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CHUWIT NAPIA : THE STUDY OF LEACHING ON THE SOLIDIFIED
HEAVY METAL SLUDGE USING CEMENT AND POZZOLANIC
MATERIALS AS BINDERS. THESIS ADVISOR : ASST. PROF.

THEERAWAT SINSIRI, Ph.D., 199 PP.

LEACHING/HEAVY METAL/SOLIDIFIED WASTES

This research investigated the properties of solidified was using ordinary
Portland cement (OPC) containing pozzolan as binder. Silica fume (SF) and fly ash
(FA) were used to partially replace OPC at rate of 10 and 30% by weight respectively.
Synthesized zeolite (SZ) and natural zeolite (NZ) were used to partially replace OPC
at rate of 0, 20, and 40% by weight and the plating sludge was used at rate of 40, 50
and 60% by weight of binder. A water to binder (w/b) ratio of 0.40 was used for all
the mixtures. The compressive strength and evaluation of the wet and dry resistance
of solidified wastes were investigated. The leachability of heavy metals were
determined by Toxicity Characteristic Leaching Procedure (TCLP) and Dynamic
Leaching Test (DLT). Additionally X-Ray Diffractometer Analysis (XRD) and X-Ray
Fluorescence Analysis (XRF) was used chemical property and Scanning Electron
Microscope (SEM) were performed to investigate the fracture surface, while the pore
size distribution was analyzed by Mercury Intrusion Porosimetry (MIP).

Test results indicated that the compressive strength of the solidified waste
mixes significantly decreased compared with the control mixes for all age. The
leaching tests of solidified waste, it was found that with an increased of plating
sludge, leachability was relatively decreased. The results showed that when solidified

waste age increased the effectiveness in reducing the leachability increased. The



concentrations of heavy metals in the leachates were within the limits specified by the
US EPA. SEM and MIP results showed that density and total porosity of solidified
wastes were related to compressive strength and effectiveness of reducing the
leachability. The durability of the wet and dry of solidified waste for all mixed at 28
days were within the limits specified by the ASTM D4843-88. The research found
that the replacement of OPC with NZ at rate of 30% and the plating sludge was used

at rate of 40 % by weight of binder was better of solidified wastes.

School of Civil Engineering Student’s Signature

Academic Year 2011 Advisor’s Signature

Co-advisor’s Signature




naanssuszma

a

9 & Ay
A 1

AWevens1uveunszamyana taznguyanaae 1l Aldnianlid1nTne nuzii
v Y
HAZFIVHADDE1ATY NI IUAUIFIMTHAZAIUMTAUTUNUITY
4 a a a Y 4 A o d A aa
AAn319138 A3y Iualsziaiy tasdsIemanIn913d a3 55T uAs

=

S (= a a ¢ A Y ) dy ] A o
219150NUTAYIINUNUT Duaa 1Mo UsN Faaou FUUL F¥Ieao IUMTRINITANYI
Aav Yo o =S FY a a 4 < 4
o anoau ldduuzihlumsiliow uazasroud lvineniinusauas sauysol

4 [ Q( a ~ Y o = dy
AAN319130 A3.qUFUA nenyagy Uszsiunssuns njanlialinu Fuus
~ (] g Aa a 4 < 4
HUINNMTIAYU HAZFIIATIIMUTOH N TNUTIUAT VU150l
4 a A o a o 1 4 [ [
509AEA319150 A5.ANTFo u@e01Mad uazAFIeManT19150 A5 TUdY dzaz
A Yo = dy dy a a 4
N3IUMS N3N IRMLUTIY BUULHUINIG 1AZATIIMULBININGIUNUT
Yoo UANFINNUANZNTTUMINTgANAN AU UAYUNUGANYUMIANEIITY
9 A 1 A s A a @ o o = o ]
MolaTnsansnTonIaFInagnsNoMInan tazimu19191358 luaaiugaudnyl d1131
[ o a [ 1 (]
Wane113d lunriInedengulny
YOYDUAMUNIINGIGENA 11 a8 3115 1azunIINde1¥AaATazIny Neiuayy
waz I Tomalumsdnm drefnaoain

a

9 1
hegaiiditelnsvonsivveunszgmuia usa uaznnauluaseunss Naduayu

v
0o W A

Y = I o w Y] = o A a o 3 dy
ITomalumsanuyr  wazlusiasleoudnagslunsanuinaz i Ine i nus luasadl

9

o a a o 9}o 3
ﬁ]uﬂigﬂﬂjﬂﬂhluwu‘ﬁdﬂﬂﬂﬁﬁ']ﬁ%

a,

YING Uy



CRRSILY

v
Hin
UNAATD NVHYLNI) oo, f
UNAATD (NTHTDINNE) oo seee e ee e e ses e e ses e s s e e eeeees oo f
D T T TN oo e e e s s e e s s )
BT TA Qe 2
TNTUTYN VTN oot y
AVTURTU oo 3
AUV TUYRIHBAZANID .ooereooeeeeeeee e oseeeee e ceeeeeee e seeeseee e )
4
unn
T UMM oo e e e e e e e e e e e e r e s e e s s et r e e s e r e r e r s r s er e sernren 1
3| o w
L1 anudlunuaza U@ UoT QNI oo 1
o 4
1.2 AAQUTZEIRN s 3
1.3 UDULUATITIVY oo oo e e s e e e s s e e e s s 3
P 1 %
14 UTETOWU NI IIVE AT oo 4
A o d Aa v d'd' v
2 USNANITTUNTTUIOMIVITUDG VDD .o 5
D1 UDITIOURT U oo e s e e e e 5
211 BTN oo 5
212 UHAIDUHAUDUTIOUAT I oo 5
2.2 TATIETIUIM oo e e e 7
221 UMD UHAUDIANT LANMETUN oo, 9
222 AITALAUUDI LAMETUTN oo 10
223 AVTWHIID LAMEHII oo 11
o 4 o o
224 Taneniin IuafuBuuaUoTauaUA. ... 14



13118y (A0)

Y
win

o A A o
23 MIHABUVINIAUVDUTIMTUTUATI e 16
230 MITHABUT oo 16
232 MATAMIHABUTINMAVOUTISUATII......ooeseeeere 17

wva . 1 <3
233 AUANTAVEIETN IAVINMITHAOUI oo 20
(% =

24 FAQIAUTETNU s 30

= J J 4
240 YUBHUAUVOTAUAUA ... 30

J = = J

242 93UTENBUMUAR VDI UBINUA ..o 31
243 UGATOVITATHU..oocorooeeeeeeeee e 38
244 hdeninaneons mMsnaURns e 1emsF U .o 40
2.5 AAQUBBTHONU s 40
251 maiiagues TeamunldswiufuSuuddosanaua.................. 41
252 URATOIUBB IO oo 42
253 BTOTAR. oo 42
2,54 IBVOBY...oooroeoeeeeessees e e 48
2.5.5  BANMHU oo 53
DI b 72 57
261 MIIAANUAMTD TUMITBLAZONY oo 59
262  VaTeNUHaA0ANNAINITO TUMTFLALAI 61
263 NAINMITBEAZAMW...oooeeoeoeeeeeeeeeeeooeeeee oo 65
2.7 ATBUUUIAAIIUIVE oo 67
IBMITAUHUNITIVY .o 69
.1 UTIHT coeiieeeeiessssss s 69

o s A A Aq v
32 JaaeUnsaluazniealoN1FIUMINAADY oo 69
320 FAQQUNTON oo 69
322 1nT0diiouazgUnsal N 1FIUMTNATOU oo 70



13118y (A0)

v
i
3.3 ATNITVIATOU oo e e oo e e e s s e 73
331 mIAnIguaNianianenIn
4 =1 [
1aZDIAYTENOUMIUANVOITAR oo 73
wAa o
332 msfinpguanianemenmtazenlszneumauni
~ o 4 9 [ <3
VDI UANAAUDEDOUHADUUL coeeeeeeeoeeeeeeeeeeeeeeeeeeeeeeeeee e, 76
=< Y [ < ] =t Y
333 MISANEIANUAINUYBINOUNHABUIIABAN NI ONUNT coveeeeen, 80
= g v
334 msanwmsvzazargasduileuTavemin
) [ <
UDINOUTTADLIUT oo s s s sees s s s s es s 82
= a d
4 WAMSANHIALDNTIATIZTND coooreereeeeeeeeeeeeeeeeeeeeee oo e s e 85
A1 UTNUEY et e et e e et e e ee e s een e 85
42 AUAVTAYeIIAAIAUTEEUUAZMINAZNOU 1ooooooooooeeeeee 85
421 AUANTANMININIININ coooooooeeeeeeeee e 85
4 =
422 DIAUTEOOUNIIUAL oo 89
vAa ~ o 4 Y 1 <
43 UANTAVIIFUUAINAAUALNDUNADUUL oo 91
Y a = L4
431  ANUVUHAIUNAUVDIHIIUINER oo 91
T W 4 4
432 52EZNANMITNOAIVDIHUUAINER ©oveoeeeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeoen 92
[ 1 <
433 52O2AIMINOAIVOIDDUMAOUUD oo 93
o w w = 4 4 9 1 <
4.4 MAIDAVDIHNUANAAUDENOUWADUUR ceeeeeeeeeeeeeeeeeeeeeeeee e 94
441 B1EI0AVOITUUGINER oo 94
0o w ] I~4
442 TABAVOIAOUNADUAD oo 98
45  USHATUAENITOTIIEAIUDI IWNTE coeooeeeeeeeeeeeeeeee oo 107
a A 1
46 MIAATIZHAONADIYANIIAMIBIANATOULULHDINT 1A
~ 4 4 Y 1 <3
VDIBINUANAALDZDOUTADLUT ovoeeeeeeeeeee e 112
Y J < | 9
47  ANUAMNUVDINOUNADUUIADTNVIZVINUNL oo, 114



13118y (A0)

)
48  MINAAOUMIFLZa8 1AL AVOBOUNABUT oo 116
48.1  MINATOUMTVLALANIAIEIT TCLP oo 116
482 MINATOUMTVLALANIAIEIT DLT oo 129
49  anuduRuTsEnIeidiuNsIse viamasueaTns
HAZUTEANTAINMITAANITBZALANY oo s ses e ses s sese s 140
5 @FUNaMSANHMAZMITIATIEHME oo 144
5.1 aqUMAMINATOUTUIIUITY .ooooocee e 144
5.1.1  esnlszneumaalivesiaqinlsyau
UAZMNAZNOU TANEIIUN oo see e sees e seeesseeseesseae 144
512 ANuTuMallnAnaIzesnaIn1snofIveIRoUNAOUAL oo 145
513 MINATOUANNAIITDIUNITTUUTION oo 145
514 UTHATUAZMITATERIIAIUDITIT ceooeeeeeee e 145
515 MINAADUANNAINUYDIABUNADUTIADAN1IZAISNUR oo 146
516  MInaaeUMsvzazaslaneniinueafounaoudd ..o 146
517 ANUEIUE T Ma a5 989 vnamasued Tng g
HAZUTEANTNINNITAANITBZAZANY oo ees s 147
5.2 UOUAUBIUY ooooeeeeeeeeeeeeeeeeee oo eeeeeee e eeeeese e eseeese e eeseseee e eeeseseeen 148
520 VoEUBLUE NI LHONM oo 148
522 Vorauot U IHOUITIAD T oo 148
FUUMITONIDN covveeeeeererereseeeeeeeeeeeeeeeeessessessssesssse e e e e e eesesseeeeeesesse e eeeeseseseseseseneeeeeesseseeeee 149
AARUIN
MARUIN 0. MIAATIEHMUTI TanemInTUMAALABY oo, 156
ANFUIN U, UNANLININTRIGTUMTATRURIUNT oo 158

USETABITGU ..o 199



AN

2.1
2.2
23
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
3.1
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

4.10

M3UYMI

A
n i
7 (a =Y
mMansailSuannueud e AT IUUTUNA NG oo 7
WANTENUUD L aNEHIINADNTZUIUMITHAATINU oo 15
[ [ @ 1 <3 4 o
AMIATTIUANUENTD TUMITTVUTIOAURINTHADUTI VR UTaNEMTHINaY.......... 20
a 4 4 4 [
Ysunaasdsenon uuduudosauaualssnmana q e 31
A o Y a Aaaa [ [ = 4 4
QUNINIMIHIAALURATNMIAABAIVDIENTAN ) TUBILUANTRA ..ooooeoee 36
vAa = Jd a 1
AUANTAVOIT T TARTTAR T .o 46
o = = S Y a Aana
paA1lsznoumanil Tagdseunaue a uEmud IO UAUIAEFANUWY (oorreeeeeeeee 54
vAa Aan Y a = 4 a
AUANTANNMIMWVDIFAMYY 1010 1UAULAZYUFUUAUTEANN 1o 55
[ 1 0o w w = d‘d [P==P-N I~ [
oasduNaNtazidewavesneunsantuaz lusanmyuiuad mweay ............. 57
' ¥ v P ~ Yy Y
MaANuTuIUgIgavesmTouneNeon 1N TATua s ¥20sa10 e 59
Y Yy A ax
VoAUAZVOIFIVDINTNATDUNITYLAZA1Y 1ASIT TCLP AL DLT covoeeoeee. 60
o 1 1 < )
DA A IUNAUFUUANAAUAZADUNADUIININALADU TANEHTN oo 71
ANBUZNNMONINUDITHATAN T2 EUIBZNINAZABD U eerooeeeeeeeeee 86
v A v
ANOWTUNIZ VUIAOYNIADAY HAZHURRITUMIZUDIIAR oo 86
4 =1 [ =
99752 NOUMUANVDITAATAUTE T NUUALNINALADU oo 89
9 = 4 o
APV AIUDIBELUAUNEG oo s s s see e s s s s 91
1 [ =] 4 4
FZYZIATINITNOAIUDIBENUAINEG oo ee s s s s e seneeeen 92
[ [ I
FEYZIAINNTADA VDI OUTABUUL oo 93
0o w o =1 4 4
D TAID AUVDIIEU LTI TG e e e s s e s e s s s e s e s e s ssesseseeseesessesseseeseees 96
o v w FY 1 I
IO AUDIN DT QDU oo es s e e s e s e s s ses s e eessen s 98
oy v A A Y 1 S A = Y
WnnanlasunlasvesnounasIINAIUMSTNATOUAN I SNLAZUNS ... ... 115
saasuazlssansamlumsaamsseazaigilnna

1 <
Glumwzazawmmﬁ"auﬁa@um ..................................................................................... 118



MIUYMIN (A0)
1319

411 Uswaasuazdszanimnlumsaanmsyzazarenoang
1 <3
U VAL AVDIDIOUADUTD oo
4.12 Usuaasuazaszanimwnlumsaamsyzazaredanz @
1 <
TR e T P Ao Rk L NI R L o T A
413 Usuaasuazdszanimwlumsaanmsyzazarelasiion
1 <
U AT B AEAIUDIADUIABUT oo
414 MNBFUDITTALAUNTABLTANNAUATNL
Y ' 3 A '
AOUNADUUINTZUZIIATAT ) oot eeeeeseeeeeeseseeeeseeeeeeseeseeeessesesseseeseeeseeeeseeeeeeeeesenee
415 aanududuazauvesiinaluaisazaioninozsan
TITZUZETANATT ) oo eseeeesseeeeeee s ee s e e eeseeees e eeseeees e eee s eeseeeseseseseeeeesens
416 aanuduTuazauveaneadluaIsazaenInsEan
TITZUZETANATT ) oo e e oo ee e e e e e e e e ee s e s ee s eseeeseeons
417 sanuuduazauvesdinydluaisazaiensaozsan
MTZUZITATATT ) oot ee e ee e ee e e e s ee e ee e ee e ee s e e s ee e seeeeeeeaeeeseeeseeseenes
J Yy 9 =1
418 manuuTuazavvedlasdisuluasazaly
ATADLEFANTMTEUZLIATATT ) oo eeeee e s eeeeee e ee e ees e eseeeeeseeeeseeeeeeeens
(= [ a’d'o/ v W
419 MNLF¥UDIEITALAENUNTATUATIEHATURANY
Y 1 2 A 1
AOUNADUYINTEUZIIATNT ) oo eeee e e e e e e ee s ee s ee e eeeee
[ Aa A [ 4
420 eanuuTuazauvesiinaluasazatedunIaduniey
MTZUZITATATT ) oo e eee e ee e e s e e s ee s se e e e e eeseeeeseeeeees
[ [} Jd
421 sanudutuazauveaneaadluasazarelunsadaunizy
TITSUZEIATATT T oo e e e s e e s s e s s ee s es e
v Y 9 [ =S @ 4
422 MANUANTUAZFUVDIFINT IUaTazaerunIadunI 1
2 :
TMTZUZITATATT ) oo eeees e eeseeee e eeseeeeseeeesseeeseeeesaeesseseseesesseeesaeseseeessaeeeees
J Yy 9 =\ @ 'd
423 aanuntuazauvedlasiieylumsazaredunsadunsiy

TITZUZITONA N T oo e s e e s e s e s e e s e e s e s ee s eees e ees e

=).
=
=
)



MIUYMIN (A0)

=h.
=
=
-

AN

424 Mdefunseda vuamasInse uazdsganinmmsaamsvzazals
J I o
VDINOUNADUTIONY 28 TH oo 140
a 4 a A
425 MINATITHMI0ADBEINYAMVIUTZANTNIMMTAANIFZAZ AT

[

I TINZT LAETIOUIAT oo e e e s e 141

=)

426 mdulszAnsanuduiusvesaumsdinnzimsonnos

TR TINST UAZNBIUAL. . oooerrieieeseeee s ssssesssee e 141
427 msuATIRMInAnBoNYRuueslsEAnTam

MTAANIFLALANY LATIIN ..o 143

1 o a v o J a J
4.28 fﬂﬁllﬂizﬁ"ﬂ‘ﬁﬂ’Nll’diJW‘Ll‘ﬁ5116\‘1’611]fﬂi’)Lﬂ‘ﬂ%ﬂﬂﬁﬂﬂﬂ@ﬂiﬂilﬁﬁm ........................ 143



o
=iy
=).

2.1
2.2
23
24
2.5
2.6
2.7
2.8
3.1
32
3.3

3.4
3.5
3.6
3.7
3.8
39

3.10

3.11

4.1
4.2

U
a1s5veusd
vq
£%
Hin
Fooazu031T UV URETUATIOUENAUMABIT UL oo 6
PUTNIBIG oo 8
o 9 = 4 4
AITWAIUT TATIATIUBIIIUURINWE v e 23
[ I o 4
HANTZNDVOY w/e A0 IATITATNTZAUYANIAVOIBIMUANTR ...oooroeoeeeeeeee 24
[ 4 4
NND1BVEIY TAY SEM UBIHIUUAINWE v 37
4
LR NG LR AL 1 43
MNAIWVIIIAIY SEM UBIFANMUADTVLUU oo 55
AT DU ITANTT IDE ereeeeeeeeeeeeeeeee e ee s e e e s e s s s s oo 68
Y v
WINUAHIZUNIE BET Surface Area ANALYZET .........veeoveeeeeeeeseeeeeeeee e 73
4 a 4
INTOIUATIZHYUIADYNIA Particle Size ANAlyZer ...............cocveeeeeeeeeeeeeee, 74
A P ~
INIRINAAoUBIALTEROUMIUAL
X-Ray Diffractometer Analysis (XRD) ......cccoeeeuiiiieivieiriereeireieeeeeeesresesse e seseseseanes 75
m%‘mdmmwmmﬂﬁwﬁqqq Scanning Electron Microscope (SEM) .....occeeevveievereenrennnns 76
d‘ A ~ Y [ 1
FAINTOIMDIATONNDUAIDIIY Lo 77
IATOINATOUANVTUINAIUNA Vicat APParatus «........oovveeeveeeeeeeeeeeeeseeseeennn. 78
INTOINATOUTIAIOA COmPression MACKINE ...........c.veeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee. 80
9 ] 1< Y ~ Y
ASNATBUANUAINUUDINDOUHABDUUVIADTN1ILUIAADNVSNUTT. e, 81
MINAFBUNIFLALAN8 AT TCLP
AUUTLMANTENTWYATIMATIURTIUN 6 oo 82
tﬂ' a o o
INTDINATIZH laneniin
Inductively Coupled Plasma Spectroscope (ICP) .........cooiiviniiiiiiiiiiiiiiiiiieee 83
ATNATDUNITBLAEAN LABIT DL T oo 84
MTNTENIAIOUNIAUBATAR ..o 87

AMDBVEBV0ITAADALTE AT MNAZAOUTANEH N oo 88



o
=iy
=).

4.3

44

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

U U
a5l (me)
v
Y
!
J 1 ~ Jd o L4 ~ J a
pentsznoumansved o laadunsziuazd 1o TadsssuA ..o 90
@ o w w 4
MTHAUIS SIS AUDBIUUANERA ..o 97
@ o v w Y ' g Aa I v =
MINAURAI0AY0INDUNAOLIINE OPC 1TIUTAQEAUTZ M 100
o o v w 1 < {
MInauIMaI0AYeIRoUHABUYINL OPC 1Ay SF
< @
§000% 10 IUTHQUAUTE AN oooooooo oo 100
o 0o w w 9 1 2 Ax
MnauiaoaveInouraondeill OPC uaz FA
1< @
0002 30 IUTHQUAUTE AN oooooo oo 101
[ 0o v w F) 1 2 Ax
MINAUIRAI0AYDINDUABLIINN OPC LAz SZ
I @
$080% 20 ITUTHADAUTE AN oo 103
o o v o v T & Aa
MINAUIRAI0AY0INDUABLIINN OPC Az SZ
I @
$008% 30 LHUTAADAUTE AN oo 103
19 o v w v U 2 Ao
MINAUIRAIOAVDINDUNABLUINT OPC LAz SZ
I @
000240 LUTHADAUTE TN .o 104
@ o W w 1 [ {
mMIwauMaIvareInourasuieii OPC Lag NZ
3 @
$00 20 TUTHATAUTL Moo 105
o o w w 9y 1 3 A
MINaRaIoAveINeUraondINL OPC tay NZ
< @
0002 30 1TUTAQTALTE M. 105
1 o v w 1 3 {
MInaMawareInourasuisnil OPC wag NZ
I @
0002 40 1TUTAATAUTE AU, 106
a 4 s ] o
U51103 THTVOIFBUUANTANDIGUN 7 28 10 90 TU .oooooooeeeeeeeeeennns 107

= 4 4 A 1
MINTL18 TNTIVOIFMUANAALUNUN LT IY

A TAAUOY THAIU 01 28 TU _oooooooeeeeeeeeeeeeeeeee oo 108



ca
.
=n.

