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SOLIDIFICATION OF HEAVY METAL SLUDGE BY USING PORTLAND
CEMENT AND CEMENT KILN DUST AS BINDERS

PRAPATSORN MANEERAT 4837317 ENAT/M

M.Sc. (APPROPRIATE TECHNOLOGY FOR RESOURCES AND
ENVIRONMENT DEVELOPMENT)

THESIS ADVISORS: USANEE UYASATIAN, M.Eng., WINAI NUTMAGUL,
Ph.D.

ABSTRACT

The purpose of this research was to study the solidification of heavy metal
sludge from wastewater treatment plant of electroplating factory by using Portland
cement and cement kiln dust as binders. The ratios of heavy metal sludge to binder at
0.5:1,0.75: 1, and 1 : 1 (by weight) and replacement of Portland cement by cement
kiln dust at 0, 5, 10, 15, 20, 25, and 30% (by weight) were used in the solidification.
Compressive strength and heavy metal leaching (by TCLP, Toxicity Characteristic
Leaching Procedure) of solidified sludge were tested to assess the effectiveness of the
stabilization and the solidification of heavy metal sludge.

The results of this research indicated the ratio of heavy metal sludge to binder,
percentage of cement kiln dust used, and curing time affected by the compressive
strength and heavy metal leaching of solidified sludge. When the ratio of heavy metal
sludge to binder and percentage of cement kiln dust used increased, compressive
strength decreased and the leaching of heavy metal increased. When curing time
increased, compressive strength increased and leaching of heavy metal decreased. All
solidified sludge was within regulatory limits of TCLP test as specified in US.EPA
40 CFR part 261, and the Notification of the Ministry of Industry (B.E. 2548), and of
compressive strength test as specified in the Notification of the Ministry of Industry
(B.E. 2540). Among the solidification mixtures, the mixture at heavy metal sludge to
binder ratio of 1 : 1 (by weight), and Portland cement to cement kiln dust ratio of
70 : 30 (by weight) was most suitable as it had the lowest cost of materials used at
4,778 baht in solidification of 1,000 kilogram sludge.

KEY WORDS: SOLIDIFICATION / CEMENT KILN DUST / HEAVY METAL
SLUDGE / COMPRESSIVE STRENGTH / LEACHING

136 pp.
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2.3 MmsUSuaagsuazmMIviaanya (Stabilization and Solidification)
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UM IHaouD (solidification) 92151013
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(Singh and Pant, 2006) lagvaudsazganauadluduuarazilaosliniaaunaaduily
9 ~ & A A P ° 9 A A ~
AOUTINUA HaziHpININHoFNUANA pH g amnsaii i langlugioeoudasznlasugil
< s A y Ay S o qu v Y an e
Wulanz leasonlad vie Tavzarsveai biazanivih liaansgnrzdieasla 35msil

(] 19 Yo A A g a =S 1 A A g a Ad A a2 A g
ﬁﬂuﬁlﬁfyflﬂfﬂﬂ"llﬂﬂlﬁﬂ%!,‘]Juﬂ’ﬁ@uu“ﬂﬁﬂiJWﬂﬂ’JWJENLﬁEJ“V]L‘]Juﬁﬁ’l’)“LJ“I/I'ifJ BNV UTENT 1

v

a = o os/' a aan o A a A 1 3 o o Y 2 AN Yo
miaumﬂuummmmﬂﬂgﬂiﬂmumiﬂmuaﬂﬂm@mEJGluﬂﬁLmewflmeLLﬂJﬁfl"kﬂuu

@ 1 dyoj ) Jq 9 [ d?
wWaztazuaniinag u’ﬂﬂfﬂ']ﬂuﬂﬂﬂflﬁcls]ﬂ'la']ﬂluﬂ’lilﬂl\?ﬂ’]“’lu"llu



o a

WNAING1DY WHINGIAINTAD

.. (naTuTadimnzaumemInannsnensuasaunaden) / 13

AHAad

a 1 < 4 o w a 5 [ a
mﬂuﬂﬁlumi‘ﬁa@LHNLﬁ@mﬁm‘ummﬁf&ﬁwmﬂmﬂuﬂ Gdﬁﬂmmamﬂﬂumwnmﬁ

v
= 1

aauaaaluasnen 2.2
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= asy
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1. Cement-based techniques

2. Lime-based techniques

3. Thermoplastic techniques

4. Thermosetting techniques

5. Encapsulation

techniques

6. Self-cementing

7. Vitrification

ay = s \ Y 9 2 o & Y A ¢
voudorzgnNanadlugmud 1 uaziaes lviunsaundsduiluneudiuua
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@ = va

) @ = <3| ' Y
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] A Y 1 Y 1 I~ S @
1¥U paraffin Y139 polyethylene ualaseldaiunaduasaziIn
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1 o a o
youdeluIuITNIYINANA Y INANDS (gelling agent orurea formaldehyde)
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a131M 08 1YY polyethylene 1130 organic resins
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fan: Shively, Bishop L9& Brown, 1986
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2.4 nalpveamsiSuadusuazmaviaonda

o = T <3 o A Y
nalnvesnsUsuadesuaznisvasuds erdena lnnemenmuasmaniindewalv
=2 = A = a ] [] FY 1 A Y
youFsduaswygnintaniognoaimeanaumin liamsongaoenun 1a nalnateiaiila
Y
fage 11 (LaGrega, Buckingham and Evans, 1994)
2.4.1 Microencapsulation
= [l 9 9 =2 @ I A
voudeazoglunailya uazazgnussy Bnelulaseadwanluszauanuinnio
~ ' o o 1 <
(39n7152AU microscopic YpuAIEUATIDYNIREAAIBIU lAVARALIN 7
2.4.2 Macroencapsulation
youdevzogluunilga nazazgnussy Bmelulassas v luszauilugnives
microencapsulation WINUBUTEOUATYNUTTYOgN18TuuAgadiena Innienenin ins
Aa = 1 1 A A ya
uandatelugimenin Jvualnauaansomaoun llinldoase
2.4.3 Adsorption
2 <3| o A a a Bl |~ 3 & & o
Adsorption JUMIRATY NIFALUUY HTONMIYAAAND VUNUAIVDUTL FUTIUNITAN
namenn Inmseamegnuuuunil 1 (electrochemical bond) Tasidguioaslsuidios
{ a ~ o 9 o Aa
MNALIIBaALDY hydrogen bonding H3LLIU van der Waal $111m 3372 Inansonaaoonainii
3 A 9 1 . . . = g ] aa s
VDILVINUBDYNINVUDI macroencapsulation LALUDI microencapsulation cmﬂuimmmma‘ﬁu
2.4.4 Absorption
. I~ =< A A a o =< g o
Absorption [ UMIRAFUNTEMIRANTY Yo UTIEUATIWIZYNgATUd lmeludge
= Y [ g} g} 9 Qddy 9 A v = a 1 o
Fu adwnuvleshgaiiudi 1l 35 15a1snTedrgaduriaaieg iimsgavouralosn
S o o Y a2 o 1 < d? A A 1 a <3
MNVOATOUATIY T IRV UAITUNTI80E U TN NUBILVININTY HIONNAIUTUIDVD IS
Y
@ T A v 4 1
nIu Agaduldun Audiase (fly ash) WAUFIUA (cement kiln dust) #HUV1 (lime
Y < o
kiln dust) Utdee vavhe vhad Wudu §a59u11/94 bentonite, kaolinite, vermiculite 1@z
zeolite
2.4.5 Precipitation
= A o A o £ [ = a =S J
MIANAZNOURNAN HIONTHIVOUTIOUATI9F Tasu Tl uvoUTeo HUNT TN N
v dd‘ o Y a = Y L] 1 = d‘ d‘dy
suwnumsmnnn limnaaznounan megluanizmuzay 15U U pH Mmuzay Tuniiag
I~ a < I 1 1 1 . ..
Wuaznounanoiunidiludaulvg 1dun hydroxides, sulfides, silicates, carbonates,
I o I o w o 1
phosphates 1udu Tagia lazidumsthidalanewinarenisdsy pH Tiganieldmangau

1 =3 9 =3 dyd 1 Y Y] a S
ADNITANASHDUNAN DIASHDUNDNUN pH afnav LGI)'LlllﬂNﬁﬂﬂﬂﬂiﬂ%mﬂﬂﬂmﬁﬁl@%ﬁﬂ

duATIBYs 0T langminazaieeenuinnran aswilyminaunadevds 1
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2.4.6 Detoxification
o w a < a @ :
nmssivamsienionnuiluiiveonsinveudeduasisarenisnasunilasoin
Aaan (] o { § I a I % I A
Ugnseunil wu shimsaaeunn o dlianudunvun iy o Felanuiuiy
{ 3| Y
tosaslumslasunin o Wil o' 01919 ferrous sulfate %30 ferrous sulfate WM

sodium sulfate

2.5 Yudmueilosauaud (Portland cement)

LR, ¢ o a ! Y a :
Yudmuaesauauailuiulaasodn (hydraulic cement) ilonaun i1 ludlsuima
1 @ [~ 9 9 v A 9 a d? = 1 Y]
MugaN AT oneAmazndna 14 nSeunulinnuiounaiu Tasfiszezinainiinodd
[~ Y] a 9 d? (Y = 1 ~ s A 9
M3 tazlTumnNuTauIIUBINUANNAIRAIaL AN TE N UVOITINUA o 14
=~ % o 3 Y s 4 A o Y o s 'S =
Fuuanaun U192 IABUANEN (cement paste) IWBINTWWHAUTNUTIWNUAWAN 151580
\ & sy o ~ AT A o  sAyy < 2
AN WOTANT (mortar) Y uFnudtlesatauailunaasumi ldoinnisuayuia 4
[ K A Aa 1 1 T a g A A v A ~
W UNANTNADINMINANAIUAII 19U TUI Y (lime stone) WIOAUY 11 (marl) NUAUIKTIED
A A o 4 J. @ 1
(clay) H30HUAUAI (shale) I uTmuuailosauauaimslsznounan 4 diude
1. lasunaiBeusame (Tricalcium silicate) 3 CaO Si0, (C,S)
2. lounaiFousamna (Dicalcium silicate) 2 CaO Si0, (C,S)
3. "lmmm«?amgﬁmm (Tricalcium aluminate) 3 CaO AL O, (C,A)
a 4
4. mwszunaFonegil lumes 156 (Tetracalcium aluminoferrite) 4 CaO ALO, Fe,0,
(C,AF)
1 a o a 4 o | 4 J J A
msdszneunaazriaanisndsulsmaniei ldiduyudinuaesauaudaiia
' Y Y Y o o @ a 4 ~ 1 a
a9 laauanudeans1gau [dinauianninemansuazma luTadurana (@),

2549 - oou lail]

d d
2.5.1 asnsznoumuniveuBIuua (Chemical composition of Portland cement)

[ a 1

aaa a dg’ A =& = oA 9 9
Ugaseunaduioingauaieg g luaum Fausiuudinlaszlsznoudae

J 1 ] A
pon lad 2 ngulng Ao

B o J s I o
ALO ,, Fe,0, @35unuiu 90 1losidsua voq

20 2 3° 2

I w F ] .
1. @90 lwanan lAun CaO , SiO
oy v A 4
W TUUA
4 Y . a o
2. 000 l¥@509 14U MgO , Na,0 , K,0, TiO, , P,0, 1z g1l

s a 7 s s ~
ﬁTﬁﬂiSﬂ@U@@ﬂ"l“ﬂﬂ“U@\ﬁJju“ﬁﬂJu@]ﬂﬂi@tlauﬂ !Lﬁﬂﬂiu@’]i?fi‘ﬂ 2.3
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d‘ J = 4 4 J
ms1eh 23 asilszneveen ladvenudwudiesauaua

