
CHAPTER IV

RESULTS AND DISCUSSION

4.1 Physical Characteristic Study

T he p h ysica l characteristics o f  bagasse (B ) and bagasse fly  ash (B F A ) should  
be evaluated  to determ ine the p ossib ility  o f  utilization. M any key param eters w ere  
determ ined in  th is study u sin g  m aterial sam ples form  local sugar factory in Saraburi 
province, Thailand. S elected  constituents o f  m aterials used  in th eses in v estig atio n s are 
presented as fo llow :

4.1.1 Bulk Specific Gravity

B u lk  sp ec ific  gravity can be used to prelim inarily evalu ate chem ical 
com p osition s, n on com b u stib le m aterial, vo id s and fin en ess o f  the material. M oreover, 
it is sign ifican t in d esign ing  the m ix  proportion and unit w eigh t o f  concrete. In Table
4 .1 , a com parison  o f  bulk sp ec ific  gravities o f  bagasse, bagasse fly ash, Portland  
cem ent, sand and crushed stone are tabulated. A s Table 4.1 show s, the bulk sp ecific  
gravity o f  b ag asse  w as le ss  than that o f  bagasse fly  ash, 0 .3 4  and 1.85 for b agasse and 
b agasse f ly  ash, resp ectively . T he bulk sp ecific  gravity va lues o f  these m aterials are 
m uch low er than th ose  o f  Portland cem ent, sand and crushed stone.

A s T able 4.1 sh ow s, the difference b etw een  m aterials m ay b e due to chem ical 
com p osition s. B u lk  sp ec ific  gravity o f  each constituent w as different that is, Portland 
cem ent contains h igh CaO, AI2 O 3 , and F e 2 0 3 , w hich  have high bulk sp ec if ic  gravity. 
On the other hand, S 1O 2 w ith  its low  bulk specific gravity is the main com ponent in 
bagasse and bagasse fly ash. The chem ical com positions w ere show n in Table 4.4. In 
addition, it m ay be due to particle size, Rachakornkij (2 0 0 0 ) revealed that the finer 
particle s ize  w a s, the higher bulk  sp ecific  gravity w as for the material. T he particle 
size  o f  b ag asse  fly  ash w a s sm aller than that o f  b agasse as d iscussed  in section  4 .1 .3 .
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T a b le  4.1 B ulk  S p ecific  G ravities o f  B agasse , B a ga sse  F ly A sh , Portland Cem ent, 
Sand and Crushed Stone

M a ter ia l B u lk  sp e c if ic  g ra v ity
B a ga sse 0 .3 4
B a g a sse  fly  ash 1.85
Portland cem ent 3 .1 2 -3 .1 5
Sand 2 .65
C rushed stone 2 .7 0

4 .1 .2  P ore  s ize , P o ro s ity , an d  S p ec if ic  P o re  V o lu m e

T he pore sizes o f  b agasse and b agasse  fly  ash are show n in T able 4.2 , that is 
2031 Â  (203  nm) and 77 4  Â  (77  nm ), resp ectively . T he pores o f  material are 
gen era lly  c la ssified  into three groups; m icropore (pore size <  2 nm ), m esopore (2 -5 0  
nm ), and m acropore (>  50  nm) (Juang, et al., 2 0 0 2 ). The pore sizes o f  the sam pled  
b agasse  and bagasse fly  ash m ostly  lie  in the m acropore range.

T a b le  4 .2  P ore size, Porosity, and P ore sp ecific  vo lu m e o f  B a ga sse  and B agasse Fly  
A sh

P a ra m eter B a g a sse B a g a sse  F ly A sh
Pore size  (Â ) 2 0 3 1 .4 3 7 77 4 .9 60
P orosity  (% ) 1.09 3.97
Pore sp ecific  vo lu m e (cm 3/g ) 0 .0 2 2 2 0 .0897

It can be seen  in  T able 4 .2  that the porosity and sp ec ific  pore vo lu m e o f  
b agasse  f ly  ash w ere h igher than th ose  o f  bagasse. G upta and A li (2 0 0 0 ) treated 
b agasse  f ly  ash  from  local sugar factory in  India w ith  hydrogen  peroxide at 6 0 ° c  for
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24 h and w ash ed  w ith  d ou b le-d istilled  w ater three tim es, after that they w ashed  it w ith  
deionized  w ater and dried at 1 0 0 ° c . T hey found that porosity  o f  b agasse fly  ash w as  
36% ; w h ich  is m ore than that o f  the b agasse fly  ash used  in this study. H ow ever, the 
treatm ent process should take a lo t o f  tim e and budget.

4.1.3 Particle Size Distribution

A s m entioned in S ection s 3.1.1 and 3 .1 .2 , b agasse w a s ground to 20 0  pm  
fin en ess w h ile  bagasse fly  ash w as sieved  to the desired particle s ize  o f  150 pm. The 
particle s ize  distributions o f  b agasse  and bagasse fly ash w ere  show n in F igures 4.1 
and 4 .2 , respectively. T able 4.3 sh ow in g particle s ize  o f  m aterials, indicated that the 
fin en ess o f  m aterial w as availab le s iz e  according to  designed.

Figure 4.1 Particle S ize D istribution  o f  B agasse
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F i g u r e  4 .2  Particle S ize  D istribution o f  B agasse  F ly A sh

T a b le  4 .3  Particle S izes o f  B agasse  and B agasse  F ly A sh

M a t e r i a l d 5 0 %  ( m i c r o n s ) d 90%  ( m i c r o n s )

B a g a sse 6 5 .7 3 0 3 0 1 .0 03
B a g a sse  f ly  ash 3 0 .5 8 6 69 .13 5

4 . 1 . 4  S p e c i f i c  S u r f a c e  A r e a

Form  B E T  analysis results, the surface area o f  b agasse fly  ash is higher than 
that o f  b agasse, 5 2 .8 0  and 4.81 m2/g  for b agasse  fly ash and b agasse , respectively. 
Thus, it is  exp ected  that the adsorption o f  Pb(II) and C r(V I) w ill b e h igher on bagasse 
fly  ash  than that o f  bagasse.
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4 . 1 . 5  M o r p h o l o g y

Figure 4.3 show ing SEM  photographs clearly revealed  the surface texture and 
different lev e ls  o f  porosity o f  the material under study. It w as evident that the 
particles o f  both m aterials are in the form  o f  non-spherical particles. For bagasse, 
SE M  photograph show ed  that the acid ic condition  treatm ent can d evelop ed  porosity  
on the surface. Untreated bagasse is show n in Figure 4 .4 , pore on surface w as low er 
than that o f  treated bagasse.

(a) (b)

F i g u r e  4 .3  Scanning E lectron M icrograph o f  (a) B agasse  and (b) B agasse  F ly A sh  
(1 5 0 0 x  M agnification)

F i g u r e  4 . 4  Scanning E lectron  M icrograph o f  U ntreated B agasse  ( 1 5 0 0 x  

M agn ifica tion )
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4 . 2  C h e m i c a l  C h a r a c t e r i s t i c  S t u d y

M any k ey  param eters o f  chem ical characteristic w ere  determ ined in this study  
u sin g  m aterial sam p les form  local sugar factory in Saraburi province, Thailand.

4 . 2 . 1  B u l k  C h e m i c a l  C o m p o s i t i o n

C h em ical com p osition  o f  material can be used to  predict the behavior o f  the 
m aterial in the environm ent as w ell as in its applications. For exam ple, h igh chloride  
content in the m aterial w ou ld  have an adverse effect on  reinforced steel in concrete. It 
also  reflects the ab ility  o f  so lub le  chloride salts o f  m etal to  m etal to  be leached into 
the environm ent (Rachakornkij, 2000).

T he com p o sition  o f  b agasse is show n in T able 4 .4 . T he m ain fractions o f  
b agasse, ce llu lo se , w ere in the sam e range as other herbaceous m aterials, such as rice, 
barley straw  and sorghum  straw (A guilar, et al., 20 0 2 ). C ellu lo se  is  the first m ost 
abundant o f  organ ic substance in the cell w all o f  plants. T he ce llu lo se  is a polym er o f  
g lu co se  m o lecu les  con d en sed  and linked together linearly by 1 ,4 -P -g ly co sid ic  bonds, 
as sh ow n  in F igure 4 .5 . C e llu lo se ’s properties are three d im en sion s like net, many 
pores, in so lu b ility , and unbroken. It contains various functional groups, such as 
carboxyl group and h yd roxyl group.

T he m etal ion s o f  b agasse w ere m easured usin g X R F  w h ich  reported them  in 
their resp ective  ox id e  form s, as show n in Table 4.5 . A fter burning in boiler b agasse  
b eco m e b agasse  fly  ash. M ost com ponents o f  b agasse w ere  burned and volatized , so  
the m ain com p on en ts o f  b agasse  fly  ash w ere m ainly m etal ions. T he results sh ow  the 
m ajor constituent, S ilica , m easured at 1.36 % and 5 1 .9 6  % by w e ig h t o f  b agasse and 
b agasse  f ly  ash, resp ectively . In addition, the chem ical com p o sition s o f  cem ent w ere  
su m m arizes in  T able 4 .5  for com parison.

A  com p arison  w ith  Portland cem ent is a lso  m ade in  the sam e table. It w as seen  
that the s ilica  con ten t o f  Portland cem ent w as low er than that o f  b ag asse  fly  ash but
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m ore than that o f  bagasse. A lum ina, calcium  and su lfate con ten t w ere  m uch higher  
than b agasse  and b agasse  fly ash. M agnesium  and iron con ten ts w ere  about sam e as 
th o se  o f  b ag asse  fly  ash but m uch higher than bagasse.

T a b le  4 .4  M ain  C om ponents o f  B agasse

P e r c e n ta g e  d ry  w e ig h t
C o m p o n e n ts K osayothin,

20 02
R ao, et al., 

2 0 0 2
K atyal, et al., 

2003
C ellu lo se 44 -45 70 2 6 .6 -5 4 .3
O rganic m ater (sugar, pentasan, 25 10 N R
p ep tose, proteins, etc.)
L ign in 20 20 14 .3 -24 .45
O thers (m etal ion s) 10 1 N R
N R  referred to not reported

F ig u re  4 .5  Structure o f  C ellu lose  (h ttp ://w w w .fib ersou rce.com /f-tu tor/cellu lose .h tm l)

http://www.fibersource.com/f-tutor/cellulose.html
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T able 4.5 C h em ical C om p osition  (พ /พ ; %) o f  B agasse, B a ga sse  F ly A sh  and Portland 
C em ent

C o n s t i t u e n t s B a g a s s e B a g a s s e  f l y  a s h P o r t l a n d  c e m e n t  a

N a 20 « 0 . 4 3 N R
M gO « 1 . 7 4 0 . 1 - 4 . 0

AI2 O 3 0 . 0 8 3 1 . 3 7 3 - 8

S i 0 2 1 . 3 5 8 5 1 . 9 6 1 7 - 2 5

P2 O 5 0 . 0 7 1 . 4 3 N R
S 0 3 0 . 1 6 9 0 .1 1 1-3
Cl 0 . 8 5 3 « N R

K 20 0 . 1 0 8 1 . 3 2 N R
CaO 0 . 1 9 4 7 . 2 6 6 0 - 6 7

T i 0 2 « 0 . 2 2 N R
M nO « 0 . 1 4 N R
F e20 3 « 0 . 8 2 0 . 5 - 6 . 0

a N e v ille  and B ro o k s, 1994  
«  referred to  le ss  than 0.05%  
N R  referred to not reported

B a g a sse  fly  ash generated from  the burning process o f  b agasse in boiler that 
the burning con d itio n s m ay d iffer from  one factory to  another. Then the chem ical 
com p osition  o f  b ag asse  fly  ash from  any factories m ay vary. The com parison  w ith  the 
previous stu d ies is thus necessary . Table 4 .6  sum m arizes the chem ical com p osition  o f  
b agasse f ly  ash  from  this study as w e ll as from  previous studies for com parison. From  
the Table, the resu lts sh o w  the sim ilar va lu es for each constituents, it indicated that 
the d ifferen ce in  burning con d ition s o f  boilers did not sign ifican tly  affect to chem ical 
com p o sition s o f  b ag asse  fly  ash.
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T a b l e  4 . 6  C hem ical C om p osition  (พ /พ ; %) o f  B agasse F ly  A sh

C o n s t i t u e n t s A l u m ,  1 9 8 7 G u p t a  a n d  

A l i ,  2 0 0 1

J a r u t a w a i ,

2 0 0 2

T h i s  s t u d y

S i 0 2 65 .8 60.5 6 7 .9 4 51 .96
k 20 7.5 N R 2 .1 9 1.32
a i 2o 3 5.5 15.4 4 .75 1.37
CaO 4.2 2.9 3.63 7 .26
F e20 3 3.3 4.9 1.61 0 .82
M gO N R 0.81 1.23 1.74
S 0 3 2.0 N R 0 .1 2 0.11
N R  referred to not reported

B ased  on  A S T M  C 6 18 -9 6 , c lassification  o f  bagasse and b agasse fly  ash as a 
pozzo lan , is sh ow n  in T able 4 .7 . It is seen  that both o f  b agasse and b agasse  fly  ash do  
not strictly fall in to  any o f  the c lasses set by A ST M  standards. A lth ou gh  S 0 3, M gO , 
and N a 20  contents m et the standards for all c lasses, but the main property, 
S i0 2+ A l2 0 3 + F e 2 0 3  content, is low er than the m inim um  standard value. H ow ever, 
trying to  m ake u se  o f  the m aterials, one should also consider the other properties such  
as relative com p ressiv e  strength w ith  Portland cem ent at 28 days w h ich  w ill be  
d iscu ssed  in section  4 .4 .

T a b l e  4 .7  C om parison  o f  C hem ical Properties o f  B agasse  and B a g a sse  F ly A sh  w ith  
A S T M  R equirem ent for a P ozzolan.

P r o p e r ty  (% )
P o zzo la n  class

B B F A

N F C

S i0 2+ A l2 0 3 + F e 2 0 3 , m in 70 .0 70 .0 50 .0 1.441 54 .15
SO 3 , m ax 4.0 5.0 5.0 0 .1 6 9 0.11
M gO , m ax 5.0 5.0 5.0 < 0 .05 1.74
N a 20 ,m a x 1.50 1.50 1.50 < 0 .05 0.43
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4 . 2 . 2  M i n e r a l o g i c a l  C o m p o s i t i o n s

The inform ation  on  bulk chem ical com p osition s on ly  g iv e s  a coarse idea as to  
h ow  m uch each  elem en t is in the m aterials. B ut inform ation on com pound those  
elem en ts constitute are really im portant for the prediction o f  chem ical reactions that 
w ill occu r in Pb(II) and C r(V I) rem oval p rocess and reaction  in cem ent.

F igure 4 .6  illustrate the X R D  patterns o f  bagasse and b agasse fly ash. M o st o f  
X -ray spectra o f  the b agasse  did not sh ow  any peak thereby indicating the am orphous  
nature o f  the m aterial. T his should  not cause a surprise sin ce the inform ation on  
com p onen ts o f  b agasse, as d iscu ssed  in section  4 .2 .1 , ind icated that main com ponent  
o f  b agasse  w as ce llu lo se  w h ich  is am orphous. X R D  exam ination  o f  b agasse reveals  
that the p ossib le  m ain com p onen ts o f  the crystalline phases w ere CasSiO/tCfz, 
C2Hi705Si46 0  92, and A^Si/tO io.

B a ga sse  fly  ash, X -ray spectra sh ow ed  that m ost peaks o f  SiC>2 w ere in form  
o f  crystalline phases. G enerally, silica  w ill b e resp on sib le for increase com p ressive  
strength from  the p ozzo lan ic  reaction b etw een  calcium  hydroxide and silica  and the 
hydration o f  silica  its e lf  in the alkaline environm ent (S ingh , et al., 20 00 ) but only  
silica  is in an am orphous state (Rachakornkij, 2000; and H ernandez, et al., 1998).

The identity o f  other phases is very  d ifficu lt to find because the patterns are 
characterized by a large num ber o f  sm all, overlapping peaks and the sam ple contains 
high quantities o f  poorly crystalline o f  am orphous m aterials.
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(b)

F ig u re  4 .6  X R D  Patterns o f  (a) B agasse  and (b) B agasse  F ly  A sh

4 .2 .3  L o ss on  Ig n itio n  (L O I)

L O I  va lu e  o f  b agasse and b agasse  fly  ash w as 9 7 . 1 7  and 3 3 . 1 7 % ,  respectively . 
A s d iscu ssed  earlier, L O I  is m ain ly used  to  determ ine the carbon content in the 
sam ple. L O I  va lu e  o f  m ore than 6% in coa l fly  ash w ill reduce the air entrainm ent in 
the concrete, thus n egative ly  affectin g  w orkability , strength, and durability o f
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con crete  (Rachakornkij, 2 0 00 ). In addition, h igh  carbon content w ill cause absorption  
o f  ch em ica l add itive and lo w  com p ressive  strength o f  concrete.

B ased  on  A S T M  C 6 18-96, c la ssifica tion  for p ozzo lan ic  material, the 
m axim u m  LO I va lu e w as 10, 6, and 6%  for p ozzo lan ic  cla ss N , F, and c, 
resp ectively . It is seen  that both o f  b agasse and b agasse  fly  ash d ose  not strictly fall in 
to  any o f  the c la sses g iven  by A S T M  standards. T h ese results w ere according to 
in form ation  on  percent o f  S i0 2 + A l2 0 3 + F e 2 0 3 , as d iscu ssed  above.

4 .2 .4  p H

pH  va lu e o f  b agasse and b agasse  fly  ash, w as 5 .8  and 11.6, respectively. The 
pH  o f  m aterial is an indication o f  h o w  its leachate w ou ld  behave in the real 
environm ental as w e ll as in the leach in g test. N orm ally, h igh  pH  w h ich  contributes to 
high  alkalin ity w o u ld  m ake it pass the regulatory L P -N o .6  test. B ecau se m ost 
regulated m etals rem ain insoluble at high pH solution  (Rachakornkij, 2000).