4.16

4.17

4.18

4.19

£ U
a5l (me)
v
£’
Hin
4 ' <3 1
M3N3EY INTIVDINDUNADLUIDIY 28 TU
Aa [ @ =2
N1 OPC SF HAZFA HUTAATAUTETIU oo 109
1 < o
M3INT298 INTIestounaot ey 28 Ju
A [~ @ =
1 OPC tag Sz 1uiageailszan...110
Y ' 3 Aa
MINIz18 INTIUeINOUHABLUINT OPC tag NZ
1< [ = ~ [
AUTAATAUTEAIUNDIY 28 TU.ooooee e 111

P 1 1%
NNV Fractured Surface ﬂlﬂﬁlWﬁ@]ﬁmqu’UN 28 Ui 113



ASTM
MIP
XRF
XRD
SEM
TCLP
DLT
ICP
U.S.EPA
w/b
C-S-H
C-A-H
Ca(OH),
CaCoO,
C,S

2

C,;S

:
C,A
C,AF
Si0
ALO,
OPC
SF
FA
Sz

NZ

o a Y IKY d o
ﬂ1ﬂﬁu1ﬂﬁ€yaﬂﬂm!!ﬁ$ﬂ1ﬁl’ﬂ

American Society for Testing and Materials
Mercury Instruction Porosity
X-Ray Fluorescence
X-Ray Diffraction
Scanning Electron Microscope
Toxicity Characteristic Leaching Procedure
Dynamic Leaching Test
Inductively Coupled Plasma Spectroscope
U.S. Environmental Protection Agency
Y
oasduiiagenlszai
= Aaa
uATFeuFaNA la1Ase
unaBouegiiiug lawsa
=~ 4
uaaiten laason laa
=~ 4
UARIFINAITUDIUA
lanaaiousamna
lasunaFougana
lasunadeuozgiinug
a 4
maszunaFonezgil Tuves 154
ana 4
Fanou laoon loa
a 4
ogiu lnsoon lud
4 4 4
Yuawudilesauauailsznn 1
Fanmyu
Y
101098
=~ d @& 4
F1o laddunsiey
Flo'lads55UMA

mnaznou lanzmiin



OPCXXAYYS

@)

=1

@

£ =

xooX) T

[

o a Y-V} d o
MeBnadaanyailazA Lo (¢10)

Y = J J
AOUBNUANAAAIUAY

- N I w
Aounaouienld)udmudlesauauailuiaqvalseaunaunin

Y
aznoulanzwiin Jooaz XX Taninmninvesiaadadsyaiu

=~ J

Y 7 A ~ s s Y v <
ﬂaucvmumL‘WﬁﬁLmuqu,umaJumJaimau@mﬂ A 79808 XX L‘IJ'H

[ =

Jaqoaiszaiy

[

founaeudumuiyuFuudilosanauddas A Jovaz xx 1HuTrg
gailszaunaumnaznoulangminiooas YY Tﬂaﬁymﬁﬂmaﬁﬁ@
galszau

ANUTUYUVDIANTIHABUIIMI AR

AU uYesE s iufioanu NG 188 1NHaIMsaRA
USunamsneneummsana
USinaasivfiosnuiaindiedandimsana
UszAnIammsaamsyzazate viie Sesay

o o 1 [ ]
NN mgsmﬂmmﬁ'auwamm NuUY f‘lﬂ./‘ﬂ)’il.2

A 9 1 < 1
VUIAR[Y INTIVDINDUNADUVS HI8 U1 TUIAS



1.1 anwihweneazanudagueifym

v o

A Yy @ @ I
vinmsndsznenelaliuTevemsvagadimnssuuiaudiaunaziudlu
o w [ a 1 Y a a Y a 9
uleviediagvesdszmalumsiauuasygne Tasyaiumswaaduailszinnaun
X ' Y 4
QAAIMATTUMIINEAT LazduAIgaeIMnIsIienIsaeonuIngalu Mlddinisnedauas

3 4
Y19 1591UQATIHNTTUUINNIY MIABTUVe T591ugAd NI TUAINa 1 I Hve ude

Yy ¥ 1]
a K v =

o { A 4 @ 9 1<
ouUATIeNNIN 159U IHNTTUANIUAIe Tasvpudeduasianatiuneaniagiidueas

Q

1
=X o o

LY d' 9 o 9 a dgl a a d'd 1 a 9 d' a dg‘
BUATIINABIUUU mﬂmumﬂﬂizmumiwaﬁuazmiwyﬂnagiuﬁuﬂmwamu SEAUVIUIL
=\ a o 1 A 9 A a [ " 9 A
Nﬂlf)ﬂlﬁﬂ@uﬁ‘i'lmﬁ"liﬂ‘iZﬂ'lﬂiuﬁﬂlnﬂﬁ@ﬂ‘ﬂlﬂuﬁiiﬂ%'lﬁ LLﬁ$!LW3ﬂi$i}']EJUlﬂq1J1uliﬂu
. 4 &
gy oz llguanaungadu
o o ' a d o a a
{Iﬂﬂﬂuﬂlﬂﬂlﬁﬂﬂu@]ﬁWﬂﬂ'}"I%}ﬂﬂag 80 (InINQA NNYANINA, 2547) 1DAIINNINTTY
Y A W AN (A ~ 9 [ <

NNAUYATINNTTY ‘ﬂﬁ8&5]1/]‘1]@\151]’6\1Lﬁﬂ@u@l3']‘(’11/]%‘]J53J"Iﬂ!3ﬂﬂﬂ?!ﬂllﬂllﬂ ACNDULUASUDILLUN

@ oy o a § a @ . 1 4 a
Tavignin Wdu uazmﬂmmﬂ% Gﬁu@ﬂlﬂﬂjﬁﬁgﬂUﬂﬁWUﬂ'lﬂUlﬁuﬂ 0151FHUN LAALN Y

=S

4 o [ $ o o

Tasidion lyenlud azm Usen vazdingd Fananlssnuogelany yulany d i
g ] Y 4 I a

nuaaed iudu Tanzminawnsosadanuansou q Wuasdsznoudedou ldnategl

A = 1 Aa ' A A v v a A I
Mgdesnlaneodse lasmnizegwaulesiuainuaisUsenevdunsaduaisisenon

a 4 ! a 1 1a a
8un3dlang (Organometallic Compound) ¥uiluiy uazeusaoeneaingasiziala Tae

U

Y A

[l ] [l I a @ a <3| Y =
WWHI'I,‘IJ@'I"IiJﬂ'NIG]ﬂ’J"Iﬁ13 ﬂUTIILTJuWB‘U@QIﬁWﬁWUﬂWﬁ’]ﬂ%H@ WUOUATI8T 10159 1D Y

1 4 =1 o Ya A A Aa Y v a ]
msazanlusumovewnysd  onlnaildinmiviodediala Taneninueyia  15u

4 a @ @ I~ @ { a $ 1
Uson uaaieuorsisia azni sadulaneiindsznnNTA¥0115 FIUBAIINIL 14

=

d‘ Y o ' @ v oMY v o =
asugd lawnianawds dsawisadzaulusenmeuypdnazdaininla daiudadl

o o 9 o w o A a g’ a A A Y q ¥
ﬂ’J'IiJiHHJ‘L!G]E]Qﬂ1%ﬂ1@ﬁ$ﬂuﬂl1’761uﬁlﬁlﬂiﬂﬂ€uE]\‘ll,f’ffl HUNY mammmwaﬁmﬂﬂﬂw

Y
unsnszanedngiginsvenimiodu llamvaelgems

U



911115813579 1A 1531UQAa 11 NI I8 WUNUTUIUMNVe UTETUATI8DIN
=\ 9 A d?’ = = A A
Tiwmqmmﬂisummﬂumwmunﬂﬂ ﬂ"lf‘l‘ll’fNLﬁﬂ%?ﬂiﬁNWUQWﬁ'IWﬂi'iMVIN‘]Ji‘JJ'Im‘JJ']ﬂ
{ < @ a ' B}l a VA
ﬁﬁﬂﬁ@ﬂ']ﬂ@]Zﬂﬂulla$ﬂl®\‘llﬁlﬂiﬁﬁ$ﬁuﬂ ﬂ']ﬂﬁ"ﬁW‘Hmﬁ"lﬁﬂ’f)cl?si}!,ﬂﬂWaﬂigﬂ‘ﬂﬂ’ﬂﬁ'\ill’mgﬂu

Q

oa/l g} a ] J < @ { [
MINNUT DINIALAS AU ﬁ]%t‘ﬁ‘Llllg]}’NﬂTﬂ@]%ﬂﬂulmgGUQQLLEU\ﬂﬁ‘Vigﬁuﬂﬁﬂ'ﬂﬁ\llﬁﬂﬂﬂu@]'ﬂﬂiﬂﬂ
2K g & A Yo 1 as o w = da/
ﬁNL‘]Ju‘tﬂilluW"lTiUQ‘VIﬁuﬂﬁihlﬂﬁﬂﬂ’ﬂiflﬁoli]ufww&?EJ”I?J‘VT"I’JTIﬂTiﬂTﬁ]ﬂﬂWﬂﬂl@\iLﬁﬂﬂi%Lﬂcﬂu
pgagNAo NI AN
< o o < ' oo &
‘Ll@ﬂ‘ﬂ]ﬂum@ﬁlﬁﬂﬂu@]iﬁﬂﬂgﬂﬂﬁ@ﬂNTﬁ]TﬂIiQQTUQ@ﬁT‘HﬂiﬂJ LBU uTTIﬂﬁ]TﬂI'i\NTH

1 [ o w 1 4 a =K%
Aoz 5TaN TS UIUNITAN S N AAANMTUTUVDIEITNHUAD UANTIAII]

NINAZNBUANAIT FI9ZYN B19anInAznou
9 H
Tudnyuz il lidasaseaefimomasrmomTmeNT I TETETITT T TG TU AN 1 11inea)

v 1 E4
M ldliTemaunsnszateoongaundounazne Ininailywiae 11 iveudilynuvaiil
o o 9 = 3 a A v s a o 19 9 '
sufludesiinszurunmsaaanuiuiiy viennmuninasiyouasieluliunsnszoe
< a 12 9y 9 '
anuiluniyeengduadond Tagde
1 3 .. . < £ Aq o w A W
MINABUIL (Solidification) 1unszUIUMInIaInlFlumsiniamnveudedunsie
l a @ a a A dy
910 139UgAaIMNTIY Taganizad1gda1souasiglssinnaiseiunionluwiou
@ @ a 1 [ : [ <]
Tanzgmin Taslddrdalszaurianie q asevoudedunsie Fea1sounsigazgminy 13
TuTassadwvesidalszaudreiuszniivazi ldasouasivegluaninad aalomd
[ 1A Y o 3 o Y v K Aq ¥ 14 !
MISUNTNIZDIWOONGTIINAONNBHAI9INMTUTIA A ArBadszarunlduin 1dun
J 4 J v o 1 aa
Yududlosauaudsuiuiagios Taaiu wu idwnay d1a0s Fan1 nnAzNeUIIN
S Y & P T P I o & 9 v o3 yyr
waquran 1Wudu sanisvasndsitldamunsadanudeurnaoudslaienazazain
aomsrh lha lagdsienavedieilasane
Momgrasenanteduinimguuinnuaalumsanianuduly 18 lunsh
J Jd o 4 4 a Aaa
aqilealaa 1dun Flolaadunsizd Fleladsssund dave wazdanu mlslums

[

I A g o A 1 Y a 4
Lﬂ‘]Jﬂﬂ‘Viii’JﬂﬁfNi‘ﬁﬁ‘]JLlLﬂf’]l!Iaﬂg‘ﬁuﬂﬁ]TﬂiiQQWMQ@ﬁWﬂﬂiiNLW@ﬂ@iﬁlﬂﬂﬂ38185111.!1’7@118 9

=) [

du Ao ansadidalanzuiinldedaidszansnnuas ludealdmaluTagnisiamg

2
=1

v 1 a @ 9 = & g & o 1 9
UBNINUINTUNITFUFTUNITTAHIGNINLIAAONDNNIIHHIAY %Q%%HWVlﬂQfﬂTﬂ"]f

[ Aa 1 1 < A 1
ninensnlegednaumingaunazilumadonlnias lulueuan



U

J
12 Jaglszasn

ao

de 4 % A = Aa a @ < zﬂy
NuINBUTaglszasanan ae Anvlszaninmlumsnnnuasduilonlans

[

wiini1¥aqdes Teamunuifudnudlesanauaundniuiagialsza Taouaily

[ Jd Y] dy
Tog1lszasndosasil

A = Aa A Y] Y [ 3 A 9 v
1) meAnyszansmnlumsaamsszazareas lavigninlunounasuyan 14 iag

[

Yo Tsamunuiyudmudlosauaudundiuiuiagiaysza

a

A = [ [ Y 1 3 Aq Yo A
2) LWf‘]ﬂﬂHTﬂfl"lllfﬁlﬂiﬂsluﬂ"lﬁﬁ‘]J!LﬁQ@ﬂ"ll@\iﬂﬂuﬁaﬂllﬂlﬂﬂi%?ﬁﬂﬂ@%I%’ﬁTuuﬂu‘ﬂ

[

4 J J [ [ @ ' { o
Yudwualesanauaudiniuiagialszamlusasndruiisiua

q

A = = =\ va 9 1 3 A Y o A
3) eAnytazlSouneunuautavesneurasnIinlFidados Tsaiuunua

a q

% =2

4 o 4 1 I [ 1 { o
Yuamuadesanauaunaiuiaqeailsselugasidiunimua
1.3 vauuANSIY
= < o dy @ Y
Any1n1sveazatguazaNa NI lumsnunna1sdwileularneniinvesneau
' 3 Aq v ~ 7 s s A a s s s ' Y
vasudanlsusinudtlosauauduaznisununyusmudldosauauduisdiudle
Y] I ) 9 1 AaAa
JaquosToarwmduidqdalszarulaun san1usesaz 10 1d1a00508az 30
=~ Jd o 4 ~ 4 a 9
Floladdaunsizviuazd e ladsssusa $eeas 20 30 1Az 40 1AENITHANNINAZADY
[} [ 1 9 2} [} (% =<
TangviinonTseguTarzTudasdiusosas 40 50 uaz 60 lasrimiinveddlagenllssay
N1919U0INOUAIDE1T 7 28 LAz 90 TU
o = A 9 =S 4 4 9 1 < @ ]
NIMIANEIAUAVTANINAIUNIININVBIFINUANAALAZNDUNADUUIAIDE
TagMmsnaasUANUIUINAUAA NITNATBUNITLIZIIAINITADAD NITNATDVNIEION
MINAAOUMIVHIATNT S 1ATNITNTZ18 TNTIAI8IATBY Mercury Instruction Porosity (MIP)
ﬂ”liithﬂWWﬂlEJ”lEJ@Hﬂiﬂﬁ?ﬂLﬂ?@ﬂ Scanning Electron Microscope (SEM) N1iNAA DU
J
p9n1lsznouNanil lay X-Ray Fluorescence (XRF) iag X-Ray Diffraction (XRD)
§ @ Y 1 < Jaa ..
mInaaeun1sszazalea1syuilenulaneninvednouraaudel¥id Toxicity
Characteristic Leaching Procedure (TCLP) tt @ & Dynamic Leaching Test ( DLT) N @ & ® U ¥ 1
YSualanzminalenios Inductively Coupled Plasma Spectroscope (ICP) L1aZN1INATDU
Y ' 2 Yy Aa Y}
ANUAINUYDINOUHADUAIAD AN LN N onuazLra
A o a % 1 = s A A A 4
A01UNMINITNATBUUAZIUATIZHAIDE1N AD DIAITAUIIATOIUDINNAAATIAY

malulad umanerdemaTuladgsui’ uazdec Juianisnounia un1Ine1des 1wy

~
FATOSINY



d ! Yo
1.4 dslaminmanezlasy
9 ' 3 o ~ ~ o & P ' ]
1) ﬂ'ﬂuﬁﬁ@lﬂl\?ﬂ’]ﬂ@]gﬂ@ujawgﬁuﬂiﬂﬂﬂ'ﬁllfﬂucﬂ[]Juuclﬂlluﬂl]ﬂﬁﬂllﬁu@ﬂ1ﬂﬁ'}uﬂjﬂ

@

% I~ = =1 <3 (% Y]
Jaglos Teanuiluiaqgalseamuianuansalumsnudngs Tavewiin  anuanIso
I Iy [ 1 J 4 o 1Y
lumssuuseda uazanuasnuasanziaaon Idaniimsldjudmudlesanaumiuda
= = 1 =S
ga1lsranuieaod19ne)
1 Y (% a3 g Y] a
2) sreaailymidiunstanuuazaanisduwiouvesars Tangwiinluduuas
Y Y
unanimaldauuaziinu
I o @ 9 ) % A A
3) funuanalumsiiiagiles Tearuunldlunisiianinazneuveuden
dy 9 d‘ Q' a a o [ =
JutlouTavzniymiomudszansainlunisiivaninasnouvouadsdinlsgany
QAN T
I 9 Ao o 9 4 [ A 1 [ 3|
4) umsa3gumsIve Wannuaz 191z Tewiannnswensnededuiluss

Y o @ a

uazmimnzauierh llgmsnaduuazWanniaguiialul q imunzauiumsldau



VN 2

Y Y

A W d a HP
U3NA1ITIUNIINNIIYNNY IV

2.1 UDUALOUATIEY

2.1.1 My
ﬁ?ﬁgﬂﬂﬁﬂﬂﬁqﬂﬂﬁﬂTﬁ1ﬁjﬁ61uﬂ31ﬂﬁuWﬂﬂlﬂﬂlﬁﬂﬁluﬁﬁ1ﬂ%1ﬂﬁﬁ18
] 1 A o @ a Y 1 a a Jqg Yo Aa
UUINTU LB Lllflﬂ W.F1.2535 FIUNAUSITUNTTUNITAILIAADULYIIBIN (LﬂﬂJ) hlﬂslﬂ’iﬂWHEﬂﬂJ
A Ad o ' = A o Ay gy A quy 1y YA A A
“ﬂl@ﬁlﬁﬂﬂ!ﬂu@l‘!ﬁﬂﬂ” ’Jﬂ’i’lﬂElﬂ\ifﬂﬁ?i‘i@’)@]i‘l‘ﬂhlilcl“]f‘ﬁ'iﬂcl“]fvlﬂhlﬂ‘ﬂllﬁ’)uﬂﬁ%ﬂﬂﬂ“ﬁﬁ@ﬁ]@ﬂu

Q

A3

9 [} 1 a d‘ 9 9 % L% [ = A Ql dl o

awas W asdanseu asiy asiansarzanla mstuduassduaz/miodanm i
malsn  FUNAINNINTTUAN 9 1FU QATIUNTTY FUFU INBATNTTY dIUR TNl
ngrineseesulaun Muemveinsznsngadinssudldlumsarugummzilymuansy

o w

MnTsanugaamnssuulseMansznsgaansuRfun 25 (Wa.2531) Tdidina

'
[ =

A cveudeduaiiw”  Aufludaqi hildlfudrdliquaniaduas il dansou

] 1] v 9
madgnseldae Jasieledu nielidaiazaradouqunimausiesenszy Hluilou

v 9
WiomMnaznouinAINMINaanTenavINIz UL ai nTeveq 15901UgA NI T

212 unasnuHave UALOUNSE
1 o a =S 1 =1 1 9 1 = [
prasiutdaveudean g i 3 dszanlva 9 ldun veudeanguruou
Usznouale Thwdou do1iumsanyl 159ne1U1a LAZUHAININYENTIN VO UTIIN
T5anugaaImngsy  wazveudenninuaingsy (adn Jyiaz T, 2542) Faiasiudia
k4 k4 1
YouFeN 3 unasansane IiinaNnveudon 1iounI1e (Non-Hazardous Waste) LA U0 1d0
oUAI1Y (Hazardous Waste) trassuilavoudodunsiendingiigane 15301ugae14nisy
A A A a QR 9 a =
HOIINYDATIOUATIWNNADIN15URATIHNTINLDITRYAE 73 75 voUTuaveuds
o 3 @ A % v A g 1 o a = Y ]
ouaseninue awanslugili 2.1 dredngaamnssuimduunasduiavoudes 1dun
a 1Y 4 a
gad mnITul Tnsideny gaavnITuANAUY gAAINNIINNAAAN RAAIHANTINDQI Tans
a o I Y '
gaaMITUNAALUANES gaanssurlendon gadivnisuenniie dudu dedraued
S W Y @ d o o o A ] 1 A Aa oy
idoduaie laun ussynuadmsumsUnudagisuazassiuwasei 9 voudeniidule

9 '
womuanodiluilou maaznounil lanewiniudiudsenon Wudu



INYATNITY 1%
AOUNGIVID 8 %

MIUFINTTY 8 %

AINTAUETD 8 %

Yy A
VIULTDU 1 %

ATINNTIU 74 %

~ 9 a = L) a v A
317 2.1 Fovazvesl/smaveudsdunseuenauurainiia Waam Hyainglil, 2542)

Uszina Ineiraseglusremsiasunlasszuuassgie laegadunsnaa
] ' b4
AuAlsziamduiigad s sumManNyas Lazdu1gAaInNssHNEMIAI9oNUINGITY 910
= a o 1 o Y =S a [
msldsumlasszunsssgnanenarildlsamalnelimsnsymegadmnssuludasiga

Y
e luddnulssnusaamnisutazlTnananan wavoInsiaaaa1nnssunild

Q q

[l
=

o o A 3 1 < A o
Tsanugadmnssui 1 veyanlszneumstisaumyinedesiaiEy mamudIuves
Tsanugammnssuiidnenimazne ldinaveudesuasiei itiuua Tiuweudesuasieon
a = a 4Q' dy 1 = d! o b4
e lsanugamrnssuazilsmnaiingsvuluuaazdl adninauulomeuazuny
[ a a o a a 4
NINGINTFITUFIALAZAWINADY NTZNTNNTHOINTFITUIANA TaIAdoN Tdn1an1sel

MINVIUVIMNVOUTodUaT 18 Tulszmaauaaslua1sen 2.1



A < a A o
M3 1N 2.1 ﬂTﬂﬂTiﬂ!ﬂﬁiJ'lillﬂWﬂﬂJ@QLﬁﬂﬂuﬁiT‘c’Jﬂluﬂﬁ&’Lﬂﬁuhflﬂ

HUWY : AU
U w.e.
Uszpnveads
2539 2540 2545 2550 2555 2560
370 304,131 | 317,991 | 386,816 | 455787 525306| 595316
aallld 143,221.3 | 150,266.8 | 1852412 | 220,418.8 | 255,836.2 | 291,461.6
nanNsou 259.3 273.7 345.4 418.0 491.0 564.3
Jeedelfasen| 1.347.1 1,422.1 1,794.5 2,170.2 2,5473 2,928.2
iy 147,332.2 | 153,405.9 | 183,581.4 | 213,666.6 | 244,042.1 | 274,671.7
Auuasd 31.1 32.7 41.1 495 58.0 66.5
Aairo 11,1906 | 11,798.1 | 148142 | 17,857.7 | 20,9164 | 23,9972
U 9 749.7 791.3 997.9 1,206.3 1,415.6 1,626.8

o

e ’mummuiﬂ‘uwuazuwum%”wenﬂsﬁ'iimwﬁuazﬁmmé’@uﬂizmn

NSNENTTITURALASTUNARDN

2.2

TanzHin

% = d‘ 1 o 091} 1 4?} =\ 1 J
Iﬁﬂgﬂuﬂ PVREIAN Tﬁﬁ%ﬂﬂ]1ﬂﬂﬁ\i%1lw1$¢l\1ll@ 5 6Uull‘]J Mlﬁﬂlﬂgﬂﬁlﬂflgigﬂ'J%?
~ Ao o A ~ < < Y
23-92 Maluaui 4-7 ¥0I91319579) DIUIUNITY 68 519 Darouzdluve e (sniuilsen

g ~ A alay I @ 9 ~ ° ~
WuveuralrNeuadlnd) ¥anwastiluiuiasnoundd (Hie) LasaIu1souINIa

Q U

ISP a

I~ ] Y v 9 '
Wuuruing o 18 ineendadu ldvalem
o YY) 4 I~ a 4 [
Tanzminaunsasiudifuasou q ldluasiseneuiFadeuinadesniilaney

asz lavategal Tasmwizedataiiesaudrduasdszneudunidiilumsdsznoulany

«))]

=4 . & a dy = FY 1 9
UNI8 (Organ metallic Compound) G]N!‘]JUWH W'lﬂﬂulf]Jf]u’(,:,fﬁ\il,n@a@uﬂ3ﬁ’liﬂiﬂﬂ’]ﬂﬂ@ﬂlﬂ’l

@)D

F91330'18 Tasru lamviag 1o Useneuduanuduiyveslavewiinnaloyiia

e .

