t  g iv es  th e  c e m e n t m a tr ix  p h a se  m o s t c o m p a ra b le  w ith  
th e  m a n u fa c tu r in g  o n e . T h e  s te p s  o f  th is  e x p e rim e n t a re  sh o w n  in  F ig u re  3 .1.

T a b le  3 .2  A n a ly s is  se ttin g s  o f  X R D

P a ra m e te rs S e ttin g s
20 5-80  d e g re e

S tep  size 0.1 d eg ree .
S tep  tim e 1 seco n d
V o ltag e 30  kV

E le c tr ic  cu rren t 30  m A
T e m p e ra tu re 25°c
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Figure 3.1 S tep s  o f  f in d in g  th e  su ita b le  b u rn in g  te m p e ra tu re .

3.2.1.2 Investigation of burning time for clinker synthesis in laboratory

A p p ro x im a te ly  150 g o f  raw  m eal w as b u rn e d  in  c ru c ib le s  in  a  tu b e  fu rn ace . 
T h e  b u rn in g  te m p e ra tu re  w as b ro u g h t fro m  th e  f irs t p a r t o f  e x p e rim e n t. In  th is  
e x p e rim e n ta l se t, m a te r ia l w as b u rn e d  at th e  o p tim u m  te m p e ra tu re  fo r  30 , 60 , an d  90  
m in u te s , re sp e c tiv e ly . A fte r  b u rn in g  th e  sam p le  w as ta k e n  o u t fro m  fu rn ace  
im m e d ia te ly  fo r  ra p id  c o o lin g  b y  a ir. T h en , it w a s  g ro u n d  to  sm a lle r  s iz e  b e fo re  
a n a ly z in g  th e  re s id u a l free  lim e  in  th e  c lin k e r, w h ic h  sh o u ld  b e  in  th e  ra n g e  o f  1.2 -
1.5 w t. % . T h e  a n a ly s is  m e th o d s , X -ra y  d iffra c tio n  (X R D ) a n d  S c a n n in g  E le c tro n  
M ic ro sc o p y  (S E M ), w e re  u se d  to  a n a ly z e  th e  c e m e n t m a tr ix  p h a se  o f  th e  sy n th e tic  
c l in k e r  in  c o m p a r iso n  w ith  th a t  o f  rea l c lin k e r  fro m  th e  c e m e n t m a n u fa c tu r in g  
p ro c e ss . T h e  a p p ro p r ia te  b u rn in g  c o n d itio n  w as o b ta in e d  fro m  th e  a n a ly s is  o f  
sy n th e tic  c l in k e r  th a t  g iv e s  th e  c e m e n t m a trix  p h ase  m o s t c o m p a ra b le  w ith  th e  real 
o n e . T h e  X R D  re su lt  o f  o b ta in e d  c lin k e r  sh o u ld  m a tc h  w ith  X R D  re su lt o f  c lin k e r 
fro m  in d u s tr ia l a s  sh o w n  in  F ig u re  3 .3 . T h e  s te p s  o f  th is  e x p e r im e n t a re  sh o w n  in 
F ig u re  3 .2 .
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F ig u r e  3 .2  S tep s o f  f in d in g  su ita b le  b u rn in g  tim e .

Structure Analysis from XRD, Legend: ■  = aliteCQS) •  = belitetCjS) ♦  -  aluminite(G,A) A = free lime

F ig u r e  3 .3  S tru c tu re  an a ly se s  fro m  X R D  o f  c lin k e r  fro m  c e m e n t in d u s try
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3.2.1.3 Effect of heavy metals on clinker