4 . 2 . 5  W a t e r  A b s o r p t i o n  C a p a c i t y

T he results sh ow ed  that absorption capacity o f  b agasse and b agasse fly  ash 
w a s 353 and 65% , respectively. A bsorption  capacity o f  material is defined as the 
ability  o f  an oven-dried  material to  absorb m oisture in a 100%  relative hum idity  
environm ent. A s m ention  above, absorption capacity va lu e m ay be used as an 
in d ication  o f  h ow  m uch the material w o u ld  take up w ater in the mix.

4 . 2 . 6  F u n c t i o n a l  G r o u p

The F T -IR  spectra o f  bagasse and b agasse  fly  ash recorded in the 4 0 0 0  to 400  
cm '1 are sh ow n  in F igure 4 .7 . The p ossib le  functional group o f  bagasse w as alkyl 
group (hydroxyl or am ino substituent), hydroxy or am ino com pound, aliphatic alcohol 
(prim ary or secondary or cyc lic  hyd roxyl), and carbonyl com pound. Inorganic 
com pound (s ilica  or silicate) w as p ossib le  functional group o f  b agasse  fly  ash.
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(a )

(b)

F i g u r e  4 .7  F T -IR  spectra o f  (a) B agasse  and (b) B a ga sse  F ly  A sh
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4 .3  R e m o v a l  S tu d y

A ll e x p e r im e n ts  w e r e  carried  ou t in  tr ip lica te  and m e a n s  are g iv e n . T h e  
e x p e r im e n ta l re su lts  are as fo llo w s:

4 .3 .1  R e m o v a l  o f  L e a d

4 .3 .1 .1  E ffe c t  o f  co n ta c t  tim e

T h e  tim e -d e p e n d e n t b e h a v io r  o f  lead  r e m o v a l b e tw e e n  ad so rb a te  and  
a d so rb en t w a s  m easu red  u s in g  th e  c o n d it io n s  that w e r e  p r e v io u s ly  d e sc r ib e d  in  T a b le
3 .3 . T h e  resu lts  are p lo tted  in F ig u re  4 .8 . T h e  rem o v a l o f  lead  w a s  fo u n d  to  in crease  
w ith  in c r e a s in g  c o n ta c t  tim e, but it b e c a m e  a lm o st  co n sta n t a fter  15 and 4 5  m in u tes  
fo r  b a g a sse  and b a g a sse  f ly  ash , r e sp e c tiv e ly . T h e rate o f  r e m o v a l is  h ig h er  in  the  
b e g in n in g  d u e  to  a larger su rfa ce  area o f  th e  m ater ia ls  a v a ila b le  fo r  th e  ad sorp tion  o f  
th e  P b (II) . A fte r  th e  ad sorb ed  m ateria l fo rm s a o n e -m o le c u le  th ick  la yer , th e  ca p a c ity  
o f  th e  a d so rb en t g e ts  exh a u sted  and th en  th e  u p ta k e  rate is c o n tr o lle d  b y  th e  rate at 
w h ic h  th e  so rb a te  is tran sp orted  fro m  th e  ex ter io r  to  th e  in ter ior  s ite s  o f  th e  ad sorben t  
p a rtic le  (Y u , et a l., 2 0 0 3 ) . F rom  th e  resu lts , th erefore , co n ta c t  p er io d s  o f  6 0  m in u tes  
w a s  f in a lly  s e le c te d  for  all o f  th e  n e x t  eq u ilib r iu m  ex p e r im e n ts .

B a g a ss e  w a s  sh orter  eq u ilib r iu m  c o n ta c t  t im e  c o m p a r in g  to  b a g a sse  fly  
ash , it m a y  b e  d u e  to  p ore s iz e  o n  su r fa ce  o f  m ateria l. T h e  a d so rp tio n  is  fa st in re la tiv e  
la rg e  p o r e s , and s lo w  en tr ies in to  sm a ll m icro p o res  d u e  to  th e  d if fu s io n  e f fe c t  (Flu, et 
a l., 2 0 0 3 ) .  F rom  T a b le  4 .2 , it w a s  sh o w n  that p ore s iz e  o f  b a g a sse  (2 0 3 1  Â ) w a s  larger  
th an  th a t o f  b a g a sse  f ly  a sh  ( 7 7 4  Â ).

T h e  p e r cen ta g e  o f  Pb r e m o v a l and a m o u n t o f  Pb a d so rb ed  for b a g a sse  
(6 7 .0 7 % , 0 .6 6 9  m g /g  ) w a s  lo w e r  than  that o f  b a g a sse  f ly  a sh  (9 6 .7 0 % , 0 .9 6 5  m g /g ). 
It m ay  b e  d u e  to  p o ro sity  and p o re  sp e c if ic  v o lu m e  o f  m ateria l. T h e  ad sorp tion  
c a p a c ity  is  h ig h  in  re la tiv e  h ig h  p o r o s ity  and p o re  sp e c if ic  v o lu m e  du e to  h igh  
a d so rp tio n  site .
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(a)

(b)
Figure 4.8 Effect of Contact Time on (a) Removal of Pb(II) and (b) Amount
Removed of Pb(II) (solution pH 4, initial concentration 10 mg/L, dose 10 g/L)
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4 .3 .1 .2  E ffe c t  o f  in itia l co n cen tra tio n

T h e  r e m o v a l e x p er im en ts  w e r e  carried  o u t at th e  c o n d it io n s  e x p la in e d  
in  T a b le  3 .3 . T h e  resu lts  are g iv e n  in F ig u res  4 .9  and 4 .1 0  fo r  r e m o v a l o n  b a g a sse  and  
b a g a s s e  f ly  a sh , r e sp e c tiv e ly . T h e  fig u res sh o w e d  th e  r em o v a l e f f ic ie n c y  o f  P b (II)  as a 
fu n c t io n  o f  in itia l co n ce n tr a tio n  at d ifferen t so lu tio n  p H  v a lu e s . It w a s  o b se r v e d  that, 
b a g a sse  red u c e d  P b (II) fro m  9 5 .6 3 %  (0 .4 6 7  m g /g )  to  6 6 .3 0 %  ( 4 .0 5 5  m g /g )  w ith  the  
in itia l P b (II )  io n  co n ce n tr a tio n  varied  fro m  5 to  8 0  m g /L  w ith  a c o n sta n t a d so rb en t  
d o s e  at p H  6. In  th e  c a se  for  b a g a sse  f ly  ash , th e  r em o v a l e f f ic ie n c ie s  w e r e  9 9 .5 4 %  
(1 .9 7 1  m g /g )  and 9 9 .4 6 %  (7 .9 1 4  m g /g )  at an in itia l c o n c e n tr a t io n  o f  P b (II)  io n  2 0  and  
8 0  m g /L  at p H  6 , r e sp e c tiv e ly . F or b a g a sse  f ly  ash , at in itia l c o n c e n tr a t io n  le s s  than  2 0  
m g /L , th e  e q u ilib r iu m  co n cen tra tio n  w a s  le s s  than d e te c t io n  lim it  o f  th e  A A S  u se d  in  
th e  s tu d y  (0 .0 5  m g /L ).

It can  b e  o b serv ed  that th e  rem ov a l o f  P b (II)  o n  b a g a sse  and  b a g a sse  
f ly  a sh  e x h ib ite d  s im ila r  trend; that is, it d ecrea sed  w ith  in c r e a s in g  in itia l P b (II)  ion  
co n c e n tr a tio n . O n  th e  o th er  hand, th e  ad so rp tio n  c a p a c ity  in c r e a se d  w ith  in cr e a s in g  
in it ia l c o n c e n tr a t io n  at all so lu t io n  p H  v a lu e s . S im ila r  o b se r v a t io n s  h a v e  a lso  b een  
rep orted  b y  o th er  resea rch ers  w h o  in v e stig a te d  a d so rp tio n  o f  P b (II )  b y  u s in g  b e n to n ite  
(N a s e e m  and T ah ir , 2 0 0 1 ) .  T h e a d so rp tio n  iso th erm  o f P b ( I I ) ,  as sh o w n  in  F ig u re  4 .1 4  
in  s e c t io n  4 .3 .1 .5 ,  it sh o w e d  that th e  m a x im u m  a d so rp tio n s  w e r e  a p p r o x im a te ly  9 0  
and 2 3 0  m g /g  fo r  b a g a sse  and b a g a sse  f ly  ash , r e sp e c tiv e ly . It m e a n s  that ad sorb en ts  
h a v e  a v a ila b le  a d so r p tio n  s ite s  in v ery  la rge  am o u n t w h e n  co m p a r e d  w ith  sorb ate . 
H ig h  in itia l c o n c e n tr a t io n  o f  Pb, th erefore , w a s  h ig h  a d so rp tio n  c a p a c ity  b e c a u se  large  
a v a ila b le  a m o u n t o f  so rb a te  can  attract and retain  in an  im m o b iliz e d  fo rm  o n to  su rface  
o f  a d so rb en t. O n  th e  o th er  hand, lo w  in itia l c o n c e n tr a tio n  o f  P b, litt le  a v a ila b le  
a m o u n t o f  so r b a te  w a s  a d so rb ed  th en  a d so rp tio n  c a p a c ity  w a s  lo w . B u t it w a s  h igh  
d if fe r e n c e  le v e l  b e tw e e n  in itia l c o n cen tra tio n  and fin a l c o n c e n tr a t io n  o f  P b. T h en  the  
p ercen t r e m o v a l w a s  h ig h  in  c a se  o f  lo w  in itia l c o n cen tra tio n . C o m p a r in g  to  th e  lo w  
in it ia l c o n c e n tr a t io n , th e  resu lts  for  h ig h  in itia l co n ce n tr a tio n  w e r e  o p p o s ite .
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Figure 4.9 Effect of Initial Concentration on (a) Removal of Pb(II) and (b) Amount
Removed of Pb(II) by Bagasse at Difference Solution pH (contact time 60 min, dose
lOg/L)
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Figure 4.10 Effect of Initial Concentration on (a) Removal of Pb(II) and (b) Amount
Removed of Pb(II) by Bagasse Fly Ash at Difference Solution pH (contact time 60
min, dose 10 g/L)
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4 .3 .1 .3  E ffe c t  o f  so lu t io n  p H

T h e  resu lts  can  b e  o b se r v e d  that th e  r e m o v a l o f  P b (II)  o n  b a g a sse  and  
b a g a sse  f ly  a sh  e x h ib ite d  s im ila r  trend; that is, it in cr e a se d  w ith  in c r e a s in g  so lu t io n  
pH , fro m  its  m in im u m  at lo w e r  p H  to  its m a x im u m  at a h ig h e r  p H  ran g e , at all in itia l 
c o n c e n tr a tio n s  (F ig u r e  4 .1 1  and 4 .1 2 ) .  T h e y  w e r e  ap p arent th at r e m o v a l e f f ic ie n c y  
r o se  fro m  1 .7 7  to  9 8 .1 9 %  fo r  b a g a sse  and fro m  7 4 .4 2  to  9 9 .5 4 %  fo r  b a g a sse  f ly  ash  
w h e n  p H  w a s  in c r e a se d  from  p H  1 to  p H  6 .0  (at in itia l c o n c e n tr a t io n  w a s  2 0  m g /L ). 
S im ila r  o b se r v a t io n s  h a v e  a lso  b e e n  rep orted  b y  o th er  in v e s t ig a to r s  that u s in g  v a r io u s  
a d so rb en t m a ter ia ls  (Y u , et al., 2 0 0 1 ;  Z h an  and Z h a o , 2 0 0 3 ;  H errera -U rb in a  and  
F u ersten au , 1 9 9 5 ; N a s e e m  and T ahir, 2 0 0 1 ;  N a m a s iv a y a m  and  R a n g a n a th a n , 1998;  
พ น , e t a l., 2 0 0 3 ) .

T h e  m a x im u m  r e m o v a l o f  P b (II) b y  b a g a sse  and b a g a s s e  f ly  ash  
o ccu rred  at a p H  o f  a b o u t 6 .0 . T h e  m easu red  so lu t io n  p H  v a lu e s  w e r e  fa ir ly  c o n s is te n t  
w ith  le s s  th an  0 .6 5  p H  u n it d if fe r e n c e  b e tw e e n  th e  in itia l and f in a l p H  v a lu e s .

F u rth er ex p e r im e n ts  at a so lu tio n  p H  o f  a b o v e  6  w e r e  n o t  c o n d u c te d  
d u e  to  h ig h  p r e c ip ita tio n  o f  lead  in  th e  so lu t io n  (m o r e  than  50%  at s o lu t io n  p H  7). 
T h is is  a d v a n ta g e o u s  for  P b (II) rem o v a l and r e c o v e r y  fr o m  w a s te w a te r  b e c a u se  
w a ste w a te r  c o n ta in in g  lea d  is  a lread y  k ep t a c id ic  b y  th e  p la n ts  in o rd er  to  a v o id  lead  
p r e c ip ita tio n  (Z h a n  and Z h a o , 2 0 0 3 ) .

F ro m  th e  resu lts , it can  b e  s e e n  that p H  is an  im p o rta n t fa c to r  in  lead  
a d so rp tio n  o n to  th e s e  ad so rb en t m a ter ia ls  u n d er in v e s t ig a t io n . S ev e r a l s tu d ie s  h a v e  
b e e n  p u b lish e d  o n  th e  a d so rp tio n  o f  P b (II) o n to  d ifferen t o x id e s  and  h y d r o x id e s . 
T h e se  in v e s t ig a t io n s  o n ly  rep orted  th e  p H -d e p e n d e n c e  o f  a d so r p tio n  u p  to  c o m p le tio n  
o f  m eta l u p ta k e . T h e  a d so rp tio n  e d g e  w a s  fou n d  to  lie  b e tw e e n  p H  5 and 7  fo r  s ilica , 
and b e tw e e n  p H  4 .5  and 7  for  a lu m in a  (H errera -U rb in a  and F u ersten a u , 1 9 9 5 ).
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Figure 4.11 Effect of Solution pH on (a) Removal of Pb(II) and (b) Amount
Removed of Pb(II) by Bagasse at Difference Initial Concentrations (contact time 60
min, dose 10 g/L)
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Figure 4.12 Effect of Solution pH on (a) Removal of Pb(II) and (๖) Amount
Removed of Pb(II) by Bagasse Fly Ash at Difference Initial Concentrations (contact
time 60 min, dose 10 g/L)
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In a d d itio n , th e s e  resu lts  o f  p H -d e p e n d e n c e  can  b e  ex p la in e d  b y  
c o n s id e r in g  th e  p o in t  o f  ze r o  ch a rg e  o f  th e  m ateria ls. T h e  p H  at th e  p o in t o f  z e r o  
ch a rg e  (p H p zc) is rep orted  at 8 .2  and 2 .3  for  a lu m in a  and s il ic a , r e sp e c t iv e ly  (M o h a n , 
et a l., 2 0 0 2 ) .  In  a d d itio n , H errera -U rb in a  and F u ersten au  ( 1 9 9 5 )  rep orted  that quartz  
su rfa ce  carr ied  a n e g a tiv e  ch a rg e  at all p H  v a lu e s  a b o v e  a b o u t 2. S in c e  th e  m ain  
c o m p o s it io n  o f  th e s e  m a ter ia ls  w a s  s il ic a  (5 1 .9 6 % ) th en  th eir  pH pzc sh o u ld  b e  near
2 .3 . T h at m ea n s, w h e n  p H  v a lu e  is a b o v e  2 .3 , th e  n e g a tiv e  ch a rg e  d e n s ity  on  th e  
su rfa ce  o f  th e  ad so rb en t in c r e a se s , th u s in cr e a s in g  a v a ila b le  s ite s  for  th e  ad so rp tio n  o f  
P b (II) ion . A t  lo w  p H , a c o m p e tit io n  b e tw e e n  h y d r o g e n  io n s  ad so rp tio n  and P b (II) 
r em o v a l e x is ts . T h e re fo re , in c r e a s in g  th e  in itia l co n ce n tr a tio n  o f  p ro to n  in  a q u eo u s  
so lu t io n s  m a y  resu lt in  th e  d e c r e a se  o f  P b (II)  rem ov a l.

F rom  F T -IR  sp ectra , as m en tio n ed  a b o v e , th e  p o s s ib le  fu n c tio n a l  
g r o u p s  o f  b a g a sse  w a s  a lk y l gro u p  (h y d r o x y l or  am in o  su b stitu te ), h y d r o x y l or am in o  
c o m p o u n d , a lip h a tic  a lc o h o l (p r im ary  or seco n d a ry  or  c y c l ic  h y d r o x y l) , and carb o n y l 
co m p o u n d . T h e  a lk y l ch a in s  w h ic h  c o n ta in  a w id e  v a r ie ty  o f  fu n c tio n a l g ro u p s  
( -C O O H , -O H , -N H 2 , e tc .)  can  b in d  stro n g ly  to  m eta ls  (พ น , et a l., 2 0 0 3 )  as fo llo w s:

R -C O O H  +  P b 2+ o  R -C O O P b + +  H T 

R -O H  +  P b 2+ o  R -O P b + +  H +

A s  m e n tio n e d  a b o v e , at h ig h er  pH  v a lu e , p roton s c o m b in e  w ith  O H ' to  
form  H 2O  and m o re  Pb ca n  b e  ad so rb ed  v ia  a b o v e  rea c tio n  eq u ation .

In a d d itio n , io n  e x c h a n g e  m a y  b e  a p r in c ip le  m e c h a n ism  for  th e  
r em o v a l o f  P b (II)  io n s  o n to  b a g a sse . T h e m ajor c o m p o n e n ts  o f  th e  p o ly m e r ic  m ateria l 
in  b a g a sse  are lig n in , ta n n in s  or  o th er p h e n o lic  c o m p o u n d s . T h e se  k in d s  o f  m ateria l 
p o s s e s s  th e  c a p a b ility  o f  cap tu r in g  h ea v y  m eta l io n s  (Y u , et a l., 2 0 0 1 ) . It can  b e  
sp e c u la te d  th at lig n in , ta n n in s  o r  o th er p h e n o lic  c o m p o u n d s  are th e  a c tiv e  io n  
e x c h a n g e  c o m p o u n d s . A s  it is  w e l l  k n o w n , P b (II) e x is t  in  a c id ic  so lu t io n  as ca tio n s. It
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m a y  b e  c o n c lu d e d  that at lo w  p H  v a lu e s  io n -e x c h a n g e  r ea c tio n  in v o lv in g  m e ta ls  are in  
c o m p e t it io n  w ith  th e  h ig h  c o n c e n tr a tio n s  o f  H + in  th e  so lu tio n .