I o Y A a 1 4 = o ya A A Aa Y
nJueumﬁwsmammammsﬁzﬁu“luswmﬂmmmgm mmJwawﬂwwmsmamwm% YU
a A = = a a ) [ a A J a a ~ ~
wuSaey uaaloy Iaslen Haa aznd a9nzd U 015iwin toud lui aition

= 3 Y o t:y =\ a v o & o
unaen tazlsen Wuau ludwaudl dsen uaalon suxiatazazni dailulaneniin
d‘da 1 d' [ 1 1 Q' anAa 9
NUNHDIIT ll‘llﬁ1M13ﬂL‘IJﬁﬂugﬂﬁ1wﬂ1m’3ﬁ1lm$‘c’NfﬂiJ131’]ﬁzﬁM@QiUiNﬂ"IEJﬂJENﬁWJ‘D”J@llﬂ
& o @ @ 3 a dy FY o 9 ' 14
cﬁﬂuﬂmuuiamwuﬂm 4 5151!ﬂullﬂiq]ﬂlﬂll11%11&ﬂ53‘1J’J‘Llﬂ"l'iQ@ﬁTﬁﬂﬁiN@ﬂNﬂ’JNﬂl’JN



Y
o

Y <3| o o w 1 Qy 4 @ 1 o
Quuﬁ\i50']LTJuig]}'ﬂ\1°|/|']ﬂ']ﬁﬂ'lﬂﬂf]@ﬂﬁ]'lﬂ‘llf)\'ilf?fﬂﬂ@“ﬂ\uﬁ@ﬂ’l’)\iﬂuﬂ”lﬁllWiﬂﬁgﬂ']ﬂelJ@\?IaﬂgT‘TUﬂ

[

daunadon
3 Group NI INEA)
&‘3‘ 1 18
1 2
! H 2 13 14 15 16 17 | He
3 4 5 6 7 8 9 10
2| Li | Be B|l|C|[N|[O]| F|nNe
11 12 13 14 | 15 16 17 | 18
3 Na | Mg 3 4 5 6 7 8 9 10 11 12 Al Si P Se Cl | Ar
19 | 20 21 22 23 | 24 | 25 | 26 | 27| 28 | 290 | 30 | 3t | 32| 33| 34| 35| 36
k| cal se Ti V]|Cr|Mn| Fe|Co| Ni|Cu|Zn| Ga| Ge| As | Se | Br | Kr
37 38 39 40 | 41 2 | 43| 44| 45| 46| 47| 48| 49| s0 | st | s2 | s3] 54
S Rro| sr Y Zr | Nb | Mo| Tc | Ru| Rh | Pd| Ag| Cd| In | Sn | Sb | Te I Xe
55 56 | 5711 | 72 73 4 75 76| 77| 78] 79| 8 | 81 82 | 83 | 84| 85| 86
6 Cs | Ba|La-Lul Hf | Ta| W | Re| Os| Ir | Pt | Au| Hg| TI | Pb| Bi | Po | At | Rn
87 88 | 89-103] 104 | 105 | 106 | 107 | 108 | 109 | 110 | tir | riz | n3 | n4 | 115 | 116
"| Fr | Ra |Ac-Lt| Rf | Db Sg | Bh| Hs | Mt | Ds | Rg | Cp | Uut| Uuq| Uup| Unh|.............
atom number Lanthanide
\ 57 58 | 59| 60 | 61 | 62 | 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70 | 71
“b La| Ce| Pr | Nd|Pm|Sm| Eu | Gd| Tb | Dy | Ho| Er | Tm| Yb | Lu
A Actinide
g 89 90 | ot | 92| 93| 94| 95| 96 | 97 | 98 | 99 | 100 | 1o1 [ 102 | 103
symbol Ac| Th| Pa| U | Np|Pu|Am|{Cm| Bk | Cf | Es | Fm| Md| No | Lr

3191 2.2 1919519



221  uvaInutaveIaslansHIin

'
S A

uvasdudavesas lavgmiinfannanssuvesuyud 1o

A

| @ I o w
pomilu 3 dnvainddg Ao
Y
1) unasgaamnisy 1seugadnssudiulvgiinlaeerindeasgumas
3’ v :/l d' £ d! dy @ 2’ =
i aniuTeman Tangmingauiounindeninlsenugaamnssuulszianazgn
1 ' 3’ =® d 9 1 a 1 @
oemadluuvasiivaiuly1dge Taservvzazauegluauaznou uazuiediuazgniia
] Y
inaoudreasgnzia Isnugaavnssumaiilldun Tssnugulane Tssnurendow
2 v o a A a =
uazd@ane Tssnudenmivdad Tsenmumdaienszaiy Tsenunaadisial Tysau
{ J o
uuaaes tazou lme Hudu
1 < 1 = Y
2) wvaunuasnisy Usznalnodunraunsasnssy 013w uazselaves
{ @ [ S 0 o 1 o o
Uszmnsvanerdosnumsmizign liiesdumsdin ils wiedaiu Beduiludes

o =

= a 1 tﬂy d' [ [ a d' 1 9 zﬂy dy
ATHIDINAHRAANDNUN ‘1J'izﬂa1Jﬂ‘uaﬂymzquﬂizmﬁmgﬁlmmmau%u UNas uaztye lsn

v o =)

' A o A = a Yy K Y o o ° Y 1 o Y a a o
AN 9 mﬂuﬂﬂgwmﬂﬁ]iﬂﬂﬂﬂ ﬁ]ﬂﬂ@\n\lﬂ13u1ﬂ1ﬂ’]’ﬂ@ﬁﬂg1"l%u’ﬂﬂf ﬁqwaﬂ11ﬁlﬂﬂﬂﬂ1ﬂ1ﬂﬂ

[ =}

Y 1 zﬂy A d? o’/’ dy o v A a a v
ﬁﬁgwsﬁﬂﬂﬂ'l\i'f)gﬁluwu%tﬂ‘klﬁﬁﬂiﬁilﬂ']ﬂﬂlu '1/]\1ut’l’lﬂ']fﬂﬂﬁ@zW%ﬂaTﬂ%u@MIﬁﬁ&’WUﬂlﬂu

v o =}

[l ' [ o w dy = < J [ FY = o
ﬁau‘ﬂnﬂ@uag LBU YINIAALTD I Mﬂ@ﬂllﬂﬂlﬂu@ﬂﬂﬂﬁzﬂﬂﬂ@g \Wuau FIYIN1VAAATN
42 Y 1
drulngaaedlen uazasivanmunaifivzgnrzdwasgurasindomanisnamz
Y
vthau Taeieu
1 I~ 1 1 9 a dy v [ 1 091
3) U AU BU l,‘lJuLmaﬁﬂ’e)cl,‘ﬁLﬂﬂﬂ”|'i‘lJu1ﬂauﬂlﬂﬂiaw$ﬁuﬂmqsmmm

v v [ 9
18w TasdwIngiluTangminfiduindudalfna u vozyadeods 4 FaliFuduiag

q

aQ

A~ v 4 1 1 = Y ] Y a
mﬂawzwumﬂuamﬂszmuaq WU NITATH dNIUIU mu"l‘NmEJ NUBDLUUADTIIDYURN

A A Y 2 Y
LLazgﬁym%uzmﬂaaumﬂiawz L‘]J“L!G]L!



10

222 msazanveslanzwin
] 9
arsniy Tavegmiina1s o Weegluunaningazanegiudinals sy Ay
A 2’ v J 3’ A ' :’ 1 a Y a v @ £ a
aznou N dadih wiouvrvasseglniedievass Idludsuadia 9 fu FalSuw
1 9 1 ] I
TangminNzdunieazanegludnarumariiansonaznldouginsemasudie law

) Y
W2elg0 3 14 dnvaemsazauuazmandsudneludinaruaazyialuuvasiiains

v o

= P dy a a
LLEJﬂﬁEJﬂ%L@EJﬂ]lﬂ@N‘Ll (I’ﬁﬂTWiim VTUIAAY, 2534)

Y 4

% g‘ v d' 1 o A w c!'
D msazanvedlavgriinluii Tavewidnnasayluuvasiinglusida

U
Y

3’ 1 2 a Yy 9 o o A
azanguUn uazagiugﬂmmmua@ﬂ GIN‘]Jiiﬂﬂ!ﬂ'ﬂh!"llh"llu"llﬁ)\ﬂﬁﬁ%ﬂuﬂel,ulﬂllI'E')fﬂ’d

= v A =
L‘]Jﬁﬁlu!!,ﬂﬁ\‘]hlﬂﬁa’é)ﬂnﬁ1 1HB991NANNEINTD TUNTHEUNATUUBIAITUUIUADININT

Y

Y H Y H
azagiwananu lagwinieglugduvivassazinateglnheuuniwiniazaiei

msazanlavendnluauaznou msazaylarzniunluauasney

'
a A a

' & J o 2 Y Y A '
muﬂuuﬂuiamwuﬂﬂ AAITNNITHSHUATIUDITUYIN “]Nulﬂllf‘l NITHSANNININADLT

e

=) A 1

{ 1 g a 1 1 o 9 Y 1 Aa A
Noguuiuauasguiani nie laneminiidudiulsznovvewsinloglusssumaniinm

qi./' A Y 1 3’ 9 = 1 & g
HUHUMUANINNINTIUINY LLﬁ'Jﬁ$ﬁ']EJE]@ﬂNWﬂgﬂuﬂgiul‘lf’lﬂ tazdndIuriutunanIn

4

9
1 o 1 1 o w I o A 1
m3 lguaznsdass Tanemiinasguuanivwiumananmstinanssua1 q veauybd
Tagm I TaneminaunsainamsazanegluduaznoulasliUsmannududuganiing

' J A a ) A y o Y A aa = g
agﬂuumm LHBNVTNUVUIUN VTN UNYIUVDININNATULIAY ‘V\Iﬁﬂﬁ LUAZHININ @Qﬂﬂﬁgﬂ@ll

7

a H [ 1 4 4
luauazneuninanomMsazauued laneniin 1dun winarsusiua sonloduouaniiia

A d

< A
HAZINAN ABDAILBIAYITZABUVBIATOUNT FA 9
Y Y
3) Mmyazauved langmiinlunmii msazauvea langminluimiazazay
Y [ g’ £ A g’ ] a @ o Y
armsgaduaniii lagase Fanmiing liawsonuguilsua Taneminludes]d

a 2 Y Yy Y o A A ' Jd &
ﬂimmmiﬁzﬁmmuE]gﬂummmm"uuﬁumTawz‘ﬁuﬂ‘wazam wmumuaaﬂagiuunﬂu

4 Y
o w =

Y A
1w % o 1 a o a3 a
dfey Do guesimvaniudie nelliyhasianunaziimsasauvestsualans

HUNUANA1INY

Y

@ o o’oy o Jdo 1 " Yo a o
4) myazavved lanzminludasiin datiindu v ldsuensny Tangmiin

o
k4

a @ 1 a [ c’gl o o
W ldremsnuerms ludnbazaie q musiavesdadiiniu msazauveslanzniinlag
= J < vy by v <o A 4
msgaguanniud ) Tesasuilulyladesnin msazauvesTanzminluda iz

AUAAUMITUS 19N



11

223 asiiwanlarzvin
upAieN (Cadmium)
a =1 I~ d' [N} Y] [ =1 o [ Qa:
lusssumauaalisuazilusigiegiunudins duazazni daiulumsogq
Y
usdelasgnsauesnmndoniu dmsuuaaiioutiontimiidaacouazinaou Tanga 9
Y 3 A Aaa Yo o o A d o 2 qIo Y a < Y o
T dumieudusen 1ginihduniessua id i lvinauaargoosadgy o
uuaaes 1991 Ina idanwaraan léa1uTavzmsod Wi sy araee Wi Tunisenls
= o 1 a ad [ =\ (] 1 a ad 1
uaaleuiuduerainauniduazersiumas uaadiouss bieglugdassznoudunid ua
= 1 A 1 dld ‘;y 1 (% A = 1
uaalionvzedlugduoandenls q Alnisazaieiiia1eny indeveaunatiion 15u
=\ = 1Y 09; Y 1 = 4
uaatleulutase uaatlousarla azazare1i11ad uauaaiouoonlaya
=1 4 =1 4 1 g‘ = = [
uaaey laason leduazuaaionnisuoiuasz luazaieil uaalenson lEauANaU
= y 9 [ Y =< = J A = 1
logaisszive ldduazidngsame’lddie msgaguvewaaidiounuinlonaadionodlugil
1 =Y = d‘ =) léj u va
voudu Usuavesnadonianluszuumauauielasziunuvinauazauauialuns
Y v
azariveaaionod dmsuuanlonitngs 19n1eN 19T TUUNAUAUDINIT NUIIYNAA
Y 1
#1u1adosunaelszana Sovaz 0.5-12 mniv upaloniidngsemess llazanludvuay
I ] [ % v =3 :J} ~ Y]
latludrulvg msdumeuaadionlunuiu uaaiisurzgniveenniilddiz
3 a a = A o =l 4
anuduniyfannuaaiey ldunundanzdlunszurumsvoaou Ta
' ° ] N 1 ° Y] A A a ~ Ao o o
yeed1ai Itou Tl lienaunsoinau'ld ermsiisimaanuaaleninuusUNauLay

Y

A o a = v W a @ = Jd 9
13933 ’Eﬂﬂﬁ‘wHmEJTJWﬁLlE]L!Lﬂﬂﬁnﬂﬂﬁﬁ;fﬂﬂilﬂﬁluelj’ﬂﬂuﬂﬂmEJEJE]E]ﬂllGIfﬂHHUhJTJimﬂm 0.1

Z)

a o =) =1 9y a a d? Yoo A Y U [ di
aansuaeansvziomsuinunatulanui 1aun aynuazaedniay woayn Joa uaz
o ] 9 v A A Y dy v v A
waenaugnihate uduvihon wslada leliden Ueaviuuazaiela diueimsiiesvuna
1 = =% o Y a d' =y 1T A a Y =\
nnMsgaaurIduaaloniosulsznuzi lfinalsanizondn 81a-0 la Taedileezdl

v o
’Eﬂﬂﬁﬂ?ﬂﬂ?ﬁnﬁm@ﬂﬂﬂigﬂﬂ



12

AzN? (Lead)

1 v Y
I3 a U 1

o < Y a 2 JYv o Y I
AN L‘]JuTamwuﬂ%uﬂwmmumg%ﬂumﬂfmum;mmguﬂumsﬂ‘ﬁﬁu

q

uazluilagiuarsaziagnihldlsz Tesiedrandevanaldun 1diudusig luuoames

1¥ e ihussgeidaldauiefunnunniou IdnauduTangduiulanenan 19
= o 3 9
gaavnIsuatazansludag Hudu

msazmanInigaundon 1@ laguuiaunIssIsNyIALazInAIN

U

s &

n3nsgiivesuysd FadiulvainannIssugaa1nssual q uagn1sm 1ulives
d' 4 9 (DL 9 A a a q'.z
in3osoua dnsodngimela 3 na Aeszuumaauniels szuumauduems Tasazn,
dy g d’ a Y A [ Y% d' q'; 9 LI
Yuidloulwihaunaze s uaznwimmianeonnmsduid omsaznaudigsiemens
v o = z 1A dy A [l Y @ 9
viudadeauas uenvntiulegiiooseu iy au la 1iale uazilea Sosaz 90 voq
o A Y aa 3 ~ v A ] = Y ] 1
MsaznINEgs Moz ginuazauiinszgn a1saznan lignaadu 3vzgaduniseanun
% a A 4 ) ] [ @ a A Y
AUQINTY MINANHIHBINNTIIAZNT wiveeniy 2 dnbae Av ManaNyIUURIUNAY
dy v & Qaj a 9 c?;’ o a =94 o a =4 a A
HAZUUVITOFY BN 2 1 1A A9 NNIEIIAz NI HUNS dlas 15z NI UNTINTINANEIIN
M) a A d A = @ % Y a A v M A
A3aziItUNId WyLUUmeuwau Wnagnuies e lusiensulsemumsazimienela
1 o‘; 9 L] a d' 1 1 = 1
1uazesdvesamsaznugsemelulsnanun  dmlugazlienmsmalszam wu
vgania uou lindy Aquads NanNARdUaULAzInase 1o IndusIgnitiaie lu
= 9 o Y o,; 9/ ' a A
hnvzlisannuaarenven langluihn aouis nagmieni anesedaguussusnudzas
= A A Y = 9 v < o [ a
vemaideoms aauld o1deunewyn ddaazlisen iwalanzgnihats anwaulatia
v = [ [ 9 Ay 1 = A Y I a A A =
anas andu hafsve vonlundy  nawilosewwds Homuiluazasa To1nsiredy
¥ v oA a o 4 A o 1 a &y [ a dy
Uszamdudaralnd lagniiate erwmeldnelu 1 vie 2 5u drunvuuuises siail
91 Yo v A 9 ' ' o A ' 2 A '
dihelasumsaznifiazilosnos q azanlusine  dnliomscoumds  itlooniing
A 9 = o 1 = | o = <3| a a 9 |
111991113 N0dyn Funsezdunszany ouvswiluynse 1hafsye WuazaTwsnanouily
= a [P=1 9Y R o A 0'1 a A
5202 9 Fa  Tanane lullianuidnmang  dszdudeuria  wudsaznIUTIUHUIEN

Ao < Y] . A d ~ 9 1 v
Hanyutdudu (Lead Line) 510duuin 9 92i91n15n19520uUsea1ninis auae

Y Ay di’ A 9)
BUNINNNATULIUDUBLLASIN



13

lsen (Mercury)

QJ =

a a I a
lugnngilnddsenusgniazlianwsiluveunarduvnadiodu  aunso
I :‘ ° Y~
seonatodule’ld  Nanuansalumsazarsiigy  aunsouanduiluleosuninld
‘a o Jda a y 1 a a [ Q'
2001 A Hg (wesaise) uay He (wesaiin) Ysenineliinauaiivaeduadenud
] Y
Ausuiian1nnsssumanaz 1599UgAEMATINAN 9 Useniinaliuesnusssusaagll
I a 1A A I k4 £ = [
myaangalveIduLInlsoniluenlsznoy Fanmsanw1nmsaatealvedlsonlae
National Academy of Sciences U1l f1.71.1978 Wu1dSuuvesa1sUsoniszivignonu1n1y
Y
a A o LY = [ ()
ArTandisuauilszuia 18,500-27,000 /Al wenainiidelzdusenuinuniagiul
4 1 ] a o
LAZIMENINUHIAYNTONA8 YToNNNIIN 15TIUGATINNTINAN 9 1FU 153 TURAANS
=1 d' a v W d A a 4
aaoTuazTsan 1yl wonsza1y waradn waydus a9 q lilanaslsavaouTlans
9 v
fda¥est mes luilmes nuamessiaurs uazluussargaaunisudanaInun
Aa 4 15 3 o 4
Tsanuwaagonszayuazmanaos utay Tt ez lddsonddudauun e Tssau
@ 1 [ [ 2} Qy A g’ =S <3 %
gaa1MnssuadInadassarsdsensenuinuiinimiende Usennszazaudailu
A 9 Y 1 (] A <3 Y 1 S Y Yy Aa o 1 4
guneaouazin g 101413 Tunganazdigsumenypduaine Ininaduasenouyyd
9
1a
I a 1 I [ A A = [ A
anulunyvedlsen uvseomilu 2 anvae Aonwylsenmeunay 11U
o I a o I [ a
Sudsemudsondn hfudSunamn agildhadluunaywesdnigunazlinoasen 1na
o o o o U I
21M31anoaazendeu nazdiasdsenmdnnsar 1z lvradrdnazoreduinon
YA ] = o o Yy a2 Aa Yo A a 491 (% a dy A
o msuAnbseneduRsunaueai 1ddihededia lanui daunbilsenisess maduie
1 ] a < 1 o ]
diheldsunbvesarsdseniiazianazdos uazidn ldazanlusianeirlddies dni
salavzlulin mlenuazilindniay eoumasion1n1s Usenaziiduaiiens sy
Uszamdiunarsi1ddihelioimanaou luidunszen eimsdunszgnizisuiiensuuas
! 2 a 2 A ) 0o q Y w Y o q ¥ 4 o ¥
aoundunavunlunih wvuvazan e ldidusumald vldssuvlszammerdiuns la
a < =\ o Y A A a o d' a
gunazmsuounugydsll shldnamsnldsumlamedale anududon luniesieezine
d' Y a a [ 3 =\ 1 =1 Y KR
myulasundaineaiunganssuuazyaandnyae 59uMIN0IN1Ianladie UaNuian