A p p ro x im a te ly  150 g o f  raw  m eal w as  m ix e d  w ith  th e  h e a v y  m e ta l o x id e s  to 
g iv e  c o n c e n tra tio n s  o f  a p p ro x im a te ly  0 .1 , 0 .5 , 1, 2 w t. % . T h e  ra w  m ea l w as  b u rn ed  in 
a  c ru c ib le  in  a  tu b e  fu rn ace . T h e  b u rn in g  c o n d itio n  w as  b ro u g h t fro m  th e  firs t and  
se c o n d  p a r t  o f  e x p e rim e n t. A fte r  b u rn in g , th e  c lin k e r  w as  ta k e n  o u t fro m  fu rnace  
im m e d ia te ly  fo r  ra p id  c o o lin g  by  air. A fte r  co o lin g , it w as  g ro u n d  b y  a  d isc  .m ill. 
T h e n , th e  c lin k e r  w a s  h o m o g e n e o u s ly  m ix e d  w ith  4 .5  w t. %  o f  g y p su m . T h is 
c o m p o u n d  is c a lle d  c em en t. A c c o rd in g  to  th e  A S T M  C l 09 , th e  c e m e n t w as  m o ld ed  
by  m ix in g  w ith  san d  an d  w ate r. T h e  ra tio  o f  c e m e n t, san d , an d  w a te r  w as  d e te rm in ed  
as 1: 2 .7 5 : 0 .4 8 5 . T h e  s ize  o f  m o ld  w as 5 x 5 x 5  c m 3 as sh o w n  in  F ig u re  3 .5  (a). A fte r  
24  h o u rs , th e  c e m e n t m o rta rs  w ere  ta k e n  o f f  fro m  th e  m o ld  as sh o w n  in F ig u re  3.5 
(b). T h e n , th e  c e m e n t m o rta rs  w ere  cu re d  in  w a te r  fo r  28 d ay s . A fte r  th a t, th e  cem en t 
m o rta rs  w e re  g ro u n d  to  <  125 p m  b e fo re  u se  in  th e  le a c h in g  te s ts . T h e  s tep s  o f  th is  
e x p e r im e n t a re  sh o w n  in  F ig u re  3 .4 .

Figure 3 .4  S tep s  o f  p re p a ra tio n  clinker with heavy metal.



28

(a) (b )
F ig u r e  3 .5  C e m e n t m o rta rs  (a) b e fo re  ta k e  o f f  (b ) a f te r  ta k e  o f f

3 .2 .2  L e a c h in g  T e s ts

T h e  le a c h in g  te s ts  in  th is  s tu d y  c o n s is te d  o f  5 m e th o d s . M ic ro w a v e -a s s is te d  
le ach  m e th o d  3051  A  w as u sed  to  s tu d y  to ta l e x tra c te d  c o n c e n tra tio n  o f  h e av y  m eta l 
w ith o u t h eav y  m e ta l in  s ilic e o u s  m a tric e s  in  th e  sa m p le s . T h e  to x ic ity  c h a ra c te ris tic  
le a c h in g  p ro c e d u re  a n d  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  (1 9 9 7 ) 
w e re  u se d  to  c la ss ify  w a s te s  as  h a z a rd o u s  o r n o n -h a z a rd o u s . T h e  a v a ila b ility  leach in g  
te s t w as  u se d  to  d e te rm in e  th e  m a x im u m  tea c h a b ility  o f  h e a v y  m e ta ls . T h e  p H  s ta tic  
le a c h  te s t w as  u se d  to  fin d  th e  le ach ab ility  o f  h eav y  m e ta ls  a t v a r io u s  p H . M ic ro w av e  
a ss is te d  a c id  d ig e s tio n  o f  s ilic e o u s  an d  o rg a n ic a lly  b a se d  m a tr ic e s  (บ .ร . E P A  m e th o d  
3 0 5 2 ) w a s  u se d  to  s tu d y  to ta l h eav y  m e ta l in  th e  sam p le . T h e  d e ta ils  o f  th e  m e th o d s  
a re  d e sc r ib e d  b e lo w .

3.2.2.1 Microwave assisted acid digestion of siliceous and organically 
based matrices (บ.ร. EPA method 3052)

A p p ro x im a te ly  0 .5  g o f  sam p le  w as w e ig h t in to  a d v a n c e d  c o m p o s ite  v esse l. 
A p p ro x im a te ly  9 m l. o f  c o n c e n tra ted  H N O 3  an d  3 m l. c o n c e n tra te d  H F  w ere  added . 
A fte r  th a t, th e  v e sse ls  w e re  p u t in to  a  m ic ro w av e . T h e  d ig e s tio n  te m p e ra tu re  an d  tim e  
w ere  se t a s  fo llo w : F irs t, th e  te m p e ra tu re  w as re a c h e d  to  180°c in  5 .5  m in . T h en , it 
w as h e ld  a t 180°c fo r  9.5 m in . A fte r  c o o lin g , th e  so lu tio n  w a s  f ilte re d  w ith  f ilte r 
p a p e r  b e fo re  b e in g  an a ly zed . T h e  p ro c e d u re s  a re  sh o w n  in  F ig u re  3 .6 .
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Figure 3.6 M ic ro w a v e  a ss is te d  ac id  d ig e s tio n  o f  s ilic e o u s  an d  o rg a n ic a lly  b ased
m a tric e s  e x tra c tio n  p ro ced u re .