Uszianeen lad msiszneveenlaa U3 (%)
CaO 60-67
Si0, 17-25
pon lednan ALO, 3-8
Fe,0, 0.5-6.0
MgO 0.1-4.0
Na,0 0.1-1.8
pon 137504 K,0 0.1-1.8
SO, 0.5-3.0

a o

4 a a a [ J
e USya Iwanlseady vasde gsninnyna, 2547

d d d
2.5.2 Usznnvesgfusmuaosanaua
s % o < I A o { o
Yudwuaosauaud Taona liiluudmudnidenlsaunuuniiga awisoduun
Y A
AUNNTFIURAAIMNTIY WO, 15 18 5 152N fe
¢ ¢ i ¢ ¢ =
2.5.2.1 Yudmundosauauasssuaimieudnudlosanaudlszianiivila
(Type I Ordinary Portland cement)
Y I J @ ' 9 o ~ vy va
Tarfuudwuauasgiu muizdununeaiianig ldaludesnsguauiia
J a 1 a I 4 J 1 [
woniie lna1lnd daulugldluaiuneuniaasuman Yudwudlsznnil limngdu
Ay o o o o A Y 9 A Sy 1y Y a Y aaa
nuidesdudanudamlanianududuge vionun ludssmsliinaanuieuninlgasen
' = Jo o < o Y S A
ser I usmudnuinnauiuaumgi lineunsadene
¢ ¢ o 4 ¢ ¢ Y
2.5.22 Judnuadesaauadaniasnsetudmudlesanaudilszaniiaes
(Type 11 Modified Portland cement)
v & = S v | Y Y ' a Y
v usmuadanauie Iiianudumuaegamalunae ifanussuain
aan 1 = o g’ (; [ A dg} [ 9 1 ~ £ [ 09.1’ =
UnTesenInnuduuanuiid uazaosiuyulugasdindnulsannivin. daiuia

' a = 9 Y = J dy [
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VInandudatuiuaurIoimzaiunsang 1)
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2.5.2.3 Yudmuadesauauaudediuimsoudnunlosasaualsziomiiany
(Type III High-early strength Portland cement)
s ¢ < { ' | 7 {
Yududleianaualszianilaziimeiuaz®saninjudmudlesauaua)lsznni
3 o 3 o o < ' = I 4 = a
1 ifluwai ldudsdazsuns 185 mjudmudlesamaudlszinni 1 Tagdndvzannso
y A s w ~ S ¢ A S o a
SUusaNeny 7 Tu mMiAuNey 28 U vesljugmualesataualszinni 1 venviniudaiioy
0 Yo Ay < 1 A o A [l =t 1
il ldruanundssneanuing 19 9w aouniad 1593130 UTOUUFNOUUNTOOINTAIN
A 99 B Y <
o liansnldauldednesiaga
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2.5.2.4 Yudmunlesanauaanudeudmserudmunlesanauailsyiania
(Type IV Low-heat Portland cement)
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Y
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@ 9 A a dal = Y 9 A a o w A Aa
aﬁmmm3euwmmuiumunwiwuewqa ANUHUBATINITINANTANUBDIADUNTANY
1 4 e I~ 1 a 9 o ~ [l (]
daunavuesudmualszanivzdiulileandn  edenldnuauneuniavuialve

A OBJ’ g’ =& 9 A a 42’ =\ 9 a 1< o v @ 9 A
LUBDUNUUN G]f\?ﬂ')']llif]uﬂlﬂﬂ“lluiuﬂﬂuﬂiﬁ ﬂHJ'lﬂLﬂuvl‘lJ*ﬂglﬂuf]uﬁ318ﬂﬂﬁ31ﬂ5\1ﬁ31\u‘ﬂ@u
ieevnagsh lifinaversda tilesninanuuana wvesgurgiuazii ldnounsananis
Y tg Y
uaniaula
d ¢ d o d_ ¢ ¢ !
2.5.2.5 Yudmundesarauamumugaaldgansoludmualosanaudlszani
m (Type V Sulphate-resistance Portland cement)

J

I = o A~ vAa 9 [ =< ] 1 Y
!ﬂuﬂ”u“]ﬂllu@lﬂf]'WILLﬁuﬂ‘ﬂllﬂmﬁuﬂﬂiuﬂWiﬁWHﬂWH“ﬁmWﬂqq%Q!“ﬁlﬂ$ﬂﬂ\‘ﬂuﬂﬂﬁﬁN

Y

Tuusnaaunioihniidiilsenovvesdamainduga
aaa \ IS do o
2.5.3 UnsenszrHNamMUAiLIn
A =] &% g} Aaaa =] 1 = d o g’ A tiy =l Aaaa dy
Wenauuduudaniuii UgnsemaunilsenInduuan iz uay Sen §nseds
7 lawsdu (hydration) wa ldanlgnsenlawssu Ao unaiBousana lamse
. A = J @
(3 Ca0.28i0,3H,0 #30 C-S-H) taz uaaiion lanson lad [Ca(OH),] Asdums
2(3Ca0.8i0,) + 6H,0 - > 3(a0.28i0,3H,0 + 3Ca(OH), ............ (1)
2(2Ca0.8i0,) + 4H,0 --emv > 3(a0.28i0,3H,0 + Ca(OH), ..............Q2)
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Aaan A @ le ] = =
Unseamaums # (1) uaz (2) §aluduge mndrunavvesiudiwuaiarsos e
1 =] 4 = aa . a
aurayed Tasasos Isaulesnlszneumanil Ao $am  (Sio,) tazegiul  (ALO,)
: o aaa % 1 4 % y
Fazin Tl §nsertusais e unadenlaason lva [Ca(OH),] deaumsin (3) uag (4)
Aaan 1 =1 4 o 4 =\ ng Y] dy
UgnsensennajudmuaesauavauazansdosTsaiy Nvunoudall
Y v v
Juhn 1 Ufaser lamsd (Hydration Reaction)
2 (3 Ca0.Si0) +6HO - > 3Ca028i0,3H,0 + 3Ca(OH),

2(2Ca0.8i0,) +4H,0 - > 3(Ca0.28i0,3H,0 + Ca(OH),

v
=

JUN 2 ﬂf}ﬁ?ﬂwﬂaﬂmmu (Pozzolanic Reaction)
3Ca(OH), + 28i0, - > 3Ca0-2Si0, 3H,0  cecorereernn (3)
3Ca(OH), + 2ALO,  --— > 3Ca0-2ALO,'3H,0  .oovveeereiea @

nan laninlgnsenluaunish @) e uaaBonsama lawsa (c-s-H) uazildon

aan d' = = a 3 o

Ugnseluaumsi @) fe unaGowegiva lamsa (C-A-H) Tagns C-S-H uaz C-A-H 1zt
o v o 4 42’ ] T T = 4

Tif1dedanounsans o uFnuAgeiunazan 9991938190 YN1AV0 I UFIUUAaq

(1.2.39999031 AITNNIIIUG UAZANE, 2545)

2.6 WIEUBNUA (Cement Kiln dust)

1 = J I3 a Y a ~ 4 1 a 9
pauFuaundananasy 1a9nnszUIUMIHaAUTINUA S21HIMIHEn 1A

<3| < ! T 4 4 v w1 a J
Wuuda Tasfineudmudazgniiuiiu3areniosansudulihatad  (clectrostatic

.. v = I & <3| = 2 =) I J = s
precipitators) mvJummumaﬂymzmumazmﬂﬂ i 3Jﬂ’J13JL°1J‘L!ﬂNE;N wazesnlszney

I o

AA Y o s s ol oA o
‘Vn\‘lmllVIﬂanJﬂU‘IJJu%UJu@‘]J@ﬁ@LLaHﬂ u@ﬂﬁ]’]ﬂu@ﬂﬂﬂﬁ%ﬂﬂﬂiuWQP!H“HL?JH@]&Q?JW'JﬂIﬁW%

aan A 1

' Y
U uaEleN Az Faen uanuNTANUTUIRTe8NI 0.05% Tasrimiin (Siddique, 2006)

'
[ I3

oA I S IS 0o w a 3 o Y A o 31 ~ va
meudmuailuiagnidmlszneudinyvosiuyu udeda laienaunuii dauauiaiu

a
]
=

o = J A . . i
Jaglszanu uazliosn1lszneuniunll A alkali, chloride Uaz sulfate g9 FUUAUNG VDI
Q| o a o . .

Py lumsirnuveunumuazmMsnanyudua (Wang, Shah and Mishulovich, 2004) 141
o ] ~ J Y 3 o <3| [ a a =~ s £
mathmduguandunlsanasalastihwduiagaulunssurumsnanuduua dans

o ' ~ J Y= 3 d? 1o
Wduaudu lonns s U gy
4 1 J =~ d . .
1. 99A132nBUA1N9 GUENNQPJW]!LSJ‘LJG] 1%U alkalies, sulfur tiag chlorine
o 1 J o '
2. malulad lumahmesdudmudnauin s n

a = s a
3. %uﬂﬂjmﬂ“ummummzwam
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v
v o K = [

Y J 1 = Jd @ . =

WudaeaimiasIaiaesnlsznouaieg Tuudmud iy s2a1 alkali Taelinis
o w @ . 1A J J s X J . <
iiaszav alkali 887 0.6% Tuijudmudiesanaud dd1luuFiuudl alkali gevziiluiu
aunmat lisangfezih 1l dawmse alkali 92 lvinlfaserduulasiuan quesaounia
&£ & o 4 A A 9 1 = @ . o aaa @ .
FutluaungilvinounsamnanIsuans1 1BuAEINY chlorine dXN50M1UNTEIND alkalies
a I 9 1 1 [ o 1 @
i alkali chlorides Wafinane Inssad19vesnounia diudamosaoglugilvosdamaay

y o v Y S A Y 1w

awnsoaafgunnueelaseding Taeim i lassadwuesneuniadonio lduny (US.EPA,

1993: Online)

Y
a KX A

1 < Y { aaa o [
lumsnaeudsninazneulangninilyminnaiude Ufnser lansduvesiag
I} aaa @ o 1w I W 1 <
UszaazgnininalfasenTae Tanswiin i ldmanedauaz nsuisdrvestounaeniednag
1 @ J J J J <3 o
uad oSl jsjudmuddesavand lilnnumnzaylunsvaoudald Tasvimsnawy
1 o a ' J
saunuiday (fly ash) uv1 (lime) slag AN (clay) H50HIHUTINUA (cement kiln
Y & ] ~ s s P o oA o ' v Y I
dust) (T udy ¥3m3 15 usudilosauaua WA UNIHUELUA lunsHaauTaiu Ay
J oA 4 o 9 a aaa v d 42/ < o 9 a 1w 3 o
anly  wduswuaszi liinalfnsonlaessus @y dunaildinanisnediuazudaid

I3 g » A o o w @ 1
Tﬂqgluu@]lijﬁullﬁgENlWNﬂTa@ﬁﬂlliqﬂﬂluT"]\uliﬂ (Park, 2000)

J d
2.6.1 23A5zNOUMAATVD IIH LA UA
1 =\ = 4 A 9 o = 4 4 S =& o 1
paruiuuaNesnlsznoumaninaaeiuuduualosauaua deesnilszneudiy

ﬂlﬁ@iﬂi%ﬂﬂﬂﬁ?ﬂ calcium oxide, silica, alumina L@ ferric oxide aauaadlunisnain 2.4
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d' 4 = 1 =3 o =3 J J 4
M1 2.4 o3nlszneumanivensduduuduazusudilosanaud

Parameter Cement | Cement | Cement Cement Cement Portland
kiln dust | Kiln dust | Kkiln dust | Kiln dust | Kiln dust cement
(%) (%)’ (%)’ (%)’ (%)’ (%)’
CaO 10-50 49.75 63.8 56.0 42.99 60-67
SiO, 1-17 11.95 15.8 11.5 13.37 17-25
ALO, <12 1.12 3.6 4.38 3.36 3-8
Fe,O, <5 2.45 2.8 2.04 2.29 0.5-6.0
MgO <1.0 1.86 1.9 1.34 1.90 0.1-4.0
Na,O <5 3.87 0.3 1.02 3.32 0.1-1.8
K,0 1-20 2.66 3.0 5.86 3.32 0.1-1.8
SO, 1-12 6.35 { 4 16.7 5.10 0.5-3.0
Cr = 6.80 1T 0.73 7.50 -
LOL(105 °C) = 17.92 - 6.00 15.96 0.1-3.0
ﬁ%ﬂ: " Cockburn cement Limited, 2005: Online

Shoaib, Balaha Liaig Abdel-Rahman, 2000
Al-Harthy, Taha 1taig Al-Maamary, 2003
Wang, Shah tta¢ Mishulovich, 2004