4 .3 .1 .4  E ffe c t  o f  d o sa g e

T h e  resu lts  are p lo tte d  in  F ig u r e  4 .1 3 .  It w a s  fo u n d  that th e  rem ov a l 
e f f ic ie n c y  o f  P b (II) in crea sed  w ith  in c r e a s in g  a d so rb en t d o se . S im ila r  o b serv a tio n s  
h a v e  a lso  b e e n  rep orted  b y  o th er  in v e s t ig a to r s  w h ic h  a d so rb ed  P b (II) b y  u s in g  
sa w d u st  and b e n to n ite  (Y u , e t a l., 2 0 0 1 ;  N a s e e m  and T ahir, 2 0 0 1 ) .  In th e  c a se  o f  
b a g a sse , th e  rem o v a l e f f ic ie n c y  in crea sed  fr o m  2 4 .3 3 0 %  at 0 .2  g /L  to  6 3 .8 1 %  at 2 0  
g /L . W h ile , fo r  b a g a sse  f ly  ash , th e  r em o v a l in c r e a se d  fro m  5 8 .9 3 %  at 0 .2  g /L  to  
9 9 .9 7 %  at 2 0  g /L . M o r e o v e r , in  b o th  c a se s , th e  r e m o v a l e f f ic ie n c y  b e c a m e  a lm o st  
co n sta n t at 10  g /L  d ose .

It w a s  ap p arent that th e  r e m o v a l o f  lea d  in crea sed  ra p id ly  w ith  in crea se  
in th e  a m o u n t o f  the ad so rb en t d u e  to  th e  g rea ter  a v a ila b ility  o f  th e  e x c h a n g e a b le  s ite s  
or su rfa ce  areas at h ig h er  c o n cen tra tio n s  o f  th e  ad so rb en t.

4 .3 .1 .5  A d so r p tio n  Iso th erm

Iso th erm s for  th e  rem o v a l o f  P b (II)  o n to  b a g a sse  and b a g a sse  f ly  ash  
are s h o w n  in F ig u re  4 .1 4 . T h e  lin e a r ized  L a n g m u ir  and  F r eu n d lich  iso th erm s for th e  
rem o v a l o f  lead  o n to  b a g a sse  and  b a g a sse  f ly  a sh  are s h o w n  in  F ig u r e  4 .1 5 . A  d eta iled  
a n a ly s is  o f  th e  r e g r e ss io n  c o e f f ic ie n t s  (R 2) in  T a b le  4 .8  sh o w e d  that L a n g m u ir  and  
F r eu n d lich  m o d e ls  a d eq u a te ly  d e sc r ib e d  th e  a d so rtp tio n  data, b u t th e  data are better  
fitted  b y  th e  F reu n d lich  iso th e r m  for  b o th  a d so rb en t. A lth o u g h  th e  F reu n d lich  and  
L a n g m u ir  c o n sta n ts  K f and Qo h a v e  d if fe r e n t  m e a n in g s , th e y  led  to  th e  sa m e  
c o n c lu s io n  ab o u t th e  co rr e la tio n  o f  th e  e x p e r im e n ta l d ata  w ith  th e  so rp tio n  m o d e l. 
T h e b a s ic  d if fe r e n c e  b e tw e e n  K f and Qo is  th at L a n g m u ir  iso th e r m  a ssu m e s  
a d so r p tio n -fr e e  e n e r g y  in d e p e n d e n t  o f  b o th  th e  su r fa ce  c o v e r a g e  and th e  form atio n  o f  
m o n o la y e r  w h e r e a s  th e  so lid  su r fa ce  r e a c h e s  sa tu ration .
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(a)

(b )

Figure 4.13 E ffe c t  o f  D o s a g e  o n  (a )  R e m o v a l o f  P b (II)  a n d  (b )  A m o u n t  R e m o v e d  o f  
P b (II) (c o n ta c t  t im e  6 0  m in , in it ia l c o n c e n tr a t io n  8 0  m g /L , s o lu t io n  p H  6 )
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W h ile  as, th e  F reu n d lich  iso th e r m  d o e s  n o t  p red ic t satu ration  o f  th e  
so lid  su r fa c e  b y  th e  ad so rb a te , and th e r e fo r e , th e  su r fa c e  c o v e r in g  b e in g  
m a th e m a tic a lly  u n lim ited . In c o n c lu s io n , Qo is  th e  m o n o la y e r  a d so r p tio n  c a p a c ity  
w h ile  K f is  th e  re la tiv e  a d so rp tio n  ca p a c ity  or  a d so r p tio n  p o w e r .

A d so r p tio n  iso th erm  o f  Pb o n to  b a g a sse  and  b a g a s s e  f ly  ash  fitted  w e ll  
b y  F r e u n d lic h , it m ay  b e  d u e  to  ch ara cter istic  o f  su r fa c e  o f  m a ter ia ls . A s  m e n tio n ed  in  
s e c t io n  2 .3 .6 ,  th e  F ru en d lich  iso th erm  eq u a tio n  a s s u m e s  that th e  ad so rb en t has a 
h e te r o g e n e o u s  su rfa ce  c o m p o se d  o f  a d so r p tio n  s ite  w ith  d iffe r e n t ad sorp tion  
p o te n tia ls . F ro m  sc a n n in g  e le c tr o n  m icro g ra p h  in  F ig u r e  4 .3 ,  it s h o w e d  th at b a g a sse  
and b a g a s s e  f ly  a sh  w e r e  h e te r o g e n e o u s  su r fa ce  m ater ia l.

F ig u r e  4 .1 4  Iso th erm s fo r  R e m o v a l o f  P b (II)  o n to  B a g a s s e  and  B a g a s s e  F ly  A sh  
(c o n ta c t  t im e  6 0  m in , in itia l c o n cen tra tio n  8 0  m g /L , s o lu t io n  p H  6 )
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T a b le  4 .8  E q u a tio n  and R e g r e s s io n  V a lu e s  o f  L a n g m iu r  and F ru n d lich  Iso th erm

M a t e r ia l s B a g a s s e  (B ) B a g a s s e  F ly  A s h  ( B F A )
I s o t h e r m E q u a t io n R 2 E q u a t io n R 2

L a n g m iu r y  =  2 1 . 9 5 2 x - 0 .4 0 7 4 0 .9 3 2 5 y  — 0 .0 8 0 5 x  +  0 .0 0 4 2 0 .9 8 2 7
F ru n d lich y  =  5 .4 3 3 3 x -  7 .5 2 6 2 0 .9 7 2 8 y  =  0 .8 4 9 x  +  1 .0 2 9 7 0 .9 9 1 4

U s in g  th e  s lo p e  and th e  in tercep t o f  th e  lin e , th e  co n sta n t K f and ท w e r e  
fo u n d  to  b e  2 .9 7 * 1 0 '*  and 0 .1 8 , r e sp e c tiv e ly  fo r  b a g a sse  and 1 0 .7 1  and 1 .1 8 , 
r e s p e c t iv e ly  fo r  b a g a sse  f ly  ash  as sh o w n  in  T a b le  4 .9 . A s  m e n tio n e d  a b o v e , th e  Re
v a lu e s  w h ic h  are re la ted  to  re la tive  ad so rp tio n  c a p a c ity  in d ic a te d  that b a g a sse  f ly  ash  
had m o r e  a d so rp tio n  ca p a c ity  than  b a g a sse  for  P b (II) rem o v a l. L ik e  Kf, b a g a sse  f ly  
a sh  had a d so r p tio n  in ten sity , ท, m ore  than that o f  b a g a sse . S in c e  ท >  1, th e  a d so rp tio n  
is  fa v o r a b le  (D a n e sh v a r , et al., 2 0 0 2 ) . It w a s  a c c o r d in g  to  th e  ad so rp tio n  ex p er im en ta l  
resu lts  a s  m e n tio n e d  a b o v e . T h e T a b le  4 .1 0  w a s  sh o w e d  th e  r e c o m m e n d e d  iso th erm  
eq u a tio n s .

T a b le  4 .9  C o n sta n ts  V a lu e s  o f  L a n g m u ir  and F reu n d lich  Iso th erm

M a te r ia l L a n g m u ir  c o n s ta n ts F r e u n d l ic h  c o n s t a n ts

Q o b r K f ท
B -2 .4 5 5 -0 .0 1 9 -2 .0 6 3 2 .9 7 7 * 1 0 '* 0 .1 8 4
B F A 2 3 8 .0 9 5 0 .0 5 2 0 .1 9 3 1 0 .7 0 7 1 .1 7 8

T a b le  4 .1 0  R e c o m m e n d e d  Iso th erm  E q u a tio n  o f  B a g a s s e  and B a g a s s e  F ly  A sh

M a te r ia l R e c o m m e n d e d  is o th e r m  e q u a t io n
B L o g  (x /m )  =  5 .4 3 3 3  lo g  C e  - 7 .5 2 6 2

B F A L o g  (x /m ) =  0 .8 4 9  lo g  C e +  1 .0 2 9 7
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(a)

(b )

F ig u r e  4 .1 5  L in e a r iz e d  (a ) L a n g m u ir  and (b )  F r e u n d lic h  I so th e r m s
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4 .3 .2  R e m o v a l  o f  H e x a v a le n t  C h r o m iu m

C h r o m iu m  e x is ts  in  tw o  stab le  o x id a tio n  sta tes , C r(E n) and Cr(VT). A lth o u g h , 
th is  s tu d y  w a s  c o n s id e r e d  o f  C r(V I) co n cen tra tion , but r e d u c tio n  r e a c tio n  can  
tran sfo rm  C r (V I)  to  C r(III). T h u s, th e  so lu t io n  sa m p le  is  c o n ta in e d  b o th  C r (V I)  from  
in p u t and C r(III) fro m  red u ction . T h erefore , th is  s tu d y  p rese n ts  th e  e x p e r im e n t  d ata  in  
term s o f  r e m o v a l o f  to ta l Cr (C r(V I)+ C r(III))  and Cr(VT). D a ta  o f  c o n c e n tr a tio n  o f  
to ta l C r w e r e  d e term in ed  b y  a to m ic  a b so rp tio n  sp e c tr o p h o to m e te r , b u t co n c e n tr a tio n s  
o f  C r (V I)  w e r e  m ea su red  b y  u v  sp ec tro p h o to m eter , and c o n c e n tr a tio n  o f  C r(III) 
w h ic h  c a lc u la te d  fro m  th e  d if fe r e n c e  in c o n cen tra tio n s  b e tw e e n  th e  to ta l Cr and Cr 

(V I).

4 .3 .2 .1  E ffe c t  o f  C o n ta ct T im e

T im e  d ep e n d e n t e x p er im en ts  w e r e  p refo rm ed  and th e  resu lts  are sh o w n  
in F ig u r e  4 .1 6  and 4 .1 7 .  In c a se  o f  b a g a sse , th e  C r(V I) c o n c e n tr a tio n  w a s  fo u n d  to  
sh arp ly  d e c r e a s e  and w a s  red u ced  to  b e lo w  th e  d e te c t io n  lim it  o f  th e  a n a ly tic a l  
eq u ip m e n t. M e a n w h ile , th e  C r(III), w h ic h  w a s  n o t in it ia lly  p resen t, ap p ea red  in  th e  
so lu t io n  and  in c r e a se d  in p rop ortion  to  th e  am o u n t o f  C r(V I) d ep le te d . In ad d itio n , for  
b a g a sse  f ly  a sh , th e  sim ila r  trend w a s  o b serv ed .

D e c r e a s e  in  C r(V I) c o n cen tra tio n  and in c r e a se  in  C r(III) co n ce n tr a tio n  
w e r e  fo u n d  a lm o s t  co n sta n t from  3 0  m in u tes  o n w a rd s for  b o th  m ater ia ls . T h e  
m a x im u m  r e m o v a l e f f ic ie n c y  w a s  sta ted  from  3 0  m in u te s  o f  c o n ta c t  t im e . T h e r e fo r e , 
c o n ta c t  p er io d  6 0  m in u tes  w a s  f in a lly  s e le c te d  for all o f  th e  n e x t  e q u ilib r iu m  te sts .
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(a )

(b)

Figure 4.16 Effect of Contact Time on Concentration of Total Cr, Cr(VI) and Cr(III)
by (a) Bagasse and (b) Bagasse Fly Ash (solution pH 2, initial concentration 10 mg/L,
dose 20 g/L)
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(a)

(b)

Figure 4.17 Effect of Contact Time on Removal Efficiency of Total Cr and Cr(VI) by
(a) Bagasse and (b) Bagasse Fly Ash (solution pH 2, initial concentration 10 mg/L,
dose 20 g/L)
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T h e e q u ilib r iu m  t im e  w a s  fou n d  to  b e  r e la t iv e ly  sh o rter  than  m a n y  o th er  

m a ter ia ls  su ch  as r ice  h u sk  carb on , c o w  d u n g  carb o n  (D a s , e t al., 2 0 0 0 ) ,  c o c o n u t  
sh e lls  carb on , p ea ch  s to n e s  (G u o , et ฟ ., 2 0 0 2 ) ,  and h ig h -p e r fo r m a n c e  a ctiv a ted  
carb o n s (H u , et al., 2 0 0 3 ) . It m ay  b e  d u e  to  th e  large  p o res , th e  a d so rp tio n  is  fast in  
re la tiv e  la rge  p o res , and s lo w  en tr ies  in to  sm a ll m ic r o p o r e s  d u e  to  th e  d if fu s io n  e ffe c t  
(H u , et a l., 2 0 0 3 ) . A s  sh o w n  in T a b le  4 .2 , th e  p o re  s iz e s  o f  b a g a sse  and b a g a sse  fly  
ash  are 2 0 3 1  Â  and 7 7 4  Â , r e sp e c tiv e ly , w h ic h  are larger than  o th er  ad sorb en ts.

H o w e v e r , th e  C r(III) q u an tity  w a s  d e te c te d  a lw a y s  lo w e r  than th e  
am o u n t o f  C r(V I) rem o v ed . E x p la n a tio n s  are p o ss ib le :  a fra ctio n  o f  n o n -red u ced  Cr 
(V I )  c o u ld  b e b ou n d  o n to  th e  sorb en t b e c a u se  o f  its  p o s it iv e  su r fa ce  or  th e  m is s in g  Cr
(III) q u an tity  rem ain ed  ad so rb ed  o n to  th e  m ateria l a fter  C r (V I)  red u ction  (R ed d a d , et 
a l., 2 0 0 3 ) . T h erefo re , th e  r em o v a l o f  C r(V I) m ay  in v o lv e  tw o  p r o c e sse s , n a m ely , 
red u ctio n  o f  C r(V I) to  C r(III) and ad so rp tio n  o f  C r(V I) and C r(III). B a g a ss e  can  
r e m o v e  C r(V I) m o re  than  b a g a sse  f ly  ash , but, it can  r e m o v e  to ta l Cr le s s  than  
b a g a sse  f ly  ash .

F ig u re  4 .1 8  sh o w in g  th e  p erc e n ta g e  o f  m in im a l r ed u ctio n , it is C r(IlI)  
c o n cen tra tio n  w h ic h  d e te c te d  in  so lu t io n  sa m p le . A s  m e n tio n e d  a b o v e , C r(III) m ay  
a d so rb ed  o n  su rfa ce  o f  m ateria l and  su sp e n d e d  in  so lu tio n . T h u s, C r(III) co n cen tra tio n  
that d e te c te d  in so lu t io n  sa m p le  m a y  b e  n o t th e  to ta l C r(III). C r(III) co n cen tra tio n  in  
s o lu t io n  sa m p le  w a s  p resen t in term  o f  m in im a l red u ction . F ig u re  4 .1 8  sh o w e d  h ig h er  
e f f ic ie n c y  o f  b a g a sse  in r e d u ctio n  C r(V I) to  C r(III) c o m p a r in g  to  b a g a sse  f ly  ash. 
T h e se  resu lts  in d ica ted  that b a g a sse  can  r e m o v e  C r(V I) v ia  red u ctio n  m o re  than  
ad so rp tio n . O n th e o th er hand, b a g a sse  f ly  a sh  can  r e m o v e  C r(V I) b y  ad so rp tio n  m ore  
than  red u ction .

F or  red u ctio n  p r o c e ss , Cr(VT) in  a c id ic  s o lu t io n  d e m o n str a te s  a v ery  
h ig h  p o s it iv e  r e d o x  p o ten tia l w h ic h  s ig n if ie s  that it is  s tr o n g ly  o x id iz in g  and u n sta b le  
in  th e  a tten d a n ce  o f  e le c tr o n  d on ors. H y d r o x y l and c a r b o x y lic  g ro u p s  p rob ab ly  p la y  a 
ro le  as e le c tr o n  d o n o rs (R ed d a d , et a l., 2 0 0 3 ) . F T IR  a n a ly s is  in d ic a te d  that b a g a sse  
co n ta in e d  m a n y  h y d r o x y l g r o u p s  at freq u en cy  o f  3 4 0 0 - 3 2 0 0  c m '1, m e a n w h ile , b a g a sse
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f ly  a sh  d id  n o t  c o n ta in e d  th is  fu n c t io n a l gro u p . In a d d it io n  F ig u re  4 .5  sh o w e d  
stru ctu re o f  c e l lu lo s e ,  it  is  a  p o ly m e r  o f  g lu c o s e  m o le c u le s  c o n d e n se d  an d  lin k e d  
to g e th e r  lin e a r ly  b y  m e a n s  o f  1 ,4 -P -g ly c o s id ic  b o n d s . T h is  F ig u re  sh o w e d  that 
c e l lu lo s e  c o n s is te d  w ith  a  lo t  o f  h y d r o x y l g ro u p , it i s  a c c o r d in g  to  F T IR  a n a ly s is  
r e su lts  an d  th e  c e l lu lo s e  m a y  b u rn ed  an d  d isa p p ea r  u n d er  1 ,4 0 0  ° c  o f  b o ile r  in  su gar  
fa c to r y . T h e n  b a g a sse  f ly  a sh  w a s  n o t  c o n ta in e d  h y d r o x y l g r o u p s. T h e re fo re , b a g a sse  
m a y  a c t a s  e le c tr o n  d o n o r s  in  th e  e x p e r im e n ts  an d  c a n  r e d u c e  C r(V I) h ig h e r  than  
b a g a s s e  f ly  ash .