E4
Lﬁ%ﬁﬁaﬂ HAZTDUNSIASINN u’é)ﬂ%1ﬂﬁ°|/\l‘]5l‘l]'§’é]‘ﬂgﬁﬂ@iﬁ!ﬂﬂiiﬂuuWﬂWm



14

danza (Zinc)
@ <3| g a T 1 ' <
danz@iuTanztuideduaSuenih azare 1da lunsaunuazatan 1l
4 wa a 4 J o
TanzilnuauiiauonIvimesa fe leason ladueslanzilszani winazatolunsavzinld
Y ] 1
mauAndoou zn' Winazateluwasziilding zn(OH), szazarein ldioeausos 9 tile
O O AUy SO gy e 4 o 4
WewuIuINdIesAMianm Inanuansalunmsazaieiidiga uaziio Moy gy
' 3 &y a vy &
nigamigaiinda Tanzuenlvlimesnvzazateirlduiniu
dy % = g} a J g‘ 1 1 09‘
mstudlouvesdansdluinnannlssnugaamnssnilaseitasguuaiy
1A o w A o " 9 g' Qy A Qy A o &£ &
Tag Lifinmsinianieinia lildawmasgiuine viennmsinee nsesdio19 Fuiu
a o J o ad J Y k- 1 Y ~ o ad Y 1
HanduNNNTIN TNvzgnhrzan lagiduasgurani lungadansanmusodngrig
Tafomsuaziingiramsuypd1a madhgienmentaimsnuazdanioumauauomsaiudu
Y A Yo A o A g’ Iy
1aun vaoaesuaznszinze s iWosene lasundevesdanz@nazainirlaa lasns

a < a aAa g 0 Yy A 9 = ! g‘ 9/
A ulsuw 675-2,280 NNLD Y ﬁ]z‘i/lﬂwmmmiﬂauvlﬁ 1Y 519N18V1911 U

=

JUITY Head uazideTialuiiga ms lasudigsenme Tagmsmelueduvesdang didn T

@ 1 J

lutlSuw 1-5 fadnsuaegnuiaswas azinaenisdeauiu I ldvundu welada e

] k4
Wesnamile daumsduianuluvesdeing@ndanis i ldinanisgaduvesaon lugu

3 1 d? =\ [ 9 o 3 1 9
ﬂmmﬂuﬁpﬂﬁﬂ VHUT UDINTTUANULAS AU m!,m%ﬂmﬁ‘uuazﬂmmﬂuﬂuwum"1@

LY d d d
224 angninluudnuadesauaua
aan A a z:%’ 9 1 [ S 4 ] 9 1
Ugnsenawsanavnlaszninlarenuiudwudaunsontiala 4 ngu
A a . = L) | Y =
A9 N139AAA (Sorption) NMIANHAN (Precipitation) N1353ud11uTasInanveIas)sznOY
= 4 a aaa @ 4 =y d Y a I 1
Fuua uazmsnalnsenvesdlsznevvesudmudnannaluaisilsznenny
a d a o Jd o ~ a 1 @ = (4 ..
(3310501 HIIUNTWUAT, 2543) WANTINV0 TarizunazAd IUTZ UUFINUA (Cementitious
3 1 [ a aan 2= Y d‘ 1 (% Aaan 1
system) Nanounazrasmsnalfnser laassuiinur Tduiuanaresduy Ugaserseniaig

aa

d o a ] [} 1 wvAa a [ 4
YuduanuTanzlioniwaod1aun liieaammzgun I onuauavoInanH u i

A

' g Ty v A % qgj a2 9 v 1 ' = o A
W uadelinaseriiesldavuan q 8ndae sndrediugy anuadosvelansming
v o = I 1 Aa A ' OZR =~ J VA o
swdnuudwuands linauazlidnsnanenguamuazqaauiiduesjudiuud uaienn
= I :’ a aaa Y ~ A = o
Yudud lwaminialnse lamsdu sziinalusesnnuaiosvosTavzrin Tasmmniz
) S ) v & gy o
anuasalumsszazargluvazldaunazduoigmsldau Meomgiiszmuldedi
] 1 o v Aa aaa o I A A 1 = A Y a
Faruanunmvedangminnaunalise lawssuiludenidnyuie 1inany

v
=

9 an [ = o @ @ a wuAa a @ 1
!,"llWGI,GDLLQZ’LTWIITiﬂﬂTJ‘ﬁEluﬂTiﬂ'é]\1ﬂlﬂ"i‘i’E')fnﬁ]ﬂIaW$WHﬂ1uﬂT5ﬂ§]U@]\ﬂuﬂi\i Tamwuﬂ‘wag



15

4 1 J 4 1 Y
TuuFmuduenninazdiwansznuaonmuninve udmudowdicsedumaiiionn:

mldnedlymeasdunadoutazgunmluszezen

M13197 2.2 #aNTENUVDA lansminaonIzuIUMINAAFILUE (Dalton et al., 2004)

% J LY d
Tanzwiin HansyNUAeNISNANTMUANaz ARV 9T IUA
o < 1 1 a 4
CRERAY Tagina Tazsaudn I lwdiayu lilinansgnuaenszuiumswanduua
= J a @
Taslion aanuKilave s uFiuudivad dwisnangugivednisingll

[~ Y A 4 = 1

1Wu C,S D1UNINNINT0YAT 3 Lla$11N'ﬁﬂi31/]1Jﬁ’f)ﬂ')"lﬂJﬁ"l§J13ﬂcluﬂ1§LW"l
a Aaan 1 [V 1< A dy Y A

LLaZﬂTiLﬂﬂﬂaﬂﬁﬂ?ﬂ]ﬂﬂﬁﬁuﬂﬁgﬂﬂﬂﬁaﬂclumﬂﬂuu!,Wll‘Uu IﬂﬂmW”lZﬂ']lJ

a J o ' s < ¢
YsmmTanzge Gooaz 2.5-5 Tagiiwiin) wnn lugmudlesanaud

dgl 1o @ J A A o J
NBIAULAN Waﬂi%“ﬂﬂﬂlu@gﬂﬂﬂTiﬁ]ﬂzﬂ (ﬂ@ﬂllclfﬂ NAD ‘Viiﬂ“]falh\lﬂ)

Az WhuTanzmiinszmeld annsaazauludiayulaelinelWinananszny

Siilsinantosnii 70 daunedudiu

v o

[ o A Y { o Y (2
son WuTangminfiszmeladie daunsavgassnunniansunasla Usum

=~ [~ o Y a J a = Y
iouantiesmmnsaiiliinanansznudemsnaafuduud 1d

dans @ mstaglfiuandrstusnmsam ldifanansznuiivandieiu YSunad
iuRu T wananunguveulinyunazasnwansalunsua
UwansznuaeANNATa lumsw tazlfnservesdiulszneuvdn
Slulﬁﬂﬂ,ugﬁwﬁu Tagmwizoilsualanzge (Sovaz 2.5-5 Tﬂm{mﬁ’ﬂ)

' ~ s %
mnnNlusgmualesataua

= A A qa A d? <
TUUINYY LN@M‘]J':T?JW&ILW?JGUHG!,HWHLW1 %ZaﬂﬂQWMWj‘uﬂlﬂQLNﬂﬂuu!Lazﬁﬂ

ANNE T IUMIUA

v o 4 YR Y] = 4 4

giiesarl uwsea (2548) lddanyianiuninveslavzninluGmudimaan

J v 1 Il ' < ~ J oa.ll
wunlanemindulugazeglugdasdsznovvounanuazuusmiiaoon loa uonviniu
o ' = J aa s A ' ; 1
daonveglugilvesasiszneunuifsusenled uazFanouoen lud oo 1gUugIUUNUIN
v A 9 o A [ A 4%’ 4 A (a o w
Targriinins a9 19RU B NTANUAWS SRVINTY WBTAINTUT MUV INDIAIGINIA

[ [ o A 4 JAA (a = = o v w S
TUUINDAVSATAN Gl;u"Ufl!3T]N@5@]157]3J1J51J'|ﬂ!61|@Q!lUliﬂuilag']']lu&ﬂEljJiZNﬂ'IaQiULli\i ANUAI

£ g
FIVUAIY



16

o 4 A a [ @ = Aa A 9 o Y <3
WNTAU IAIBIYNA (2548) WU dang@uaziiia lai 1w avesi) e
A 3 1 ] { 1 <
131404 aluminite #50 C,A 1inAuodFaY Tuvuz i Iasdon lddwaliilauesifudia
A =) dy [ a a A
Tuzi)veq alite ¥50 C,S 1ag belite 50 C,S aAad uennHuUdInumssznovvestininan

F4
a K

] < <
eyl lulavea]ulia Ae MgNio, uazaisisznevvedlasiionluavosifuiiia
A Y
A9 CaZn AY

1 < o q’/} aaa
Bishop et al.,(2003) Wu31 a1 uld 1dvesTanz Tunmsdudal§nsen
o 4
laasFuvesduuas 3 g‘ﬂuuu A9 Calcium Complexation, Surface Adsorption L1 Protective
Coating/Osmotic Bursting U150 1UsZUUA181A0I904 Ca,SiO; 11ag Ca,Si0, ANNTNTUUD
=~ < @Y o w Y a
uaatseylumsazareduilasediaglunmsanaznouves C-S-H a1un lavzaiuisamna

. [ = 1 a Aaaa @ 1 Y a [ I

Complexation AvuaatFonluszrinamanalgnserlamssu szneliifanisvagihily

{ [l :j o a <
msilszneun luazarsir i lduaadenluaisazalvanas mMsna C-S-H Naziiosad laae

'
1A =) o

{ a J v v v ' J v 3
uuud 2 Ae Tanzezqadaasghiivesduud Kilddauemsdudasenineduuanuii
[ 3 =2 o o oa/l aaa o 9 A a dAa IS J Ig'
aniuduilumsdvgalgnselawssu upugeie fe Tanzez lilimzAanmvesduduai

=< 1 9 o Aaaa Y Y £ o 1 I~ @ 1 o Y
amsagurindr linlgaso ladndesdedaiuiudivmiag drldssezinainis

algasen lawmsuilul 139

T [ 2 l:‘ I %
2.3 ﬂ15ﬁﬁﬂ!!61|\‘]ﬂ1ﬂmﬂﬂ!ﬁﬂﬂ!ﬂu@uﬂi1ﬂ
231 mstviaenda (Solidification)
' < ' = o w A v A A o
fnﬁWaﬂlﬁlﬂiu!mﬂlﬂﬂ!ﬂﬂiuiﬂﬂﬂ1§U1UﬂﬂlﬂQ!ﬁﬂﬂu@51ﬂ A9 NIZUIUNTITINUI
A W A o w Y o o Y < Yo K a
ﬂ’lﬂsUfJ\i!ﬁﬂflu@5'lEﬂflW’luﬂ’li‘ﬂTU@l!ﬂ'31!’]11’]‘1/]’]114@@11!11]%@\1!;&61]\1 Iﬂﬂi%@]ﬁﬂ@ﬂigﬁ'lu%u@
' A g =< a 1 3 an aa o =
a1 9 edumsaseasnumaniulaedsnsdlanduaziall Jong, 1990)
1 < ] Y o o w
ﬂ’liwa'ﬁ]um{liull\i"ua\‘lﬂ'ﬁfl]ﬂﬂ’liﬁ’liauﬁﬁ'lﬂ ﬁ@ ﬂjgﬂquﬂ'ﬁﬂ’lﬂﬂﬂ’lﬂﬂl@%aﬂ
@ £ A o v 3 A v A A dy Aa A Y
BUATIY BIDDNUUUNUNDWAUINITNNNUVDUTIDUATIY HIDIWOAANUNNINTITDUATIYIE

Fudaduaunadou (Wiles, 1990)



17

[ < [ A d! v Aad =\ d’ d'
MIHaNYd1ULdYD9 U.S.EPA A9 NTZUIUMITFI0IFeITNIUnTNeNzan
AMIIAADUNVDIATOUATIY (Davis and David, 1991)
] os/‘ 1 <3 1 o [ e
U MTUADUAUIAD NTLUIUNTNINAVDUTIOUATIINHIUNTLUIUNIT
o W ) o Y [ Yo K a ] £ g =< Y]
ifauaiuiivedlugiveands Taglealrgailszauriani q Fuilumsasaaisouasie
1 3 am ara 4 = d‘ d' d’ [ ] Y a v @ A
waniuTae s neilanduaziall iiisaansiaasunvosasouaste luldinansduianse
lQ‘ 9 é U Y a 1Y 1 Ql AaAa Q' 9 J = [ d‘
2ONFAUNIANDY Faazne ldnaduas1enodaldIatazduadoune 11 voudeduasien
o 1 3 Y Y ] 3’ T Y Aaaa =\ A = [l
musodnviaonde ladea luazaieiin ”lmm"lmaﬂgﬂsmmu nagiiognasvogly
1 I~ [] 1
Tassadwvestourasudawd lueusosuriuesnunmeuon'ld
7 ' IS A A I A o A
Ya13z@aAveIMINaonUINe tiipaAA NN UNBYDIAIT AAdAIINITAADY
' Y [
AIUDIAITOUATIO AABATINITAZAIY N1TFLAZAWAITOUATIDONGAUIAGON TINNUND
A I~ 1 @ o = 091 2 A o o dy
MUANULAANTI ATSVUTION tazaansFuiivesvesudaneziinlidenay venaniing

1 3 o J 49' Aa A A o v w A 4 IS A =
vaoudduiumsaanuniINveuTedUAaN VA ULINA 0N Lﬂuﬂﬁaﬂjﬁlﬂ1ﬁ‘]ﬂﬂlﬁlﬂlﬁﬂﬂ$

= Y a aa Y
ﬂﬁgﬂ']ﬂ/(;fﬁ\uljﬂa@u (Wﬂu&l slgllll\jﬂa ae gIunNIInNn Wnﬂiggi, 2539)

232 madamsvaeudamnUeuaEsuns e (Pojasek, 1930)
1) Cement-Based Techniques

=<

7 g g Yt 73 o = S
Humsnasudamnaznounlgsmualudvalszau Wunszuiumsnia
= A A A wa S ' [ A A~
NNVOILTINIUAN IWOLHNADANTANINNENINLAZIANYDINITHADUTI TUNY TN
vAa 1 9 9 ] v A s A =) J o [
AauautindesTeary 15y 1d1aee G100 NANIINAVFTINUA 1Y UFWUATY T
[ g} 1 a Aaan @ & I Aaaa { 1
Yox Taarmmaunuitazne inadgnserlaasdu suiulgnsernldaudounazia
=} o Y v A 1 1 l =] A 4 ~ 1
feage M ld Tanzminiegludiunavedlugdvesleasonladniomaonisueian b
é" a 9 ] =2 a d' 9 aaa o
azaeiwosuved Tanzernd luimzegluTaswanvewanaai Idanlgase laassuves
d a % 1 M '
Fud 1uansdsznouFidoudgiiinanonissidu Taslaamssuiuvesaisazaredn
dy 9 1 I 1 < a ~ J A A (] 1
luiledpuriaonds 0613 1snauasouNTduFiaNogluNINAZNBUAINITOUNTNAD
' < 9y o 3 1w A A o Y < 1 A
nszuaumMsnaondeld Taoag ldudaimsnedmsamamsuinildanuuianas wu indo
o A g’ 9 =} [ = ) z dy 1
yod Tarzminhazaei laveamila denzd nouas uazazn saunsasdwdlou iwu
Y
a 4 a a o a S o o [
d15oun3d Taau aumiernyia Wuaungliinanisuida 1dd dsvarsduilou
ouq tazasnUaNazdearzaNInmasUeuNIAN lnaind1 M liuseserninueudeny
=~ AL o A (Y d? a a o ] 9 [ 3
YuBwuasoudiaanso lumaduee MsanasNAEDNA9 30Uy NS oudansuIm

A ] c?/’ A <3 [ 1 <3
Llagﬂ']ﬁ!WiJﬂ')”liJﬁgl}']uV]"IUﬂ'lﬁcﬁNW'I‘L! ﬁ'JilVNLWMﬂ'J'lllLL‘UQLLiﬂﬁlﬁ}ﬂUﬁjﬂl‘lﬁaﬂllmﬂaﬂ



18

Y A A o o w 9 as dy 9 1 =
aremnveudeiannsniumhliadie3imsil Taun iy Tave voudooin sy lany
M =l 9 9 = s A
uagrasuazn vouden lssnunendon id1nmurninveude son lyaideuanin
PR A 4 o v &
azaz ladMidounanIm MNAzNeu 159IURAAB IS HAZNINAZNDUIINIATOINIANY
2) Lime-Based Techniques
[ ! & o o
Wumsldjurmauninaznouveudeiwiloudie Tanzniin na'lnmsii

v ] 9 9
Tiaeduumsnlaougdlanzdasuiiulans loason ladi liazareh slsaunsaaziiuves

'
(% A o A

L . - 2
deMiunsa’ld uenanmsduurnlagaswds Jagounawisoldunuyuu 1anedadl

q

wvAa o Aaaa ] 1 4
auaviiauazna lnlumsinlgnserlndifesiuldun idase vazidmnmawmndwud msly

o A= g o Y y I o
Jaatvulumsiueweudeninaumnauinldlse Toni ladnnianils JBmsthidunms 14
Yurnmmaumnazneuveuds Iagervmuaswauildiulsznouvessan rudiasenio
v A = a o - 'y < Ay .
nay iWerlFeueunun15Hasud9a18 Cement-Based WUI1ADULY N 1ADIN Lime-
9}3’ =2 Y 1 = o 1Y 9y 9 '
Based gouTihduru ladniwazlinnwawnsalumssuns soalddesni
3) Thermoplastic Techniques
I~ 1 3 Aq Y a o A ~ Aan Y]
Wumsnasutan 1y Dywu sy wie Tnaedau nawiunnazneuves

a 1

i@oNune o quuiganin 100 osruaaFod sz lddrunaunasuandinuninaznou

U

a

A ' ] = vy ' S X A wa 9 ' g Yt A w v
iweilavelnguungiianada ldnourdoudedediguantiaduniuaennuisulda Unainldy
Y] v W = 1 9 v a ad A a P
Aumnduiuasd luawnsaldnumsdunisniomseond ladnguus
4) Organic polymer Techniques
[ ' <3 o a = o Jd A A Ay
WumsnaoudaTasmaritasounsd luTumesanas ldluveudendoans
o Y v Y Y v o z 2 e 1 Aaan A Y a o 4
Mnned vawaudidunnivssauausalgnssunelinamssiudvea T Tumes
& a P 2 X o "o a o Y Y
nanetiu Indwoesoglugdueandedainnuruiniud veudsazgniv 1 Tulaseadig
a s a d?’ A Ao o Y @ Qddy I < A& 3 I Y
Tnawesinatu voudemhuniliaedalaedsiioneglugilveswvaniensveandn 14
as dy o Y] A A g a A [ o o a A dy 9
Mgtz dmsuveudenitluasounsd uaz lumnzaudmSuveudenuiloudae
4 1 & I % 1 Aan ] 3 1 1
Tanz ilosninTanzazaelaa lunsaun daldiudus wlfnser duinlanzuediudelign
[y a 4 1 [ [} 1 AaAan
1M uTaseadves Inawesunazaredusonunnudusalgnsen
5) Encapsulation Techniques

IS J [ o 9 Y o o <3| Y Y = Y
Lc]_luﬂﬂljﬂaﬂllsll\iiﬂfJ‘V”TViﬂ']ﬂﬁzﬂﬂuLLWQﬂUﬂu!ﬂ'Llﬂﬂuua:]lﬂaﬁ]llﬂ’]ﬂ

a P Ay Aa < s v Yo
ﬁ1ﬁiwalll'ﬂ§ ﬁwi‘ﬂfﬂﬂﬂﬂuuﬂ')'liﬂml\uﬁqmu‘ﬂ']u@E]u'] Llagﬁﬂ’lwujﬂﬁﬂuqﬂ@



19

6) Self- Cementing Techniques
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2(3Ca0.8i0,) + 6H,0 > 3Ca0.25i0,.3H,0 + 3Ca(OH),

W30 2C,S + 6H,0 > C,S,H, + 3Ca(OH), (2.1)

2(2Ca0.Si0,) + 4H,0 --> 3Ca0.28i0,.3H,0 + Ca(OH),

W30 2C,S +4H,0 > C,S,H, + Ca(OH), (2.2)
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3Ca0.AlL,0, + 6H20 ---> 3Ca0.AL0,.6H,0
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Hazardous Waste Number Contaminant Maximum conaentration (mg/L)
D004 Aesenic 5.00
D005 Barium 100.00
D006 Cadmium 1.00
D007 Chromium 5.00
D008 Lead 5.00
D009 Mercury 0.20
D010 Selenium 1.00
D011 Silver 5.00
D012 Eldrin 0.02
D013 Lindane 0.04
D014 Methoxchlor 10.00
D015 Toxaphen 0.50
D016 A\ e 10.00
D017 2,4,5-TP Silver 1.00