3.2.2.2 Microwave-assisted leach method 3051 A

A p p ro x im a te ly  0 .5  g. o f  sam p le  w a s  w e ig h t in to  a d v a n c e d  c o m p o s ite  v esse l. 
A p p ro x im a te ly  10 m l. o f  c o n c e n tra te d  H N O 3 w as  ad d ed . A fte r  th a t, th e  v e sse ls  w ere  
p u t  in to  a  m ic ro w a v e . T h e  d ig e s tio n  te m p e ra tu re  an d  tim e  w ere  se t a s  fo llo w : F irst, 
th e  te m p e ra tu re  w a s  re a c h e d  to  175 °c in  5.5 m in u te s . T h e n , it w a s  h e ld  a t 175°c fo r
4 .5  m in . A fte r  c o o lin g , th e  so lu tio n  w a s  f ilte red  w ith  g la ss  f ib e r  f ilte r  p a p e r  b efo re  
b e in g  an a ly zed . T h e  p ro c e d u re s  are  sh o w n  in F ig u re  3.7.
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F ig u r e  3 .7  M ic ro w a v e -a s s is te d  le ach  m e th o d  3 0 5 1 A  e x tra c tio n  p ro c e d u re

3 .2 .2 .3  T o x ic i ty  c h a r a c te r i s t i c  le a c h in g  p r o c e d u r e  ( T C L P )

A p p ro x im a te ly  10 g. o f  sam p le  w as  w e ig h te d  in to  p o ly p ro p y le n e  b o ttle s  a lo n g  
w ith  a  20:1 ra tio  o f  e x tra c te d  liq u id  to  sam p le . A b o u t 2 0 0  m l. o f  th e  T C L P  e x tra c tio n  
flu id  N o . 2 w a s  ad d ed . T h is  so lu tio n  w a s  0.1 M  ace tic  a c id  a n d  w a s  te s te d  to  en su re  
th e  p H  is 2 .8 8  ± 0 .1 .  T h e  b o ttle s  w ere  tu m b le d  a t 30 rp m  in  a  ro ta ry  e x tra c to r  a t ro o m  
te m p e ra tu re  fo r  18 h . A t th e  en d  o f  th e  e x tra c tio n , th e  le a c h a te  w a s  f ilte re d  w ith  g la ss  
f ib e r  f ilte r  p ap e r. T h e  p H  o f  th e  filtra te  w as  m e a su re d  an d  th e  le a c h a te  w a s  ac id if ied  
by  a  sm a ll a m o u n t o f  c o n c e n tra te d  n itr ic  ac id  to  p H  <  2 b e fo re  b e in g  an a ly zed . T h e  
p ro c e d u re s  a re  sh o w n  in  F ig u re  3 .8 .
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Figure 3 .8  T o x ic ity  c h a ra c te ris tic  le a c h in g  p ro c e d u re

3.2.2.4 Notification of Ministry of Industry No.6 B.E. 2540(1997)

A p p ro x im a te ly  10 g. o f  sam p le  w as w e ig h ted  in to  p o ly p ro p y le n e  b o ttle s  a lo n g  
w ith  a  20 :1  ra tio  o f  e x tra c te d  liq u id  to  sam p le . A b o u t 2 0 0  m l. o f  th e  e x tra c tio n  f lu id  
w a s  ad d e d . T h is  so lu tio n  w a s  8 0 :2 0  ra tio  o f  n itric  a c id  to  su lfu r ic  a c id  a n d  w a s  te s ted  
to  e n su re  th e  p H  w a s  5. T h e  b o ttle s  w ere  tu m b le d  a t 30  rp m  in  a  ro ta ry  e x tra c to r  a t 
ro o m  te m p e ra tu re  fo r  18 h . A t th e  en d  o f  th e  e x tra c tio n , th e  le a c h a te  w a s  f ilte re d  w ith  
g la ss  f ib e r  f ilte r  p a p e r . T h e  p H  o f  th e  filtra te  w as  m e a su re d  a n d  th e  le ach a te  w as 
a c id if ie d  by  a  sm a ll a m o u n t o f  co n c e n tra ted  n itr ic  ac id  to  p H  <  2 b e fo re  b e in g  
an a ly zed . T h e  p ro c e d u re s  a re  sh o w n  in F ig u re  3.9
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Figure 3 .9  N o tif ic a tio n  o f  M in is try  o f  In d u s try  N o . 6  le a c h in g  te s t p ro c e d u re  