F ig u r e  4 .1 8  E f fe c t  o f  C o n ta c t T im e  o n  P e r c e n ta g e  o f  M in im a l R e d u c tio n  b y  B a g a sse  
( B )  an d  B a g a ss e  F ly  A s h  (B F A )  ( s o lu t io n  p H  2 , in itia l c o n c e n tr a t io n  10 m g /L , d o s e  
2 0  g /L )

F or  th e  a d so rp tio n  p r o c e s s , b a g a sse  b a s ic a lly  c o n ta in s  lig n in  and  
c e l lu lo s e .  T h e  p o la r  fu n c tio n a l g r o u p s  o f  l ig n in - lik e  a ld e h y d e s , k e to n e s , a lc o h o ls ,  
a c id s  an d  p h e n o lic  h y d r o x id e s  are in v o lv e d  in  th e  fo r m a tio n  o f  b o n d s  w ith  a n io n s  
s p e c ie s  (A jm a l, e t  a h , 1 9 9 6 ) . F o r  b a g a s s e  f ly  a sh , SiC>2 w a s  th e  m a in  ad so rp tio n  s ite  
o n  su r fa ce  o f  b a g a s s e  f ly  ash . A s  a  re su lt , b a g a s s e  f ly  a sh  c a n  a d so rb ed  C r(V I) and  
C r(III), th at w a s  p r e se n t in  term  o f  to ta l C r, h ig h e r  th a n  b a g a sse . T h e  ad so rp tio n  
c a p a c ity  w a s  fo u n d  to  in c r e a se  w ith  B E T  su r fa c e  a rea  a n d  p o r e  v o lu m e  (G u o , e t  a h ,
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B E T  su rfa ce  area and p o re  v o lu m e  a n a ly s is  in d ic a te d  th a t su r fa ce  area  and p ore  
v o lu m e  o f  b a g a sse  w e r e  lo w e r  th an  b a g a sse  f ly  ash .

4 .3 .2 .2  E ffe c t  o f  In itia l C o n cen tra tio n

F ig u r e s  4 .1 9  and 4 .2 0  sh o w e d  th e  e x p e r im e n ta l d ata  o f  r e m o v a l o f  to ta l 
Cr and C r(V I), r e sp e c tiv e ly , v e r su s  in itia l c o n c e n tr a tio n  o f  C r (V I)  at v a r io u s  so lu tio n  
p H s. T h e se  resu lts  in d ica ted  that, to ta l Cr and C r(V I) r e m o v a l w e r e  h ig h e r  u n d er lo w  
in itia l C r(V I) c o n cen tra tio n  w ith in  all v a r io u s  so lu t io n  p H s  in  th e  e x p e r im e n ts  (1 -6 ) . 
T h e se  e x p e r im e n t  data in d ica ted  that th e  r e m o v a l e f f ic ie n c y  fo r  to ta l C r and C r(V I)  
d e c r e a se  w ith  in cr e a s in g  th e in itia l c o n cen tra tio n . S im ila r  so rp tio n  s tu d ie s  w e r e  
rep orted  earlier  b y  sev era l w o rk ers  (G u o , et a l., 2 0 0 2 ;  D a s , et a l., 2 0 0 0 ;  Y u , et a l.,
2 0 0 3 ) .  T h o u g h  th e  p e r cen ta g e  rem o v a l w a s  d e c r e a se d  w ith  in c r e a se  in  C r(V I)  
c o n c e n tr a tio n  b ut th e  actu al a m o u n t o f  C r(V I) r e m o v e d  p er u n it  m a ss  o f  th e  m ateria ls  
w a s  in cre a se d  as sh o w n  in T a b le  F  (A p p e n d ix  F ). T h is  a c c o r d  w e l l  w ith  th e  fin d in g s  
o f  o th er  in v e s t ig a to r s  (G arg , et a l., 2 0 0 4 ;  and C im in o , e t a l., 2 0 0 0 ) .

In c a se  o f  b a g a sse , a lm o st  c o m p le te  C r (V I)  r e m o v a ls  w e r e  a c h ie v e d  by  
red u ctio n  rea c tio n  at lo w  in itia l co n c e n tr a tio n . F rom  th e s e  data , it in d ic a te d  that th e  
c o n v e r s io n  o f  C r(V I) d ecrea se  w ith  in c r e a s in g  th e  in itia l c o n c e n tr a tio n . B e c a u se , for  
th e  s o lu t io n  c o n ta in in g  lo w e r  in itia l C r(V I) , th e  am o u n t o f  e le c tr o n  d o n o r s  or b a g a sse  
in  th e  so lu t io n  w a s  su ff ic ie n t . O n  th e  con trary , w h e n  th e  s o lu t io n s  h a v in g  h ig h  C r(V I)  
c o n c e n tr a tio n s  w e r e  u sed , e le c tr o n  d o n o r s  m ig h t  b e c o m e  in su ff ic ie n t .

A s  sa m e  trend, in  lo w e r  c o n cen tra tio n , th e  a d so rb a te  c o u ld  o c c u p y  the  
a c t iv e  s ite s  o n  th e  m ateria l su r fa ce  su ff ic ie n t ly . B u t w ith  th e  in crea se  in  ad so rb a te  
co n c e n tr a tio n , th e  n u m b er o f  a c t iv e  a d so rp tio n  s ite s  is  n o t e n o u g h  to  a c c o m m o d a te  
a d so rb a te  io n s. In ad d ition , th e  lim it o f  p o r e  s iz e  d im e n s io n  and th e  e le c tr o sta tic  
r e p u ls io n  b e tw e e n  n e g a tiv e  ch a rg e  o f  a d so rb a te  io n s  r e su lts  in  th e  d e c r e a se  o f  
a d so rp tio n  p e r c e n ta g e  (G u o , et a l., 2 0 0 2 ) .
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(a)

(b)

F ig u r e  4 .1 9  E f fe c t  o f  S o lu t io n  p H  and In itia l C o n c e n tr a tio n  o n  R e m o v a l o f  T o ta l Cr 
b y  (a )  B a g a s s e  an d  (b ) B a g a ss e  F ly  A sh  (c o n ta c t  t im e  6 0  m in , d o s e  2 0  g /L )
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(b)

Figure 4.20 Effect of Solution pH and Initial Concentration on Removal of Cr(VI) by
(a) Bagasse and (b) Bagasse Fly Ash (contact time 60 min, dose 20 g/L)
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4 .3 .2 .3  E ffe c t  o f  S o lu tio n  pH

T h e  in f lu e n c e  o f  p H  o n  ch ro m iu m  r e m o v a l fo r  s e v e r a l in itia l C r(V I)  
c o n c e n tr a t io n s  is p resen ted  in  F ig u res  4 .1 9  and 4 .2 0 . T h e  to ta l C r r e m o v a l and C r(V I)  
c o n v e r s io n  w e r e  fo u n d  to  b e  grea tly  d ep en d en t o n  pH . T h e  to ta l Cr and C r(V I)  
r e m o v a l w e r e  b etter  u n d er  a c id ic  c o n d it io n s  and a m o u n t o f  C r(III) ap p earin g  in  
s o lu t io n  w a s  c o n te m p o r a n e o u s ly  in crea sed  in  th e  sa m e  w a y . T h e s e  resu lts  in d ica ted  
th at th e  to ta l Cr and C r (V I)  rem o v a l d ecrea sed  w ith  in c r e a s in g  so lu t io n  p H  and  
re d u c tio n  and a d so rp tio n  o f  C r(V I) w e r e  h ig h ly  e f f ic ie n t  in  a c id ic  co n d it io n . S im ila r  
resu lt  w a s  o b se r v e d  b y  se v e r a l w o rk ers  (S e lva ra j, e t a l., 2 0 0 3 ;  G u o , e t a l., 2 0 0 2 ; D a s, 
et a l., 2 0 0 0 ;  A jm a l. et a l., 1996 ; B a y a t, 2 0 0 2 ;  Pradhan, e t a l., 1 9 9 9 ; B ish n o i, e t a l., 
2 0 0 4 ;  D a n e sh v a r , e t al., 2 0 0 2 ) .

In c a se  o f  a d so rp tio n , th e  h ig h  ad so rp tio n  o f  C r (V I)  at lo w  p H  can  b e  
e x p la in e d  b y  c o n s id e r in g  th e  p o in t o f  zero  ch arg e  o f  th e  m a ter ia ls  and  th e  s p e c ie s  o f  
ch ro m iu m . A t a c id ic  p H , th e  p red om in a n t s p e c ie s  o f  C r (V I)  are d ich rom a tes  
(C r2C>72’), ac id  ch r o m a te s  (H C rO T ), and ch ro m a tes  (C r0 4 2') as sh o w n  in  F ig u re  2 .4 . 
A s  m e n tio n e d  a b o v e , u n d er  a c id ic  co n d it io n s , th e  p o s it iv e  c h a r g e  d e n s ity  o n  th e  
su r fa c e  o f  th e  m a ter ia ls  in c r e a se s , it b e c o m e  p ro ton ated . T h e  e le c tr o s ta t ic  fo r c e  o f  
attraction  b e tw e e n  th e  sorb en t su rfa ce  and th e  a n io n ic  s p e c ie s  o f  C r(V I) w e r e  
in c r e a se d , th ereb y  in c r e a s in g  a v a ila b le  s ite s  for th e  a d so rp tio n  o f  C r (V I)  io n s. A s  th e  
p H  is  in c r e a se d  a b o v e  th e  z e ta  p oten tia l o f  th e  ad so rb en t, th ere  is  a red u ctio n  in the  
e le c tr o s ta t ic  a ttraction  b e tw e e n  th e  C r(V I) sp e c ie s  and th e  a d so r b e n t su rfa ce , w ith  a 
c o n se q u e n t  d e c r e a se  in  p e r c e n ta g e  a d so rp tio n  (S e lva ra j, e t a l., 2 0 0 3 ) .  In ad d itio n , th e  
d e c r e a se  in a d so rp tio n  at h ig h er  p H  v a lu e s  m ay b e d u e  to  th e  c o m p e t it iv e n e s s  o f  the  
o x y a n io n s  o f  ch ro m iu m  and O H ' io n s  in th e  so lu t io n  (D a s , et a l., 2 0 0 0 ;  and Pradhan, 
et a l., 1 9 9 9 )

A s  m e n tio n e d  a b o v e , a d so rp tio n  w a s  th e  m a in  m e c h a n ism  for  rem o v a l 
o f  C r (V I)  b y  b a g a s s e  f ly  ash . F T -IR  sp ectra  sh o w e d  that in o r g a n ic  c o m p o u n d s  (s i l ic a  
o r  s il ic a te )  w e r e  p o s s ib le  fu n c tio n a l g ro u p s  o f  b a g a sse  f ly  ash . S iÜ 2 c o u ld  adsorb  
e ith er  p o s it iv e  or  n e g a tiv e  c o n ta m in a n ts  d ep en d in g  o n  th e  p H  o f  th e  so lu t io n  (B a y a t,
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2 0 0 2 ) . T h e  cen tra l io n  o f  s i l ic a te s  h as an e le c tr o n  a ffin ity , g iv in g  th e  o x y g e n  a to m s  
b ou n d  to  it lo w  b a s ic ity . T h is  c o n d it io n  a l lo w s  th e  s il ic a  su r fa ce  to  act a s  a  w e a k  acid , 
w h ic h  ca n  rea c t w ith  w a ter , fo rm in g  su rfa ce  s ila n o l (S iO H ) g ro u p s. A s  a resu lt , at lo w  
p H  th e  s i l ic a  su rfa ce  is  p o s it iv e ly  ch arged  and at h ig h  p H  v a lu e s  it is  n e g a t iv e ly  
ch arged . T h is  c o n d it io n  in d ic a te s  that th e  m a x im u m  C r(V I) ad so rp tio n  c a p a c ity  o f  th e  
b a g a sse  f ly  a sh  ca n  b e  attr ib uted  to  th e  e lec tro sta tic  in teraction  o f  th e  a d so rb a te  w ith  
su rfa ce  s i l ic a  s ite s . T h is  co n s id e r a tio n  a lso  e x p la in s  w h y  b a g a sse  f ly  a sh  w ith  h ig h  
S i 0 2 c o n te n t  is m o re  e f fe c t iv e  a d so rb en t than th e  b a g a sse  at eq u ilib r iu m  c o n d it io n s  
for  C r (V I)  io n s.

T h e  C r(V I) rem o v a l is  o p p o s ite  fro m  P b (II) rem o v a l m a y  b y  d u e  to  th e  
ch a ra cter is tic  o f  io n  in  so lu tio n . N a m e ly , P b ( l l )  is ca tio n  in  so lu t io n , m e a n w h ile , Cr 
(V I)  is a n io n  in  so lu t io n , as m e n tio n e d  in se c t io n  2 .2 .

In  c a se  o f  r e d u ctio n  p r o c e ss , it w a s  fou n d  that in  s o m e  s tu d ie s  d e a lin g  
w ith  C r (V I)  red u ction , it h as b e e n  rep orted  that th e  C r(V I) r e d u ctio n  e f f ic ie n c y  o f  
red u c in g  a g e n t d e p e n d s  la r g e ly  o n  am o u n t o f  acid  and that red u ctio n  r e a c tio n  rap id ly  
o c c u r s  at lo w  p H s (E rd em , e t al, 2 0 0 4 ) . It is  b e c a u se  o f  th e  fa c t  th at p ro to n s are  
c o n su m e d  d u rin g  th e  re d u c tio n  o f  C r(V I) as fo l lo w s  (Park, e t al, 2 0 0 4 ):

C r20 72'+ 1 4 H ++ 6 e - o  2C r3++ 7 H 20

C r 0 42'+  8 H + +  3 ๙  <ะi> Cr3+ +  4 H 20

H C r 0 4'+  7 H + +  3 ๙  o  Cr3+ +  4 H 20

Cr3+ +  4 H 20H 2C r 0 4 +  6 H + +  3 ๙  o
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Thus, in the strong acidic condition in which there are high amount of 
protons, the reduction efficiencies were more than those of the weaker ones. This 
equation explains and confirms the important role played by pH in the removal of Cr 
(VI).

From the results, the removal process of Cr(VI) is enhanced in the 
highly acidic pH range. Taking into explanation that the Cr(VI) bearing wastewaters 
are often highly acidic (even below pH 1) (Zouboulis, et al., 1994). It becomes 
apparent that the reduction step could be carried out even more effectively at these 
acidic media.

4.3.2.4 Effect of Dosage

The effect of the quantity of materials on the total Cr and Cr(VI) 
removal were determined as shown in Figures 4.21 and 4.22. It was found that, 
increase in both materials from 1 to 40 g/L led to an expected increase in total Cr and 
Cr(VI) removals. In the meantime, the amount of Cr(III) increased. Nevertheless, 
bagasse doses of more than 20 g/L were enough to complete the removal of Cr(VI) 
within 60 min. It should be noted that a further increase in bagasse dosage higher than 
20 g/L had a negligible effect on the Cr(VI) conversion. However, bagasse fly ash 
was unable to remove Cr(VI) completely and more than 25 g/L dosage was required. 
Bagasse had higher partial reduction efficiency than bagasse fly ash and was required 
in the lower dosage as shown in Figure 4.23. The increase in the removal with 
increase in the material dosage is due to the increase in the number of reaction sites or 
active sites. Similar trend has been observed for the removal of Cr(VI) by other 
materials (Selvaraj, et al., 2003; Das, et al., 2000; Raji and Anirudhan, 1998; Bishnoi, 
et al., 2004).

Generally, the addition of 10-25 g/L of bagasse, followed by a 60 min 
mixing step in the equilibrium pH around of 2, was found to be sufficient for 90- 
100% removal of Cr(VT) from a solution containing initially 80 mg/L Cr(VI).
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(a)

(b)

Figure 4.21 Effect of Dosage on Final Concentration by (a) Bagasse and (b) Bagasse 
Fly Ash (contact time 60 min, initial concentration 80 mg/L, solution pH 1)
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(a)

(b)

Figure 4.22 Effect of Dosage on Removal Efficiency by (a) Bagasse and (๖) Bagasse 
Fly Ash (contact time 60 min, initial concentration 80 mg/L, solution pH 1)
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Figure 4.23 Effect of Dosage on Percentage of Minimal Reduction by (a) Bagasse 
and (b) Bagasse Fly Ash (contact time 60 min, initial concentration 80 mg/L, solution 
p H l)

4.3.2.5 Kinetics Analysis

Correlations of rate data may be sought for any of several purposes. 
Process engineer may wish to develop a model for a specific reaction so as to be able 
to predict the effect of reactor operating changes on performance (Satterfield, 1980). 
The models of removal kinetics correlate the solute uptake rate, so these models are 
important in water treatment process design (Selvaraj, et al., 2003). The rate constant 
for remove of Cr(VI) by bagasse and bagasse fly ash was studied using the zero-order, 
first-order, second-order, and Langmuir-Hinshelwood (L-H) model.

The experimental conditions, equation and related statistic parameters 
are reported in Table 4.11. The identification of kinetic model, among the mentioned 
four, which best fitted the experimental results has been evaluated using the 
correlation coefficient (R2). Form this Table, the L-H models present good fit to the
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experimental data. Figure 4.24 (a) and (b) show the results of the kinetic study of 
bagasse and bagasse fly ash, respectively. L-H model are generally recognized 
mathematical relationships developed to describe the distribution of a substance that 
are adsorbed on surface of adsorbent and then reacted to form products. Rate 
expressions can be derived for any type of postulated mechanism. The form and 
complexity of the expression depend on the assumptions made concerning this 
mechanism. A few cases are presented in Appendix.