5

El-Aleem Hazame, 2005

Aa o

a a a [ J
Usaan Iualsziasy uazdes 919sNNNYNa, 2547

2.6.2 mavhwaEududan]dlsz o
Y J ] = I YA ) @ 9 2 3 9 1 1as
mslFse Teminnadugwud ladmstiinduanldlvidnassluaudiuaie uais

[ a

A A = o TR J v < a ~ J dy Y o
nangafemshwsduduudnavuiiiuiagavlunszuiumndaludwua venaniindad
o 1 o J ' . .

lagimaimsdudmudunldlse Temiluaudiuaee (Siddique, 2006) Ao ldunuyuuilu
o a ) <3|

mslSuanmauanmsiimsineas Iiianimiunaia (Al-Harthy, Taha and Al-Maamary,

[} a 1 L 1 o [

2003) 1FdSuanmaunsumsasisouy lnaunuyudmudlumsnoase ldthiaveude
4 I~ 9 Y 1 = J o o = = B2 ' = L

wazdue wWuau Tumslsndudmudiniaveudonaasdiguaniavesnduauudluns

=< = I~ [ 1 =~ o o a dy = 9
AAYNUDITY uazmmmumwmmvlwmuu@mmmmaﬂﬂimmmmwmawmmﬂ%

U q
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'
a a

wAa 1 1 = o’dg} (Y] a o X a = 4
ﬂﬂ!ﬁll‘].lﬁﬂN“]GU'ENFNI?JU“BL?Juﬁﬂlu@ﬂﬂﬂ“ﬁuﬂﬂl@ﬂUﬁﬂﬂﬂﬂﬂl“ﬁﬂluﬂTiNﬁﬂﬂju“Bmu@ NITUIUNT

U Q

a g a a o 3 4
nan nazmslfromaslunsnaa (El-Aleem et al, 2005) n15 19552 Toasivesnadudnug

v 1

nane 11l (Siddique, 2006)

I [v] 1 4
1. s ldmadudmualumsUSuanw@u (Sl stabilization) #aruGudaoldlu
o a 4 oA g Ay ) gy ya o '
msdSuanmau Fdadlumadendnniauenvinmislgyuu Tunasalainsimadu
= o 9 [ a 1 9 1 =\ o (=1 1 1 A
Fuudu ¥ lumsdsvanmaunoumsadrvouu meduFuud biiswaszagrelunismy
< a 1 J =) J v agzl o Y A
ANUUTILTIVDIAU UARNIHUFIMUAGIAATUADY 5101 tagTzeznallumsiinuaslaiie
= @ I3 Y o a 4 { o [ ]
ennums1d)uv Yuswuandims g lumsdsuanmauionziinisassouu uanay
= Jd A [l 9 = 4 = = 1 ] ~ 4
Fuuaiiuniuaon Tuiunums s udGmud mszuauuaisinunan e uduua Ty
@ a 1 4 o 9 o o Aa 1
anigosnszana 10% vesmuduuagmimnlslse TeslumsUsuanmaunouns
9
a31901uY
o @ 1 4 o @
2. Nlumsihdiaveude (Waste treatment) wafuGmuaiimstiunldlumsysuatos
' < = Y oo I wva =< . o =
nazmsnaoudveudsla Tnomduduudinuauiialunisgady (absorption) SIUNINAN N
A 3 1 & A 1 o w = 3 [YR={ =K & A = o w
Miluae sainademsiiiaveuds wenainiudisiaign yutlumadenntalumstiia
=\ 9 v = o =\ 4 1 =] =) o o w =
youds Taons lmadudmudunu)udwuatazuvd mduduuatinsiliihiaveudo
Y Y [
vanelszinn Gy veudenn lssnugaauns sy Hudennguyy uaznnaznowiiu FK
1 o a A o a
Huduatidsganinwi liifamaados 1a
d d ) 1 4
3. MsIFRIRuBIUAIMUY UBINUA (Cement replacement) Tn5iimaruFuudun1dy
= 4 o o 1 Y [ 9 = 1 1 < 9 1
unuludmuddoesauaualumsnoai uazdaldluanuneunia uaed1s lsnamns 1w
~ s ~ 4 s Ju @ o A o A A
FuuaunuiusualesauauaduiluilymluFosvesnsnuusda uazo1mmuANT
4 a Aaaa o 1 I 1
TuiFesesmanalfnsevesiaglszauniianimiuaig
¢ ¢ A '
4. mslimesdudmuiiludiunanluneaasinesiaouu (Highway uses) N5 1513 u

v

< 3 [l o a 4 4
Fuuddludrunaniiansoanlsaueafanduudanldlumssaauu'ldng 15-25%

k4
A A

a $ 1 4 { o
Tae/51105 FamsduFmudannsadumumsnaaaenvesiuAlnuuntinmiala
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2.7 nalpman3slanzriin

=< = s = a [ = J s A

TooouvosTanzazaialudmud Feerunann (1) gnavludmud Tuglesn lydmen
A J o Aa A a Y dy = g .
w3000n 140390 (2) gngadunaa nioR3) namsnaudineluiloiwua (Karamalidis and
Voudrias, 2007)
4
Gougar, Scheetz 1182 Roy (1996) Aneimsnuniuissunisuluduaoumsimnamennss
J = aa =) =
1% vazuaadeugamalamsa (C-s-H) lunszuiunsasalessuvesveuds nalnlums
= d‘ a 421 Y =\ an Y % d'q [ d‘
asalnaTunuuAaIFengama lamsa Uszneudie msgaduiag msnauiy tagmsunui
o s 5 < {
a1 leoouvesveudegnuauiudmuanaziii daniull1danTesouszid lnausou
J a aaan o‘/ aaa = d' a d? 9

szl nset lamsdu UfnserveslessuvesveudoMnaiunielulaseadauos
=~ J 1 o a a J
FINUATM BV 1Y NTAAFUNIAAT NMIANAZNOU MIINAT1TUTENOVDUAIVDITINUA

A Y 1 9 = =) a dgl 9 Y Y

viomanausd llegmelulassasvvesdmuud nseormnatiuvatsuuuniounula

9 @ 1 < @

Conner  (1990) ldargdenalnmsdsvadesuazmsnasudsvoslanzminlaoly

~ J 4 J 1 ) a a aaa
YuFwudiosauaud wuaazna (Pb) 912ANAZNOUUUAIVEI laiasa (Hananvel nae

o‘/ = 9J 1 L] Q' = an

lawwsdu) Tasidien (Cr) aznamdioglulawsa Taammized gl uaaFousamnalansa
(C-S-H) uaalioy (Cd) 92191 11log 1y Portlandite  [Ca(OH),] ¥l uaalowd lunudn
= a g @ A @ = ' <
unaBoutazinaly CdCa(OH), sanaadlugilin 2.3 wavesmsiSuedosiazmavaonda

Tavigniin muﬂuﬂsmm"lammmﬂmu

Surface particle

HoO
BaSi4

Pb
—_—

Precipl ta
it

CaCd( OH);——. E’i
1

Gr

CaZn; (OH)s - 2Hz 0 Imoorporat ion

Cemant clinker

Sur face particle

Zone Cos-H

519 2.3 m3dSuadesuaznisvaouiclangwinlaslgnsorleasfuvosyuduud

UG

4 o
1Josauaua

‘ﬁm: Conner, 1990
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I 1 <3
Lin, Chen tag Lin (1996) lafnu1n1sdsuiadesuaznisnaouvalasiionlaslsy
4 4 4 a
YudwudilesanauduazB-c,s Tasldinaiia i Solid State Magic Angle Spinning/Nuclear
a Jd 1
Magnetic Resonance (ZQSi MAS/NMR) ttagX-ray diffraction (XRD) Tumsiasizn wun
1 a Aaaa o 4 4 o
Tasonazidnlloglu B-C,S paste nazrnandnnnilfnse lawssuvestlosanauadmud 1d
1 9
119 Tagagluga) B-Calcium chromium oxide hydrate (B-CaCro,2H,0) Funatunniljnsels
AUV IATIN NN B-CZS uazagﬂugﬂ Calcium chromium oxide hydrate (CaCrO,-2H,0) ¥4
Aa :ig} Aaaa o = o = 4 J Jd o Y I ' = 9
nadunnlgnsenlamssuveslasionnuudmwualosanaua i ldviun Tasdend T
'QQ =) aaAaa Q'/ o d d
unuiganeulunandnveslgnsenlamssu 3k ld o tesuaziiudeunidionaln
1 dai
(U
. 3 Y= v W ~ = Aa
Ziegler, Giere it8% Johnson (2001) "lﬂﬁﬂ‘]el'lﬂﬁ@.ﬂ‘?]ﬁ_lﬁﬂﬂzﬁ (Zn) YDAULAQLEYUFALNA
laiasa (C-s-H) mamsfnymu deangdazdn lieglueymnaves c-s-H daena'ln (1) msdh
liog1u interlayer Y99 C-S-H %30 (2) M3IQAFUVUHIVOINAN MINNFA dIU Qian, Sun 11AZ
Tay (2003) ladpEIMsANFINTE AANMTNTN 0, 0.1, 0.5 1aL2% 1111111 alkali-activated
£ Y I @ = 1 Aa o A Y Y o
slag 3191 udagiseay wamsfAnEINLI MIANANSTNANMYVVUA (0.1 11aE 0.5%) 92
=1 1 o v w v < 9 [ a @ A Yy 9 a ] Aaan [
UnaneMasTuusIoAanNToY AMIIANGINSANANUANTYU 2% 2NN T1HUNUNTo10819
1IN LazINANIFEaZABVeIFINE dgununI AT Iuimua eiana lnlumsaiaTanziing
' 4 H o { a 9 5 . s !
apmsaamaounved leoouvesdinzd Agniamdnlalu  alkali-activated  slag ¥4 1d1n
(1) M3IAA zinc silicate gel NHazaY (2) MINANZNOU calcium zincate N Mazany uaz(3)
a [ = 9 as/' dyd? [ Yy 9 1Y dd‘
mM3namInansInved looouvesdaneddn 1l lu c-s-H faflvusuaNudutuveadin an
@9 11/ alkali-activated slag A
Komarneni a2 Roy, 1987 (8199914 Gougar, Scheetz 1tag Roy, 1996) AREINUIN
a a 9 ~ ~ AAa . Y =2
Hanavztn lunuiuaadeuiiives C-S-H uay Atkins tazay, 1993 (8199914 Gougar,
a AaAaa 1 Y] 1 Jdo Aa a &
Scheetz 118 Roy, 1996) l@Any1mstialgnseidenusziedmuanuinna $awans
a <Y . . Y I Ta A ll . £ (Y
INTIZHAY Xeray diffraction uaaldviuiininaeglugl Ni(OH), gel Fwanogiy

C-S-H phase

2.8 MINATDUHAINIUNTHABHS
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~ 9 [YERR ] 1 <3 a a A A 9
NUNU Wﬁ‘ﬂll?lﬂ1ﬂfﬂi‘ﬂﬂff’f)“l_l1’7@\1WTL!ﬂTﬁﬁﬁ’EJL!,‘UQ‘ﬂgﬁnﬂﬁﬂﬂigmu‘l]ﬁZﬁﬂﬁNﬁﬂllﬂ’tﬂﬂfﬂﬁ

@ 1 < @
Usuanesuazmsraouvannaznou larevin

2.8.1 MSNATBUNAITVUTION
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m3l¥mnaaeuidesunsedamolssiudalszansraveosmsUsuadosuazng

P2 e A Y P v A 0o q U A S Y Ao o w o
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Uszanwalunmsdsuadesvosweudolszandisoiunid iilosnngniveglunananin 1d
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=) A Aqg 9
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P4 £4
a A =

A & o Y [ = = [ dy A g
muvuzm Inszuaumsdsuianesilseansnaninyu TﬂﬂLﬂWW%ﬂUﬁWﬁﬂutﬂ@uﬂLﬂuﬁW
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a 2 d o = 9 I v Ao K a A an Y @ =
IOUUNTY ﬂQuufﬂﬁ\ﬁ‘ﬂl!iQﬂﬂﬁ]ﬂ‘lﬂﬂuﬂ’ﬁf’ma\‘lﬂixﬁﬂ‘ﬁNﬁ‘l/lllﬂmﬂﬂﬁﬂi‘ﬂlﬁﬂﬂilm%ﬂﬁ

1 <3 o W w o
1aoud (LaGrega, Buckingham and Evans, 1994) Tﬂﬂ“l%’mmgmmﬁmﬁaummﬁ‘uusqaﬂ