11 US. Environmental Protection Agency
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A oy v A (A Y 1 < A = Y
A15197 4.9 i nasunlasvesnounasuUsnFUMsNage U1z onuazLing

masnnvindey | masnnhmiinden | shwiianinlaeumnlag
GELEAR nageuin/asumlas mufguﬁ NOUNATOU - NOUAIUAN
(3ozay) waglag (3omaz) (3ozay)
OPC40S 12.14 3.41 8.73
OPC50S 19.37 7.16 12.21
OPC60S 32.68 8.33 2435
OPC10SF40S 7.10 3.90 3.20
OPC10SF50S 15.45 7.32 8.13
OPC10SF60S 22.80 10.90 11.90
OPC30FA40S 14.32 4.01 10.31
OPC30FA50S 20.70 8.43 12.27
OPC30FA60S 29.98 10.12 19.86
OPC20SZ40S 5.85 2.65 3.20
OPC20SZ50S 19.44 8.54 10.90
OPC20SZ60S 23.22 11.50 11.72
OPC30SZ40S 6.20 2.39 3.81
OPC30SZ50S 20.93 9.70 11.23
OPC30SZ60S 26.57 11.67 14.90
OPC40SZ40S 7.11 3.67 3.44
OPC40SZ50S 20.73 10.26 10.47
OPC40SZ60S 29.67 12.32 17.35
OPC20NZ40S 4.50 2.40 2.10
OPC20NZ50S 9.26 3.64 5.62
OPC20NZ60S 16.50 9.50 7.00
OPC30NZ40S 5.82 3.19 2.63
OPC30NZ50S 13.54 5.04 8.50
OPC30NZ60S 19.92 10.00 9.92
OPC40NZ40S 7.30 4.7 2.60
OPC40NZ50S 16.35 8.98 737
OPC40NZ60S 22.70 11.49 11.21
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13197 4.10 Usnaasuazdszansnmlumsaamsreazareinna luassyazals

YoafeuNaDIY
PSmnaanslavzviipluansyzazans, Naansw/ans
ot pH @szansmwlumsaamsvzazas, Seuaz)
21g 7 1M 21¢ 28 1M 21¢ 90

Plating sludge (S) 6.14 137.67 (00.00) 137.67 (00.00) 137.67 (00.00)
OPC40S 6.44 67.93 (50.66) 50.65 (63.21) 41.08 (70.16)
OPC50S 7.11 74.93 (45.57) 60.96 (55.72) 52.53 (61.84)
OPC60S 7.67 80.89 (41.24) 66.87 (51.43) 58.19 (57.73)
OPC10SF40S 7.60 46.63 (66.13) 22.66 (83.54) 10.61 (92.29)
OPC10SF50S 7.87 47.58 (65.44) 24.87 (81.94) 12.47 (90.94)
OPC10SF60S 7.81 52.50 (61.87) 31.36 (77.22) 18.30 (86.71)
OPC30FA40S 9.77 47.17 (65.74) 24.61 (82.13) 11.51 (91.64)
OPC30FAS50S 8.80 48.37 (64.86) 26.12 (81.03) 13.86 (89.93)
OPC30FA60S 8.50 55.78 (59.48) 35.31 (74.35) 23.98 (82.58)
OPC20SZ40S 7.60 46.64 (66.13) 22.66 (83.54) 10.61 (92.29)
OPC20SZ50S 7.87 47.59 (65.43) 24.88 (81.93) 12.47 (90.94)
OPC20SZ60S 7.81 52.49 (61.87) 31.37(77.22) 18.33 (86.68)
OPC30SZ40S 8.21 46.93 (65.91) 22.35(83.77) 10.38 (92.46)
OPC30SZ50S 8.15 47.86 (65.24) 23.89 (82.64) 12.75 (90.74)
OPC30SZ60S 8.10 52.85(61.61) 33.28 (75.83) 22.97 (83.32)
OPC40SZ40S 9.77 47.17 (65.74) 24.61 (82.13) 11.52 (91.64)
OPC40SZ50S 8.8 48.39 (64.85) 26.13 (81.02) 13.87 (89.93)
OPC40SZ60S 8.5 55.78 (59.48) 35.32 (74.35) 23.99 (82.58)
OPC20NZ40S | 11.35 35.13 (74.48) 10.05 (92.70) 4.49 (96.74)
OPC20NZ50S | 11.22 35.57 (74.16) 10.22 (92.58) 472 (96.57)
OPC20NZ60S | 11.14 37.01 (73.12) 11.84 (91.40) 6.39 (95.36)
OPC30NZ40S 11.21 32.86 (76.13) 7.36 (94.65) 1.58 (98.85)
OPC30NZ508S 11.09 32.99 (76.03) 7.98 (94.20) 2.23(98.38)
OPC30NZ60S 11.02 33.34 (75.78) 8.24 (94.01) 2.51(98.18)




119

13197 4.10 Usnaasuazdszansnmlumsaamsreazareinna luassyazals

Y ! < 1
YDINDUNADLUY (91D)

PSmnaanslavzviipluansyzazans, Naansw/ans
feea pH @szansmnlumsaamsvzazais, Seuaz)
21g 7 1M 21¢ 28 1M 21¢ 90
OPC40NZ408S 11.18 37.55(72.72) 12.62 (90.84) 7.20 (94.77)
OPC40NZ50S 10.79 37.81 (72.54) 13.26 (90.37) 7.82 (94.32)
OPC40NZ60S 9.71 38.02 (72.38) 13.40 (90.26) 8.09 (94.13)
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15197 4.11 Usmaasuazdszansnmlumsaamsszazatensuad lua1sseazalsvod

Aounasuia
PSnaenslanzviinluansyzazaiy, Naansw/ans
LELIAN pH @szansmmlumsaamsyzazae, %)
91g 7 I 1g 28 21¢ 90 M

Plating sludge (S) 6.14 74.82 (00.00) 74.82 (00.00) 74.82 (00.00)
OPC40S 6.44 38.04 (49.16) 28.71 (61.63) 23.63 (68.42)
OPC50S 7.11 39.88 (46.70) 31.07 (58.47) 26.26 (64.90)
OPC60S 7.67 42.61 (43.05) 34.63 (53.71) 30.08 (59.80)
OPC10SF40S 7.6 24.68 (67.01) 12.49 (83.30) 5.63 (92.48)
OPC10SF50S 7.87 25.88 (65.41) 14.33 (80.85) 7.67 (89.75)
OPC10SF60S 7.81 28.41 (62.03) 17.49(76.63) 11.18 (85.06)
OPC30FA40S 9.77 22.39 (70.08) 9.07 (87.87) 1.83 (97.55)
OPC30FAS50S 8.8 24.23 (67.62) 12.13 (83.79) 5.11(93.17)
OPC30FA60S 8.5 32.81 (56.16) 22.43 (70.02) 17.05 (77.22)
OPC20SZ40S 7.6 24.68 (67.01) 12.49 (83.31) 5.64 (92.46)
OPC20SZ50S 7.87 25.88 (65.41) 14.33 (80.84) 7.67 (89.74)
OPC20SZ60S 7.81 28.41 (62.03) 17.49 (76.62) 11.18 (85.05)
OPC30SZ40S 8.21 25.17 (66.36) 7.78 (89.60) 5.71 (92.37)
OPC30SZ50S 8.15 25.86 (65.44) 10.87 (85.47) 6.73 (90.98)
OPC30SZ60S 8.1 28.54 (61.86) 21.39 (71.41) 16.52 (77.92)




13197 4.11 Usmnamsuazdszansnmlumsaamsreazatenoauad luassyazale

Y ! < 1
YDINDUNADLUY (91D)
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) U a A v a2
ﬂsmmmﬂamﬁun‘lumwzazmﬂ, yaanIN/ang

A30813 pH @szansmwlumsaanmsyzazaie, Segaz)
91g 7 I 1g 28 21¢ 90 M
OPC40SZ40S 9.77 22.39(70.07) 9.08 (87.86) 6.33 (91.55)
OPC40SZ50S 8.8 24.23 (67.62) 12.12 (83.80) 7.38 (90.14)
OPC40SZ60S 8.5 32.81 (56.15) 22.44 (70.02) 17.04 (77.22)
OPC20NZ40S 11.35 19.53 (73.90) 6.23 (91.67) 4.82 (93.56)
OPC20NZ50S 11.22 19.76 (73.59) 6.42 (91.42) 4.95(93.38)
OPC20NZ60S 11.14 20.09 (73.15) 6.49 (91.33) 5.04(93.27)
OPC30NZ40S 11.21 17.05 (77.22) 3.80 (94.92) 2.21(97.04)
OPC30NZ50S 11.09 18.06 (75.87) 4.41(94.10) 2.84(96.21)
OPC30NZ60S 11.02 18.91 (74.73) 4.55(93.92) 2.95 (96.06)
OPC40NZ40S 11.18 20.30 (72.88) 6.66 (91.10) 5.21(93.04)
OPC40NZ508 10.79 20.52 (72.57) 7.25(90.31) 5.87 (92.15)
OPC40NZ60S 9.71 20.64 (72.42) 7.37(90.15) 5.91(92.10)
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13197 4.12 Usnaasuazdszansnmlumsaamsyeazatedanzd luasyrazaisved

Aounasuia
PSnaenslanzviinluansyzazaiy, Naansw/ans
feea pH @szansmnlumsaamsvzazats, Seeay)

91g 7 I 21 28 21¢ 90 M
Plating sludge (S) 6.14 63.12(00.00) 63.12 (00.00) 63.12 (00.00)
OPC40S 6.44 27.97 (55.68) 19.96 (68.37) 15.61 (75.28)
OPC50S 7.11 32.21 (48.97) 24.50 (61.18) 20.59 (67.38)
OPC60S 7.67 32.60 (48.35) 25.14 (60.17) 20.92 (66.85)
OPC10SF40S 7.6 19.81 (68.62) 8.55 (86.45) 2.88 (95.43)
OPC10SF50S 7.87 19.93 (68.42) 9.00 (85.75) 3.01(95.23)
OPC10SF60S 7.81 20.81 (67.04) 9.70 (84.64) 431(93.18)
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15197 4.12 Usnaasuazdszansnmlumsaamsyeazatedanyd luaissyazale

Y ! < 1
YDINDUNADLUY (91D)

PSnaanslanzviinluansyzazans, Naansw/ans
Mot pH @szansmulumsaamsvzazals, Seuaz)
21g 7 I 21¢g 28 1M 21¢ 90 I
OPC30FA40S 9.77 20.12 (68.12) 9.95 (84.24) 4.12(93.47)
OPC30FA50S 8.8 21.51(65.92) 11.29 (82.12) 5.47 (91.33)
OPC30FA60S 8.5 23.07 (63.45) 12.91 (79.54) 7.21 (88.58)
OPC20SZ40S 7.6 19.51 (69.09) 8.56 (86.44) 2.89(95.42)
OPC20SZ50S 7.87 19.93 (68.42) 9.13 (85.54) 3.02 (95.22)
OPC20SZ60S 7.81 20.80 (67.04) 9.71 (84.62) 4.31(93.18)
OPC30SZ40S 8.21 19.95 (68.40) 8.92 (85.87) 3.59 (94.31)
OPC30SZ50S 8.15 20.07 (68.21) 10.24 (83.77) 4.96 (92.14)
OPC30SZ60S 8.1 20.99 (66.75) 11.91 (81.13) 6.70 (89.38)
OPC40SZ40S 9.77 20.12 (68.12) 9.95 (84.24) 4.12(93.47)
OPC40SZ508S 8.8 21.51(65.92) 11.29 (82.12) 5.48 (91.32)
OPC40SZ60S 8.5 23.07 (63.45) 12.91 (79.54) 7.22 (88.57)
OPC20NZ40S 11.35 15.19 (75.93) 3.57 (94.34) 2.32(96.32)
OPC20NZ50S 11.22 15.46 (75.50) 3.72 (94.11) 2.43 (96.15)
OPC20NZ60S 11.14 15.98 (74.68) 4.53 (92.83) 3.28 (94.80)
OPC30NZ40S 11.21 12.93 (79.51) 1.14 (98.19) 0.77 (98.77)
OPC30NZ50S 11.09 13.41 (78.76) 1.30 (97.95) 1.04 (98.35)
OPC30NZ60S 11.02 15.19 (75.94) 3.88 (93.85) 2.58 (95.92)
OPC40NZ40S 11.18 15.17 (75.97) 3.64 (94.24) 2.38 (96.24)
OPC40NZ50S 10.79 15.63 (75.25) 3.78 (94.01) 2.53(95.99)
OPC40NZ60S 9.71 17.35 (72.52) 6.27 (90.07) 5.06 (91.98)
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15197 4.13 Usamsuazdszansnmmlumsaamsyzazate lasiioy Tuaisyzazaioved

Aounasuia
PSnaanslavzviinluansyzazans, Naansw/ans
feea pH @szansmulumsaamsvzazals, Seuaz)
21g 7 1M 1¢g 28 21¢ 90
Plating sludge (S) 6.14 0.840 (00.00) 0.840 (00.00) 0.840 (00.00)
OPC40S 6.44 0.29 (65.00) 0.15 (81.79) 0.07 (91.07)
OPC50S 7.11 0.32(61.67) 0.18 (78.10) 0.08 (90.36)
OPC60S 7.67 0.33 (61.19) 0.19 (77.74) 0.09 (88.93)
OPC10SF40S 7.6 0.17 (79.29) 0.01 (98.69) 0.00 (100.00)
OPC10SF50S 7.87 0.18 (78.33) 0.01 (98.33) 0.00 (100.00)
OPC10SF60S 7.81 0.19 (77.74) 0.02 (97.50) 0.00 (100.00)
OPC30FA40S 9.77 0.17 (79.29) 0.02 (98.10) 0.00 (100.00)
OPC30FAS0S 8.8 0.18 (79.05) 0.02 (97.50) 0.00 (100.00)
OPC30FA60S 8.5 0.18 (78.93) 0.02 (97.26) 0.00 (100.00)
OPC20SZ40S 7.6 0.18 (79.17) 0.01 (98.81) 0.00 (100.00)
OPC20SZ508S 7.87 0.18 (78.33) 0.02 (98.21) 0.00 (100.00)
OPC20SZ60S 7.81 0.19 (77.74) 0.02 (97.62) 0.00 (100.00)
OPC30SZ740S 8.21 0.18 (79.17) 0.01 (98.69) 0.00 (100.00)
OPC30SZ508S 8.15 0.19 (77.98) 0.01 (98.57) 0.00 (100.00)
OPC30SZ60S 8.1 0.19 (77.62) 0.01 (98.33) 0.00 (100.00)
OPC40SZ40S 9.77 0.17 (79.76) 0.01 (98.57) 0.00 (100.00)
OPC40SZ50S 8.8 0.17 (79.64) 0.02 (98.21) 0.00 (100.00)
OPC40SZ60S 8.5 0.17 (79.40) 0.02 (97.98) 0.00 (100.00)
OPC20NZ40S | 11.35 0.16 (80.95) 0.00 (100.00) 0.00 (100.00)
OPC20NZ50S | 11.22 0.16 (80.60) 0.00 (100.00) 0.00 (100.00)
OPC20NZ60S | 11.14 0.17 (79.40) 0.00 (100.00) 0.00 (100.00)
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13197 4.13 Usnamsuazdszansamlumsaamsszazaie Iasiiey luaisryeazaie

Y ! < 1
YDINDUNADLUY (91D)

USnaenslavzrvinluansyzazay, Naansu/ans
feea pH @szansmnlumsaamsvzazais, Seuaz)

91g 7 I 21¢g 28 1M 21¢ 90
OPC30NZ40S 11.21 0.13 (84.29) 0.00 (100.00) 0.00 (100.00)
OPC30NZ50S 11.09 0.13 (84.05) 0.00 (100.00) 0.00 (100.00)
OPC30NZ60S 11.02 0.14 (83.57) 0.00 (100.00) 0.00 (100.00)
OPC40NZ40S 11.18 0.16 (80.71) 0.00 (100.00) 0.00 (100.00)
OPC40NZ50S 10.79 0.16 (80.48) 0.00 (100.00) 0.00 (100.00)
OPC40NZ60S 9.71 0.17 (80.24) 0.00 (100.00) 0.00 (100.00)
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¥razareoonuule Iasedd1edanigniiate uag Serclerat et al. (1999) WU Iasiisuign
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L pH szmznmfasaz e duiaiudouridonds W)
CPLITN 2
Buau | 1 3 7 14 | 21 | 28 | 35 | 42

OPC40S 30 | 473 | 478 | 485 | 497 | 461 | 465 | 459 | 441

OPC50S 30 | 468 | 473 | 479 | 492 | 440 | 450 | 451 | 4.37

OPC60S 30 | 463 | 468 | 473 | 486 | 433 | 443 | 448 | 4.10
OPC10SF40S 3.0 | 456 | 4.68 | 470 | 485 | 450 | 4.46 | 438 | 4.32
OPC10SF50S 3.0 | 451 | 463 | 465 | 480 | 440 | 442 | 450 | 4.28
OPC10SF60S 3.0 | 447 | 460 | 464 | 476 | 436 | 438 | 446 | 424
OPC30FA40S 3.0 439 | 451 | 460 | 475 | 428 | 429 | 4.37 4.16
OPC30FAS50S 3.0 437 | 448 | 458 | 473 | 425 | 427 | 4.35 4.14
OPC30FA60S 3.0 432 | 444 | 453 | 473 | 421 | 423 | 4.31 4.10
OPC30SZ40S 3.0 430 | 442 | 451 | 470 | 4.19 | 421 | 429 4.19
OPC30SZ50S 3.0 4.28 440 | 449 | 468 | 4.17 | 4.19 | 4.26 4.17
OPC30SZ60S 3.0 4.25 446 | 460 | 473 | 421 | 426 | 4.32 4.15
OPC30NZ40S 3.0 | 441 | 463 | 477 | 491 | 437 | 442 | 449 | 431
OPC30NZ50S 3.0 | 438 | 460 | 474 | 488 | 434 | 439 | 446 | 4.28
OPC30NZ60S 30 | 434 | 456 | 469 | 483 | 430 | 435 | 442 | 424
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1015199 4.14 nuNensazargnsaesdannyiuaisszazareiial pH
A v o v o ' 2 & o 2 g
Fudu 30nasnndudAddouraouduiluar 190 A1 pHvosd1sazategawilu
4 &) o ' 3 o
sz 4.25-4. 731109910 laason lod lossuainuaaenlsason lod ludounaouiadall
1 A Aan 1 <3 o [
ANUTUTULIN TIaLAYLALUNTDONIALINUAITADLTANDE195 152 M1 1% A1 pH Vo9
A 4 [ A ] 1l 4 [ ] I
msazatemuiuglugusnveosmsnageutaziiuoswaoiesluge 14 Sunsn i
Y 1
UYseua 4.70-4.97 a9t uAIpHYBIAsaz a8 M lasunaiedad o naeans
] ] Iy ] A v < Y] Y [
nAdoUAD0gIUTII4.15-4.41 A9910 42 TuveINIsNAdel uatloNounasuIIFNR Y
9y v
sazareninosdanuIuantaasenleasen leanazaionazuns 0o naZNUNTADLFA

o Y A (Y] a
naaasm liapHvesasazaeasunlaslusasinanas

M3190 4.15 ManuduTuazanvesilinaluasazarensaezFannzeziaInig

ANNTNTHAzaNVRdlarisHITDIHANS¥Eazae (Jaansu/ans)

f0eng
1 3 7 14 21 28 35 42

OPC40S 3.02 9.66 1546 | 21.03 | 28.18 | 3523 | 44.03 | 49.54

OPC50S 3.20 10.25 | 17.63 | 23.62 | 33.07 | 40.68 | 53.29 | 59.74

OPC60S 3.08 | 11.41 | 19.51 | 2536 | 3424 | 43.49 | 57.40 | 64.86
OPC10SF40S 097 | 3.70 | 625 | 887 | 11.89 | 1522 | 19.78 | 22.14
OPC10SF50S 1.06 | 399 | 6.87 | 9.48 | 13.36 | 16.83 | 21.72 | 2432
OPC10SF60S 136 | 513 | 872 | 1230 | 1697 | 21.21 | 2737 | 30.73
OPC30FA40S 1.05 | 4.00 | 695 | 9.60 | 13.05 | 16.57 | 21.54 | 24.11
OPC30FAS50S 124 | 469 | 811 | 11.03 | 14.78 | 18.32 | 23.09 | 25.86
OPC30FA60S 1.66 6.30 10.77 | 14.43 18.76 | 23.83 | 30.50 | 34.25
OPC30SZ40S 0.99 3.76 6.35 8.51 12.09 15.11 19.50 | 21.89
OPC30SZ50S 1.02 3.95 6.84 9.58 13.22 16.65 | 20.82 | 23.29
OPC30SZ60S 1.32 5.10 9.89 13.36 18.03 | 22.90 | 29.08 | 32.57
OPC30NZ40S 0.34 1.25 2.20 2.94 3.94 5.01 6.41 7.20
OPC30NZ50S 0.35 1.32 2.31 3.26 4.37 5.42 6.99 7.82
OPC30NZ60S 043 | 145 | 251 | 346 | 450 | 571 | 7.14 | 7.99
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v
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v 9
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Jui 42 anmduduazduvesininangnyzoenuiludisazaleminu49.54 59.74
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ANNTNTHAzANVRAAYiEHI NI MANS¥Eaza1 (NaansN/ans)

0819
1 3 7 14 21 28 35 42

OPC40S 1.71 5.48 8.76 11.92 15.97 19.96 | 2495 | 28.07

OPC50S 1.63 5.22 8.99 12.04 16.86 | 20.73 | 27.16 | 30.45

OPC60S 1.60 591 10.10 | 13.14 17.73 | 22.52 | 29.73 | 33.59
OPC10SF40S 0.54 | 2.04 | 344 | 489 | 655 | 839 | 1091 | 12.20
OPC10SF50S 0.61 | 230 | 396 | 546 | 7.70 | 9.70 | 12.51 | 14.01
OPC10SF60S 0.76 | 2.86 | 486 | 686 | 9.46 | 11.82 | 1525 | 17.13