Table 4.11 Kinetic Analysis Data of Bagasse and Bagasse Fly Ash

Conditions Type of Model Equation R2
B-Cr(VI) Zero-order y = 0.3815x - 0.6075 0.9495

First-order y = -0.064x + 2.5162 0.7854
Second-order y = 0.0103x + 0.064 0.6737
Langmiur-Hinshelwood y = 0.2035x - 0.023 0.9871

BFA-Cr(VI) Zero-order y = 0.2141X + 0.7505 0.8298
First-order y = -0.039ÔX + 2.1767 0.9429
Second-order y = 0.0084X + 0.0946 0.9803
Langmiur-Hinshelwood y = 0.1315x + 0.0037 0.9804

According to the L-H model, the reaction rate (r) is 
proportional to the fraction of surface covered by the substrate. In each case the 
following expression can be obtained:

r = kKC/ 1+KC

where K is the apparent equilibrium of adsorption constant, k the apparent reaction 
rate constant, and c  is the concentration at any time.
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Table 4.12 Langmiur-Hinshelwood Parameters for Cr(VI) Removal by Bagasse and 
Bagasse Fly Ash

Condition K (L/mg) k (mg/L min) Reaction rate (r)
B -0.2035 0.1130 -0.0230 c /  1-0.2035 c
BFA -0.1315 -0.0281 0.0037 c /  1-0.1315 c

The L-H isotherm serves to describe the rate of transformation, 
and may be used for reactor optimization, but they have no physical meaning, and 
may not be used to identify surface processes (Galve and Rodriguez).

(Co-Ct)/t

Figure 4.24 Test of Langmiur-Hinshelwood Model for Cr(VI) Removal by Bagasse 
and Bagasse Fly Ash (contact time 60 min, initial concentration 80 mg/L, solution 
pH 1)

Bagasse and bagasse fly ash after use as an adsorbent can be 
employed as a filling material in pavement linings, in soil stabilization, in cement and 
concrete industries, or can be disposed off in a landfill. For this study, after heavy 
metal removal process, both of materials were investigated the feasibility to be 
disposed off in landfill and the feasibility to replace cement in concrete blocks.
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4.4 Solidification and Stabilization (ร/ร) Study

Compressive strength of a concrete is a property that provides a good indicator 
of its quality. Therefore, in this part, the results were presented in ksc (kg/cm3) unit of 
compressive strength and relative compressive strength in percent unit. In ร/ร system, 
the interested binders involved 6 materials namely; bagasse (B), lead adsorbed 
bagasse (B-Pb), chromium adsorbed bagasse (B-Cr), bagasse fly ash (BFA), lead 
adsorbed bagasse fly ash (BFA-Pb), and chromium adsorbed bagasse fly ash (BFA- 
Cr).

4.4.1 Bagasse

From the removal study results, it was found that the maximum adsorption 
capacity of bagasse adsorbing lead occured at the following condition; solution pH 6, 
initial concentration approximately 80 mg/L, and bagasse dose 10 g/L. Adsorption 
capacity of bagasse in these condition was 4.0552 mg/g. In case of chromium, 
maximum adsorption capacity was 0.7114 mg/g at solution pH 1, initial concentration 
approximately 80 mg/L, and bagasse dose 20 g/L. These conditions were used for the 
works in this part because they should represent worst case scenario for leachability 
study.

4.4.1.1 Effect of replacement percentage

The experiments were measured using the conditions that were 
previously described in Table 3.4. The experimental results are summarized in Table
4.13 for four water-to-cement ratio (0.40, 0.50, 0.60, and 0.70) and three replacement 
percentages (5, 10, and 15%). Figure 4.25 showed mortar specimens which had 
cement replaced by bagasse at 0 to 15% and mortar specimens after unconfined 
compressive strength test. This figure showed that at 15% cement replacement, the 
mortars were unable to remain as cubes. Thus, the experiments with 15% replacement 
should be rejected.
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In all cases of the specimens, the compressive strength was dependent 
on the amount of B, B-Pb, or B-Cr added in the binder system. It was observed that 
when B, B-Pb, or B-Cr substituted aggregates, compressive strength lower than the 
controls were obtained. The compressive strength and relative compressive strength 
decreased as the percentage of B, B-Pb or B-Cr in the mix was increased. Therefore, 
replacement of 5%, which yielded the best strength performance, was finally selected 
for curing time tests.

XRD analysis results as shown in Figures 4.26 (a) and (b), indicated 
that bagasse inhibited cement hydration. At 5% cement substitution with bagasse, the 
hydration product, Ca(OH)2, is only detected at final setting times at very low 
concentrations (The hydration reaction as mentioned in equation 2.8-2.10). The 
distinct diffraction peak of Ca(OH)2 is at 18.08° 29 and 34.16° 29, and for C3S, at 
29.44° 29 and 50.84° 29. Most detected components were raw components of 
Portland cement; C2S and C3S. The Portland cement hydration was inhibited by the 
increasing amount of bagasse. The reasons for the poor compressive strength for the 
specimens containing bagasse may be due to very low bulk specific gravity of bagasse 
as mentioned in Section 4.1.1. This result in, porosity of mortar and low compressive 
strength, as a results. In addition, the poor contact between the portlandite may occur 
when mortar containing bagasse. They may be interrupt dissolution-precipitation 
reaction of hydration reaction as mentioned in Section 2.5.2.

The analysis of variance (ANOVA) was shown in Table 4.14. The P- 
value is the probability of being wrong in concluding that there is an association 
between dependent and independent variables. The smaller the P-value, the greater 
the probability that there is an association (Bayat, 2002). Using the ANOVA at a
99.50 % confidence level, it was found that there was significant difference (p<0.005) 
among the w/c ratios and replacement percentage, while there was no significant 
difference (p>0.005) among the types of bagasse (B, B-Pb, and B-Cr). Traditionally, 
it is concluded that type of bagasse did not have and influence on compressive 
strength. While, the varied w/c ratios and replacement percentages had an effect on 
compressive strength.
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Table 4.13 Compressive Strength and Relative Compressive Strength at Difference 
Percent Replacements and Water-to-Cement Ratios of B, B-Pb and B-Cr at 7-day 
Curing Time

Percent w/c 
replacement ratio Compressive strength (ksc) Relative compressive 

strength (%)

0

0.40
0.50
0.60
0.70

230.20 
229.36
185.20 
144.48

100.00
100.00
100.00
100.00

B B-Pb B-Cr B B-Pb B-Cr
0.40 73.70 77.47 70.58 32.01 33.65 30.66
0.50 69.63 66.70 68.38 30.36 29.08 29.815 0.60 19.33 24.46 25.02 10.44 13.21 13.51
0.70 9.57 12.23 10.84 6.62 8.46 7.51
0.40 4.00 4.06 4.11 1.74 1.76 1.78
0.50 4.74 4.12 4.90 2.07 1.80 2.1410 0.60 1.68 2.07 1.90 0.91 1.12 1.03
0.70 0.81 1.06 0.93 0.56 0.73 0.64

Table 4.14 The two-way ANOVA Results of Bagasse at 99.50% Confidence Level

w/c  ratio Between type of B Between percent replacement
P-value meaning P-value meaning

0.40 0.199 No difference 1.02E-06 Difference
0.50 0.152 No difference 1.62E-08 Difference
0.^0 0.478 No difference 1.5E-05 Difference
0.70 0.674 No difference 3.56E-07 Difference

Percent Between type of B Between w/c ratio
replacement P-value meaning P-value meaning

0 0.676 No difference 5.55E-05 Difference
5 0.529 No difference 2.07E-07 Difference
10 0.686 No difference 6.57E-06 Difference
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(c) (d)

Figure 4.25 Mortar Specimens with Cement Replaced by Bagasse at (a) 0%, (b) 10%, 
(c) 15% and (d) after Compressive Strength Test
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Figure 4.26 XRD Spectra of Mortars with (a) 0% replacement and (b) 5% 
replacement with Bagasse at w/c ratio of 0.45 and 7-day Curing Time.
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4.4.1.2 Effect of water-to-cement ratio

Figures 4.27, 4.28, and 4.29 demonstrate that the compressive strength 
of mortar is affected by water-to-cement ratio at 0-10% replacement of B, B-Pb and 
B-Cr. Based on the results, the compressive strength of specimens with water-to- 
cement ratio of 0.40, and 0.50 was almost level. The w/c ratio of 0.50 was finally 
selected for curing time tests.

Water is essential to initiate the hydration reactions but a broad range 
of w/c ratio can be sustained (Glasser, 1997). In the w/c ratio more than 0.50, the 
compressive strength decreased. In the study, therefore, the optimum value of w/c 
ratio was set at 0.40-0.50. It is also well known that strength decreases as matrix 
porosity increases, and that porosity increases as the w/c ratio increases above an 
optimal value (Stegemann and Buenfeld, 2002). Then, more than 0.50 w/c ratio is 
above an optimal value.

4.4.1.3 Effect of curing time

Figure 4.30 shows the change in compressive strength and relative 
compressive strength with age at w/c ratio of 0.50, 0 and 5% replacement. It is 
observed that, for all specimens, the compressive strength increased with curing time, 
but sample specimens notable increases the compressive strength of concrete 
compared to control concrete at all ages (up to 28 days). However, in all cases, the 
values of compressive strengths of specimens after a 3-day curing were enough to 
meet the landfilling standard (3.5 kg/cm2 ) established by the Ministry of Industry 
No.6, B E. 2540(1997).
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(b )

F ig u re  4 .2 7  D evelop m en t o f  (a) C om pressive Strength and (b) R ela tive  C om pressive
Strength o f  B agasse-C em en t M ortar at D ifferen t P ercent R ep lacem en ts and W ater-to-
C em ent R atios at 7-day Curing
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(a)

(b)

Figure 4.28 D evelop m en t o f  (a) C om pressive Strength and (b) R ela tive  C om pressive
Strength o f  Pb adsorbed B agasse-C em en t M ortars at D ifferen t P ercent R eplacem ents
and W ater-to-C em ent R atios at 7-day Curing
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(a)

(b)

F ig u r e  4 .2 9  D evelop m en t o f  (a) C om pressive Strength and (b) R elative  C om pressive
Strength o f  Cr adsorbed B agasse-C em ent M ortar at D ifferen t Percent R eplacem ents
and W ater-to-C em ent R atios at 7-day Curing
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4.4.1.4 Leachate characteristics

Leachate characteristics study focuses on concentrations of Pb and Cr 
that can leach from B-Pb and B-Cr, respectively, or their solidified matrices. The 
results of the leaching test are presented in Tables 4.15, 4.16 and 4.17 along with the 
limit values of Pb and Cr (5 mg/L) established by the Ministry of Industries No. 6, 
B E. 2540 (1997).

The results of the test are expressed in three units namely, milligrams 
of contaminants (heavy metals) per litre of leachate which are detected by ICP-OES, 
milligrams of heavy metals per grams of B-Pb or B-Cr determined by calculation, and 
percent release of heavy metals which adsorbed onto bagasse which by calculation.

Pb and Cr concentrations in leachates from the solidified specimens 
were lower than 0.2 mg/L in all cases of replacement ratio (5, 10, and 15%), w/c ratio 
(0.40, 0.50, 0.60, and 0.70), and curing time (3, 7, 14, and 28 days). The results 
indicated that the concentrations of all cases were well below the limits established by 
the Ministry of Industries (1997). These showed that the cementitious solidification 
process is effective, even after a short curing time (3 days). The final pH value of the 
leaching solution was high (about 9) because of the concurrent release of calcium 
hydroxide and alkalies from the cementitious matrices. It indicated that this process 
was able to strongly immobilize Pb and Cr.

Pb and Cr concentrations from condition of with Portland cement were 
less than without Portland cement condition. This results show that the hydration 
reaction may improve the fixation of the heavy metals. When water is added to 
cement, a hydration reaction takes place. The hydration products crystallize and create 
a three-dimensional structure that binds together all the substances present into a hard 
mass. The three-dimensional structure formed, which comprises hydration products, 
water, small bubbles of air, and particles of sand or stone, can also include small 
particles (< 150 pm). Since bagasse particles have a small grain size they could fill 
these spaces and become encapsulated inside the concrete matrices.
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(a)

(b)

Figure 4.30 D evelop m en t o f  (a) C om pressive Strength and (b) R ela tive  C om pressive
Strength at D ifferen t Curing T im es o f  B , B-Pb, and B -C r (w /c  ratio o f  0 .5 0 , 5%
replacem ent)
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Table 4.15 Amount of Released Pb from B-Pb, with and without Portland Cement at 
Different w/c ratios and Percentages of Replacement (%R)

Condition w/c % R of Portland Released Pb
ratio cement mg/L mg/g % release

5 ND NC NC
0.40 10 ND NC NC

15 0.01000 0.00054 0.01333
5 ND NC NC

0.50 10 ND NC NCWith
Portland 15 0.00912 0.00049 0.01211

5 ND NC NCcement 0.60 10 ND NC NC
15 0.01021 0.00054 0.01333
5 0.00114 0.00016 0.00401

0.70 10 0.01105 0.00089 0.02196
15 0.19007 0.01027 0.25326

Condition Amount % R of Portland Released Pb
ofB-Pb cement mg/L mg/g % release

(g) equivalent
Without 12.3 5 0.09594 0.01560 0.38469
Portland 24.7 10 0.19143 0.01550 0.38223
cement 37.0 15 0.29045 0.01571 0.38716

Notation; ND refered to can not be detected, below the detection limits of ICP-OES
NC refered can not calculation
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Table 4.16 Amount of Released Cr from B-Cr, with and without Portland Cement at 
Different w/c ratios and Percentages of Replacement (%R)

Condition w/c % R of Portland Released Cr
ratio cement mg/L mg/g % release

5 0.09112 0.01484 2.07991
0.40 10 0.10604 0.00858 1.20647

15 0.09843 0.00530 0.74461
5 0.08611 0.01398 1.96562

0.50 10 0.08824 0.00713 1.00159With
Portland 15 0.09623 0.00519 0.72942

5 0.09714 0.01577 2.21704cement 0.60 10 0.10403 0.00842 1.18371
15 0.09901 0.00535 0.75221
5 0.09814 0.01593 2.23989

0,70 10 0.11212 0.00907 1.27476
15 0.12611 0.00681 0.95736

Condition Amount % R of Portland Released Cr
ofB-Cr cement mg/L mg/g % release

(g) equivalent
Without 12.3 5 0.22571 0.03671 5.15872
Portland 24.7 10 0.44954 0.03644 5.11655
cement 37.0 15 0.61975 0.03351 4.70892
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Table 4.17 Concentration of Pb and Cr from Solidified Matrices of B-Pb and B-Cr at 
Different Curing Times

Curing time (day) Concentration (mg/L) 
Pb Cr

3 0.012 0.106
7 0.004 0.086
14 0.001 0.056
28 ND 0.027

4.4.2 Bagasse Fly Ash

The removal study results showed that the maximum adsorption capacity of 
bagasse fly ash adsorbing lead occurred at the following condition: solution pH 6, 
initial concentration approximately 80 mg/L, and bagasse dose 10 g/L. Adsorption 
capacity of bagasse in this condition was 7.9149 mg/g. In case of chromium, 
maximum adsorption capacity was 0.6547 mg/g at solution pH 1, initial concentration 
approximately 80 mg/L, and bagasse dose 20 g/L. As mentioned above, these 
conditions were used for subsequent works in this part because they could represent 
worst case of heavy metal leaching study.

4.4.2.2 Effect of percentage of replacement

Table 3.4 showed the conditions that were used in the experiments. The 
experimental results are summarized in Table 4.18 for four w/c ratios (0.40, 0.50,
0.60, and 0.70) and three replacement percentages (10, 20, and 30%). Mortar 
specimens which portions of cement were replaced by bagasse fly ash at 0 to 30% 
were shown in Figure 4.31.

The experimental results showing similar trend as those of bagasse, 
when BFA, BFA-Pb or BFA-Cr substituted aggregates, compressive strength lower 
than the controls were obtained. The compressive strength and relative compressive
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strength decrease as the amount of BFA, BFA-Pb or BFA-Cr in the mix were 
increased. And replacement of 10% was finally selected for curing time tests.

Figure 4.31 Mortar Specimens with Cement Replaced by Bagasse Fly Ash at 0, 10,
20, and 30%

XRD spectrum, Figure 4.32, indicated that bagasse fly ash inhibited 
cement hydration. The same results were obtained when bagasse was used. But, for 
bagasse fly ash, the hydration product Ca(OH)2 was detected at higher intensities than 
in case of bagasse. Approximately, 1000 and 50 at 18.08° 29 and 600 and 400 at 
34.16° 29. The Portland cement hydration is inhibited by the addition of BFA, BFA- 
Pb, or BFA-Cr. The reasons for the poor compressive strength of the specimens 
containing them may be due to high free alkali metals oxides or MgO content in the 
BFA (Saikia, et al., 2002 and Kula, et al., 2002), or poor contact between the 
portlandite, or the low calcium content of BFA.