]
Ca=)

AUAANUINT 2 ﬂlﬂ\iﬂ’i%ﬂ1ﬂﬂi$ﬂi’)\1’q¢]ﬁ1ﬂﬂiiil AUUN 6 (W.A. 2540) FINMUAN YU
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{1 [ J < @ @ 1 1
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NAFOUMI VLA LN (Townsend, Jang and Tolaymat, 2003: Online)
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2.8.2.1 MINAAOUAILID Toxicity Characteristic Leaching Procedure (TCLP)
I as an B ) 9 A a

TCLP (I u3TMInadeuMsyzaza1eIsnia gniunlyie 7 woAanieu a.f.1986

Ta ElﬁﬁJﬂ%Lm UIT Extraction Procedure Toxicity Characteristics (EP Tox) 9% TCLP Qﬂslﬂgf}’t]fhﬂ
[ H A 1 I~ A Aa o 1
A%199214 (LaGrega, Buckingham and Evans, 1994) A1 1491a3% TCLP (inveiluliaaniuse
a o = ~ [ 1 d' o d' a R a a d‘ Y 1Y =
anT) hunlSeufeunuaunasgiuisvuamelszdudalseaninan laninmsdsuatos
1 < o A,

HAYMTHADLYY NINATBUNIFLAa18UD 1an1iin §2835 TCLP method 1311 (US.EPA,
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%

1992: Online) YVUADUAIL

) o A AA (A [ 1 9 [
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Haawas udnhumaaeuiie@onaisana Iag
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< A A a
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msanastian 1 @uasieseuain 5.7 Naaaas ¥9InTA0eTandutunauinau
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A

Y (a A Aaa @ a = o d o 31 M) I ¥
18151107 11.4 08T N 64.3 Haaaasved la@enlaason laa 1 uosiia mauiinaul lé
a a aa o us; Q) o o Y A a g’ o YA
131105 128.6 Taaaas Ma1snaeInauigletutaziilfideae Tagmaduiindu il
Y3119319101 1 8AT AUIUNTENIAT pH AN 111N15A3I9801 pH 1110 pH ganI1 4.93 = 0.05
a aa ¢; 1 a o J v
IWANNTABLTANTUTY 1N pH AN 4.93 £0.05 1au Tamden laasonlud 1 wosia a3
o A A A = < Y ) W Yq ¥ Y a3 Aa A A 9 ]
afaviian 1 Wowmssuasandrvingeli'ldldanuszdeunulumyuzntlaiodauazzdoldy

mMelual 48 %219

asadavdiad 2 Sumsadaiildonmai 5.7 fadansveanineraandudu nauih
ndulR185nas 1.4 fadans uagilbidensTasmsduihndulyiusuandu 1 aas i
MINTIAOY pH HINGINT 2.88 = 0.05 IiAunsavzdandudu mn pH d1n1 2.88 = 0.05
Whauihndu msasaiiad 2 dowiouadudmnds 8% douiulumyuziida

Harauazazdnalanielu 48 2714
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A o Y o <) o As 9 1 'l [ [
3. Gluﬂ’lilﬁ@ﬂﬁ’]ﬁﬁﬂﬂ Glﬁu’]ﬂl'ﬂﬂlﬂlﬂﬁ]’]u’)u 5NTY 1/]Nﬂ]u'lﬂLﬁuWWﬂu&lﬂaWﬂllllll'lﬂﬂ'n

Aa A 5' M Aa aa 3| A 9 Y ' 9Yq 9 (4
9.5 Yaauag HaNUINaU 96.5 Haaans nawdural 5 win o1 pH U98nI1 5 Glﬂﬁlslfﬁ']ﬁﬁﬂﬂ

a ~ 19 1 Y A A Aaa a d v 9 Y
FUA N 1 UADT pH WINNI S Tvau 3.5 Mﬁﬁaﬂi‘u@ﬂﬂﬁﬂqﬁiﬂiﬂﬁﬂﬁﬂ 1 wosia uanlvinnw

= =

I 4 Qy <3 a 1 o A
$ou 50°C 1funat 10 1A WenaliiEuneagireadl pH teani 5 1 l¥asanawsiian

Q U

v
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1 [ a 1 o @ { g Y] a
1 pH AN 5 i lFansadasian 2 dwmsvveadeiniuarssumeld sasadasian 1

1 09;
IMUU

4. Wdedamlsnamiwasldasafaluiuim 20 mveuimiingaegia il
sszimeiededldnrusussyiiay thdesnildasasaudiuviidiomseavdmuy
¥iYUTOU (rotary agitator) ©A31 30 +2 FOUADMIA Huan 18 +2 #1109 n&a0 U
Freghanseunveuraleen nve T idaenszmensealandiitunadurigudnag
10430504 0.6 - 0.8 Tuaseu thusunasfirunsnsesldimsdesdionsa viniuialy

AaszimlSunalaveniinge 1
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ANIATTIUVDIAITOUATIOIUNTNATOUA202T TCLP

9 ! A o Y o ~
Gﬁgaga']ﬂu@ﬂﬂa'lll']@ﬁi']uqlﬂﬂ']ﬁclfJﬂllj ﬂ\ulﬁ@\jaluﬂ']ﬁ'mvl 2.5

9 IS [ g'
ﬁ@ﬂhﬁ?iﬂﬂﬂiWﬂiMU"l

M3197 2.5 ATNATTINVBIENTOUATI8TUMINATOUA287E TCLP i US.EPA f1viua

T150UNTE AMNATFIU (MD./A.) T150HATE ANATFIU (MD./8.)
Arsenic 5.0 Hexachlorobenzene 0.13
Barium 100.0 Hexachlorobutadiene 0.5
Benzene 0.5 Hexachkoroethane 3.0
Cadmium 1.0 Lead 5.0
Carbon tetrachloride 0.5 Lindane 0.4
Chlordane 0.03 Mercury 0.2
Chlorobenzene 100.0 Methoxychlor 10.0
Chloroform 6.0 Methyl ethyl ketone 200.0
Chromium 5.0 Nitrobenzene 2.0
O — Cresol 200.0 Pentrachlorophenol 100.0
m — Cresol 200.0 Pyridine 5.0
p — Cresol 200.0 Selenium 1.0
Cresol 200.0 Silver 5.0
2,4 - D* 10.0 Tetrachloroethylene 0.7
1,4 — Dichlorobenzene Tk Toxaphene 0.5
1,2 — Dicchloroethane 0.5 Trichloroethylene 0.5
1,1 — Dicchloroethylene 0.7 2.4,5 — Trichlorophenol 400.0
2,4 — Dinitrotoluene 0.13 2,4,6 - Trichlorophenol 2.0
Endrin 0.02 2,4,5 — TP (Silvex)** 1.0
Heptachlor 0.008 Vinyl chloride 0.2

nn: Environment, Health and Safety Online, (n.d.): Online

HNetia:  * Diclorophenel compound

** Trichlorophenol compound
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2822 MINAADUAILIDT Waste Extraction Test (WET)

Aam A ax & Y 1 ax & 9 ad

A BMINATOUMI¥EAZA1DNITNIL 1Aln 35 WET BIHamIinaaolaiels WET 92
1han launSsumeunual Soluble Threshold Limit Concentrations (STLC) enyazaten e 1
an Jyq A = LY Qddy
75 WET gnesnuuuinld lsme@eunnumsyzazaisnie luviguilinay 35Hszs1e0umaly
MUY UadnTuADAAT (California Integrated Waste Management Board, 1998: Online) N3

Y Y

NAFOUMI¥LALA18v09 lanzniind109s WET Tiuaoussil (Usemansgnsngaavnssy,
2548)

[

o w 1 A a ] o 9 Y < 1
1. mmaawmi‘wmmmaauﬁﬁﬂﬂuagmmmimimﬂuﬂaummmaﬂﬂm2

a A

Haawas
o ¥ 3 Ay Y @ [ o [ v A A aa
2. ihdeuvnaani I Wrasiuasana ludadiuvesansana Ae 10 Tadanives
o 1 © < g o aa vq 9
A15a0A A9 1 NTNVBIVOILY (10 : 1 Taswniin) 1u3s WET v lda1sazare 0.2
§ I Y] =\ )
M Sodium citrate 91 pH 5.040.1 1Wuasana Taansen ldninnisihaisazate
e . a { @ Y 9
Citric acid ISz aundsy pH 141ilu 5.0 Avea1sazate 4.0 N NaOH
o [ 14 = vYq 9 oy
[HIMTUMSNAGoUMITLAzA10VeUTNFIUAUN IAstlon  (Cr(VD) 13 1dnin
Ysenlesewiluasarial
3. wawsanuluvranaradnuaziir i dsemnsaiildvewwavegluaningn
1 I o
MURANDgAREAIIA 1TUNAT 48 4 Tug
o w 1 a 9 Y Aa 9 ] 4
4. hdeanluvianaiadniniesndenszmynsedlonninlvinaduiiguinals
YDIFNTOI 0.45 lunsou
) A o a d Aa o 9 a P
5. hveunaIniIumMInseawiimsasrdsna lavewiin wan1sAs12Ha
a v a 1 (B} o 1 < [
s Tangminmuinasgiu waasn ludiumnasimsvaoudeue udoounsio

'
@ A o =)

A a A ~ Y Y A v 9 as ada o’gl v Y
aulgnansedagn ildudarndewnanadieds WET uazisamsiziihanauaiil

Ao a

23R TZNDUUOIAITOUUNT FOUATIAZAITOUNT &
A

[

uas e UMUIeNAANTUVDIAITADANT

Y Y A

g/ v Vv A T A o & A a 2 q9 Y [ qu‘
vouhanamnunseunna STLC Adwua 13 dedludaljnanioiaghn lildudr dniu
ANNATTIUVEIEToUATI8TUMINATEUAI0TE WET AilsemansgnINgaevnssy w.al.

Y ] H
2548 @eslimsouasioluihszazaretosninuiasgiuinsimuald duwaasluaied 2.6

HAZA1519N 2.7
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H 1 [ a o o [ 9 A
m:mﬁ 2.6 ﬂﬁJWﬁﬁ?Uﬂl@\iﬁﬁ@u@]i1ﬂﬂiglﬂ%ﬁﬁ®uﬂ§8@'1W§Uﬂ'li“l/lﬂ’ﬁ’f]’ﬂﬂi]ﬂ’ﬁ WET

aM3ouUN3d AT (HN./2.)
1oaAIY (Aldrin) 0.14
AadLAU (Chlordane) 0.25
AN ARD 130 AnA (DDT, DDE, DDD) 0.1
2,4-& (2,4-Dichlorophenoxyacetic acid) 10
fanATu (Dieldren) 0.8
laoonau (Dioxin (2,3,7,8-TCDD)) 0.001
t0UATU (Endrin) 0.02
1w1maaes (Heptachlor) 0.47
Aldu (Kepone) 2.1
auAY (Lindane) 0.4
1NNONTAAS (Methoxychlor) 10
]'llllgﬂ (Mirex) 2.1
munInae 157 uea (Pentachlorophenol) 1.7
Twanaesiuafia luilila (Polychlorinated biphenyls (PCBs)) 5.0
nonay Iy (Toxaphene) 0.5
lasnanlsenau (Trichloroethylene) 204
Fain (Silvex;2,4,5-Trichlorophenoxypropionic acid) 1.0

fan: ﬂigﬂWﬁﬂigﬂi’NQ@]ﬁiﬁﬂiﬁJ, 2548
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M3197 2.7 ANATTINVBIANTOUAT181TLANATEUUNT SMTUMINATOUAI0TT WET

a G v
a15oHUN3E ABNATFIU (NN./0.)
AIHYLAz/MTOATUTTNOUURIETHY 5.0
~ = ~
HuG LAz /MIa15UsENe UL oY 100
Wiaeuuay/vsoaslsznousa@en 0.75
uasuLaz/MIoaslsznauuaalen 1.0
= o
msisznevvedlasieneny1aun 5.0
r'd
Taswsuay/mieamsdsznovvedInsdion las1uausi 5.0
r'd 4
Tausanuaz/misasilszneuvedlnusan 80
NoIUAAAL/MT a3 UTENOUND LAY 25
4
msilszneunaeveslgoslse 180
aznaz/vMIoaslszneunzig 5.0
15om az/msoaslsznovulsen 0.2
Tuavamivuaz/mssmsdseaeuluauaiiy 350
Hniauaz/msoaslszneuiininag 20
aa A =\ aa A
satleunaz/mIoasiseneusaiion 1.0
Quua/MIoaslsznouveAUIU 5.0
=1 A =
FaReNILaL/MIoas1sEnousIame 7.0
= A =