OPC30FA40S 0.39 1.47 2.56 3.54 4.81 6.11 7.94 8.89
OPC30FAS50S 0.58 2.17 3.76 5.12 6.86 8.50 10.71 | 12.00

OPC30FA60S 1.05 4.00 6.84 9.17 11.92 | 15.14 | 1937 | 21.76

OPC30SZ40S 0.34 1.31 2.21 2.97 4.21 5.26 6.79 7.62
OPC30SZ508 0.47 1.81 3.13 4.38 6.04 7.62 9.52 10.65
OPC30SZ60S 0.86 3.32 6.43 8.68 11.72 | 14.89 | 18.91 | 21.18

OPC30NZ40S 0.17 0.64 1.13 1.52 2.03 2.58 3.30 3.71
OPC30NZ508S 0.20 0.73 1.28 1.80 2.41 2.99 3.86 4.32
OPC30NZ60S 0.24 0.80 1.38 1.91 2.48 3.15 3.93 4.40
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A15199 4.17 MANNNTUAEaUUeIdIn: d UaN1Taza18nTABLFANNILELIAIN

Y Y U a A v a
mmmmuazamaﬂamﬁun‘lum‘wzazmﬂ (HaanIn/ans)

PRI
1 3 7 14 21 28 35 42

OPC40S 119 | 381 | 6.09 | 829 | 11.11 | 13.88 | 17.35 | 19.52

OPC50S 129 | 412 | 7.09 | 949 | 1329 | 1635 | 21.42 | 24.01

OPC60S 117 | 433 | 741 | 9.63 | 13.01 | 1652 | 21.80 | 24.64
OPC10SF40S 0.37 1.41 2.39 3.39 4.55 5.82 7.56 8.46
OPCI10SF50S 0.38 1.43 2.46 3.40 4.79 6.04 7.79 8.72
OPC10SF60S 0.42 1.60 2.72 3.84 5.30 6.62 8.54 9.59

OPC30FA40S 0.42 1.61 2.81 3.87 5.27 6.69 8.70 9.73
OPC30FA50S 0.53 2.00 3.47 4.71 6.32 7.83 9.87 11.05
OPC30FA60S 0.61 2.32 3.97 5.32 6.92 8.78 11.24 | 12.63

OPC30SZ40S 0.40 1.50 2.54 3.40 4.83 6.03 7.78 8.74
OPC30SZ50S 0.44 1.69 2.92 4.08 5.64 7.10 8.88 9.93

OPC30S8Z60S 0.47 1.82 3.53 4.77 6.44 8.18 10.39 | 11.64

OPC30NZ40S 0.06 0.22 0.38 0.52 0.69 0.88 1.12 1.26
OPC30NZ50S 0.17 0.64 1.12 1.59 2.12 2.63 3.40 3.80
OPC30NZ60S 0.06 0.20 0.35 0.48 0.63 0.80 1.00 1.12
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A13199 4.18 MANNNTUAzaNUed InsdenluaTara1enIABLFANNIZEZIAIA 9

v Y U a A v a
ﬂ31N!ﬂlNﬂluﬁ$ﬁNﬂlﬁﬂiﬁ‘ﬁ$°ﬁ‘H ﬂ‘luﬁﬁﬁ‘l%ﬁ%i’l"lﬂ (HaanIn/ang)

CRLITN
1 3 7 14 21 28 35 42
OPC40S 0.01 | 003 | 005 | 006 | 008 | 010 | 0.13 | 0.15
OPC50S 0.0l | 003 | 005 | 007 | 010 | 012 | 016 | 0.18
OPC60S 0.0l | 003 | 005 | 007 | 009 | 012 | 016 | 0.18
OPC10SF40S 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
OPC10SF50S 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
OPC10SF60S 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02

OPC30FA40S 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
OPC30FA50S 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
OPC30FA60S 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01

OPC30SZ40S 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
OPC30SZ50S 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
OPC30SZ60S 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
OPC30NZ40S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OPC30NZ50S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OPC30NZ60S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

w) mivzazawlumsazarerunsaduniiey
A 1 o L= A 9
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M13197 4.19 ApHVBIATazaerunIadURT Iz NFNAT VAo ALY INTLIZIAING 9

o pH szgznaMasazawduranunourasude (3u)
Ao | L

Sudu | 1 | 2 | 3 | 4 | 5| 7 | 14|28 | 4
OPC40S 50 | 1120|1145 | 11.60 | 11.02 | 8.82 | 8.92 | 8.03 | 7.71 | 6.94
OPC50S 50 | 1109 | 11.33 | 11.46 | 10.89 | 8.71 | 8.82 | 7.93 | 7.62 | 6.86
OPC60S 50 |10.96 | 11.20 | 11.30 | 10.74 | 9.67 | 9.78 | 8.80 | 7.92 | 6.97

OPC10SF40S 5.0 10.90 | 11.00 | 11.20 | 10.64 | 9.58 | 9.69 | 8.72 | 7.85 | 7.06
OPC10SF50S 5.0 10.79 | 10.89 | 11.09 | 10.53 | 9.69 | 9.81 | 8.83 | 7.68 | 6.91
OPC10SF60S 5.0 10.70 | 10.80 | 11.00 | 10.45 | 9.20 | 9.31 | 838 | 7.29 | 6.56

OPC30FA40S 5.0 10.49 | 10.59 | 10.80 | 10.26 | 9.02 | 9.12 | 8.21 | 7.14 | 6.43
OPC30FA50S 5.0 10.43 | 10.54 | 10.75 | 10.21 | 8.97 | 9.08 | 8.17 | 7.11 | 6.40
OPC30FA60S 5.0 10.33 | 10.44 | 10.64 | 10.11 | 8.79 | 8.90 | 8.01 | 7.04 | 6.33

OPC30SZ40S 5.0 10.28 | 10.38 | 10.59 | 10.06 | 8.55 | 8.65 | 7.79 | 7.00 | 6.30
OPC30SZ50S 5.0 10.23 | 10.33 | 10.53 | 10.01 | 8.71 | 881 | 7.93 | 6.93 | 6.24

OPC30SZ60S 5.0 10.20 | 10.71 | 11.03 | 10.48 | 8.38 | 8.48 | 7.64 | 7.33 | 6.60

OPC30NZ40S 5.0 10.50 | 11.03 | 11.36 | 10.45 | 9.30 | 9.41 | 8.47 | 813 | 6.50
OPC30NZ50S 5.0 10.40 | 10.92 | 11.25 | 10.46 | 8.89 | 9.00 | 8.10 | 7.77 | 6.69

OPC30NZ60S 5.0 10.23 | 10.74 | 11.06 | 10.18 | 8.14 | 8.24 | 7.42 | 7.12 | 6.41
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oo ANNTNTHAzANVRA Atz I DI U S¥Eaza1y (NaansN/ans)
et
1 2 3 4 5 7 14 28 | 43

OPC40S 3.00 | 9.59 | 1534 | 20.86 | 27.95 | 34.94 | 43.67 | 49.13 | 50.85

OPC50S 3.14 | 10.04 | 17.27 | 23.14 | 32.40 | 39.85 | 52.20 | 58.52 | 60.57

OPC60S 3.02 | 11.17 | 19.11 | 24.84 | 33.54 | 42.59 | 56.22 | 63.53 | 65.75
OPC10SF40S 0.97 3.67 6.20 8.81 11.80 | 15.11 | 19.64 | 21.98 | 22.64
OPC10SF50S 1.04 3.90 6.71 9.25 13.05 | 16.44 | 21.21 | 23.75 | 24.46
OPC10SF60S 1.34 5.08 8.63 12.17 | 16.80 | 21.00 | 27.09 | 30.42 | 31.33
OPC30FA40S 1.03 391 6.81 940 | 12.78 | 16.23 | 21.10 | 23.62 | 24.42
OPC30FA50S 1.21 4.59 794 | 10.81 | 1448 | 17.95 | 22.62 | 25.34 | 26.20
OPC30FA60S 1.62 6.17 | 10.55 | 14.13 | 18.38 | 23.34 | 29.87 | 33.54 | 34.69
OPC30SZ40S | 097 | 3.68 | 622 | 834 | 11.84 | 14.80 | 19.10 | 21.45 | 22.20
OPC30SZ50S | 1.00 | 3.85 | 6.67 | 9.33 | 12.88 | 16.23 | 20.28 | 22.70 | 23.49
OPC30SZ60S | 1.29 | 5.00 | 9.70 | 13.10 | 17.68 | 22.45 | 28.52 | 31.94 | 33.06
OPC30NZ40S | 033 | 1.20 | 2.11 | 2.83 | 3.79 | 481 | 6.16 | 692 | 7.13
OPC30NZ50S | 034 | 128 | 224 | 3.16 | 424 | 525 | 6.77 | 7.58 | 7.81
OPC30NZ60S | 042 | 141 | 244 | 337 | 438 | 556 | 695 | 7.79 | 8.02
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A1519% 4.21 ﬂ?ﬂ??ﬂl%}ﬂaﬁuﬁgﬁ?J‘lJEN‘VIENLlﬂﬁaluﬁﬁliaga']mjuﬂﬁﬂﬁﬂlﬂi?%‘ﬁﬁizEJZL'JﬁW]N 9

Y Y U a A v a
mmmmuazamaﬂamﬁun‘lumwzazmﬂ (Maan3u/ans)

089

1 2 3 4 5 7 14 28 43
OPC40S 0.18 | 056 | 090 | 122 | 1.64 | 2.05 | 2.56 | 2.88 | 2.98
OPC50S 132 | 495 | 851 | 11.74 | 16.56 | 20.86 | 26.91 | 30.14 | 31.19
OPC60S 145 | 549 | 934 | 13.16 | 18.17 | 22.71 | 29.30 | 32.90 | 34.05

OPC10SF40S | 0.52 1.99 | 346 | 477 | 649 824 | 10.72 | 11.99 | 12.41
OPC10SF50S | 0.65 247 | 427 | 581 7.78 9.65 | 12.15 | 13.61 | 14.02
OPC10SF60S | 0.81 3.09 | 528 | 7.07 | 9.19 | 11.67 | 1494 | 16.78 | 17.28

OPC30FA40S | 0.39 1.46 | 247 | 332 | 4.71 5.89 7.59 8.53 8.78
OPC30FA50S | 0.51 1.95 | 338 | 473 | 6.53 823 | 1029 | 11.51 | 11.86
OPC30FA60S | 1.03 390 | 6.67 | 893 | 11.61 | 14.75 | 18.87 | 21.20 | 21.83

OPC30SZ40S 0.33 1.27 | 2.15 | 2.87 | 4.08 5.10 6.58 7.39 7.61
OPC30SZ50S 0.46 1.79 | 3.10 | 434 | 5098 7.54 942 | 10.54 | 10.90

OPC30SZ60S 0.83 320 | 6.20 | 838 | 11.31 | 14.36 | 18.24 | 2043 | 21.14

OPC30NZ40S | 0.17 0.64 | 1.12 | 1.50 | 2.01 2.56 3.27 3.68 3.79
OPC30NZ50S | 0.19 072 | 1.25 | 1.77 | 2.37 2.93 3.78 4.23 4.36

OPC30NZ60S | 0.24 0.80 | 1.38 | 1.91 2.48 3.15 3.93 4.40 4.54
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1 2 3 4 5 7 14 28 43
OPC40S 117 | 374 | 598 | 813 | 10.90 | 13.63 | 17.03 | 19.16 | 19.74
OPC50S 125 | 399 | 687 | 9.20 | 12.89 | 15.85 | 20.76 | 23.28 | 23.97
OPC60S 114 | 422 | 722 | 939 | 12.67 | 16.10 | 21.25 | 24.01 | 24.82

OPC10SF40S | 0.40 1.52 | 2.60 | 348 | 4.53 5.75 7.36 8.27 8.55
OPC10SF50S | 0.39 1.48 | 2.50 | 3.35 4.75 5.94 7.66 8.60 8.90
OPC10SF60S | 0.41 1.60 | 2.76 | 3.87 5.34 6.73 8.41 9.41 9.74

OPC30FA40S | 0.47 1.77 | 3.03 | 4.07 5.29 6.71 8.59 9.65 9.99
OPC30FA50S | 0.49 1.88 | 3.17 | 4.25 6.03 7.54 9.72 | 1092 | 11.30
OPC30FA60S | 0.54 2.08 | 3.60 | 5.04 6.96 877 | 10.96 | 12.26 | 12.63

OPC308Z40S | 0.39 147 | 249 | 3.33 4.73 5.91 7.63 8.56 8.82
OPC308Z50S | 0.44 1.68 | 2.91 4.08 5.62 7.09 8.86 991 | 10.21
OPC308Z60S | 0.47 1.81 3.50 | 4.73 6.38 &.11 10.29 | 11.53 | 11.93

OPC30NZ40S | 0.06 022 | 038 | 0.51 0.68 0.86 1.10 1.24 1.28
OPC30NZ50S | 0.17 0.64 1.11 1.57 2.10 2.61 3.36 3.76 3.88

OPC30NZ60S | 0.06 0.20 | 0.35 | 0.48 0.62 0.79 0.99 1.10 1.14
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A1519%N 4.23 Manudntuazauved lasienluasazaredunsadunsisinseoznaing 9
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0819
1 2 3 4 5 7 14 28 43

OPC40S 0.01 | 0.03 | 0.05 | 006 | 008 | 0.10 | 013 | 0.15 | 0.15

OPC50S 001 | 003 | 005 | 007 | 0.10 | 0.12 | 015 | 0.17 | 0.18

OPC60S 001 | 0.03 | 005 | 007 | 009 | 0.12 | 015 | 0.17 | 0.18
OPC10SF40S 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
OPC10SF50S 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
OPC10SF60S 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.02
OPC30FA40S | 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
OPC30FAS50S | 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
OPC30FA60S | 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
OPC308Z40S | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01
OPC308Z50S | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.01 | 001 | 0.01 | 0.01
OPC30SZ60S | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01
OPC30NZ40S | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
OPC30NZ50S | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
OPC30NZ60S | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
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M85 uN599a inamasTngg szanssmmsanamsvzazare (%)
(PR/Ba]) N luins) Ni Zn Cu Cr
5.9 147.7 74.4 78.1 70.0 93.8
10.0 128.6 76.1 79.5 77.9 95.8
11.4 115.4 78.1 82.2 79.8 96.8
11.8 52.6 77.8 83.7 80.4 99.4
12.0 60.4 76.4 82.1 79.0 99.3
13.3 142.2 76.2 80.7 74.6 96.0
14.1 103.0 77.2 82.7 76.6 97.3
28.4 123.4 79.2 82.6 76.3 97.8
43.2 49.5 81.0 83.5 87.9 99.3
44.9 58.4 82.6 84.1 87.6 99.4
50.2 74.4 81.9 84.6 83.3 98.2
61.1 49.0 82.1 84.2 83.8 99.4
74.1 63.3 83.7 85.8 85.5 99.4
126.8 112.7 83.5 86.4 80.8 98.8
137.9 74.0 83.5 86.4 80.9 98.8
265.1 140.4 86.4 89.1 87.1 100.0
3194 119.2 92.2 91.8 89.9 100.0
369.2 108.2 90.8 94.0 91.3 100.0
421.5 138.6 91.4 92.8 91.3 100.0
4253 118.7 94.0 96.2 93.9 100.0
500.3 107.5 92.7 94.3 94 .4 100.0
504.1 107.3 95.6 97.9 94.1 100.0
584.2 116.0 94.6 96.1 96.7 100.0
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1NA1519A 424 WoBIE VN8R vamasued TnsaazlszAntam
mﬁaﬂmﬁ%a:awﬁumﬁ’@uwa'awﬁqmﬂmmuiamﬁﬁ’ﬂﬁmq 28 u Hanuduius i
Lﬁ'@ﬁmamﬁuﬁuﬁﬁqﬂdnuﬁmﬁwﬁﬁ’wmﬁ?mawﬁmsnﬂaaﬂwuﬂm
(Multiple Regression Analysis) @11150014'14 2 nqu Ao Usz@nTainnisaanisvzazaly
fifa dned uaznoauas uazdlszAnsnmmsaamsszazatslasioy dail

) Uszansmnmsanmsvzazale Hina a9nsa LazNoaag

{ a 4 a A aa
G]’liNﬁ 4.25 ﬂ'li’c]l,ﬂi'lﬁ/iﬂ15ﬂ@1ﬂ’E'JEJ‘WV!ﬁ]mﬁllE]\‘I‘]Jig’d“Vl‘ﬁﬂW‘WﬂWiﬁﬂﬂWiﬂfzagﬁﬁlumﬁ

FINLF LATNDILAY

Adjusted | Std. Error of Change Statistics

Model R |R Square|R Square| the Estimate |R Square |F Chan Sig. FC

Change ge dfl | df2 | hange

1 0.767(a)l 0.588 0.578 6.93131 0.588 |55.747| 2 78 | 0.000

a Predictors: (Constant), X, X,
ﬁizﬁuﬁaﬁﬁm 0.01
Fuilss@nTanduiuinnga (Multiple R) iy 0.767
Uszansmnlumsiiug (R square) (110U 0.588
UszansamlunisshunefilSuud (Adjust R square) 19151 0.578

ANuAMANAoUNIATE I IUNTRIIUIe (Standard error) 11111 6.93131

{ 1w a v o a J aa @
A1519% 4.26 MANUTZANTANUFUNUTVOIAUMTAATIZHIMIOAD0UHING TN T Lag

NBILEN
Unstandardized Coeffic | Standardized
Model ients Coefficients . Sig.
B Std. Error Beta
1 (Constant) 86.702 2.537 34.180 0.000
X, 0.042 0.004 0.743 10.129 0.000
X, -0.099 0.022 -0.322 -4.390 0.000
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d‘ 1 [ z:; Yo [ A Y 9 A 1 o0 o w
1NA13 T 4.25 uaz 4.26 W awilsi Idsumsaa@enldidaunms fie Amidesy
@ J A s @ a = [ @ 4
153999 (X) uazmrvuiamas Inga (X) lasiardulssansavnduiusnyqga
(Multiple R) 11111 0.767 U5z @nFamlun138111e (R square) 19100 0.588 11 UAD AR5
133999 (X)) tazalvuiamag Ingg (X)) dawanolscdnininnisaanisszazails (L)
Aa I % a a o { [
Tasniwsauaatdudosay s780%eszdnsiainlunisiriurendiuudn
(Adjust R square) 1M 111U 0.578 HagA21uAAIAIAABUNIATFIUTUNITHIU Y
k4 v
(Standard error) (11111 6.93131 TudnbaiziluaAIAIMEITINIIGA (X,) tazAvIamag Ing

(X,) damadolszaninimmisaamsvzazals (L) InenmsaunsesauisdiAny 0.01 @110

E4
=

= < a 4 Y o
Wewduaumsainszvnmsonnoy ]‘lﬂﬂi

—
Il

86.702 + 0.042X, — 0.099X, (4.1)

Uszansmmmsaansyzazale (Fouaz)

A

f19

A o v w [ 4 ' [ Y 2
| f19 NANTULINDAUDINDUNADLUIDE 28 IU (NN./HN.")

A A Y 1 I

19 VUIARAY INTIVOINDUNADLUY (Lﬂiulll@ﬁ)

2) 1szantmnmsaansyzazaie Ingiley

A " w AN Yo v A Y 9 A
1NAN3199 4.27 wag 4.28 wu awtlsn lasumsaadenldiiiaunis As m
o (% [ [ 1 d' = | [ a Q’ [ 1Y) 4
NIAITUUIIA (X)) HazAvUIAIRAY TNT 9 (X)) Tasliardulssansanaunus
WA (Multiple R) 11151 0.643 sz@nFnimnlunisiiue (R square) 1111 0.413 11U A1
A1A9TULII0A (X) HazA1vuIamae Ingd (X,) aawadolsz@nininnisaan1ise

a I~ 9 a a o { [
azal1e (L) Jasansiuaaduiesas 3640%91szansonlunisiiurenisy
1147 (AdjustRsquare) LN 11U 0346 HASAITUAAIAIAADUNIATTIUIUNS

Y
N1 (Standard error) (NN 5.08533 TuanyaEHIAAINAINIAITULIION (X,) HAZAIVUIA

=

masInig (X) dinadodsz@ninaiwnisaanisyzazale (L) IaenInsiunssay

9
7 v A

9. Y <3| a J
gangy 0.01 ﬁ']ll'lﬁﬂl%ﬂulﬂuﬁmﬂWﬁ?Lﬂﬁ’]SWfniﬂﬂﬂﬂfl ulff{mu
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L = 105.093 +0.015X, — 0.097X, 4.2)
A = a A 9
4o L f19 Uszansmumsaamsszazaiy (3o802)
A o W w o Y 1 [ @ 2
. o NIANTULITIDAVIINDUNABLLUIDIE 28 TU (NN./H¥Y.7)
A = ¥ v a3
) f19 Gllu’lﬂlﬂaﬂIWﬁ\‘]ﬂlﬂ\?ﬂﬂUﬁaﬂll"lN (uﬂumﬁ‘i)

{ a 4 a a
GﬂiNﬁ 4.27 ﬂ15’JLﬂi'l$‘ﬂﬂﬁﬂﬂﬂ’(’]ﬂWHﬂmﬂJﬂﬂﬂigﬁﬂﬁﬂTWﬂﬁaﬂﬂﬁ"]%aZaWﬂTﬂiLﬁmJ

Adjusted R [Std. Error of| Change Statistics

Model R R Square Square |the EstimateR Square |F Chan Sig. FC

Change ge dfl | df2 | hange

1 0.643(a) | 0.413 0.364 5.08533 0.413 | 8.452 2| 24 0.002

a Predictors: (Constant), X, X,

[ v

sEAUNEdIATY 0.01

=D.