3.2.2.5 Availability Leaching Test

A  sa m p le  m a ss  e q u iv a le n t to  10 g. w as  w e ig h t in to  b ig g e r  th a t  c o n ta in e d  w ith  
5 00  m l. D I w a te r . F irs t, th e  sam p le  w as e x tra c te d  a t a  p H  v a lu e  o f  7 ±  0 .2  fo r 3 h . T h e  
so lu tio n  w a s  m ix e d  w ith  a  m a g n e tic  s tir re r  a n d  so lu tio n  p H  w a s  m a in ta in e d  b y  th e  
a d d itio n  o f  0 .5  N  n itr ic  a c id  o r  so d iu m  h y d ro x id e  v ia  a  p H  c o n tro lle r . A t th e  en d  o f  
th e  f irs t e x tra c tio n , th e  sam p le  w as  filte re d  th ro u g h  g lass  f ib e r  f ilte r  p a p e r . T h e  so lid  
w as re tu rn e d  to  e x tra c t  w ith  500  m l. D I w ate r. F o r th e  se c o n d  e x tra c tio n , th e  sam p le  
w as  e x tra c te d  a t a  p H  o f  4 ±  0 .2  fo r 3 h. T h e  so lu tio n  w a s  m ix e d  w ith  a  m ag n e tic  
s tir re r  an d  so lu tio n  p H  w as m a in ta in e d  by  th e  ad d itio n  o f  0 .5  N  n itr ic  ac id  o r  so d iu m  
h y d ro x id e  v ia  a  p H  co n tro lle r . A t th e  en d  o f  th e  se c o n d  e x tra c tio n , th e  so lu tio n  w as 
f ilte re d  th ro u g h  g la ss  f ib e r  f ilte r  p ap e r. T h e  so lu tio n  fro m  th e  f irs t a n d  seco n d  
e x tra c tio n  w a s  m ix e d  to g e th e r. T h e  so lu tio n  w a s  a c id if ie d  b y  a  sm a ll a m o u n t o f  
c o n c e n tra te d  n itr ic  a c id  to  p H  <  2 b e fo re  b e in g  a n a ly zed . T h e  p ro c e d u re s  a re  sh o w n  in 
F ig u re  3 .10 .
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F ig u r e  3 .1 0  A v a ila b ility  le a c h in g  te s t p ro c e d u re  

3 .2 .2 .6  p H  S ta t ic  L e a c h  T e s t

A p p ro x im a te ly  30  g. o f  sam p le  w as e x tra c te d  in  D I w a te r  a t L /S  ra tio  o f  10 
m l/g  u n d e r  s ta tic  p H  c o n d itio n s . T h e  sam p le  w as e x tra c te d  a t th e  fo llo w in g  p H  v a lu es  
4 -1 2 . T h e  so lu tio n  w a s  k ep t o p en  to  th e  a tm o sp h e re  a t 20°c a n d  w as  s tirred  
c o n tin u o u s ly  d u r in g  24  h . T h e  so lu tio n  pH  w a s  a u to m a tic a lly  a d ju s te d  b y  a d d itio n  o f  
1 M  H N O 3 o r  N a O H  v ia  a  p H  c o n tro lle r  w h en  th e  m e a su re d  p H  d e v ia te s  b y  m o re  th an  
a  p re se t v a lu e  fro m  se tp o in t. A fte r  th a t, th e  so lu tio n  w as f ilte re d  b y  g la ss  f ib e r  f ilte r
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paper. T h e  so lu tio n  w a s  a c id if ie d  b y  sm all a m o u n t o f  c o n c e n tra te d  n itric  ac id  pH  < 2 
b e fo re  b e in g  a n a ly z e d . T h e  p ro c e d u re s  a re  sh o w n  in F ig u re  3 .11 .