MUASULAL/MTOE1TUTENDUNA L 24
U =) = [ =)

InzALaz//MIoasUseneudansd 250

Nz UseMANTENINYATIHNT TN, 2548
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lumsnaaeumsyzazareved larznin awsanlseuNeusz411995 TCLP 1azds

WET ladauaaaluaisnan 2.8

d’ =) ~ 1 ad Aad
M319N 2.8 M31Feuneusen11935 TCLP uaz2s WET

Parameter TCLP method WET method
Extraction solution Acetate buffer Citrate buffer
pH pH 2.88+0.05 pH 5+0.1
Particle size 9.5 mm. 2 mm.
Liquid - to - solid ratio 20: 1 10:1

Period of extraction

18 hours extraction

48 hours extraction

Temperature 2243 °C 20-40 °C
Pore size of glass fiber filter 0.6-0.8 pm 0.45 pm
Results compared Regulatory levels STLC*
Type of agitated/speed Rotary 30 RPM Rotary 30 RPM
Results reported mg/l mg/l

fan: Department of Toxic Substances Control - California Environmental Protection Agency,
(n.d.): Online

HN@NYiA: * Soluble Threshold Limit Concentration

Padvniinanomsvzazateves langmin 1dun yiavesd1sana pH vU1AUDI01AIA
@ 1 Y 1 < [ a [ < 1
oaIIdIUVRIETANAADUDITS sz lumsana uazguugilumsana iudu Tasa
!d

9
pH ﬁwammwza:ammmmiﬂmﬂaua@ﬂmmmm g ﬂlu1ﬂﬂlﬂﬂﬂuﬂ1ﬂ%@\1ﬂl@\1!ﬁﬂﬁ

v o Jdo dy Aa o o o @ A Ao dy Aa ~ A §
ANUAUNUTNUNUNNITUNTNUTITTNA TﬂEJ*U%NLETEI‘mJWu‘nmmmzﬂﬂmﬁ‘wm‘iﬂmﬂﬂu
@ [ [ < a a @ !
%%azmﬂaaﬂm"lﬁjnm ﬂ@]i']ﬁﬂusll’f)ﬁﬁ']ﬁﬁﬂﬂ@]’[’)GU't‘)\1LLEU\‘](ﬂgﬂﬁUWﬂﬁQﬂﬁﬁJTﬂ!mﬂﬁﬁ'ﬁﬁﬂﬂﬁ
Y a = Ao 1 o 1 S Ao ~ Yy 9
FuAgnulSunuvesveudes TagNons1diuvoddsanaaovueuvaniaidiveianududy
tﬂy = Yy 9 dy A Ao 1
vy stutleuszazargeanunun tazazianuIuIvvosdsUwouanauiouonsiaiu
@ 1 < A g y a @ @ 1
Gummﬁﬁﬂﬂﬂ@eummmmu%u Lﬁ@\‘]EﬂWﬂLﬂﬂﬂ1§£%@ﬂ1\1ﬂlﬂ\1ﬂl@\‘]Lﬁﬂﬂﬂﬁ?ﬁﬁﬂﬂqﬁﬁﬂﬂaﬂ aIU
Ao o o [ 3 ~ [ Yo o @ A & A 1 9y 9
33330@1']1/]@'11Wﬁﬂﬂﬁ'ﬁﬂ'ﬂﬂlﬂu!'Jﬁ'Wlﬁ']ﬁffﬂﬂllﬂﬁllWﬁﬂﬂSU@QLﬁﬂ“KQNNﬁ@@ﬂUTNWNﬂJuﬂJ@Q

msuilounvzazarveanin (Townsend, Jang and Tolaymat, 2003: Online)
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v A 9 9 an = 9 1 v A
ﬁ']ﬁﬁﬂﬂ‘ﬂnlsb'cluﬂ”lﬁVlﬂﬁ’f)Uﬂ'lﬁG]%azanJﬂ'JﬂTﬁ TCLP Nﬂ?TNEutLﬁQu@ﬂﬂ?’lﬁ’]ﬁﬁﬂﬂ‘ﬂ
Y Y an v & Y 9 oAy Y ax
Glﬂuma‘n@ﬁ@‘uma& WET ﬂQHUﬂ'J']‘JJL‘UiJGUH“U@\1Ia‘ﬁ%!,Lﬁgﬁ'ﬁig!ﬁﬂ\ﬂﬂﬂvlﬂ’ﬂ']ﬂ'l‘ﬁ TCLP
] A1 o 1 Aax 1 = < =& 1A A Yy 9 4
HUITUATNININID WET Lmiﬂilﬂ\lﬂulﬂuﬁuﬂiuquﬂﬁ’lTVliJﬂ']‘ﬂ'ﬂiJL‘UiJ"lJH‘ﬂWﬂﬂ'ﬁVIﬂﬁﬂUﬂ'JEJ
Aas 1 1 d' Y Y am d' = []
995 TCLP Q\iﬂ')']ﬂﬂ/lulﬂ‘ﬂWﬂﬂ”lﬁVlﬂﬁﬂ‘Uﬂ'JfJTﬁ WET Lu@QﬂWﬂﬂ”lﬁﬁ”lfN’lLlWﬁﬂl@\iIﬂﬁLﬁJfJiJﬁ]gllll
I 1 I~ 1 Aa
LLEJﬂﬁ']fNTLlU_ILl Cr“uaz CI‘6+ LL@]%%?T&QTU!ﬂUNﬁﬂI@QIﬂﬁLﬁflll'i:]ll (Total Chromium) ﬁ?u?%
I
WET ziens1eaiunailu Cr uag Cr' (California Integrated Waste Management Board, 1998:
Online)
California Environmental Protection Agency (Cal/EPA) 1afnuimsnageunsvy
Y
22199133 NATOUMT¥LATALIT AT INITAEULVVITNATRUNIBLaza18A 181195
Y A o ~ ~ 1 A . L
voz laanga Inetimsinlseuieuszywi1935 TCLP, WET uazSPLP (Synthetic Precipitation
F 1
Leaching Procedure) ﬁﬂﬂ'ﬁ‘ﬂﬂﬁ'ﬁ]‘ﬂﬂ15%$ﬁ$ﬂ]ﬂﬁlﬁﬂﬁ1‘]§$ﬂlﬂ$ Gdﬁﬂﬂﬂﬁﬁlﬂﬂ'ligﬁgaga'lﬂ@ﬂ'lﬂ
1 d' [ = = 1 Y 1 1 = d' a
ADLUDN 48-84 IU Lm3ﬁﬂB'lﬂ'li%gﬂga'lﬂi]'lﬂellﬂﬂlﬁﬂﬂizlﬂﬂ@l'N"‘]‘lﬂl,l,ﬂ UNULT VBT YINLINAIN
= d'd 1 = ci Y1 ax =) 1
NITANASHDU mﬂﬂlﬁﬂﬂﬂiaﬂzﬂuﬁ]g LAZUDITYDUS Naﬂ’liﬂﬂﬁ@ﬂﬁj‘ﬂqﬂ'ﬂ 95 TCLP AN
an A am = an 9y g’
bl WET 1135919 SPLP Gluﬂ']'i!,ﬂﬁluLLUUTﬁ‘ﬂﬂﬁ@Uﬂ’lﬁGﬁgﬁgﬁWﬂﬂ']Elu’l%gﬁllﬂzéllﬂﬂiﬁW$
beryllirm, cadmium, chromium (III), cobalt, copper, lead, nickel 8ia¢ zinc (Simmons, 1999:

Online)

F
= 1 =

a o o < @ @
TuauIvetiimsaneImsrasuyenInaznou lavigriiniszinn Tasley danzd
Aa A v 9Y o w A A A a 1 ¥ = @ z
waziinina Usznsuiudesinavounioadionainnsoiniizd lamwz Iasdionusan daiulu
Y
NI FMINedeuMTrEazarevedlarsHiinA1833 Toxicity Characteristic Leaching

Procedure (TCLP)
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nmlsunannuyu manudunsa-ag (pH) 24A1/52NOUNINUAN ANUUNVUNIHNAVDY
o = ] I A a o 1A [ 09} v A Y 9

Tﬁﬁ%ﬁillﬂ (NWH'JfJL‘]JulIaaﬂﬁll@@ﬂIﬁﬂﬁiJ“U@\iu'lﬁuﬂLﬂfJﬂ) HAagANUVUVUIINNITTEAS DY

A Aa o 1A

o ] <3| Al
"Ui’)ﬂiﬁﬁﬁ’il&ﬂ (ﬁwmmﬂumaﬂim@am) %ﬂﬁﬂ‘ﬂﬁ’m’l% TCLP method 1311 @MUNUIATIIU

S o

v
v o 1 < @
U3 US.EPA %']ﬂuu‘ﬂ']ﬂ1§lﬂ‘]_l'iﬂ‘]%l’]]l%}ml%iuﬂ']ﬁﬁaf’)LHNﬂ’]ﬂﬁgﬂ@uIﬁﬁgﬁLlﬂ

3.3.2 ﬂ1’§!ﬁﬂ!!ﬁ$!ﬂ%ﬂ?~lﬁ'3i’)€l’1ﬂﬂ1ﬂﬂ%ﬂi’)ﬂiﬁﬁ%ﬂﬁﬂ
I @ 1 @ o w oy =
1. !ﬂ‘UGI'JE)EJNfﬂﬂ@]$ﬂf]uIﬁﬂ3Wuﬂﬁ]1ﬂ3$1J'1J‘UTIJWLHL?(EJ"U@QIEQQWHGIIUI@WZ?%}’JSJ
A o a dy Yy 9 gl’ @
‘11/11711rw’e‘)ummTﬂimmﬂmmuuaxmmmumumwmmaﬂamwuﬂ
@ 1 @ 4 o 1 1< 1
2. lﬁ?ElﬂJG]’ZI?JEJNﬂWﬂﬁ%ﬂ’E)HIaﬁ$WHﬂlﬁ@quITVHﬂWﬂ'NZJLﬂuﬂi@-ﬂN (pH) tagu

Y 9 v Y an ) Y
mmmmeuuﬂmmi%‘zazmamaﬂaﬁxﬂuﬂmaa‘ﬁ TCLP Tﬂﬂmmﬂmﬂau"lﬂmﬂ%uum
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a

osj o 1 I o [ fl
vintheunguugd 105°C 1iunat 24 ¥1Tus uamnagneutazsouduazINT 193

QU

<3 1 A A Yy I 1 Aa A a o o Y 1 <3
VUIAANNIT 2 UAALNAT lm'l!,ﬂllﬁlﬁ'cluqxiwa']ﬁ@]ﬂ‘]_lﬂﬁu‘ﬂﬁ'lﬁﬁﬂﬁlslfﬁluﬂ'ﬁﬂﬁ@u‘uﬁ

3.3.3 MsInzHanyaranTAve N uFud
a Y vAa a'; J = 4 Y 1 a dy 1
1. annznanyazantian vowdudud laun Usmannudu tazainim
I ]
Wunsa-ag
a J J ~ 1 ~ J 9 1T aa J .
2. Bnszvesdlsznoumunivesnsdudimua laun aneoulasenluq (sio,)
o a 4 A 4
unaBuean lua (Ca0) ogiitousan luq (ALO,) uazilosineonlua (Fe,0,)
a o Yy 9 = [ a a a as 1 1
3. AnngmaNuANIUYed Inley denzd Hnna uazneduad Tae25n1sgounaru
= 4
FIUUA AR IUNIANUIN Y
a 4 o a A a o
4. INILHIANUTNTUNNMT VL aza1eved Insilen Fan=d 1nina neauad azid
=) a 2 a 4 1
uaguAaioy A2835 TCLP 3IMINAGOUMIFLAZaI0A1833 TCLP 32152gnansiudians
o Y e\ A w g ' ~ I Y A 1
analudnyULNYUIOU (rotary  agitating) NON3152 30 30UADUIN VUM THIATO IV
<3 [ o 1
w1113 (horizontal shaker) Taal9n213157 200 s0UABUIN N¥I9n319V0INITIVEN
a I~ ) ua/‘ a
3 umuas 1WUILeZa1 18 2 1T UABUAITNAABUMT¥EaLa 1882835 TCLP Haaa