The analysis of variance (ANOVA) was shown in Table 4.19. The 
results have similar trend as those of b?gasse, it was found that there was significant 
difference (p<0.005) among the w/c ratio and percent replacement, while there was no 
significant difference (p>0.005) among the types of bagasse (BFA, BFA-Pb, and 
BFA-Cr. It is concluded that type of bagasse fly ash was not effect on compressive 
strength. While, the value changed of w/c ratio and percent replacement were effect 
on compressive strength.
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Table 4.18 Compressive Strength and Relative Compressive Strength at Difference 
Percent Replacements and Water-to-Cement Ratios of BFA, BFA-Pb and BFA-Cr at 
7-day Curing Time

Percent
replacement

w/c
ratio Compressive strength (ksc) Relative compressive 

strength (%)
0.40 263.00 100.00

n 0.50 298.86 100.00บ 0.60 236.77 100.00
0.70 184.80 100.00

BFA BFA-Pb BFA-Cr BFA BFA-Pb BFA-Cr
0.40 149.32 152.87 143.40 56.77 58.12 54.53
0.50 164.36 162.74 196.81 55.93 55.38 66.9710 0.60 123.63 123.58 132.24 52.22 52.20 55.85
0.70 93.11 94.16 92.50 50.38 50.95 50.05
0.40 106.14 104.07 106.52 40.36 39.57 40.50
0.50 117.40 113.75 136.06 39.95 38.71 46.3020 0.60 92.62 91.43 96.21 39.12 38.62 40.64
0.70 65.95 67.30 63.04 35.69 36.42 34.11
0.40 87.98 99.30 93.64 33.45 37.76 35.61
0.50 105.05 118.75 132.46 35.75 40.41 45.0830 0.60 80.43 73.68 83.86 33.97 31.12 35.42
0.70 59.11 60.55 59.16 31.99 32.77 32.01
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Table 4.19 Two-Way ANOVA Results of Bagasse Fly Ash at 99.50% Confidence 
Interval

Between type of BFA Between percent replacementw/c ratio P-value meaning P-value meaning
0.40 0.571 No difference 1.25E-08 Difference
0.50 0.009 No difference 3.94E-06 Difference
0.60 0.019 No difference 2.32E-08 Difference
0.70 0.020 No difference 3.89E-12 Difference

Percent Between type of BFA Between w/c ratio
replacement P-value meaning P-value meaning

0 0.205 No difference 0.000661 Difference
10 0.475 No difference 0.000406 Difference
20 0.368 No difference 0.000152 Difference
30 0.289 No difference 0.000366 Difference

4.4.2.2 Effect of water-to-cement ratio

Figures 4.33, 4.34, and 4.35 demonstrate that the compressive strength 
of mortar is affected by w/c ratio at 0-30% replacement of BFA, BFA-Pb and BFA- 
Cr. Based on the results, the compressive strength for w/c ratio of 0.4, 0.5 and 0.Ô was 
level. As mentioned above, water is essential to initiate hydration reactions but a 
broad range of water-to-cement ratio can be sustained. It can seen that at w/c ratio of
0.7, the lowest compressive strength values were obtained for all of specimens, then, 
w/c ratio of 0.7 is above an optimal value (0.4-0.6). Therefore, w/c ratio of 0.50 was 
finally selected for curing time tests.
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(a)

ร# J

(b)

Figure 4.32 XRD Spectra of Mortars with (a) 0% replacement and (b) 15% 
replacement with Bagasse Fly Ash at w/c ratio of 0.50 and 7-day Curing Time
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(a)

(b)

Figure 4.33 Development of (a) Compressive Strength and (b) Relative Compressive
Strength of Bagasse Fly Ash-Cement Mortar at Different Percent Replacements and
Water-to-Cement Ratios at 7-day Curing
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(b)

Figure 4.34 Development of (a) Compressive Strength and (b) Relative Compressive
Strength of Pb adsorbed Bagasse Fly Ash-Cement Mortar at Different Percent
Replacements and Water-to-Cement Ratios at 7-day Curing
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Figure 4.35 Development of (a) Compressive Strength and (b) Relative Compressive
Strength of Cr Adsorbed Bagasse Fly Ash-Cement Mortar at Different Percent
Replacements and Water-to-Cement Ratios at 7-day Curing
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4.4.2.3 Effect of curing time

The change in compressive strength and relative compressive strength 
with age (up to 60 days) at w/c ratio of 0.50, replacement ratio of 0 and 10% were 
shown in Figure 4.36. Similar trends of those of bagasse were observed. That is, the 
compressive strength increased with hydration time. The compressive strength of 
specimens with cement replacement of 10% BFA showed, notable increases 
compared with control specimens at all ages.

Generally, silica will be responsible for increase in compressive 
strength brought about of pozzolanic reaction between calcium hydroxide and silica 
and the hydration of silica itself in the alkaline environment (Singh, et al., 2000). It 
was reported though that silica should be in an amorphous phase in order to be 
reactive (Rachakornkij, 2000 and Flernandez, et ฟ., 1998). The results showed that 
BFA did not act like a reactive pozzalan, perhaps due to the presence of unburned 
materials and carbon (Hernandez, et al., 1998). Although BFA contain high content of 
silica, but it is present in form of quartz, a crystalline phase of silica, that is not 
available as active silica for pozzolanic reaction. However, in all cases, the values of 
compressive strengths of specimens after a 3-day curing were enough to meet the 
landfilling standard of (3.5 kg/cm2 ) established by the Ministry of Industry No.6, 
B.E. 2540 (1997).
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(a)

Figure 4.36 Development of (a) Compressive Strength and (b) Relative Compressive
Strength at Different Curing Times of BFA, BFA-Pb, and BFA-Cr (w/c ratio of 0.50,
1 0 % replacement)
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4.4.2.4 Leachate characteristics

The results of the leaching test for the mortars incorporating of BFA- 
Pb and BFA-Cr are shown in Tables 4.20, 4.21, and 4.22. The results showed that Pb 
and Cr concentrations in leachates from the specimens is lower than 1.2 mg/L in all 
replacement ratios (10, 20, and 30%), w/c ratios (0.4, 0.5, 0.6 and 0.7), and curing 
periods (3, 7, 14, and 28 days). The final pH values of the leaching solutions were 
high (about 12) because of the concurrent release of calcium hydroxide and alkalis 
from the cementitious matrices.

It indicates that the concentrations of all cases are well below the limits 
established by the Ministry of Industries No. 6, B.E. 2540 (1997), as mentioned 
above. Like bagasse, these data showed that the cementitious solidification process 
was effective, even after a short curing time (3 days) and this process was able to 
strongly immobilized Pb and Cr. The results showed that the hydration reaction might 
improve fixation of heavy metals. Similar to bagasse, it was found that Pb and Cr 
concentrations leached from specimens with Portland cement were less than without 
Portland cement.
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Table 4.20 Amount of Released Pb from BFA-Pb, with and without Portland Cement 
at Different w/c ratios and Replacement Ratios (%R)

Condition w/c % R of Portland Released Pb
ratio cement mg/L mg/g % release

10 0.086 0.00696 0.088
0.40 20 0.059 0.00239 0.030

30 0.038 0.00103 0.013
10 0.113 0.00915 0.116

0.50 20 0.080 0.00324 0.041With
Portland 30 0.032 0.00086 0.011

10 0.127 0.01028 0.130cement 0.60 20 0.103 0.00417 0.053
30 0.044 0.00119 0.015
10 0.125 0.01012 0.128

0.70 20 0.092 0.00372 0.047
30 0.050 0.00135 0.017

Condition Amount % R of Portland Released Pb
ofB-Pb cement mg/L mg/g % release

(g) equivalent
Without 24.7 10 0.378 0.03062 0.387
Portland 49.4 20 0.778 0.03150 0.398
cement 74.1 30 1.128 0.03046 0.385
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Table 4.21 Amount of Released Cr from BFA-Cr, with and without Portland Cement 
at Different w/c ratios and Replacement Ratios (%R)

Condition w/c % R of Portland Released Cr
ratio cement mg/L mg/g % release

10 ND NC NC
0.40 20 0.063 0.00255 0.390

30 0.096 0.00259 0.396
10 0.057 0.00462 0.705

0.50 20 0.083 0.00336 0.513With
Portland 30 0.134 0.00362 0.552

10 0.079 0.0064 0.977cement 0.60 20 0.107 0.00433 0.662
30 0.141 0.00381 0.581
10 0.084 0.0068 1.039

0.70 20 0.118 0.00478 0.730
30 0.156 0.00421 0.643

Condition Amount % R of Portland Released Cr
of B-Cr cement mg/L mg/g % release

(g) equivalent
Without 24.7 10 0.123 0.00999 1.526
Portland 49.4 20 0.253 0.01024 1.565
cement 74.1 30 0.373 0.01006 1.537

Notation; ND refered to cannot be detected (below the detection limit of ICP-OES)
NC refered to cannot calculated
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Table 4.22 Concentrations of Pb and Cr from Solidified Matrices Incorporating BFA- 
Pb and BFA-Cr at Different Curing Periods

Curing time (day) Concentration (mg/L) 
Pb Cr

3 0.135 0.097
7 0.113 0.057
14 0.039 0.023
28 0.028 0.021
60 0.022 0.021
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4.5 Construction Material Study

The results of the ร/ร experiments indicated that bagasse fly ash is more 
suitable for use as construction material than bagasse. Therefore, in this section, 
construction material study, only bagasse fly ash was evaluated for the feasibility for 
use as a construction material.

4.5.1 Effect of Aggregate Proportion

Figure 4.37 shows compressive strengths at different five mixing proportions 
of Portland cement, river sand, and crushed stone. The experimental results showed 
that the proportion of 1 : 1.1 : 1.9 gave the highest compressive strength (400 kg/cm2). 
Therefore, this ratio was finally selected for all of the next tests.

Figure 4.37 Effect of Aggregate Proportion; Cement : Sand : Crushed Stone 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 
Compressive Strength (curing time 7 day, w/c ratio 0.5)
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4.5.2 Effect of Replacement Ratio

Figure 4.38 showed concrete specimens which cement was replaced by 
bagasse fly ash at 0 to 30% and specimens after the compressive strength test. The 
experimental results are summarized in Figures 4.39 and 4.40, which showed similar 
trend as in the ร/ร study. When BFA-Pb or BFA-Cr substituted aggregates, 
compressive strength of lower than those of the controls were obtained. In addition, 
the compressive strength and relative compressive strength decreased as the 
percentage of BFA-Pb or BFA-Cr in the mix was increased. This may be due to the 
fact that these materials inhibited the hydration reaction, as mentioned above. 
However, compared with ร/ร study, compressive strength values of specimens in this 
experiment were higher than those in ร/ร study. This may be due to the fact that 
crushed stone was mixed added to make specimens.

(a) (b)

Figure 4.38 Concrete Specimens with (a) Cement Replacement by Bagasse Fly Ash 
at 0, 10, 20, and 30% and (b) arter Compressive Strength Test
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(a)

(b)

Figure 4.39 Development of (a) Compressive Strength and (b) Relative Compressive
Strength at Different Percent Replacements of Pb Adsorbed Bagasse Fly Ash-Cement
Mortar at 7-Day Curing Time, Cement : Sand ะ Crushed Stone of 1 : 1.1 : 1.9
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(a)

(b)

Figure 4.40 Development of (a) Compressive Strength and (b) Relative Compressive
Strength at Different Percent Replacements of Cr Adsorbed Bagasse Fly Ash-Cement
Mortar at 7-Day Curing Time, Cement : Sand : Crushed Stone of 1 : 1.1 : 1.9
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4.5.3 Effect of Water-to-Cement Ratio

Based on the results shown in Figures 4.41 and 4.42 most of compressive 
strength values at w/c ratio of 0.4 were the highest. The compressive strengths and 
relative compressive strengths slightly decreased as the percentage of BFA-Pb or 
BFA-Cr in the mix increased. Therefore, w/c ratio of 0.40 was finally selected for 
curing time tests.

4.5.4 Effect of Curing Time

The changes in compressive strength and relative compressive strength with 
age (up to 60 days) at different replacement ratios, and w/c ratio of 0.40, were shown 
in Figures 4.43 and 4.44 for Pb adsorbed BFA and Cr adsorbed BFA, respectively. It 
was observed that, with trends similar to those of the ร/ร study, the compressive 
strength increased as hydration progressed. Additionally, the strengths of specimens 
were lower than those of the control specimens at all curing ages except at 3-days 
curing time of 10% replacement. The compressive strength of specimens at this 
condition were higher than those of the control, it may be due to packing effect. At 
early ages, the compressive strength of fly ash mortar due to packing effect is higher 
than that due to pozzolanic reaction (Tangpagasit, 2004). Insoluble material which has 
particle size smaller than sand and crushed stone, can insert into pore between sand 
and crushed stone, then decreased pore volume of concrete will occurred and 
compressive strength will increased.

4.5.5 Leachate Characteristics

The results of the leaching test for the mortars incorporating BFA-Pb and 
BFA-Cr are shown in Table 4.23. Pb and Cr concentrations in leachates from the 
specimens were lower than the limits established by the Ministry of Industry No.6 
B.E. 2540 (1997), 5.0 mg/L for both metals in the leachate. Like the ร/ร study, these 
showed that the cementitious solidification process was effective, even after a short 
curing period (3 days) and that this process was able to strongly immobilize Pb and
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Cr. The results indicated that the construction material developed form this study is 
should be safe for environment.

(a)

(b)

Figure 4.41 Development of (a) Compressive Strength and (b) Relative Compressive
Strength at Different w/c ratios of Pb Adsorbed Bagasse Fly Ash-Cement Mortar at 7-
Day Curing Time, Cement : Sand : Crushed Stone of 1 : 1.1 : 1.9
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(a)

(b)

Figure 4.42 Development of (a) Compressive Strength and (b) Relative Compressive
Strength at Different w/c ratios of Cr Adsorbed Bagasse Fly Ash-Cement Mortar at 7-
Day Curing Time, Cement : Sand : Crushed Stone of 1 : 1.1 : 1.9



160

(a)

(b)

Figure 4.43 Development of (a) Compressive Strength and (b) Relative Compressive
Strength at Different Curing Times of Pb Adsorbed Bagasse Fly Ash-Cement Mortar
at 7-Day Curing Time, Cement : Sand : Crushed Stone of 1 : 1.1 : 1.9, w/c ratio : 0.4



161

(a)

(b)

Figure 4.44 Development of (a) Compressive Strength and (b) Relative Compressive
Strength at Different Curing Time of Cr Adsorbed Bagasse Fly Ash-Cement Mortar at
7-Day Curing Time, Cement : Sand : Crushed Stone of 1 : 1.1 : 1.9, w/c ratio : 0.4
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Table 4.23 Concentrations of Pb and Cr in Leachate from Solidified Product of BFA- 
Pb and BFA-Cr in Construction Material Study at Different w/c Ratios

Concentration (mg/L)Curing time (days) --------------- ---------------------------------- —Pb Cr
3 0.210 0.179
7 0.156 0.115
14 0.101 0.065
28 0.006 0.007
60 0.005 0.005

4.5.6 Equation Development

Non-linear regression analyses of experimental data were performed with 
SigmaPlot Program version 6.1. This program plotted four difference types of 
equation namely; Plane, Paraboloid, Gaussian, and Lorentzian and showed in three- 
dimension graph. These graphs were plotted between replacement percentage, w/c 
ratio, and compressive strength at 3-day, 5-day, and 7-day curing times as shown in 
Figures 4.45, 4.46, and 4.47, respectively.

Coefficient of correlation value of each equation was used to identify the most 
suitable equation; which provided correlation coefficient value closest to 1. They 
presented in Table 4.24, showed that R2 for each equation type was almost level, 
between 0.836-0.977. However, Gaussian equations showed the value closest to 1. 
Therefore, the recommended equations were presented in Gaussian equations as 
shown in Table 4.25.
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3 D a y  ( No  H e a v y  M e t a l s )

(a)
3 D a y  ( L e a d )

(b)

(c)
Figure 4.45 3D Graph Relationship between Compressive Strength, w/c ratio and
Percent Replacement of (a) BFA, (b) BFA-Pb and (c) BFA-Cr at 3-day Curing Time
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5 D a y  ( L e a d )

(b)
5 D a y  ( C h r o m i u m )

(c)

Figure 4.46 3D Graph Relationship between Compressive Strength, w/c ratio and
Percent Replacement of (a) BFA, (b) BFA-Pb and (c) BFA-Cr at 5-day Curing Time



165

7 D a y  ( N o  H e a v y  M a t e l s )

(a)

7 D a y  ( L e a d )

(b)

7 D a y  ( C h r o m i u m )

(c)

Figure 4.47 3D Graph Relationship between Compressive Strength, w/c ratio and
Percent Replacement of (a) BFA, (b) BFA-Pb and (c) BFA-Cr at 7-day Curing Time
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Table 4.24 Coefficient of Correlation (R2) of Plane, Paraboloid, Gaussian, and 
Lorentian Equation

Curing 
time (day) Condition R2 of Equation

Plane Paraboloid Gaussian Lorentzian
BFA 0.836 0.873 0.924 0.908

3 BFA-Pb 0.848 0.888 0.936 0.922
BFA-Cr 0.841 0.878 0.930 0.916

BFA 0.865 0.870 0.920 0.892
5 BFA-Pb 0.844 0.851 0.905 0.874

BFA-Cr 0.863 0.869 0.920 0.893
BFA 0.961 0.967 0.971 0.962

1i BFA-Pb 0.955 0.962 0.966 0.955
BFA-Cr 0.966 0.975 0.977 0.971

Table 4.25 Recommended Equations

Curing
time Condition Recommended Equation
(day)

BFA f = 358.193*expA(-0.5*((x-0.224)/0.290)2 + ((y-7.663)/23.689)2)
3 BFA-Pb f = 365.930*expA(-0.5*((x-0.210)/0.297)2 + ((y-7.811 )/23.241 )2)

BFA-Cr f = 375.610*expA(-0.5*((x-0.205)/0.296)2 + ((y-7.669)/23.379)2)
BFA f = 835.076*expA(-0.5*((x+0.819)/0.900)z +  ((y+9.451)/39.295)i)

5 BFA-Pb f = 828.342*expA(-0.5*((x+0.773)/0.874)2 + ((y+8.717)/38.636)2)
BFA-Cr f = 788.698*expA(-0.5*((x+0.747)/0.865)2 + ((y+6.059)/36.454)2)

BFA f = 1554.84*expA(-0.5*((x+0.104)/0.688)z +  ((y+201.477)/145.149)-)
7 BFA-Pb f = 2471.00*expA(-0.5*((x+0.169)/0.711)2 + ((y+292.559)/176.864)2)

BFA-Cr f = 2450.59*expA(-0.5*((x+0.185)/0.730)2 + ((y+277.328)/167.836)2)
Natation f  = compressive strength (ksc)

X = w/c ratio
y = replacement percentage
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4.5.7 Test of Equations

The recommended equations shown in Table 4.25 were tested for use by build 
construction materials namely; interlocking concrete paving blocks and hollow non- 
load-bearing concrete block as shown in Figure 4.48 and 4.49, respectively. The 
procedures for test were followed as mentioned in section 3.2.5.3.

Tables 4.26 and 4.27 presented the comparison of predicted strength and 
actual strength of the specimens with BFA-Pb and BFA-Cr, respectively. Table 4.28 
showed percent of error of their comparison in which negative values mean that actual 
strength lower than predicted strength.