Figure 3.11 p H  s ta tic  leach  te s t p ro c e d u re

T h e  le a c h in g  te s ts  in  th is  s tu d y  can  su m m a riz e  as  sh o w n  in  th e  T a b le  3 .3 . T h is  
ta b le  sh o w s  th e  c o n d itio n s  fo r  e a c h  test.

Table 3.3 C o m p a riso n  o f  le a c h in g  te s ts

Parameters M3052 M3051 TCLP NFMI AVLT pH stat.
A m ount o f  solid 0.5 g. 0.5 g. 1 0 0  g. 1 0 0  g. 1 0  g. 1 0  g.

L/S ratio - - 1 : 2 0 1 : 2 0 1:50 1 : 1 0

C ontact tim e 1 0  min. 15 min. 18 h. 18 h. 3 h. for 24 h.
each step

Extraction fluid HNOa +HF h n o 3 CH jC O O H H N 0 3+ DI w ater DI water
(cone.) (cone.) H 2 SO 4 control and

pH 4 and control
pH 7 pH

Filtration 0.45 mm. 0.45 mm. 0.45 mm. 0.45 mm. 0.45 mm. 0.45 mm.
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3.3. Chemical Analysis

3.3.1 Analysis of Free lime

A p p ro x im a te ly  0 .5  g. o f  sam p le  w as w e ig h t in to  f la sk  w h ic h  c o n ta in e d  w ith  15 
m l. o f  e th y le n e  g ly c o l an d  7.5 m l. o f  m e th an o l. T h is  so lu tio n  w as b o ile d  and  eq u ip p ed  
w ith  re flu x  c o n d e n se r. D u rin g  b o ilin g , th e  so lu tio n  w as m ix e d  w ith  s tirre r  fo r 30 
m in u te s . A fte r  th a t, th is  so lu tio n  w as co o led  by  air. A fte r  c o o lin g , th e  so lu tio n  w as 
f iltra ted  b y  n u m b e r  4 0  f ilte r  paper. T h en , th e  o b ta in e d  so lu tio n  w as ad d ed  a few  
in d ica to r. T h e  in d ic a to r  w as  0 .005  g. o f  m e th y l red  an d  0.5 g. o f  b ro m o c re so l g reen  in 
100 m l. m e th a n o ls . T h e  so lu tio n  w as titra te d  w ith  0.1 N  HC1. A n  a m o u n t o f  free  lim e  
w as c a lc u la te d  b y  th e  fo llo w in g  eq u a tio n :

%  free  lim e  =  m l. o f  0.1 N  H C l X 0 .5 6

3.3.2 Analysis of Heavy metal concentrations
A ll h e a v y  m e ta l in  th is  s tu d y  w a s  a n a ly z e d  b y  In d u c tiv e  C o u p le  P la sm a  (IC P ). 

B e fo re  a n a ly z e , th e  so lu tio n s  w ere  d ilu te d  to  e n su re  th a t th e ir  c o n c e n tra tio n  w e re  o v e r 
th e  s ta n d a rd iz a tio n . T h e  d ilu tio n  fa c to r d e p e n d e d  o n  e a c h  te s ts . F o r M ic ro w av e  
a ss is te d  ac id  d ig e s tio n  o f  s ilic e o u s  an d  o rg a n ic a lly  b a se d  m a tr ic e s  (บ .ร . E P A  m e th o d  
3 0 5 2 ) a n d , M ic ro w a v e -a s s is te d  le ach  m e th o d  3051  A , th e  so lu tio n  w a s  d ilu te d  by  100 
tim es . F o r  th e  A v a ila b il i ty  le a c h in g  te s t  (N E N  7 3 4 1 ), th e  so lu tio n  w a s  d ilu te d  by  50 
tim es . F o r  th e  o th e rs  m e th o d , th e  so lu tio n  w as  d ilu te d  b y  10 tim es .

3.3.3 pH measurement

The pH c o n tro lle r  (P ro m in e n t D i e  ty p e  D ) w a s  u se d  to  c o n tro l th e  p H . T h e  
pH v a lu e  w a s  d e te rm in e d  by  p H  m e te r  (S a rto rio u s).
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