Tuzin 3.2

do Qe Y
3.3.4 MIANZHONYUZANIAVRINNAZNOU] aHZIIIN
a &Y wa v o 9 1 a dy v
1. Anszansazaniani ldvesnmnaznouTanzriin 1aun Usuaanudu taza
I~ [
ANutlunIA-A19
a 4 9 9J =1 [ A A a q'z =)
2. WATILHMIANUTUIUYDI IAT ey FINLT UnNa  NouAd AN Lazunaiigl
TaedsmMsgosnnaznou lavzyiin uaaalusanuin a
a J [ a a Q'J
3. AATIZHIA NV UTUIINNTFZaza1009 1ATHeY G902 Unna NoILad Azn)

9 a 09.1} {
tazuAAaNdI835 TCLP Tasdunsumsnaaaumsseazals uaaalugiin 3.2

\ [~ w Y \l \ 2 zdy
3.3.5 msnasudamnaznoulatizniinlaglFonaiuniag Al
1. l¥oasiaruvesnmnaznou langwiinaedaalseaiu minu 0.5 : 1, 0.75 : 1 uaz

Y
1:1 lagainiin

'
=1

2. madudmudifuiaquszas wiu)udwudlosanaud Tasunuiyudud

U

Y
Yosauauaalronsduduudludiunm 0, 5, 10, 15, 20, 25 uaz 30%  lastimiin $1uau 7
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[ 1 [ [ 1 = 4 o d 1 =\ 4 [
9931891 TAgdnaIuITHINYUFNUAlaIAaua do MIHUBNUA NN 100: 0, 95:5,
Y
90: 10, 85: 15, 80:20, 75:251ag70 : 30 Iag1inin
v
3. l¥oandiuthaeiaglszauminy 0.6 : 1 uazlddasdiunieaeidglszaiu
v 1
101 2 1 1 1aediivin Asnaasansnaand
Y 1 @ = 4 o 4 v = 4 g’
4. lgdrumanszninanmnazneu Tanewiin Yuduudlosanaua narudmua i
@ 1 ] @ { q’j o 1 < g// ]
nagnse lueasiaiuagadaadlua1snen 3.1 mnuummsvasuds Tuaeulunmsvas
< ~ Y o 1 < o ' g} I
uag uaaalugili 3.3 yanihimaazneunasudaiimsunlninluszezina 7, 14, 21 vag

28 U

3.3.6 MylszRuNamnAznNoUTiaanda
o 0 w w @ [ I I :’
1. !IMInaasUnadIsuIswaveImnaznourasutsnUy luinuasuauszezna
A o oazl o 3 Aa Yy v < AAa
NMUUANINUINTTIUYOI ASTM  C 109 Tasauusnyiimstsana lvus amanienaa

9 A

@ § a 9 Y o 1 :} @ @ ' I
W'J“ri’uWE]E)ﬂLW@TJﬁUﬁuN'JGlWl?ﬁlﬂllﬁ’)ﬂl!ﬁﬂﬂ1u1ﬂuﬂ LUASIAUVUIAUDININASND U ADLLUI

D

9

nntiuh Ty nsiieseanadeuTassadumiavesmnazneuvndendalifed lunuaguinais
voauiunaae AnualiinsomaaounatiminasuunIna nourdontad108aI 1
arEyeIUNINALNeURABNTURAToIIANZI FamsTuRna i 1dei s sai 18910013
nagouluruIen lansuABAIS 1B UALIAT

2. MMInaaeuMI¥Eaza1eved laneuiinanmMnazneuasLIIA1833 TCLP gy

9 v
Tupoulugiln 3.2

TUMINATOUMAITUTIOAULALMINATDUMIFL AL A0 |aneHIina1873 TCLP
U <3 o o g} :/I o o Aa 4
INNINALADUNADUVIVENINITNATDUIIUIU 2 1 VINUUWINANITNAADINININIT NATIZH

wazagUna
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ﬁﬁﬁ’)@fj']\‘]ﬁﬂgllﬂﬂﬂﬁ‘ﬂﬂﬁ@‘llﬂﬁclf%’dgﬁ?ﬂ%@ﬁiﬁﬁ%ﬁﬂ/ﬂ

A

1 1 < 1 a A
‘U@LLa%ﬁf]l.lf?ﬂuﬁzllﬂﬁﬁiﬁ}ﬁﬂlu1ﬂmﬂﬂ31 9.5 UaaluAg

) [ Y ] A I 1 Y
ﬁTVi‘i‘U’fﬂiﬁ’Jﬁ)EJN‘ﬂiJ"UEJQLL"UQ?JWﬂﬂ’JTVﬁ’EJLWWﬂ“U 0.5%

A

laluaisazaronsnozFan Wiows 2.88

v
A o

[ < an 1w
NONITAIUVDILUVINDFITALYNTADEEAN 1NNV 1 : 20

A 4

: Y A 1 ) g A ' ~
HJEJWI@’E]@L’J@M’JEJLﬂi’ENL‘UEJ”ILL‘]J‘]JUMNW 1%ﬂ31uliﬁﬂ 200 39UABDUIN

A 9 ] I M
NYINNINUVDINITLVY 3 K. 4. wWuszeznm 18 GH’JI?N*

\ 4

113115098280 52ABN509181A 7 (glass fiber filter)

Ay 1 4
NULEAUAIFUINANVDIZNTDN 0.6-0.8 "lllﬂ'i@l!

y

Y
NS YR8IFTaZAY

Y
(’J%ﬂWiEJfJEJﬁW“HgaZaWEJ e TunIANLIN N))

y

a @ Y 9 o 9 A
’;mi13wmmmmmmmaﬂamwuﬂmﬂmim ICP

k4
%

510 3.2 JuroumnagouMIvzazatvved largnindae3s TCLP

4 [l o o . . { o <
winewe): * szgnamsvrasanaluanyaiznyusel (rotary agitating) N9751159 30 501
1 I 1 < 1
aou1h Wutumswewu 14/ (horizontal shaking) Tael9n113157 200 50UAD

A A ] <3| o
HUIN ﬂ%?ﬁﬂ%?\ﬂl@\‘iﬂﬁﬁlﬁﬂ 3 a3, 10 uszeza0 18 %ﬂillxi
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MNAzNOU
Tavizniin

(n5%)

d
Yudua
d d
Josanaun

(M53)

Y = d
WU BIUA

(P5H)

v

TR

(P3)

N3y

(P5%)

50
75
100

100

60

200

50
75
100

95

60

200

50

75
100

90

10

60

200

50
75
100

85

15

60

200

50
75
100

80

20

60

200

50
75
100

75

25

60

200

50

75

100

70

30

60

200
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FITaaaenTIaIUNNIUA

A 4

; ' Y Y o A = 7
pavaunanaen i luase swaui udsmua

A 4

MaAIUHNENA ULV VHADUUIA 5x5%5 1.
~ a ~ ' o
Tunar 2 w9 30 IUN Ladam 2 Fu

4 4
N3¢ W9A20 Tamper FUAL 32 A5

A 4

9
dimannAauIUTdeIaZ DoAY

Y
lunan 24 vy, Unlsiwesunsy

AUTTIZANAUA

A 4

0 1 < o
UINTINALHDUNABDLUINININITNAT DU

MAITUUTIDALAENATDUNIT VDS A1IUDI

Tanzniind1e73 TCLP

d' 3 1 <
sUn 3.3 VUADUNITVIADLUN

UG
4‘ an o 4
Han: A5 lrewsus, 2542
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a ¢y
34 NIAUNIICHUBYA

0 9y

1. wamsansngiuauedoyalugiliungs a3 uazasl

2. HAMSANEIRAITULTIOAIZREUAUAINATTIUMAITDITI0R amlszmanTzns g
9ATINNIT T 1T 6 (W.A. 2540)

3. WANISANINITYZaza10909 InTllenz o unUAINIATTIUUDIEA1TOUATIY
TumsnagenTay3s TCLP Al US.EPA stiua dmiudanzduazinfasziion

AUAININT TIUVBIAITOUATIE WUTEMANTENINGATNTTY (W.A. 2548)

4. Fawnlszansamlumsadelanzninlumnaznounaza 191619 lumsndenda

Mnaznou Tangniin
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UNN 4

wanIvaazenilsiena

Aaw dyo = 0o w ] 1 I~ 9
NUATERIIMIanyIMIitia laveniin lunmaeznou lagnszuiunsviasuya Iae la

7 7 P ' 2w :
Yudwualesauauauazwaduaiumiuiagilszaiu yawanisdnylsznoude
0o W o @ @ [ I~
NANTANEIMAIS LT IDALAZNAMTANEINTFLALAEUDI |aNnLHITNIINNINALNDUN A DL
= = a a = @ 1 9 ' <
sanamsanmidszansnmmlumsasalaveninlumaazneutazailsiielunisvaenda

Y
TagmamsAnuIlseazDonnatl

(Y A 1 = J Y]
4.1 Z’Iﬂ‘Hﬂ!8ﬁ?»lﬂﬂﬂl@ﬂﬂ@ﬁ!u“ﬂ!uuﬂ!!ﬁ%ﬂ]ﬂﬂ%ﬂﬂ‘i«ﬂﬁ?’igﬁuﬂ

d
4.1.1 W UBINUA (Cement kiln dust)
] ~ oA 9 Aav dy ) < A v o 1 a 7 .
pef A 15 luaudsel iimsmnusinaiesandudu liihatad  (electrostatic
\ a = Jd A v I = = B a 4
precipitators) 1UNFEUIUMINANYUGNUA DdnyazTunIaziBen A1 F9910013ATIEH
J = L= 4 = 4 Y U = o

nafugdnudiiosnlsznoumuniidszinnesn lea laun uaaideuoon laa (Cao) 67.12%
an o o AN\ 4 A 4
Fanou laeen lad (Si0,) 21.96% ozgiiionoonlea (ALO,) 5.12% uazlesineonlad

&~ 4 = Y A Y] =) 4 14 14 ~ @
(Fe,0,) 2.71% #alesnsznoumanilnamesnuudwudaiesatauailsziani 1 Awaag

~ =\ di’ 1w 1 I U % Yy 9
Tua15199 4.1 UANUFWMIADY 0.18% AT UNTA-A19 (pH) 19110D 11.53 ANUINTIUVD
Tasilen d9nsd Hana Lazneauas NNy 75, 102, 34 1az6s Jaansuaen laniy ANa1aL
HAZNANUAUTUINMT¥Eaza1eved IaTieon Fand UAMa Nl AZNI LAZLAATIEY

TaemInaaauA183s TCLP 1101 0.821, 0.856, 0.239, 0.018, 0.022 11a20.005 Haaniuaoans

AMuaeY aauaadluns1an 4.2
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~ 7 ~ 7 oA 7 ~ 7 7 7
M31af 4.1 osdlsznoumuniiszinnosn lsaveswadududuazudmualosauaud

szani 1

d =) = J = d d d
aanilszneumanil AR UTBIN A Yudunesauaua

lszHni 1*

CaO (%) 67.12 60-67
Si0, (%) 21.96 17-25

ALO, (%) — 3-8

Fe,O, (%) 2.71 0.5-6.0

a

wnenng: * YouannlSaan Iuanlsuasy uazdo 1q3iinina, 2547

9

d' = ~ a d 1 ~ o 1 1
M1319N 4.2 fﬂi!ﬂiﬂumEJ‘LINaﬂﬁ]mﬂz‘lfiWQPJH"M?JHG]ﬂ‘]JﬂW?JW]S§1u@]N 9

d
WI51HINDS Cement kiln dust ANATFIY
- &
15U NVFY (%) 0.18 -
pH 11.53 -
Yy Y :L U d' =y v
ANMINTUNIINAVD ) avizHI NNy AMINAIFIU
S
vaaasneilu
muszmansznsig

9AAIHNIIN N.A. 2548

Tasiew 75 Wn./NA. 2,500 1./,
daned 102 wn./NA. 5,000 ¥A./NN.
Hina 34 un./nn. 2,000 WN./NN.
NOUAY 68 WN./NN. 2,500 WR./NN.
Az - 1,000 /0.