The percent of error showed a good agreement between predicted strength and 
actual strength with less than 10% error in range of 0-15% replacement. However, the 
recommended equation may not be suitable for replacement ratio of more than 35%, 
since, the error was more than 50%. In some conditions of 35% replacement, the 
compressive strength of the specimens were not be able to measured due to 
disintegration of specimens prior to loading.
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(a) (b)

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

F ig u r e  4 .4 9  In ter lo ck in g  P a v in g  C o n c r e te  B lo c k  (a )  B e fo r e  and (b ) A fte r  
C o m p r e s s iv e  S tren g th  T est
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T a b le  4 .2 6  C o m p a r iso n  o f  P red ic ted  C o m p r e ss iv e  S tren g th  and A c tu a l C o m p r e ss iv e  
S tren g th  o f  In te r lo c k in g  C o n c r e te  P a v in g  B lo c k s  and  H o l lo w  N o n -L o a d -B e a r in g  
C o n c r e te  B lo c k s  w ith  B F A -P b  at D iffe r e n t  C u ring  T im e s  an d  R e p la c e m e n t  R a tio s

Curing
time
(day)

Replacement
(%)

Interlocking concrete 
paving blocks 

Predicted Actual 
strength strength 

(ksc) (ksc)

Hollow non-load-bearing 
concrete block 

Predicted Actual 
strength strength 

(ksc) (ksc)
0 200 202.9 200 210.2

3 15 200 198.6 200 201.6
35 160 N D 160 N D
0 200 201.8 200 196.9

5 15 200 197.3 200 196.7
35 160 26.2 160 N D
0 200 193.3 200 195.8

7 15 200 199.3 200 194.5
35 160 66.2 160 N D

Notation: ND referred to can not detection
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Table 4.27 C o m p a r iso n  o f  P red ic ted  C o m p r e ss iv e  S tren g th  and A c tu a l C o m p r e ss iv e  
S tren g th  o f  In te r lo c k in g  C o n cre te  P a v in g  B lo c k s  and  H o l lo w  N o n -L o a d -B e a r in g  
C o n c r e te  B lo c k s  w ith  B F A -C r  at D iffe r e n t  C u ring  T im e s  and  R e p la c e m e n t  R a tio s

Curing
time Replacement

(% )

Interlocking concrete 
paving blocks 

Predicted Actual

Hollow non-load-bearing 
concrete block 

Predicted Actual
(day) strength

(ksc)
strength

(ksc)
strength

(ksc)
strength

(ksc)
0 2 0 0 2 0 1 .4 2 0 0 2 0 8 .7

3 15 2 0 0 2 0 1 .4 2 0 0 1 9 8 .2
35 160 N D 1 6 0 N D
0 2 0 0 2 0 0 .8 2 0 0 2 0 0 .6

5 15 2 0 0 196.1 2 0 0 2 0 1 .4
35 160 2 5 .8 16 0 N D
0 2 0 0 2 0 3 .2 2 0 0 2 0 5 .0

7 15 2 0 0 2 0 9 .9 2 0 0 2 0 3 .3
35 160 6 2 .6 16 0 N D

Notation: ND referred to can not detection
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Table 4.28 E rrors b e tw e e n  P red ic ted  C o m p r e ss iv e  S tren g th  and A c tu a l C o m p r e ss iv e  
S tren g th  o f  In ter lo ck in g  C o n cre te  P a v in g  B lo c k s  and  H o l lo w  N o n -L o a d -B e a r in g  
C o n c r e te  B lo c k s  w ith  B F A -P b  and B F A -C r  at D iffe r e 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

Curing Replacementtime
(% )(day)

Percent of error (%)
Interlocking concrete 

paving blocks
Hollow non-load-bearing 

concrete block
BFA-Pb BFA-Cr BFA-Pb BFA-Cr

0 1 .47 0 .7 0 5 .0 8 4 .3 5
3 15 ( - )  0 .7 0 0 .7 0 0 .8 1 ๑  0 .8 9

35 N C N C N C N C
0 0.91 0 .4 2 ( - )  1 .5 0 0 .3 3

5 15 ( - ) 1 .3 3 ๑  1 .9 6 ๑  1 .6 4 0 .6 9
35 ( - )  8 3 .5 6 ๑  8 3 .8 6 N C N C
0 ๑ 3 . 3 7 1.61 02 .11 2 .5 2

7 15 ๑  0 .3 5 4 .9 8 ( - )  2 .7 2 1 .6 7
35 ( - )  5 8 .6 0 ( - )  6 0 .8 8 N C N C

Notation: NC referred  to  n o t ca lcu la ted  (sp e c im e n s  fa ile d  p rior  to  lo a d in g )  
( -)  referred  to  actu al stren g th  lo w e r  than  p red ic ted  stren g th
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4.6 Economic Study

B a g a ss e , b e fo r e  b e in g  u se d  as a r em o v a l m ateria l, is  su b je c t  to  a c h e m ic a l 
trea tm en t u s in g  acid . S in c e  p H  is  o n e  o f  th e  m o s t  im p o rtan t fa c to r s  fo r  P b  and Cr 
r em o v a l, p H  a d ju stm en t w a s  n e c e s sa r y  in  th e  ex p er im en t. H a v in g  r e m o v e d  P b  and  Cr, 
th e  sp en t m a ter ia ls  w e r e  m ix e d  w ith  c e m e n t fo r  d isp o sa l b y  la n d f il lin g . A s  m e n tio n e d  
a b o v e , b a g a s s e  f ly  a sh  w a s  e f f e c t iv e  as an in g red ien t in  c o n c r e te  b lo c k s . T h e n  c o s t  o f  
acid  trea tm e n t fo r  b a g a sse , p H  ad ju stm en t, c e m e n t fo r  s o l id if ic a t io n  p r o c e s s  and raw  
m ateria l o f  c o n c r e te  b lo c k s  w e r e  co n s id e r e d  in  th is  se c t io n . In  a d d it io n , th is  se c t io n  
in c lu d e d  c o s t  a n a ly se s  o f  tw o  c a se  stu d ies; n a m e ly , C a se  S tu d y  1: P b  r e m o v a l in  
w a ste w a te r  fr o m  a h y p o th e tic a l F a c to ry  A , and C a se  S tu d y  2  su g a r  fa c to r y  w a s te s  
fro m  F a c to r y  A A .

4.6.1 Cost Analysis of Acid Treatment of Bagasse

Im p ortan t fa c to r  fo r  th e  d eterm in a tio n  o f  c o s t  o f  ac id  trea tm e n t w a s  c h e m ic a l  
rea g en t n a m e ly ;  h y d r o c h lo r ic  ac id  (H C 1). O n e  liter  o f  0 .1  M  HC1 w a s  u s e d  to  treat  
10 0  g  o f  b a g a sse . T h e  ac id  w a s  p rep ared  from  d ilu tin g  8 .3 3  m L  o f  3 7 %  HC1 to  o n e  
liter. T h e  p r ic e  o f  37 %  HC1 w a s  3 5 0  B a h t/o n e  2 .5 -L  b ottle . T h e  c o s t  o f  c h e m ic a l  
r ea g en t ca n  b e  c a lc u la te d  as fo l lo w s .

C o s t  (B a h t /g )  =  0 .1  M  X  I L  X  8 .3 3  m L  X  3 5 0  B a h t
1 0 0  g  0 .1  M  โ !  2 5 0 0  m L

0 .0 1 1 6 1  B a h t/g

T h e  o p era tio n a l c o s t  o f  ac id  treated  b a g a sse  w a s  0 .0 1 1 6 1  B a h t p er  1 gram . It 
sh o u ld  b e  n o te d  th a t HC1 u se d  in  th e  ex p e r im e n ts  w a s  a n a ly tic a l g r a d e  th a t w a s  h ig h  
in  p u rity  and  p rice . H o w e v e r , in  rea l p ra ctice , c o m m e r c ia l-g r a d e  HC1 m a y  b e  u sed  
in stea d  in  ord er  to  sa v e  th e  c o s t  o f  c h e m ic a l. It is  a lso  im p o rta n t to  n o te  th at th is  
c a lc u la t io n  e x c lu d e d  c o s t  o f  en erg y , w h ic h  w a s  m in im a l.
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4.6.2 Cost Analysis of pH Adjustment

T h e  e x p e r im e n ta l re su lts  s h o w e d  th at m a x im u m  r e m o v a l o f  Pb and  Cr 
o ccu rred  at so lu t io n  p H  o f  6  and 1, r e sp e c tiv e ly . T h e r e fo r e , p H  a d ju stm en t w a s  
n e c e ssa r y  fo r  e f fe c t iv e  and  e f f ic ie n t  r e m o v a l o f  b o th  h e a v y  m eta ls . T h is  is  p articu larly  
so  in  th e  c a se  o f  Pb r e m o v a l b e c a u s e  w a s te w a te r  c o n ta in in g  P b  m u st b e  k ep t a c id ic  in  
ord er to  a v o id  P b  p r e c ip ita tio n  (Z h a n  and Z h a o , 2 0 0 3 ) . F rom  la b ora tory  ex p e r im e n ts , 
it w a s  fo u n d  that 1 .5  m L  o f  6  N  N a O H  w a s  u se d  to  ad ju st th e  p H  fro m  2  to  6 fo r  100
m L  o f  w a ste w a te r . T h e  p r ic e  fo r  50%  N a O H  w a s  8 B a h t/k g  (e q u iv a le n t  to  16 B a h t/k g
o f  100%  N a O H ). T h e  p H  a d ju stm en t c o s t  ca n  th e n  b e  c a lc u la te d  as fo l lo w s .

A m o u n t o f N a O H  =  6  m o l X  1.5 m L  X  I L  X  4 0  g
1 L  1 0 0 0  m L  1 m o l

=  0 .3 6  g  e q u iv a le n t /1 0 0  m L  w a s te w a te r
=  3 ,6 0 0  g  e q u iv a le n t /m 3 w a ste w a te r

C o st  (B a h t/m 3) =  16 B a h t X  3 6 0 0  g  X  1 k g
1 k g  1 m 3 1 0 0 0  g

=  5 7 .6  B a h t/m 3

T h e  c o s t  o f  p H  a d ju stm en t o f  1 m 3 w a s te w a te r  fro m  p H  2  o f  to  p H  6  w a s  5 7 .6  
B a h t. I f  o th er  b a s ic  r e a g e n ts  w e r e  to  b e  u se d  to  ad ju st th e  p H , c a lc u la t io n s  c o u ld  b e  
d o n e  in  th e  lik e  m anner.

4.6.3 Cost Analysis of Spent Material Disposal by Landfilling

T h e  resu lts  fro m  th e  ร /ร  stu d y  s h o w e d  th a t op tim a l c e m e n t  r ep la cem en t ra tio s  
o f  b a g a s s e  and b a g a sse  f ly  a sh  w e r e  10 and 3 0 % , r e sp e c tiv e ly . W ith  th e se  ratios, th e  
s o lid if ie d  p ro d u cts  sh o u ld  b e  a c c e p ta b le  fo r  d isp o sa l v ia  la n d f il l in g  s in c e  c o m p r e ss iv e  
stren g th  m o re  than  3 .5  k sc . T h e re fo re , c e m e n t is  req u ired  in  th e  a m o u n ts  o f  9 and 2 .3
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k g  to  m ix  w ith  b a g a sse  and  b a g a s s e  f ly  a sh  1 k g , r e sp e c tiv e ly . T h e  p r ice  o f  P ortland  
c e m e n t w a s  10 2  B a h t p er 5 0 -k g  b a g  at th e  t im e  o f  th is  s tu d y . T h e  c o s t  can  th e n  b e  
d eterm in ed  as sh o w n  b e lo w :

B a g a sse :
C o s t  (B a h t /k g )=  1 0 2  B a h t X  1 b a g  X  9  k g

1 b a g  5 0  k g

=  1 8 .3 6  B a h t/k g  o f  b a g a sse

B a g a s s e  f ly  ash:
C o s t  (B a h t/k g )  =  1 0 2  B a h t X  1 b a g  X  2 .3  k g

1 b a g  5 0  k g

=  4 .7 0  B a h t/k g  o f  b a g a sse  f ly  a sh

T h e  c o s t  o f  c e m e n t w a s  1 8 .3 6  and 4 .7 0  B a h t fo r  m ix  w ith  b a g a s s e  and b a g a sse  
f ly  a sh  1 k g , r e sp e c tiv e ly . C o s t  c a lc u la t io n  in  th e  sa m e w a y , i f  P ortla n d  c e m e n t p rice  
w a s  c h a n g e d  and c e m e n t p r ice  w a s  d if fe r e n c e  in  d if fe r e n c e  ty p e  and  brand.

4.6.4 Cost Analysis of Partial Cement Replacement in Concrete Blocks

T h e  ex p e r im e n ta l re su lts  o f  c o n str u c tio n  m ateria l s tu d y  sh o w e d  that it w a s  
f e a s ib le  to  u s e  b a g a sse  f ly  a sh  to  p artia lly  rep la ce  c e m e n t  in  th e  p ro d u ctio n  o f  
c o n c r e te  b lo c k s , su ch  as h o l lo w  n o n -lo a d -b e a r in g  c o n c r e te  b lo c k s  and  in te r lo c k in g  
c o n c r e te  p a v in g  b lo c k s . U n it  c o s t s  o f  th e  m a ter ia ls  fo r  p ro d u c tio n  o f  c o n c r e te  b lo c k s  
w e r e  sh o w n  in  T a b le  4 .2 .9 .  T h e  b e s t  m ix  p rop o rtio n  at th e  ratio  o f  c e m e n t : sand  : 
cru sh ed  s to n e  as 1 : 1.1 : 1 .9  and w /c  ratio  o f  0 .5  w e r e  u sed . T h e  c o n stru c tio n  c o s t  o f  
in te r lo c k in g  c o n c r e te  p a v in g  b lo c k s  and  h o l lo w  n o n -lo a d -b e a r in g  c o n c r e te  b lo c k s  in  
c o m p a r iso n  b e tw e e n  0 , 15 , and 30 %  c e m e n t r ep la cem en t w ith  b a g a sse  f ly  ash  w e r e  
sh o w n  in  T a b le s  4 .3 0  and 4 .3 1 , r e sp e c tiv e ly .
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Table 4.29 P rice  o f  C o n stru ctio n  M a ter ia l

Material Price (Baht/unit) Weight/Unit (kg) Price (Baht/kg)
P ortlan d  c e m e n t 10 2  B a h t/b a g 5 0 2 .0 4
Sand 3 5 0  B a h t/m 3 2 6 5 0 0 .1 3
C ru sh ed  sto n e 3 8 0  B a h t/m 3 2 7 0 0 0 .1 4
W ater 1 0 .5 0  B a h t/m 3 1 0 0 0 0 .0 1
B F A 0 - 0
Note: P r ic e  as o f  A p ril 2 0 0 5

T ra n sp o rta tion  and la b or  c o s t  are n o t  in c lu d ed

Table 4.30 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 r e te  P a v in g  B lo c k s  
C o n str u c tio n  at D iffe r e n t  M ix  P ro p o rtio n s

Material
0% Replacement 15% Replacement 30% Replacement

Amount
(kg)

Price
(Baht)

Amount
(kg)

Price
(Baht)

Amount
(kg)

Price
(Baht)

P ortlan d  c e m e n t 0 .8 8 1 .7 9 0 .7 5 1 .53 0 .6 2 1 .25
S an d 0 .9 6 0 .1 2 0 .9 6 0 .1 2 0 .9 6 0 .1 2
C ru sh ed  sto n e 1 .6 6 0 .2 3 1 .6 6 0 .2 3 1 .6 6 0 .2 3
W ater 0 .4 4 0 .0 0 4 0 .4 4 0 .0 0 4 0 .4 4 0 .0 0 4
B F A 0 0 0 .1 3 0 0 .2 6 0
Total price (Baht) 2.14 1.88 1.60
Note: W e ig h t  o f  in ter lo c k in g  c o n c r e te  p a v in g  b lo c k s  a p p r o x im a te ly  3 .5  k g /u n it  

E n e r g y  c o s t  is  n o t  in c lu d ed
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Table 4.31 C o m p a r a tiv e  C o s ts  o f  O n e  H o l lo w  N o n -L o a d -B e a r in g  C o n c r e te  B lo c k s  
C o n str u c tio n  at D iffe r e n t  M ix  P rop o rtio n s

Material
0% Replacement 15% Replacement 30% Replacement

Amount
(k g )

Price
(Baht)

Amount
(k g )

Price
(Baht)

Amount
(k g )

Price
(Baht)

P ortla n d  c e m e n t 1 .88 3 .8 4 1 .6 0 3 .2 6 1 .3 2 2 .6 9
S an d 2 .0 6 0 .2 7 2 .0 6 0 .2 7 2 .0 6 0 .2 7
C ru sh ed  s to n e 3 .5 6 0 .5 0 3 .5 6 0 .5 0 3 .5 6 0 .5 0
W a ter 0 .9 4 0 .0 0 9 0 .9 4 0 .0 0 9 0 .9 4 0 .0 0 9
B F A 0 0 0 .2 8 0 0 .5 6 0
Total price (Baht) 4.62 4.04 3.47
Note: W e ig h t  o f  in te r lo c k in g  c o n c r e te  p a v in g  b lo c k s  a p p r o x im a te ly  7 .5  k g /u n it

E n e r g y  c o s t  is  n o t in c lu d ed

T h e  c o s t  o f  c o n c r e te  b lo c k  d e c rea sed  w ith  in c r e a s in g  a m o u n t o f  b a g a sse  f ly  
ash , b e c a u s e  b a g a s s e  f ly  ash  is  a w a s te  fr o m  su gar fa c to r y  o b ta in e d  at n o  cost. 
H o w e v e r , p r a c tic a lly  tran sp orta tion  and la b o r  c o st  sh o u ld  b e  in c lu d e d  in  th e  
c a lc u la t io n s .

4.6.5 Case Study 1: Cost Analysis for Pb Removal in Wastewater from 
Factory A

It is  a s su m e d  th at industria l a c t iv ity  o f  F a c to ry  A  in v o lv e d  e le c tr o p la tin g  
p r o c e s s  th a t p ro d u ced  w a ste w a te r  w ith  c h a ra c ter is tic  as s h o w n  in  T a b le  4 .3 2 . T h is  
s e c t io n  s h o w s  a n a ly s is  o f  treatm en t c o s t s  b e tw e e n  c o n v e n tio n a l p r o c e s s  (p r e c ip ita tio n  
b y  p H  a d ju stm en t) and a ltern a tive  p r o c e s s  (a d so r p tio n  b y  b a g a s s e  o r  b a g a sse  f ly  a sh )  
and it c o n s id e r s  o n ly  lea d  in  w a ste w a te r . P b  r e m o v a l p r o c e s s e s  o f  c o n v e n tio n a l and  
a ltern a tiv e  p r o c e s s  are as sh o w n  in  F ig u r e s  4 .5 0  and 4 .5 1 ,  r e s p e c t iv e ly .
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Table 4.32 Characteristic of Wastewater from Factory A

Pb ConcentrationParameter Wastewater Effluent Standards *
Concentration of Pb 3 0  m g /L <  0 .2  m g /L
Solution pH 2 5 -9
Note: * from http//www.pcd.go.th

Figure 4.50 Conventional Pb Removal Process of Factory A

http://www.pcd.go.th
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Figure 4.51 A lte r n a tiv e  Pb R e m o v a l P r o c e ss  o f  F a cto ry  A

4.6.5.1 Cost Analysis of Conventional Pb removal Process

4.6.5.1.1 Cost of pH adjustment from 2 to 10

F ro m  th e  lab oratory  ex p er im en ts , it w a s  fo u n d  th at 2 .0  m L  o f  
6 N  N a O H  w a s  u se d  to  r a ise  th e  p H  from  2  to  10 for  10 0  m L  o f  w a s te w a te r . T h e  p r ice  
o f  50 %  N a O H  w a s  8 B a h t /k g  (e q u iv a le n t to  16 B a h t/k g  fo r  100%  N a O H ). T h e  c o s t  o f  
c h e m ic a l r e a g e n t c a n  b e  c a lc u la te d  as fo llo w s .