4 1 Q
dutlszandeanduiuswyga (Multiple R) 191710 0.643
Uszansnmlumsniiuie (R square) INAY 0.413
Uszansamlunmsiinenysundl (Adjust R square) (11 0.364

ANuANIANADUNIATIIU TN (Standard error) 11111 5.08533

§ 1w a v o a J
A1519% 4.28 MAUUszanFaNuFuNUSVeIaUMTIATIZHINMTonn0e lasiiowy

Unstandardized Coeffic | Standardized
Model ients Coefficients ) Sig.
B Std. Error Beta
1 (Constant) 105.093 3.223 32.603 0.000
X, 0.015 0.005 0.440 2.787 0.010
X, -0.097 0.029 -0.535 -3.388 0.002
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THE EFFECT OF ZEOLITE ON MICROSTRUCTURE OF BLENDED CEMENT PASTE
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ABSTRACT : This paper presents the effect of zeohte on mucrostmucture of bardened blended cement pasies. Synthesize
zeolite was used to partially replace Portland cement type [ at the rate of 0, 20, and 40% by weight of binder. The water to binder
ratio (W/B) of 0.35 was used for all the blended cement paste mixtures. XBD and DTA were used to mveshgate the pozzelanic
reaction of blended cement paste and fractured surface of blendad cement paste waz studied by SEM. The pore size distnibution of
blended cement paste was studied by MIP.

Test results indicated that the porzolanic reaction of blended cement paste was sipnificantly affected by the replacement of
zeolite. The Ca(OH), of blended cement paste decreazed with an increaze in zeolife content at the longer cunng. SEM results
revealed that the pastes with zeclite became denzer. The porosity and pore size of blendad cement paste was sipmaficantly affected by
the replacement of zeolite. The replacement of Portland cement by zeolite inereazed the total porozity but decreased the average pore
size of the paste. The large capillary porosity trended to decreased and medom capillary perosity increased as a result of the addiion
of zeolite.

KEYWORDS : Zeolite, Microstructore (XFD, TGA, SEM, ), Porosity (MIF), Blead coment paste
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LEACHING OF HEAVY METALS FROM THE SOLIDIFIED WASTES USING
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ABSTRACT : This research work investigated the property of solidified wastes using zeolite and ordmary Portland cement as
binder. Zeolite was used to partially replace ordinary Portland cement at the rate of 0, 20, and 40% by weight and the plating sludge
was used at the rate of 40, 50 and 60% by weight of binder. The water to binder (W/B) ratio of 0.40 was used for all the mixtures.
Compressive strength of solidified wastes were investigate. Morcover, leachability of heavy metals were determined by TCLP ; XRD
and XRF was used chemical property ; fractured surface was studied by SEM and the pore size distribution was studied by MIP.

Test results indicated that the compressive strength of all solidified wastes made with 40, 50 and 60% by weight of plating
sludge was decreased as compared to those samples without the wastes. TCLP results showed that concentration of heavy metals in
leachates weren't exceeded the limit specified by US.EPA. SEM and MIP results revealed that the solidified wastes became denser

and the replacement of Portland cement by zeolite increased the total porosity but decreased the average pore size.

KEYWORDS : Leaching, Heavy Metal, Solidified wastes, Zeolite
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LEACHING OF HEAVY METALS FROM THE SOLIDIFIED WASTES USING

ORDINARY PORTLAND CEMENT FLY ASH AND SILICA FUME AS BINDER
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ABSTRACT : This research investigated the properties of solidified wastes using fly ash, silica fume and ordinary
Portland cement as binder. Silica fume and fly ash were used to partially replace the ordinary Portland cement at the rate
of 10 % and 30% by weight respectively. The plating sludge was used at the rate of 40, 50 and 60% by weight of binder.
The water to binder (w/b) ratio of 0.40 was used for all mixtures. Compressive strength of solidified wastes was

investigated. Moreover, leachability of heavy metals was determined by TCLP; XRF were used for testing the chemical
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properties. Fractured surface was studied by SEM, and the pore size distribution was studied by MIP. Test results
indicated that the compressive strength of blended cement composites increased with increasing curing duration but at a
decreasing rate. Compressive strength of blended cement from which Portland cement was replaced by 10 wt.% of silica
fume gave higher strength than that replaced by fly ash. Compressive strength of all solidified wastes made with 40, 50
and 60 wt.% of plating sludge were dramatically decreased as compared to that without the waste. Quality of solidified
waste made with blended cement was better than that made with ordinary Portland cement. It was also observed that
concentrations of heavy metals in the leachates after contacting with all cement-based solid wastes did not exceed the
limit specified by US.EPA. SEM and MIP results revealed that the pore size of solidified wastes increased with

increasing plating sludge.

KEYWORDS : Leaching, Heavy Metal, Solidified wastes, Fly ash, Silica fume
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THE EFFECT OF ZEOLITE ON MICROSTRUCTURE OF BLENDED
CEMENT PASTE

CHUWIT NAPIA', THEERAWAT SINSIRI, PRINYA CHINDAPRASIRT’

ABSTRACT : This paper presents the effect of zeolite on microstructure of hardened blended
cement pastes. Synthesise zeolite was used to partially replace Portland cement type I at the rate of 0,
20, and 40% by weight of binder. The water to binder ratio (W/B) of 0.35 was used for all the blended
cement paste mixtures. XRD and DTA were used to investigate the pozzolanic reaction of blended
cement paste and fractured surface of blended cement paste was studied by SEM. The pore size
distribution of blended cement paste was studied by MIP.

Test results indicated that the pozzolanic reaction of blended cement paste was significantly affected
by the replacement of zeolite. The Ca(OH); of blended cement paste decreased with an increase in
zeolite content at the longer curing. SEM results revealed that the pastes with zeolite became denser.
The porosity and pore size of blended cement paste was significantly affected by the replacement of
zeolite. The replacement of Portland cement by zeolite increased the total porosity but decreased the
average pore size of the paste. The large capillary porosity trended to decreased and medium capillary
porosity increased as a result of the addition of zeolite.

KEYWORDS: Zeolite, Microstructure (XRD, TGA, SEM., ), Porosity (MIF), Blend cement paste

1. INTRODUCTION

Zeolite are crystalline alumimun-silicates, their structure is made up of a framework of 5i0, and A10,
tetrahedra linked to each other at the comers by sharing their oxygens. The tetrahedra make up a tree-
dimensional network, whith lots of voids and open spaces. It is these voids that define the many
special properties of zeolites, such as the adsorption of molecules in the huge internal channels.
Zeolite has a small size about 2-30 A*_ which make this zeolite an interesting molecular sieve and a
high-cation exchange material. Nowadays, zeolites to use is the components of detergent and use in
problem adaptation about way environment contamination, such as be formed absorb the air pollution ,
and use in dirty water cure , etc.

Besides , have the lead zeolite come to apply in the work of the concrete increases. Natural zeolite has
also been applied as mineral admixture for concrete production in China. It can prevent bleeding,
sepregation and delaminate of fresh concrete so as to make pumping process easier decrease
permeability of hardened concrete, enhance durability especially the resistance to alkali-aggrepate
reaction , increase concrete strength , pozzolanic materials, efc. [1, 2, 3, 4]

' Graduare Student, School af Civil Engineering, Suranaree University of Technology, Nakom Raichasima
J000x), Thailand

' Leciurer, of Civil Engineering, Suranaree University of Technology, Nakern Rarchasima 30000, Thailand.
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The researcher has studied the base property of the cement paste has mixed synthesized zeolite. There
15 the possibility will to use zeolite are pozzolanic mterials for use replace some part cement in
concrete work [5]. Thus in this present paper then have the education adds by present the effect of
zeolite on mucrostructure of hardened blended cement pastes, such as capacity porosity and pozzolanic
reaction. For msist that . zeolite have the be pozzolan has can to apply m concrete product.

1., THE EXPERIMENTAL INVESTIGATION

2.1 Materials

Materials used in this experiment consist of -

Portland cement : ordmary Portland cement type I was used ASTM C150
Zeolite : synthesized zeolite form Chonburee (use Ze)

Mixing water ° tap water was used.

2.2 Mix rafio

Synthesized zeolite was used to partially replace Portland cement type I at the rate of 0, 20, and
40 % by weight of binder A constant water to binder ratio (w/b) of 035 was used to control the
workability of pastes. The pastes were mixed in a mechanical mixer and the specimens were cast in 50
mm cube moulds. The fresh samples wee covered with plastic sheet to prevent water evaporation.
After casting 24 hours, the sample were removed form the mould and cured in saturated lime water.
The samples were tested at the ages of 28 day.

3. TEST PROGRAMIS

3.1 The praperties of cement and zeolite fesi.

3.1.1 Specific Gravity of Portland cement and zeolite by Le Chatelier Flask (ASTM C188).

3.1.2 Take photographs of Portland cement and zeolite by using a scanning electron microscope
(SEM).

3.1.3 Chemucal composition of Portland cement and zeolite by using X- Ray fluorescence.

3.1 4 Particle size analysis of Portland cement and zeolite by using Mastersizer.

3.2 The properties of pastes

The paste cube at the specified ages 28 days were broken into small fragments (about 10 x 10 mm).
The samples were cured in Acetone for 7 days to half hydration reaction. After that, the sample were
dried by oven at 80-100 °C for 30 minutes. The dried sample pastes were ground in a ball mill at speed
of 950 round/nunute for 2 munute and sieved through 100 mesh (150 Cm). The samples was testing by
XRD and TGA. DTA for analyze of Ca(OH),. The representative sample of 2x2 mm” were obtained to
characterize the distribution of pore size by MIP test and the samples were broken into 1x1x0.5 cm’
for SEM.

3.3 The symbol use the edncation

PC = Portland cement type I

ZE = Zeolite

PC100 = Portland cement type I paste

PZEx = Paste are replacement of zeolite at 20 % by weight of total binder

PZE40 = Paste are replacement of zeolite at 40 % by weight of total binder

EASEC-11 2
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4. RESULTS AND DISCUSSION

4.1 Properties of Materials

4.1.1 physical result of Portland cement type I and zeolite
Table 1 shows specific gravity and median particle size of Portland cement type I and zeolite The
particle shape of Portland cement type I1s solid and angular (Figure 1a) whereas that zeolite surface 1s
smooth and has the character 1s hexagon (Figure 1b). The median particle size of zeolite and Portland
cement type I were 2.34 and 13.60 microns, respectively. The particle size distributions of Portland
cement type I and zeolite by Mastersizer are shown 1n Figure 2.

Table 1. specific gravity and median particle size of Portland cement type I and zeolite

Sample Specific Gravity Mean Particle Size dsp (micron)
PC 315 13.60
Ze 1.87 234

Figure 1. SEM :(a) Portland cement type I at 4,000 time, (b) zeolite at 15,000 time
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Figure 2. Particle size distribution of Portland cement type I and zeolite
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4.1.2 Chemical composition of Poriland cement type I and zeolite

Table 2 present the chemical composition of Portland cement type I and zeolite determined by XRF.
The chemical composition of zeolite 1s sio, and a0,  Fgure 3 shown the XRD pattern of zeolite. The
result show that the intensity peak of Sodium Aluminum Silicate (NagsAlosS19503z4) appeared at 200 or

0-60 degrees. The classified zeolite 1s type A known as Sodium Aluminum Silicate (NagsAlosS1060:g)

Table 2. Chemical composition of Portland

ol
cement type I and zeolite I - g0 Sl
Chemical Portland Cement | Zeolite o
Composition (%) Type I(PC1) (Ze)
510, 209 67.08 T w0
ALO; 4.76 2112 | 3
Fe 03 341 0.03
Ca0 65.41 0.18 200
MgO 1.25 0.08
K.O 0.35 2.87 . e
LOI 0.96 6.27 I I
2-Theta Scale

Figure 3. XRD pattern of zeolite

4.2 Properties of Pasies

4.2.1 Thermal Analysis in Pasies

Dufferential Thermal Analysis (DTA) mnvolves heating or cooling a test sample and an mert reference
under identical conditions, while recording any temperature difference between the sample and
reference. This differential temperature 1s then plotted against time. or against temperature. Changes in
the sample which lead to the absorption or evolution of heat can be detected relative to the inert
reference, shows that in Figure 4.

o — 100 7
. ZAFN o
2 -0.05 |
R 20
&
= 85 7
E )
Cla N =
% — PC100 28 days = \-—E
4 = PZE2D 28 days 75
g o 4 PEFAD 28 days PC100 28 days
= ¥ 70 = PZE20 28 davs
PZEAD 28 days
[ ]
02 ! ! ! ! bl T T T T
0 00 400 600 800 100 " 200 400 00 #00 100
Temperature () Temperture { C)
Figure 4. Differential temperature during Figure 5. Weight loss during the TGA
the DTA of pastes of pastes
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Thermogravimetric Analysis (TGA) is a techmque that measure the change in weight of pastes when
subjected to a temperature program under controlled atmosphere. such as | the decomposition of
matenials . the evaporation of water i pastes, etc. TGA analysis of the samples was performed using
thermal analyzer. Computer controlled graphics can calculate weight percent losses. The graph
referring to the weight loss during each peak compared with the original weight of substances prior to
the test, shows that in Figure 5.

Figure 4 and 5 shows Differential Thermal Analysis and Thermogravimetric of pastes at 28 days with
rate of 0. 20, and 40% by weight of binder. When heating the cement paste at the temperature between
450-580 °C. [6. 7. 8] Ca(OH); will be decomposed into calcium oxide (Ca0) and water as in equation
1.

Ca(OH),

For Figure 4 and 5 the disintegration of Ca(QOH); decreased with an increase in the zeolite replacement
level (PZE20, PZE40). The amount of Ca(OH); of the blended cement paste with zeolite decreased
with increasing replacement percentage of zeolite and were lower than that of PC paste. For PC paste
the Ca(OH}, was produced by the hydration reaction. The Ca(OH), of PZE20 and PZE40 pastes was
produced by the hydration reaction and pozzolanic reaction of zeolite.

——»Ca0 + H:0 (1)

4.2.2 Effect of zeolite on pore volume of pasie

Table 3 shows all pore volume, average pore diameter and total porosity of PC100, PZE20 and
PZE40 at 28 days. Figure 6. show that the total porosity of PC100, PZE20 and PZE40 at 28 days. The
results total porosity and total pore area increased with an increase in replacement by zeolite. Because
the smaller hole particle or blended small pore size of zeolite resulting pore volume and pore area
mcrease. The average pore diameter decreased with an increase in zeolite replacement level This was
because the small particle of zeolite (2.34 gm) at compare with the cement (13.60 gm) The small
particle of zeolite dispersed in blended cement paste, then the pore size decreased but medium
capillary (10,000-50 nm) an increase. The replacement of Portland cement by zeolite increased the
small pore except the small particle of zeolite. This effect form pozzolanic reaction, but in the presents
have no result to insist

Figure 7 shows the pore size andaccumulation pore
volume of PC100, PZE20 and PZE40 paste at 28 days.
Figure 8 shows pore size and incremental pore volume

Table 3. Pore volume, average pore
diameter and total porosity of
PC100, PZE2D and PZE40

of PC100, PZE20 and PZE40 paste at 28 days. From
Figure 7. The replacement of Portland cement by PC100 | PZE20 | PZEAD
zeolite spread pore size are powdery more than PC100. P
Correspond Figure 8, the replacement of Portland A]I Void (%) 6.31 832 10.75
: ! : (> 10,000 nm)

cement by zeolite decreased the capillary porosity
compare with PC100 at 28 days. The peak of capillary Large Capillary 827 0.08 6.48
pores of PZE20 and PZE40 pastes was 45.20 nm at the |(%)(10.000-50 nm) ' : .
imcremental pore volume of 0.0146 mL/g and 36.20
nm at mcremental pore volume of 0.0264 mlL/g, Mediucr_l Capillary 504 1126 | 23.03
respectively. These values were lower than those of (%) (5-10 nm) ' ' '
PC100 was 68.10 nm at the first peak, at incremental
pore volume of 0.015 mL/g. The results also showed Total Porosity 1983 | 2056 | 4026
that the blended cement paste contaimng by hydration (%) ’ o '
reaction more than pozzolanic reaction from zeolite.
Then the replacement of Portland cement by zeolite Average Pore 47900 | 4400 | 4025
with the quantity and the size that are appropriate (nm)
decreased the capillary porosity.

Toul Pore Area | g9 | 17.14 | 25.90

(m/g)
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4.2.3 Fracture Surface Analysis by Scanning Electron Microscope (SEM)

The mucrostructure morphology of fractured surface pastes PC100, PZE20 and PZE40 at 28 and 90
days by SEM are shown in Figs. 9a . b and ¢ respectively. The microstructure of PC100 was porous
and had many wvoids, while PZE20 and PZE40 were formed exhibited a very dense structure
Cormrespond to +.22 topic, there i1s The replacement of Portland cement by zeolite decreased the pore
size and the structure of paste very dense. It was effect of chemical compound of hydration or either
pozzolanic reaction It was concluded that the replacement of Portland cement by zeolite large amount
(PZE40) the structure of paste very dense.

(a)
Figure 9. Fracture Surface (a) PC100, (b) PZE20 and (c) PZE40 paste at 28 days by SEM
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5. CONCLUSIONS

Based on the results of this study. the following conclusions can be dravwn :

1. the disintegration of Ca{OH), decreased with an increase in the zeolite replacement level (PZE20,
PZE40) by compare PC100.

2. The replacement of Portland cement by zeolite mcreased the total porosity but decreased the
average pore size of the paste.

3. The replacement of Portland cement by zeolite decreased pore size, then the structure of paste was
crowded. This effect form hydration reaction and some part of pozzolanic reaction.
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This study investigated the properties of solidified waste using ordinary Portland cement (OPC) contain-
ing synthesized zeolive (52) and natural zeolite (NZ) as a binder. Natural and synthesized zeolites were
used to partially replace the OPC at rates of 0%, 20%, and 408 by weight of the binder. Plating sludge
was used as contaminated waste to replace the binder at rates of 40%, 50% amd 60% by weight A water
to binder (w/b) ratio of 0.40 was used for all of the mixtures. The seing time and compressive strengthof

Keywards: the solidified waste were investigated, while the leachability of the heavy metals was determined by
I}:I?Chmngaeral TCLP. Additionally, XRD, XRF, and SEM were performed to investigate the fracture surface, while the pore
Sol‘:}i‘l{‘led waste size dis[rihu[iun.was analyzed Wid.'l Ml.[-'_ . . .

Zealite The results indicated that the setting time of the binders marginally increased as the amount of 52 and N2

inareased in the mix. The com pressive sirengths of the pastes containing 20 and 40 wi % of NZ were higher
than those containing S2. The compressive strengths at 28 days of the 52 solidified waste mixes were 12—
31.1 MPa and those of NZ solidified waste mixes were 26.0-62.4 MPa as compared o 72.9 MPa of the con-
trol mix at the same age. The quality of the solidified waste containing zeolites was better than that with
OFC alone in terms of the effectiveness in reducing the leachability. The concentrations of heavy metals in
the leachates were within the limits specified by the US EPA SEM and MIP revealed that the replace ment of
Portland cement by zeolites increased the total porosity but decreased the average pore size and resulved in

the better containment of heavy ions from the solidified waste.

© 2012 Elsevier Lid. All rights reserved.

1. Introduction

Currently, over 80% of the hazardous wastes are from industrial
processes, The sludge, heavy metals, oils and infectious waste are
the most abundant hazardous wastes. The amount of industrial
waste and hazardous waste from industrial plants increases every
year. The toxic wastes containing heavy metals are, therefore,
causing serious environmental problems in the contamination of
water, air and soil. It is an issue that deserves attention to find
ways to properly and appropriately capture the waste.

The hazardous waste water from industries is released from
industrial facilities and is also causing critical environmental prob-
lems, The treatment processes could reduce the concentrations of
the toxic waste depending on the condition of the sediment's dry
residue. However, the final disposal of the waste sediment is still
not safe in terms of storage and transportation because some hea-
vy metals remain unstable and may leak into the environment. To
solve the problem, the method of reducing or storing hazardous

* Corresponding author. Tel: +66 4422 4420; fax: +66 4422 4607,
E-mail address: sinsiriPsutac.th (T. Sinsiri).

toxic waste is required to stop the leaching of toxic substances to
the environment.

Solidification is a process wsed to treat hazardous waste from
industrial plants, particularly hazardous substances or inorganic
substances contaminated by heavy metals. The hazardous sub-
stances are stored in the structure by chemical bonding which neu-
tralizes them and reduces the chance of spreading. The placeholder
used in this process is normally Portland cement blended with poz-
zolanic materials such as fly ash, rice husk ash and silica fume.
Solidification eases the safe transport of the solid cast mass and al-
lows disposal in a landfill.

Zeolites are framework silicates consisting of interlocking tetra-
hedrons of 5i04 and AlO,. The alumino-silicate structure is nega-
tively charged and attracts the positive ions that reside within the
zeplites. This results in large vacant spaces or cages in their struc-
tures that allow space for large cations such as sodium, potassium,
barium, calcium and even relatively large molecules as well as cat-
ion groups of water, ammonia, carbonate ions and nitrate ions | Feng
etal., 2000). The spaces are interconnected and form long and wide
channels of various sizes depending on the minerals. Thesechannels
allow easy movement of the resident ions and molecules into and




209




210

2 . Neia et al /Waste Manggement o (2012] xoc—o0
Table 1 100 T -
Sample mix proportions { by weight). f? LT
90 |
Binder S(%) wib Symbaol A4
OPFC (%) SZ(%) NE (%) 5 L 1 J
100 - - - 04 COPC100 = 70 i 7T
40 04 OPCADS 8 60 M {7 —
50 04 OPCEOS 1 }f —— 5L
&0 04 OPCEOS = 5 ] A 14 —— OPC
80 B - - 04 OPCIOSZ £ f ! 3 —— NZ
40 04 OPCHISZA0S = g0 o — -5
50 04 OPCRSTE0S E 4
&0 04 OPCHISZEIS = M -
60 a0 - - 04 OPCAOSZ <l ] ¥l
40 04 OPCADSZANS EgN
50 04 OPCAQSZS0S 10 W%
60 04 OPCAUSZE0S Lk =1
80 - 20 - 04 OPC2ONZ (e
40 04 OPC2ONZADS 0.1 1 10 106 1000
50 04 OPC2ONZ505 ParticleSize (Um)
&0 04 OPC2ONZES
60 - a0 - 04 OPCAONZ particle size distributi -
40 04 CPCAONZACS Fig. 1. Particle size distribution of OPC, SZ, NF and &
50 04 OPCAONZE0S
60 04 OPCAONZS0S

out of the structure. The zeolites are thus charactenzed by theirabil-
ity to lose and absorb water without damaging their crystal struc-
tures (Quanlin and MNaigian, 2005).