uaaLiow - 100 n./NA.
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d’ \ = ~ a 4 ] =) Jd v ' 1
A1919N 4.2 (A1) ﬂ1§!ﬂ§fJ‘]Jl,'V]EJ°UNaﬂ1iﬂllﬂi'l$ﬂwx‘ll?4uc]fmu¢]ﬂ‘]Jﬂ'liJWﬁﬁTuG]N 9

ANUTNIUINMIBZaz AW AIATFIY AIATFIY
Y T, = d Y] [y
vodlavizniln Tumadudmua VOIA1TOUAI Y VOIA1TOUNI Y
naaoulaeds TCLP* MmN US. EPA Mviua MulszmMansznsig
lumsnaaaulay QATIHNIIH .0, 2548
ad
38 TCLP* Tumsnaaaulay
3% WET**
Tasey 0.821 un./a. 5 wn./a. 5 yn.J/a.
Faned 0.856 un./A. Tudmua 250 Wn./A.
fnmna 0.239 un./a. Tudmua 20 uA.J/A.
NOIAY 0.018 Wn./a. Tudmiua 25 wn./a.
AN 0.022 un./a. 5 un./a. 5 un./a.
LAALE 0.005 f./a. 1 un/a. 1 wn./a.

naentia: * TCLP : Toxicity Characteristic Leaching Procedure

**WET : Waste Extraction Test

4.1.2 MnAzZndUaNEHIN

v Aq ¥ = z:lyd o r?’ =
nnaznoU laneruinN 1¥ lumsanw1iituninaznauaInszuuitatdevo
TsanuguTangare il dwaaalugadi 4.2 (n) G@3e1 naunu iwerhmnazneuuiinsg

Y = A o [ A =~ dy T o 1
a1 o1 tazualvazidearzianyazaaadlugln 4.2 (v) JANUFUNIND 83.60% AR

I 1 (Y Y Y = o a A a )
Wunsa-a19 (pH) 110y 10.87 anududuveslasiion densd dnna neae azni uag
uaaenlunmnaznoulansvin (NN 85,125, 77,605, 12,315, 68.50, 233.25 11ag 0.875
Haansuaen lansu aud1ay tazianududunnmsyzazatsvodlnsdoy Fned dnna
NBAUAL AL Hazuaey TasnsnaaoudIe3s TCLP (M1 12.70, 326.25, 53.61, 0.928,

0.047 11820.004 YAANTUADANT MUA AU Aauand11n15197 4.3
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(n) v

[

d‘ U v d‘ LN
317 4.1 (n) anpazvoInmnezneu Tanzniinhd lukumsain ou tazua

(v) ANBULVDININAZNOU langnNNHIUMIAIN DU LazUA

4 a L4 v o 1 1
VniNﬁ 4.3 ﬂﬁl‘]ﬁﬂ‘mﬁEl‘lJW’dﬂTi’JlﬂﬁZﬂﬂ1ﬂ€°’]$ﬂ@uIﬁﬁZﬂuﬂﬂUﬂ1N1ﬂ‘ij§1u¢lN 9

d LY
WINNDI mnaznaulanzmiin AWNAIFIY
By 2
S unNuFY (%) 83.60 -
pH 10.87 -
Yy Y Z’J U d' AN U
ANMVNTUNIFNAVD ) avizHI N AMIATFIY

g
Yo sy
mulszmansznsg

ATNINTIN W.A. 2548

TasiTiaw 85,125 Wn./AN. 2,500 Un./NN.
daned 77,605 un./NA. 5,000 WA./AN.
uana 12,315 Wn./nn. 2,000 ./,
NOILAY 68.50 WN./NN. 2,500 WA./NN.
Az 233.25 Wn.J/nn. 1,000 un./nN.
AR 0.875 WN./NN. 100 WA./NA.
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H a 4 v @ 1 1
M3197 4.3 (o) M3tfTeuiieunamsinnzinnaznou TangHinAUAIATI AN 9

ANMTNTUINMIVZAZ Y ANATFIY ANATFIY
vodlavizriin lumnazneu VDIA1TOUAT Y VDIA1TOUAT Y
nagevlneds TCLP* A US. EPA fviun mudszmansznsig
lumsnaaevlae QATIHNIIN W.A. 2548
3% TCLP* lumsnaaavliae
35 WET**
Tasiew 12.70 un./a. 5 un.J/a. 5 un./a.
danzd 326.25 un./a. laifmua 250 Wn./a.
Hina 53.61 wn./a. laifmua 20 un./a.
NOIAY 0.928 Un./a. laifmua 25 wn./a.
Az 0.047 wn./a. 5 un.J/a. 5 wn.J/a.
uARALE Y 0.004 Un./a. 1 wn./a. 1 wn./a.

HyLKe : * TCLP : Toxicity Characteristic Leaching Procedure

** WET : Waste Extraction Test

A = ~ i 9 a 4 1 = 4 v o 1
WeolFewmdfieuarn ldnnmsinsgiasduduuduagninaznou Tangmiindusn
MATPIUMVUTEMANTINI QAT INNTIN W.A. 2548 HATAMIATFIUVOIA1TOUATI8TUMS
an ~ o 1 1 ~ = Y 9 v
naae 1AeI5 TCLP @i US.EPA Mnua WUNMRIHUBNUANANNAINTUY03 Tanzntinly
nuetaansuAon lansu tazanududunmMsyeazatevod lavzmiin lunileiiaansuae
a Y an 1A @ ;/ dy ] ~ ISR IR~
ans nadoud1e3s TCLP lunumasgiu auiulumsnaaosingdudmuaiehisailuves
S W 1 o = Y 9 =\ o ~ a a A
IRIOUATIY AIUMNALADU lavizHiin  Uanuuvuvedlasiiey d9asd  uazinina 1Ny
A A ~ Yy v
MAIFIUVITTNRO YU ANTeMANTENTNYATIMNTI W.A. 2548 tazliaNUANIUIIN
MIvzazaI8vod Inslen NUANIAIFINYeIdIsouaT el umInadon Tagds TCLP A
US.EPA f1%Ua a1UANUauduInmIreazaloveddansd uazinnalumnaznoulans

Wiin TANAULIATTINURIAITOUATIOA NI TZMANTZNTNYAIHNTTY WA, 2548 Daag)) 1@

'
v A

' 9 dyo./ IS A o ] ~ o w o
’)']ﬂ'lﬂﬁgﬂﬂuiawgrﬁufﬁ/]Glélfsluﬂ’liﬂ@aa\ju%ﬂlﬂuﬂl@\uﬁﬂﬂuﬁi’lﬂ Gﬁﬂﬁﬂ\?“ﬂ’]iﬂ'lﬂﬂiawgﬂuﬂ

[ a a Y. 1 ] 4
Tumnagznou Tasnunedslasdion dangd nazinnalddiseglunasiuiaigiu
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4.2 HAMINAADUMAITUNIIOA (Compressive strength)

MINT 44 waaahdesuusdavesmnaznoundenieiiims l¥sasdumnaznou
Tanzminde Jaqszaua1eiy numnmMsnaasslMaeT UL AU UaIATTIUAL
UsgmAnsznsgaannIsy atfud 6 (w.a.2540) fitnua3ie lidosndi 3.5 Alansude
musuAwas  Tasmnazneundeudaildsandiunmnaznou Tansminae Yaauszamu

de o s

A 12 1 UMA UL IadIgala10g 1199 42.13 - 66.18 N 1anTUABAITIUFUANAT LAZh

dandrunnazneu larenindedaqissaumnu 0.5 1 UMassuusoagagaiaie

eR .

114929 150.25 - 253.40 N 1an5UABAT IS UAILAT NTLHLIAINITUY 28 U
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Y o v w [ 1 < { o [ v 1w
ﬂ151\3ﬁ 4.4 ﬂ’]a\ijﬂlli\3’f]ﬂéllf]Qﬂ']ﬂﬁgﬂauﬂaallm\iﬁaﬁi’]ﬁjuﬂ1ﬂ@$ﬂ@uIaW$WUﬂﬁ@3aﬂ

Uszau daararvvesiaailszau tazszezaINMIUNAN 9

oM 18I N1 f‘iﬁfa%’mnsaé‘fﬂﬁszama1ms‘1J'aJﬂ'N°] (/B3>
MAAZNOUAD Yaaiszau ey 14 5 "y 28 S
yaqilszanu (OPC:CKD)

100 :0 169.90 225.77 234.50 253.40
95:5 155.70 206.50 225.45 234.90

90:10 149.55 188.35 212.60 216.65

05:1 85:15 145.55 163.05 187.05 195.35
80 : 20 128.00 155.15 181.35 191.05
75:25 111.60 150.50 166.00 176.50

70 : 30 105.70 132.55 148.65 150.25

100:0 95.16 142.50 164.50 175.10

95:5 85.97 123.30 143.50 158.55

90:10 63.08 93.95 111.40 122.78

0.75:1 85:15 47.46 76.46 99.63 113.20
80: 20 36.75 61.62 80.13 94.98

e 25 31.64 55.47 73.46 82.21

70 : 30 30.79 47.27 59.92 68.71

100:0 52.63 59.77 63.43 66.18

95:5 43.82 52.82 57.28 61.47

90 :10 38.20 46.47 55.21 59.60

1:1 85:15 34.45 42.32 51.76 56.28
80:20 32.25 39.87 47.81 51.46

75:25 29.52 37.27 42.35 45.15

70 : 30 25.46 33.55 38.58 42.13
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N1 A1 andaduvedlasileniiszaznamatuda 9 (Wn./a.)
mnazneuse | Jaailszau ey 145 y 28 5
Jagilsza | (OPC:CKD)
100: 0 1.079 0.959 0.828 0.818
9545 1.163 1.047 0.974 0.894
90:10 1.308 1.179 1.092 1.018
05:1 85:15 1.425 1.345 1.282 1.233
80 : 20 1.641 1.533 1.477 1.398
75 :25 1.858 1.739 1.697 1.633
70 : 30 2.063 1.969 1.895 1.845
100: 0 1.517 1.401 1.328 1.268
95:5 1.630 1.528 1.469 1.419
90: 10 1.762 1.652 1.557 1.497
0.75:1 85:15 1.908 1.819 1.729 1.715
80:20 2.043 1.932 1.834 1.779
15925 2.132 2.008 1.947 1.914
70 :30 2.260 2.170 2.128 2.039
100: 0 2.145 2.020 1.937 1.873
95:5 2.296 2.158 2.089 2.032
90:10 2.508 2.395 2.297 2.236
1:1 85:15 2.833 2.721 2.673 2.608
80:20 3.120 3.052 2.972 2.905
75 :25 3.475 3.367 3.307 3.269
70 : 30 3.727 3.640 3.580 3.520

WINeme): ANATTIUMIsEazaeved Iasien TNy 5 Nadniuaedns MuiATTIUU0a

asouaselumsnaaenlaeds TCLP a1y US.EPA Aviua

A1 detection limit Y949 1AFINEY (NN 0.004 HadnTUADANT
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aoYagUlszau dnsaIuveiaallszau tazszezaINILNAN 9

dnaaIu dnaIu aududuvesianzaiszznmmatueh q (n/a)
mnazneude | Jaquszau » » » »
7 Ju 14 Tu 21 3 28 Tu
Jagilszanu (OPC:CKD)
100: 0 14.87 13.75 12.98 12.49
95:5 16.10 15.38 14.61 13.90
90:10 17.38 16.37 15.69 15.16
05:1 85:15 18.04 16.90 16.23 15.51
80:20 18.61 17.50 16.85 16.21
75:25 19.28 18.51 17.77 17.33
70 : 30 19.91 19.02 18.44 17.92
100:0 16.08 14.93 14.00 13.31
95:5 19.17 17.87 16.84 16.10
90:10 22.18 20.89 19.85 19.03
0.75:1 85:15 25.16 23.98 22.77 21.85
80:20 28.40 26.28 25.38 24.67
7 % B 28.57 27.50 26.47 25.68
70:30 30.23 29.65 28.73 27.57
100:0 22.73 21.46 20.50 19.68
95:5 23.38 22.10 21.30 20.76
90:10 25.05 23.83 22.90 22.19
1:1 85:15 29.07 27.79 26.87 26.10
80:20 32.10 30.76 29.09 28.48
75:25 35.10 33.95 33.03 32.48
70 :30 38.21 37.08 36.07 35.60