A m o u n t  o f  N a O H  =  6  m o l X  2 .0  m L  X  1 L  X  4 0  g
1 L 1 0 0 0  m L  1 m o l

0 .4 8  g  e q u iv a le n t /10 0  m L  w a s te w a te r
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=  0 .4  8 g / 10 0  m L  w a ste w a te r
=  4 ,8 0 0  g  e q u iv a le n t/m 3 w a s te w a te r

C o st  (B a h t/m 3) =  16 B a h t X  4 8 0 0  g  X  1 k g
1 k g  1 m 3 1 0 0 0  g

=  7 6 .8 0  B a h t/m 3

T h e  c o s t  o f  p H  ad ju stm en t o f  1 m 3 w a s te w a te r  fro m  p H  2  to  pH  
10 b y  50%  N a O H  w a s  7 6 .8 0  B aht.

4.6.5.1.2 Cost of pH adjustment from 10 to 6

F ro m  lab oratory  te s t , it w a s  fo u n d  that 2 .0  m L  o f  0 .1 N  H 2S O 4 
and 0 .2 3  m L  o f  6 N  H 2S O 4 w e r e  u se d  to  adjust th e  p H  fr o m  10  to  6  fo r  1 0 0  m L  
w a ste w a te r . T h e  p r ice  o f  80%  H 2S O 4 w a s  6 .7 0  B a h t/k g  (e q u iv a le n t  to  8 .4 0  B a h t/k g  o f  
100%  H 2S O 4). T h e  c o s t  o f  c h e m ic a l rea g e n t can  b e  c a lc u la te d  as f o l lo w s .

m o l o f  0 .1 N  H 2S O 4 2 .O m L  =  0 .0 5  m o l X  2 .0  m L  X  1 L
T l  1000  m L

=  0 .0001  m o l

m o l o f  6 N  H 2S O 4 O.23  m L  =  3 m o l X  0 .2 3  m L  X  1 L
1 L  1 0 0 0  m L

=  0 .0 0 0 6 9  m o l

T o ta l m o l o f  H 2S O 4 =  0 .0 0 0 7 9  m o l

W e ig h t  o f  H 2S O 4 =  0 .0 0 0 7 9  m o l X  9 8  g

1 m o l
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=  0 .0 7 7 4  g  e q u iv a le n t /100  m L  w a s te w a te r
=  7 7 4  g  eq u iv a le n t/m 3 w a s te w a te r

C o s t  (B a h t/m 3) =  8 .4  B a h t X  7 7 4  g  X  1 k g
1 k g  1 m 3 1 0 0 0  g

6 .5 0  B a h t/m 3

T h e  c o s t  o f  p H  a d ju stm en t o f  1 m 3 w a s te w a te r  fr o m  p H  10 to  
p H  6  b y  80%  H 2S O 4 w a s  6 .5 0  B aht.

4.6.5.1.3 Cost of sludge disposal

P b 2+ +  2 0 F T  <-» P b (O H )2(s)

F ro m  th e  e q u a tio n  m e n tio n e d  a b o v e , 1 m o l o f  P b (II )  w o u ld  
g e n e r a te  1 m o l o f  s lu d g e  (P b (O H )2). T h en , in itia l c o n cen tra tio n  o f  P b (II )  o f  3 0  m g /L  
(0 .1 4 5  m m o l/L )  w o u ld  g e n e r a te  0 .1 4 5  m m o l/L  o f  s lu d g e . S lu d g e  0 .1 4 5  m m o l/L  w a s  
eq u a l to  3 5  m g /L  o r  0 .0 3 5  k g /m 3. It w a s  a ssu m ed  that th e  s lu d g e  c o n ta in e d  10%  so lid  
co n ten t; th e r e fo r e , a m o u n t o f  to ta l s lu d g e  w a s  eq u al to  0 .3 5  k g /m 3. C o s t  o f  s lu d g e  
d isp o sa l b y  a  T rea tm en t S to ra g e  and D is p o s a l fa c il ity  (G e n e r a l E n v ir o n m e n ta l  
C o n se r v a tio n  P u b lic  C o m p a n y  L im ite d , G E N C O ) w a s  3 0 ,0 0 0  B a h t/to n  or  3 0  B a h t/k g . 
T h e n  th e  c o s t  fo r  d isp o sa l o f  th is  s lu d g e  w a s  eq u al to  10 .5  B a h t/m 3. T o ta l c o s t  fo r  
r e m o v a l o f  P b  in  th e  w a s te w a te r  and d isp o sa l o f  th e  s lu d g e  w a s  a p p r o x im a te ly  9 4  
B a h t/m 3 as sh o w n  in  T a b le  4 .3 3 .

Table 4 .3 3  C o s t  o f  C o n v e n tio n a l Pb r e m o v a l P r o c e s s  o f  F a c to ry  A

Step Detail Cost (Baht/m3)
p H  ad ju stm en t F rom  2  to  10 7 6 .8 0
p H  a d ju stm en t F rom  10 to  6 6 .5 0
S lu d g e  d isp o sa l B y  d isp o sa l fa c il ity 1 0 .5 0
Total cost 93.80
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4.6.5.2 Cost Analysis of Alternative Process

T h is  re se a r c h  p r o p o se d  an a ltern a tiv e  le a d -c o n ta in in g  w a ste w a te r  
treatm en t p r o c e ss  that u s e s  w a s te s  fro m  su ga r  fa c to r y  as an  a d so rb en t. M a n a g e m e n t o f  
th e  sp en t a d so rb en ts  ca n  b e  d o n e  in  fo u r  w a y s ;  n a m ely ; m ix in g  sp e n t b a g a sse  w ith  
c e m e n t fo r  la n d fill d isp o sa l, m ix in g  sp en t b a g a sse  f ly  a sh  w ith  c e m e n t  fo r  la n d fill 
d isp o sa l, p r o d u c in g  H o l lo w  b lo c k  u s in g  sp e n t  b a g a sse  f ly  a sh , and p r o d u c in g  P a v in g  
b lo c k s  u s in g  sp en t b a g a s s e  f ly  ash . F in a l c o n c e n tr a t io n  o f  Pb w a s  le s s  th a n  0 .2  m g /L , 
u s in g  b a g a sse  and  b a g a s s e  f ly  ash  w e r e  3 0  and 2 0  k g /m 3, r e sp e c t iv e ly . O p era tion a l 
c o s ts  o f  e a c h  a ltern a tiv e  w e r e  sh o w n  in  T a b le  4 .3 4 . It can  b e  s e e n  that, w h e n  th e  
m a ter ia ls  w e r e  u se d  a s  a d so rb en t, s o l id if ie d  and  s ta b iliz e d , and d is p o s e d  o f  in  la n d fill, 
tota l c o s t  o f  w a s te  trea tm e n t w e r e  1 5 6 7  and 1 5 2  B a h t/m 3 fo r  b a g a sse  and  b a g a sse  f ly  
ash , r e sp e c tiv e ly . H o w e v e r , i f  u s e  b a g a sse  f ly  a sh  w a s  to  b e  u se d  as ad so rb en t and  
c o n se q u e n tly  u se d  to  p r o d u ce  H o llo w  b lo c k  and  P a v in g  b lo c k , to ta l c o s t  o f  w a s te  
treatm en t w e r e  s ig n if ic a n tly  lo w e r  at 17 and 16 B a h t/m 3, r e sp e c tiv e ly .

Table 4 .3 4  C o st  o f  A lte r n a tiv e  Pb r e m o v a l P r o c e s s  o f  F a c to r y  A

Process Detail Cost (Baht/m3)
B  /  L a n d fill in g p H  a d ju stm en t fro m  2  to  6 5 7 .6 0

a c id  trea tm en t ( 0 .0 1 1 6 1  B a h t /g  o f  b a g a sse ) 3 4 8 .3 0
c o s t  o f  c e m e n t (1 8 .3 6  B a h t/k g ) 5 5 0 .8 0

Total cost 956.70
B F A  /  L a n d fill in g p H  a d ju stm en t fro m  2  to  6 5 7 .6 0

c o s t  o f  c e m e n t (4 .7  B a h t/k g ) 9 4

Total cost 151.60
B F Â  /  H o l lo w  b lo c k p H  a d ju stm en t fro m  2  to  6 5 7 .6 0

s a v e  c o s t  o f  c e m e n t fo r  3 5  u n it, 30%  
r e p la c e m e n t (0 .5 6  k g /u n it , 1 .1 5  B a h t/u n it)

( - )  4 0 .2 5

Total cost 17.35
B F A  /  P a v in g  b lo c k p H  a d ju stm en t fro m  2  to  6 5 7  6 0

s a v e  c o s t  o f  c e m e n t fo r  7 7  unit, 30%  
r e p la c e m e n t ( 0 .2 6  k g /u n it , 0 .5 4  B a h t/u n it)

( - )  4 1 .5 8

Total cost 16.02
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4.6.5.3 Comparison of Costs between Conventional and 
Alternative Process

F rom  T a b le s  4 .3 3  and 4 .3 4 , it in d ica ted  that th e  c o s t  o f  u tiliz a tio n  o f  
b a g a sse  f ly  a sh  as a d so rb en t and th e  su b se q u e n t u s e  o f  th e  sp en t m ateria l in  H o l lo w  
b lo c k  or  P a v in g  b lo c k  w a s  s ig n if ic a n tly  lo w e r  th an  that o f  th e  c o n v e n tio n a l p r o c e ss .  
In ad d itio n , th e  s im p le  p r o c e s s  d o e s  n o t req u ire r ig o r o u s  con tro l. T h ere  is  n o  to x ic  or  
f la m m a b le  c h e m ic a l in v o lv e d  in  th e  p r o c e s s  as co m p a red  to  o th er ad so rb en ts. 
C h a lle n g e  and su s ta in a b le  d e v e lo p m e n t  sh o u ld  b e  o ccu rren ce , i f  treat w a s te  b y  u s in g  
o th er  w a s te . H o w e v e r , th e  c o s t  a n a ly s is  o n  th e  a ltern a tiv e  p r o c e ss  e x c lu d e s  
in v e s tm e n t  c o s t  and la b o r  cost.

4.6.6 Case Study 2: Cost Analysis of Sugar Factory Waste from Factory 
A A

T h e  a m o u n ts  o f  w a s te  fr o m  su gar fa c to ry  A A  in c lu d in g  lea d  a c e ta te  from  P o l  
m ea su r e m e n t, b a g a sse  f ly  ash , and w a s te w a te r  fro m  ev a p o ra to r , am o u n t o f  th e se  
w a s te s  w e r e  s h o w n  in  T a b le  4 .3 5 .  (P o l is  th e  ap p arent su c r o se  c o n ten t o f  any  
su b sta n c e  e x p r e sse d  as a p e r c e n ta g e  b y  m a ss  and d eterm in ed  b y  th e  s in g le  or  d irect 
p o la r iz a tio n  m e th o d ). T h is  s e c t io n  s h o w s  a n a ly s is  o f  treatm en t c o s t  b e tw e e n  
c o n v e n tio n a l p r o c e s s  (F ig u r e  4 .5 2 )  and a ltern a tiv e  p r o c e s s  (F ig u re  4 .5 3 ) .  F or  F actory  
A A , b a g a sse  w a s  n o t  as w a s te , a ll o f  it w a s  u se d  as fu e l in  p la n t b o ilers . O th er su gar  
fa c to r ie s  m a y  se ll b a g a s s e  to  p ap er  p ro d u c in g  fa c to ry  at 2 0 0 - 3 0 0  B a h t/ton . M o s t  su gar  
fa c to r ie s  in  T h a ila n d  b urn  all b a g a sse  as fu e l in  b o ile r  to  p ro d u ce  stream  and  
e le c tr ic ity , as p r e v io u s ly  m en tio n e d .
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Table 4 .3 5  In fo rm a tio n  o n  S u gar  F a cto ry  A A

Parameter Amount Unit
S u g a r  p ro d u ctio n  rate 6 0 ,0 0 0 - 1 0 0 ,0 0 0 T o n /y ea r
S u g a rca n e  in p u t 6 0 0 ,0 0 0 - 1 ,0 0 0 ,0 0 0 T o n /y ea r
B a g a ss e 1 5 0 ,0 0 0 -2 5 0 ,0 0 0 T o n /y ea r
B a g a ss e  f ly  ash 1 5 ,0 0 0 - 2 5 ,0 0 0 T o n /y ea r
W a ste w a te r  fro m  eva p ora to r  c le a n in g 6 ,0 0 0 m 3/y e a r
L ea d  a c e ta te  fro m  s w e e t  te st 3 ,0 0 0 k g /y ea r

Figure 4 .5 2  C o n v e n tio n a l W a s te  M a n a g e m e n t P r o c e s s  o f  S u g a r  F a c to ry  A A
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Figure 4.53 A lte r n a tiv e  W a ste  M a n a g e m e n t P r o c e s s  o f  S u g a r  F a c to r y  A A

4.6.6.1 Cost Analysis of Conventional Waste Removal Process

A s  m e n tio n e d  a b o v e , th e  w a s te  fro m  su ga r  F a c to r y  A A  in c lu d e d  lead  
a c e ta te  fro m  P o l te st , b a g a sse  f ly  ash , and w a s te w a te r  fro m  ev a p o ra to r . F a cto ry  A A  
d id  n o t  n e e d  to  p a y  fo r  trea tm en ts  o f  w a s te w a te r  from  e v a p o ra to r  b e c a u se  ev a p o ra tio n  
c a u se d  b y  th e  รนท w a s  e n o u g h  to  k eep  a m o u n t o f  w a s te w a te r  m in im a l. E v ap ora to r  
w a s  c le a n e d  2  t im e s  a y ea r  and w a s te w a te r  d id  n o t  c o n ta in  h e a v y  m e ta ls . T h erefo re , 
F a c to r y  A A  p a id  fo r  3 a c tiv it ie s ;  n a m e ly , d isp o sa l o f  le a d  a c e ta te  fro m  P o l test , 
tran sfer  o f  b a g a sse  f ly  a sh  to  b e  la n d fil le d  w h ic h  crea ted  d u st p ro b lem , and  tran sfer o f  
b a g a sse  f ly  a sh  to  p la n ta tio n  for  u s e  as so il co n d it io n e r . T h e se  c o s t s  w e r e  sh o w n  in  
T a b le  4 .3 6 .
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Table 4 .3 6  C o st  o f  C o n v e n tio n a l W a s te  M a n a g e m e n t P r o c e s s  o f  S u g a r  F a c to ry  A A

Step Detail Cost (Baht/year)
L ea d  a c e ta te D isp o sa l fa c il ity 3 3 ,2 5 0
L a n d f ill in g  o f  B F A T ra n sp o rta tion  c o s t 1 ,0 0 0

C ar m a in ta in in g  c o s t 2 ,5 0 0
S o il c o n d it io n e r  o f  B F A T ran sp orta tion  c o s t 1 ,0 0 0

C ar m a in ta in in g  c o s t 2 ,5 0 0
Total cost 40,250

4.6.6.2 Cost Analysis of Alternative Waste Removal Process

T h e  a ltern a tiv e  p r o c e ss , b a g a sse  f ly  a sh  w a s  u s e d  a s  a d so rb en t fo r  lead  
a c e ta te  and u se d  th e  sp en t m ateria l as c o n c r e te  b lo c k s  w h ic h  p artia l cem e n t  
r e p la c e m e n t u p  to  30% . In ad d ition , resid u a l b a g a s s e  f ly  a sh  w a s  n o t  tran sfer  to  f ill  on  
earth  or  p lan tation ; th e y  w e r e  u se d  as c o n c r e te  b lo c k s . T h e r e fo r e , F a c to r y  A A  w ill  n o t  
p a y  4 0 ,2 5 0  B a h t/y ear .

F ro m  T a b le  4 .3 5 , am ou n t o f  b a g a s s e  f ly  a sh  a p p r o x im a te ly  2 0 ,0 0 0  
T o n /y e a r  o r  2 0 ,0 0 0 ,0 0 0  k g /year . U t il iz a t io n  o f  P b -B F A  a s 15%  r e p la c e m e n t for  
H o llo w  b lo c k  and P a v in g  b lo c k  w o u ld  p r o d u c e  a b o u t 7 1 ,4 2 8 ,5 7 1  and  1 5 3 ,8 4 6 ,1 5 3  
u n its  a y ea r , r e sp e c t iv e ly  (0 .2 8  and 0 .1 3  k g  B F A /u n it  o f  H o l lo w  b lo c k  and P a v in g  
b lo c k , r e s p e c t iv e ly ) . T h is  c o u ld  sa v e  th e  c o s t  o f  c e m e n t  4 1 ,4 2 8 ,5 7 1  and 3 6 ,9 2 3 ,0 7 6  
B a h t/y e a r  fo r  H o l lo w  b lo c k  and P a v in g  b lo c k , r e s p e c t iv e ly  ( c o s t  sa v in g  o f  0 .5 8  and
0 .2 4  B a h t/u n it  fo r  H o llo w  b lo c k  and P a v in g  b lo c k , r e s p e c t iv e ly ) . H o w e v e r , the  
in v e s tm e n t  c o s t  and la b o r  c o st  w e r e  n o t ad d ressed  in  th e  c a lc u la t io n s .
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