Qinoptilolite 1s a naturally occurring zeolite that forms
through the devitrification (the conversion of glassy material to
crystalline material) of volcanic ash in lake and marine waters.
It is the most studied of all zeolites and is widely regarded as
the most useful. Clinoptilolite has a particularly high cation ex-
change capacity which provides many useful properties (Poon
et al, 2000). Clinoptilolite is used in many applications such as
chemical sieves, gas absorbers, feed additives, food additives, odor
control agents and water filters for municipality, residential
drinking water and aguariums (Feng and Peng, 2005). Qinoptilo-
lite is well suited for these applications because of its large
amount of pore space, high resistance to extreme temperatures
and chemically neutral basic structure.

Sludge produced by the metal plating industry is generally
considered to be “hazardous waste” because of its toxic heavy
metal content. Solidification technigues applied prior to the depo-
sition of this waste in landfills provide good results allowing the
safe disposal of inorganic sludge. The use of materials such as
zeolite with its pozzolanic property and the ahility to bind metal
ions generally gives a good performance. The solidification can
store a large amount of sludge and help protecting the environ-
ment. This study, therefore, aims to investigate an effective solid-
ification technigue for sludze from a metal plating factory using
both natural and synthesized zeolites in corporation with Port-
land cement.

2. Experimental investigation
2.1. Materials

The materals used were ordinary Portland cement (OPC) per
ASTM C150, sodium aluminum silicate {NaggAlggSiagOug4) a5 syn-
thesized zeolite (SZ), clinoptilolite {(Na,K.Calg(Si-Al)3g05220H,0)
as natural zeolite (NZ), sludge (S) from the treatment of wastewa-
ter from a nickel plating plant and tap water. The S contained 35%
water and 65% solid. It was dred and then sieved through a Mo,
100 sieve.

22 Mixture proportions

The sludge waste was solidified using OPC containing 5Z and NZ
as a binder. Zeolites were used to partially replace OPC at rates of
0%, 20%, and 40% by weight of the binder. The plating sludge was
used to replace the binders at the rates of 40%, 50% and 60% by
weight. A constant water to binder (w/b) ratio of 040 was used.
The pastes were mixed in a mechanical mixer, and the specimens
were cast in 50-mm cube molds. The fresh samples were covered
with a plastic sheet to prevent water evaporation. After casting
for 24 h, the samples were removed from the molds and cured in
saturated lime water (Table 1).

3. Test programs
3.1. Specific gravity and particle size

The specific gravity of OPC, 5Z, NZ and S was measured in accor-
dance with ASTM C188, and their particle sizes were measured
using laser particle size analysis.
32. Normal consistency

The normal consistency of the pastes was measured in accor-
dance with ASTM C187 using Vicat apparatus,

33. Compressive strength

The compressive strength of the solidified waste was tested in
accordance with ASTM C109 at ages of 7, 28, and 90 days. Five sam-
ples were tested for each age group.

Table 2
Specific gravity, median particle size and surface area of OPC, 52 MZ and 5.

Sample Specific Mean particle size dsa Surface area (cm?f
gravity {um) g
OPC 3.5 14.12 2600
SZ 1.87 5 32,500
NZ 20 16817 5400
g 2.4 3481 1900
“ BET analysis.
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Fig. 2. SEM micrographs of (a) OPC at 4000 time, (b) 52 at 15,000 time, (c) NZ at 1500 time and (d) § at 1500 times.

Table 3

Chemical composition of materials.
Chemical com position () opC = NZ 5
S0y 19.85 653 75.32 553
AlOs 4.49 2618 1028 3178
Fey0y 356 003 156 -
Ca0 6696 o1z 345 2532
Mg 136 008 12 -
K0 034 264 429 -
Maz(h - 1.87 089 -
Niy - - - 40.88
Cud - - - 13.08
Zn0 - - - 1033
o - - - 064
o1 0498 565 23 04

3.4. Scanning electron microscopy (SEM)

A JEOL scanning electron microscope (model JSMB400) was
used to examine the phase development and microstructure of
the solidified plating waste, The paste cubes at the ages of 7 and
28 days were broken and the fractions in the middle part of the
specimens were used for the analyses. The solid was placed on a
brass stub sample holder with double stick carbon tape. Then,
the sample was dried using infrared light for 5 min. Subsequently,
the sample was coated with a layer of gold approximately 20-25 A
thick using a blazer sputtering coater. Micrographs were recorded
at 12 kV and 500-10,000x magnifications {Chindaprasirt et al,
2005).

3.5. X-ray diffractometer (XRD) and X-ray fluorescence (XRF) analyses

The XRD scans were performed for 20° between 10° and 70°,
with an increment of 0.03%/step and a scan speed of 0.5 s/step.

XRD analysis using Bruker's TOPAS software and using wavelength
dispersive XRF (WDXRF). The positions of the diffraction peaks
were identified by comparison to reference database compounds
(Chindaprasirt et al., 2005).

3.6. Mercury intrusion porosimetry procedure (MIP)

The pore diameter distribution in the hardened cement pastes
was measured by mercury intrusion porosimetry (MIP) at a pres-
sure capacity of 228 MPa. After cunng for 7, 28 and 90 days, the
samples were split from the middle portion of the hardened
blended cement paste. To stop the hydration reaction, the samples
were submerged directly into liquid nitrogen for 5 min and were
then evacuated at a pressure of 0.5Pa at —40°C for 48 h. This
method has been used previously to stop the hydration reaction
of cement paste (Chindaprasirt et al., 2007).

3.7. Toxicity characteristic leaching procedure (TCLP)

The metal leaching from the solidified plating waste cured for 7,
28 and 90 days and was assessed using the TCLP as defined by the
US EPA (Li et al., 2001). The samples were crushed to reduce the
particle size to less than 9.5 mm. The crushed sample was ex-
tracted using an acetic acid solution (pH 2.88) in a volume with
aweight equal to 20 times the weight of the sample. The extraction
vessels were rotated in an end-over-end manner at 30 rpm for
18 h. The leachate was filtered through a 0.45-pm membrane filter
to remove suspended solids and was then divided into two por-
tions, One portion was used for a pH measurement, and the other
was used for the determination of the metals present in the leach-
ate hy ICP-AES. Each extraction was performed in triplicate, and
the average value was reported to ensure the reproducibility of
the data (Asavapisit et al., 2005)
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Fig. 3. XKD patterns of synthesized zeolite and natural zeolites.

4. Results and discussion
4.1. Properties of materials

4.1.1. Physical results for OPC, SZ. NZ and §

The specific gravity and median particle size{d,) of the OPC, 5Z,
NZ and S are shown in Table 2. The median particle size ( dsg) of the
OPC was approximately 14.1 pm, while those of 5Z, NZ and S were
2.5, 16.2 and 34.8 pm, respectively. The surface areas of the OPC,
57, NZ and 5 were 2600, 32,500, 5400 and 1900 cm?/g, respectively.
The particle size distribution for the OPC, SZ, NZ and 5 was mea-
sured with a Mastersizer and is graphically shown in Fg. 1. For
the OPC, NZ and 5, the particle shape was solid and angular,
whereas the surface of the 5Z was smooth and exhibited a hexag-
onal character (Fig. 2).

412 Chemical composition and material patterns
Table 3 shows the chemical composition of the OPC, SZ, NZ and
5 which was analyzed by XRF. 5Z and NZ were found to be mainly

5105 and Aly0y4. As can be seen, these two components were 90% for
SZ and 85% for NZ. Additionally, the main elements of 5§ were NiQ
(40.88%), CaD (2532%), CuO (13.08%) and ZnO (1033%).

Fig. 3 shows the XRD patterns for the 5Z and NZ The figure indi-
cates that the intensity peak of sodium aluminum silicate (NaggAlss
Sigg04s4) and [ NaK,Ca)y(5i-Al )230 7 20H 0 appeared at 0-60° (20),

42, Properties of pastes

42.1. Normal consistency of pastes

The normal consistency of OPC100 was found to be 25.5% High-
er replacement of 5Z and NZ resulted in a higher normal consis-
tency. For example, the normal consistencies of pastes OPC205Z,
OPC40SZ, OPC20NZ and OPC40NZ were 32.4%, 34.4% 31.2% and
32.0%, respectively. The normal consistency of pastes containing
57 and NZ, which have a higher fine content, was higher than those
containing coarser zeolites. This occurs because the particles of 52
and NZ have a higher fine content and a higher porosity; thus, they
absorb more water, which results in greater water consumption
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Table 4
Setting time and compresdve strength of the solidified wastes.

Sample Time (min) Compressive Strength (MPa)
Initial setting time Final setting time T-day 28-day O0-day

OPC100 132 181 538 724 Ta.4
OPCA05 148 192 09 13 1.5
OPCE05 151 195 06 1.0 1.2
OPCEOS 154 197 05 08 1.1
OPC20SZ 141 185 216 na 382
OPCH0SZ405 149 186 21 135 16.1
OPC 205505 152 186 13 49 i)
OPC 2052605 156 185 0.8 14 20
OPCA0SZ 143 187 102 234 269
OPCA0SZA0S 149 188 03 6.0 17.4
OPCA0SZS0S 151 189 03 4.2 136
OPCAOSZH0S 152 190 [iA] 12 32
OPC2ONZ 133 183 520 624 7.1
OPC2ONZA05 135 184 434 573 65.2
OPC20NZE08 135 185 357 49.1 584
OPC20NZE05 136 186 305 413 50.3
OPCAONZ 134 184 405 507 61.3
OPCAONZA0S 135 184 195 362 43.4
OPCAONZE0S 136 185 152 s 3493
OPCAONTHE0S 136 187 1x1 260 338

st I Medium Capillary
43
[ Large Capillary
40
—_ -
g 35 O Airvoid
=T
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£ 25
=
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5 4
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Fig. 4. Total porasity of cement paste and blended cement pastes at 7, 28 and 90 days.

4.2.2 Setting time of blended cement pastes and pastes containing
solidified plating waste

The setting times of the blended cement pastes containing 5Z
and NZ were similar to those of the Portland cement paste. For
example, the final setting times of OPC paste, was 181 min. The ini-
tial setting time of mixes with 5Z was 185 and 187 min and those
with NZ were 183 and 184 min. For the incorporation of S, the ini-
tial setting time was increased to 148-154 min and the final set-
ting times to 191-192 min. The similar or slightly increase in the
setting time were probably due to the pastes mixed with zeolites
have higher water contents at normal consistency than Portland
cement paste. Moreover, the use of zeolite to replace Portland ce-
ment resulted in a smaller amount of cement and thus caused a
longer setting time to be observed. For the use of 5, the reductions
in the amount of cement and pozzolan resulted in an even smaller
amount of cementing material and hence the setting times
increased.

4.2.3. Compressive strength of the blended cement pastes

Table 4 shows the development of compressive strength in the
cement paste in relation to the cement replacement level for the
case of synthesized rzeolites and natural zeolites. Concerning the
use of SZ and NZ, replacement of 20% and 40% zeolites led to lower

compressive strengths at all ages. It was observed that the
compressive strengths of the cement pastes containing NZ were
higher than those with SZ for the same replacement conditions
and age, because more silica dioxide (the main component of nat-

12
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Fig. 5. Relationship between pore diameter and volume intruded of the blended
cement pastes at 28 days.
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= —O:,PCEOSZSD& ment pastes as compared with the OPC paste at all ages. The total
E 02 OPCIINZS0S) porosity increased with an increase in replacement by 5Z and NZ
= 138.6nm | The increase in total porosity as a result of the utilization of zeolite
| OPC0S2802 was mainly due to the decrease in capillary porosity. Note that the
BOMINZEDS compressive strength decreased, while the porosity of the blended
0 il emnl= T, cement paste increased (Poon et al., 2000; Isaia et al., 2003). The
0.001 0.0 0.1 1 10 100 capillary porosity of the cement paste blended with NZ at all
Pare diameter (wn) replacement levels decreased in comparison to that with SZ.
03 Fig. 4 shows the effect of the percent replacement of SZ and NZ
iy R Tednar] T T on the average pore size in the cement pastes at age 7, 28 and
_Ce] POrES capillary! Large capillary AL 90 days. It can be observed that the average pore size of the addi-
' | . tives decreased at the respective period of hydration because of the
0.6 ! gradual filling of large pores by hydration products of cementitious
? —-D:chnNZADs materials; however, the extent of the decrease was variable, A
g ! greater decrease was observed for replacement by SZ, whereas
S04 1 “0?0‘4035‘103 the decrease was comparatively less for replacement by NZ The
¢ 4950 :‘L 124.4 nm O{P average pore size tends to decrease as the percent replacement in-
S - i \ : CANNZI0S creases. The relationship between the pore diameter and incre-
% N , —COPC40SZS0E] mental pore volume of the blended cement paste at 28 days is
B2 i A shown in Fig. 5. The critical pores sizes of the OPC10D, OPC20NZ
| CPCA0NEED and OPC40NZ pastes were 521, 596 and 70.1 nm, respectively,
| OPC40SZE0S] and the pores were distributed as large capillary pores. The cntical
0 | il | wd pores sizes of the OPC205Z and OPC405Z pastes were 48.7 and
0.001 0.01 0.1 1 10 100 452 nm, respectively, and these were distributed as medium cap-
Pare diameter (um) illary pores, These values were lower than that of the OPC100

Fig. 6. Relatonship between pore diameter and volume intruded of the solidified
plating wastes using OPC, NZ and 57 as binders at 28 days.

ural zeolite) is contained than in the synthesized zeolites and ce-
ment. The pozzolanic activity of zeolite normally depends on the
amount of the active amorphous phases of silica and alumina. As
indicated in the XRD pattems in Fig. 3, the amount of the active
amorphous phases of NZ is higher than that of SZ The results of
the compressive strengths of pastes OPC205Z, OPC405Z, OPCZONZ
and OPC40NZ at 28 days of 31.1, 23.4, 62.4 and 50.7 MPa, respec-
tively confirms the ohservation.

424 Compressive strength of pastes containing solidified plating
waste

The experimental results showed that the rates of strength
development in the solidified waste using 52 and NZ as solidifica-
tion binders were higher than that with OPC. The composition of
OPC hydration product is dominated by calcium silicate hydrate
(C=5=H) which typically comprises 70-80% of the product (Deja,
2002). The metals may react with calcium hydroxide to produce
insoluble compounds as a formof metal hydroxide; this mechanism
inhibited the hydration and decreased the strength of the wastes,
especially when the concentration of metal in the solidified waste
was more than 03% by weight (Li et al., 2001; Asavapisit et al.,
2001; Qinetal, 2003). The strength of these solidified wastes could
be very low due to the inhibition of the cement reactions by the me-
tal ions in the waste. Additionally, the strength of the solidified
waste decreased when the amount of waste increased. For example,
the strengths of pastes OPC20NZ40S, OPC20NZ50S, and
OPC20NZE0S at 28 dayswere 57.3,49.1 and 41.3 MPa, respectively.
The results indicated that the plating sludge can be loaded in a pro-

paste, This suggests that the greater fineness of the zeolite was
more effective in reducing the pore diameter of the paste. The re-
sults also showed that the blended cement paste containing zeolite
presented a smaller pore size than the Portland cement paste. The
pore size decreased with an increase in zeolite replacement. Simi-
lar results have also been reported in other studies (Poon et al.,
1997, 1999a,b).

The relationship between the pore diameter and incremental
pore volume of the solidified waste using OPC, 52 and NZ as bind-
ers at 28days is shown in Fig. 6. The critical pore sizes of
OPC2052405, OPC205Z505 and OPC205Z605 were 74.0, 74.4 and
103.0 nm, respectively, and these pores were distributed as large
capillary pores. Additionally, the critical pore sizes of the
OPC405Z405, OPC405Z505 and OPC40SZ605 pastes were 49.0,
495 and 604 nm, respectively. These results suggested that the in-
crease in the amount of the plating waste resulted in increase in
pore diameter of the paste. In contrast, the increase in the amount
of 5Z resulted in the decrease in the pore diameter of the paste,

As shown in Fig. 6, the critical pore sizes of OPC20NZ405,
OPC20NZ505, OPC20NZE0S, OPC4A0NZ40S, OPC40MNZS50S5 and
OPC40NZE0S were 1060, 1075, 1386, 108.2, 124.4 and 140.4 nm,
respectively. These results suggested that as the amount of plating
sludge increased, the pore diameter of the paste increased.

42 6. Fracture surface analysis byscanning electron microscopy (SEM)

The microstructure morphology of the fractured surface was
determined by SEM for OPC100, OPCZ0SZ, OPC40SZ, OPC2ONZ
and OPC40NZ pastes at 28 days (see Fig. 7). The microstructure
of OPC100 was porous and exhibited many voids, while OPC205Z,
OPC40SZ, OPC2ONZ and OPC40NZ showed uniform and dense
pastes, The incorporation of zeolites resulted in the increased
hydration and pozzolanic reaction and thus reduced the pore sizes.
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Fig. 7. Fracture surface of the blended cement pastes at 28 days.
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Fig. 8. Fracture surfaces of the solidified plating wastes at 28 days.
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Table 5 plating sludge showed a lower density because the proportion of

Leachate pHs in TCLP leachates. binder in the mixture decreased. Because heavy metals inhibit
Samgple pH hydration, the cement reaction was not completed, and some hea-

Age 7days Age 28days Age 90 days vy metals did not react {.Bishop et al., 2DQ3J. The rgplacement of
o 03 05 o6 Portland cement by zeolites showed a higher density than used
OPCA0S 5'4 bb 5', Portland cement alone, The conseguences of this are that the solid-
OPCS0S 11 T3 T3 ified waste was more porous, and the compressive strength of the
QPSS 77 77 77 solidified waste decreased significantly compared with those with
OPC2OSZA0S 76 75 74 the ahsence of plating sludge in the mixture.
OPCROSES 05 79 79 T8
OPC2OSZE0S 78 79 79
OPCAQSZA0S a8 a5 a5 427 Leaching analysis
OPCAOSZE 05 88 5.8 &7 Table 5 shows the leachate pH values in the TCLP leachates at 7,
OPCAUSZG08 83 85 86 28 and 90 days. The pH of the soluti d from the solidified
OPCZONZA0S 114 15 e and 90 days. The pH o tl es.np!:mn extracted from the solidified
OPC2ONES S 112 1.2 112 waste is increased from the initial pH. For example, the pH of
OPCONDENS 111 111 111 pastes OPC100, OPC405, OPC205Z405 and OPC20NS40S pastes at
g:“-“gg‘;ﬁ l{ljé lh}s 1;; 28 days were 6.5, 66, 7.5 and 11.5, respectively. The pH values in-
PCADNES 104 10 10 : s : ;

OPCADNEBGS a7 et ag creased because calcium hydroxide in the pores dissolved into the

Thus, replacing the Portland cement with some zeolites resulted in
a dense paste.

Fig. 8 shows the fractured surfaces of the solidified plating
waste at 28 days, as determined by SEM. The paste with mare
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acid. Fig. 9 shows the metal concentrations in TCLP leachates, the
results showed that the concentration of Cr in the leachate for all
solidified waste samples was lower than the limit specified by
the standards of the US EPA (<5.0 mg/l). It should be noted here
that the untreated sludze also meets US EPA criteria for Cr. For
example, the concentrations of Cr in the leachate of pastes
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OPC205Z408, OPC2052505, OPC20NZ405 and OPC205Z505 at
7days were 0.17, 0.18, 0.17 and 0.16 mg/l respectively. The Ni,
Cu and Zn have no regulatory standards because these three metals
are not classified as hazardous waste by the US EPA. The results
showed that when sample age increased the effectiveness in
reducing the leachahility increased, For example, it was detected
that OPC20NZ405 contained Mi of 35.13 mg/l at 7 days and this de-
creased to only 10.24 mg/| at 90 days. Using NZ as a binder effec-
tively reduced leaching more than using 5Z. For example, the
concentrations of Ni in the leachate of pastes OPC40NZ405 and
OPC405Z40S at 28 days were 1261 and 24.60 mg/l respectively.
Additionally, the metal concentrations in the TCLP leachates that
were extracted from the cement-based solidified plating waste
were much lower than that extracted from the plating sludge.
Effectiveness in reducing the leachability of solidified waste using
SZ and NZ to replace OPC as a binder was higher than 80,0% at all
ratios. This was because SZ and NZ mainly composed of S0z, Al204
and Fe,04; and the structures of zeolites consist of three-dimen-
sional frameworks of Si0y and AlOQ, tetrahedra. The aluminum
ion is small enough to occupy the position in the center of the tet-
rahedron of four oxyzen atoms, and the isomorphous replacement
of 5i* by Al"™* produces a negative charge in the lattice. The net
negative charge is balanced by the exchangeable cation (Cheng
and Bishop, 1992; Peralta et al., 1992), Thus, the effectiveness in
reducing the leachability was higher using 52 and NZ than that
with OPC alone. These results indicated that duning the ion-ex-
change process, the metal ions had to move through the pores of
zeolite mass and through channels of the lattice, and they had to
replace exchangeable cations. The diffusion was fast through the
pores, but was retarded when the jons moved through the smaller
diameter channels. In this case, the metal ions uptake could mainly
be attributed to the ion-exchange reactions in the microporous
minerals of zeolite (Erdem et al,, 2004).

5. Conclusions

On the basis of the results of this study, the following conclu-
sions can be drawn.

1. The blended cement pastes containing synthesized zeolite and
natural zeolite exhibited higher total porosity and capillary
porosity than those containing Portland cement alone. This
resulted in the lower compressive strengths of blended cement
pastes compared to that of the control Portland cement paste

2. The pore size distribution and the average pore diameter of the
blended cement paste containing zeolites decreased with an
increase in zeolite content which resulted in the dense struc-
ture of the paste. This effect was caused by the hydration reac-
tion and the pozzolanic reaction.

3. The use of zeolites to partially replace Portland cement as a
solidification binder produced solidified waste with lower
strength. However, it is more effectiveness in terms of leachab-
lity than the use of Portland cement alone.

4, The application of natural zeolite as a binder with Portland
cement to reduce the leaching of heavy metals resulted in a bet-
ter outcome thanm using synthetic zeolites with cement, or
cement alone. The use of natural zeolite with Portland cement

as a binder to solidify waste sludge is appropriate as the leac-
hablity was reduced and the compressive strength complied
with the US EPA standard.
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