WINEIHA): AIATTIUNTFEaYa1eveIFIngd linu 250 Haaniuasans awilszmia

ATENTNYATINNTIU W.A. 2548

AN detection limit Y9AAINL NN 0.0009 HAANTUADANT
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onNyIaIY onNy AU mnnduduvesiindafiszaznamsiusa q an.a.)
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phase (Atkins et al., 1993 d1analy Gougar, Scheetz and Roy, 1996)
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95:5 1900 | 4810.80 | 100 0 4000 6000 | 1200 | 12 | 10,822.80
90:10 1800 | 4557.60 | 200 0 4000 6000 | 1200 | 12 | 10,569.60
0.5:1 85:15 1700 4304.40 300 0 4000 6000 1200 12 10,316.40
80:20 1600 4051.20 400 0 4000 6000 1200 12 10,063.20
75:25 1500 3798.00 500 0 4000 6000 1200 12 9,810.00
70:30 1400 | 3544.80 | 600 0 4000 6000 | 1200 | 12 | 9,556.80
100:0 1333.33 | 3375.99 0 0 2666.66 4000 800 8 7,383.99
95:5 1266.66 | 3207.18 66.67 0 2666.66 4000 800 8 7,215.18
90:10 1200.00 | 3038.40 | 133.33 0 2666.66 4000 800 8 7,046.40
0.75:1 85:15 1133.33 | 2869.59 | 200.00 | 0 | 2666.66 | 4000 | 800 | 8 | 6,877.59
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75:25 1000.00 | 2532.00 | 333.33 0 2666.66 4000 800 8 6,540.00
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90:10 900 | 2278.80 | 100 0 2000 3000 | 600 | 6 | 5,284.80
1:1 85:15 850 | 215220 | 150 0 2000 3000 | 600 | 6 | 5,158.20
80:20 800 | 2025.60 | 200 0 2000 3000 | 600 | 6 | 5,031.60
75:25 750 1899.00 250 0 2000 3000 600 6 4,905.00
70:30 700 1772.40 300 0 2000 3000 600 6 4,778.40
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5.1.5 Uszansmunlumsasdlavizniinlumnaznou
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100 : 0 93.56 96.17 99.68

95:5 92.96 95.74 99.43

0.50:1 90: 10 91.98 95.35 99.16

85:15 90.29 95.25 98.94

80 : 20 88.99 95.03 98.85

75 :25 87.14 94.69 98.61

70 : 30 85.47 94.51 98.25

100 : 0 90.02 95.92 98.38

95:5 88.83 95.07 98.08

0.75:1 90:10 88.21 94.17 97.81

85:15 86.50 93.30 97.68

80 : 20 85.99 92.44 97.33

B~ =28 84.93 92.13 97.17

70 : 30 83.94 91.55 96.95

100 : 0 85.25 93.97 97.25

95:5 84.00 93.64 97.13

1:1 90:10 82.39 93.20 96.92

85:15 79.46 92.00 96.62

80:20 77.13 91.27 96.50

75 :25 74.26 90.04 96.46

70 :30 72.28 89.09 96.23
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SOLIDIFICATION OF HEAVY METAL SLUDGE BY USING PORTLAND
CEMENT AND CEMENT KILN DUST AS BINDERS

PRAPATSORN MANEERAT 4837317 ENAT/M

M.Sc. (APPROPRIATE TECHNOLOGY FOR RESOURCES AND
ENVIRONMENTAL DEVELOPMENT)

THESIS ADVISORS: USANEE UYASATIAN, M.Eng., WINAI NUTMAGUL,
Ph.D.

EXTENDED SUMMARY

1. INTRODUCTION
1.1 Statement of the problem

Many types of industries use heavy metals as raw material such as paint,
battery, and plating industries. Industrial sludge containing high level of heavy metal
is considered as hazardous waste. There are many processes used for treatment of
hazardous waste, for example physical, chemical, and biological processes. Selection
of suitable treatment method is depended on type and characteristic of waste. The
sludge generated with high level of heavy metal could not be disposed of directly into
the landfill due to risk of underground water contamination (Singh and Pant, 2006).
Therefore, treatment is required before disposal to a landfill.

Stabilization and solidification is a process in which materials are added to the
waste to produce a solid. Binders often consist of Type | Portland cement, fly ash,
cement kiln dust, other pozzolanic and industrial by-products (Roy et al., 1992).
Stabilization and solidification is used as pre-landfill, waste treatment technology that
aim to make hazardous wastes safe for disposal. It is suitable for treatment of
inorganic wastes, especially those contain heavy metal. Cement-based stabilization

and solidification technology is widely used because it offer assurance of chemical
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stabilization of many contaminants and produce a stable form of waste (Singh and
Pant, 2006). Therefore, stabilization and solidification is a process that limits the
solubility and migrations of pollutants contained in hazardous waste. It is
accomplished by the addition of binders that minimize the rate of contaminant
migration into the environment, decrease the surface area across which the transfer of
pollutants can occur and improve the handling and physical characteristics of the
wastes for more convenient transportation to disposal at secure landfill.

Nowadays, residues from agriculture and industry are used in solidification
process to improve properties of solidified material and also to replace a certain
amount of cementitious binder, for example Portland cement, because of the high price
of Portland cement. Cement Kkiln dust is by-product from manufacturing of Portland
cement. Cement like properties of cement kiln dust also makes it a potential
replacement of Portland cement in stabilization and solidification of waste.

In this study, the solidification of heavy metal sludge by using Portland cement
and cement kiln dust as binders was conducted with the investigation of development
of compressive strength and leaching concentrations of heavy metals from solidified

sludge.

1.2 Objectives of study

1. To study solidification of heavy metal sludge by using Portland cement and
cement Kiln dust as binders.

2. To evaluate the effectiveness of solidification by study the development of
compressive strength of solidified sludge and leaching concentrations of
heavy metals from solidified sludge.

3. To determine the optimum ratio of heavy metal sludge to binder, and ratio of
binders (OPC to CKD) in solidification.
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1.3 Conceptual framework

Based on concept in this study, heavy metal sludge from wastewater treatment
plant of electroplating factory is treated by solidification. Portland cement and cement
kiln dust are used as binders. Ratios of heavy metal sludge to binder, ratios of binders
(OPC to CKD), and curing time of solidification are varied for testing of compressive
strength and leaching of heavy metals by Toxicity Characteristic Leaching Procedure
(TCLP) to get the optimum ratio of mixture that meet standards for further disposal by

secure landfill. The details of conceptual framework are presented in Figure 1.

Independent variables 'y » Dependent variables
1. Ratio of heavy metal sludge to &
binder

1. Compressive strength test
2. Concentrations of heavy metals
from leaching test (TCLP)

2. Ratio of binders (OPC to CKD)
3. Curing times

A 4
Meet the criteria requirement
of the Ministry of Industry and
TCLP extraction limit

Control variables

1. Ratio of water to binder (w/b ratio)
2. Ratio of sand to binder

Figure 1 Conceptual framework
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1.4 Scope of the study

1. Heavy metal sludge in this research is taken from wastewater treatment plant
of electroplating factory.

2. Heavy metals concerned in this study are Cr, Zn, and Ni.

3. Compressive strength and concentrations of heavy metals from leaching test
are indicators for solidification efficiency.

4. In compressive strength test, specimen size of 5x5x5cm® are used in
accordance with ASTM C 109 (Standard test method for compressive
strength of hydraulic cement mortars).

5. Solidified specimens are cured in water.

6. In the leaching test (by TCLP method), agitating at 200 rpm, 30 mm. stroke by
horizontal shaker for 18 hours is used instead of rotary agitating at 30 rpm.

7. Ratios of heavy metal sludge to binder, OPC to CKD, and curing times are

varied while ratio of water to binder and sand to binder are fixed.

2. Materials and Methods

This research is an experimental research which was conducted in laboratory in
order to study the solidification of heavy metal sludge by using Portland cement and
cement kiln dust as binders. The experimental stages are presented in Figure 2.
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A

Cement kiln _
| heavy metals contents and leaching of

dust heavy metal in sludge and

cement kiln dust

\ 4

Heavy metal
sludge

Solidification at different mixing ratios of

0, 5, 10, 15, 20, 25, and 30% (by weight)
0.6 : 1 (by weight)

Ratio of water : binder

Ratio of sand : binder = 2 : 1 (by weight)

heavy metal sludge : Portland cement : cement kiln dust : water : sand as follows:
Ratio of heavy metal sludge : binder = 0.5: 1, 0.75:1, 1:1 (by weight)

Percentage replacement of Portland cement with cement kiln dust at

y

Curing in water for 7, 14, 21 and 28 days

A 4

Test of solidified sludge

1. Compressive strength

2. Leaching of heavy metal by TCLP method

A
Data analysis

Figure 2 Experimental stages




o

Uszdaas sl unagluuvauysainsngy /110

2.1 Apparatus
2.1.1 Apparatus for solidification and compressive strength test
1. Weighing scale
2. Sieve NO. 10
3. Mixer, Mixing bowl, Mixing paddle
4. Specimen molds (specimen size of 5x5x5 cm®according to ASTM C 109)
5. Tamper
6. Trowel

7. Compressive strength testing machine (ELE, model AUTOTEST 3000)

2.1.2 Apparatus for leaching test
1. Sieve 3/8 in. opening
2. pH Meter (Orion, model EA 940)
3. Horizontal shaker (IKA, model HS 501)
4. Microwave digester (Milestone, model ETHOS TC)
5. Inductively Coupled Plasma Emission Spectrometer (ICP-ES) (Varian,
model Liberty 220)
2.2 Materials
1. Portland cement Type |
2. Cement kiln dust from electrostatic precipitators of cement factory

3. Heavy metal sludge from wastewater treatment plant of electroplating

factory
4. Coarse sand

5. Tap water
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2.3 Methods
2.3.1 Cement Kiln dust sampling

Cement kiln dust sample was collected from electrostatic precipitators of
cement factory for analysis of moisture content, pH, chemical composition, heavy
metal content (mg/kg wet weight), and leaching of heavy metal (mg/l) by US.EPA
method 1311, TCLP. It was stored for use in solidification of heavy metal sludge.

2.3.2 Heavy metal sludge sampling and preparation

1. Heavy metal sludge sample was collected from wastewater treatment plant

of electroplating factory for analysis of moisture content and heavy metal content.

2. Heavy metal sludge was prepared for analysis of pH, and leaching of heavy
metal (by TCLP method) by the following steps: (1) air-dry the heavy metal sludge,
(2) oven-dry at 105°C for 24 hours, (3) grind heavy metal sludge and screen to get
particle size less than 2 mm., and (4) put the sample in plastic bag for use in

solidification.

2.3.3 Analysis of characteristics of cement kiln dust

1. Analyze general characteristics of cement kiln dust, namely moisture content

and pH.

2. Analyze chemical composition of cement kiln dust, namely CaO, SiO,,
A|203, and Fe,0s.

3. Analyze Cr, Zn, Ni, and Cu contents.

4. Analyze concentrations of heavy metals (Cr, Zn, Ni, Cu, Pb, and Cd) from
leaching test by TCLP method. TCLP method in this research was adapted by using
horizontal shaker of 30 mm. stroke, at 200 rpm speed for 18 hours instead of rotary

agitator at 30 rpm speed.

2.3.4 Analysis of characteristics of heavy metal sludge

1. Analyze general characteristics of heavy metal sludge, namely moisture

content and pH.
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2. Analyze Cr, Zn, Ni, Cu, Pb, and Cd contents.

3. Analyze concentrations of heavy metals (Cr, Zn, Ni, Cu, Pb, and Cd) from
leaching test by TCLP method.

2.3.5 Solidification of heavy metal sludge at different mixing ratios as

follows:

1. The ratios of heavy metal sludge to binder at 0.5: 1, 0.75 : 1, and1 : 1
(by weight) was used.

2. Portland cement was replaced by cement kiln dust at 0, 5, 10, 15, 20, 25,
and 30% (by weight). Therefore, ratios of Portland cement to cement kiln dust were at
100:0, 95:5, 90:10, 85:15, 80:20, 75: 25, and 70 : 30 (by weight).

3. Ratio of water to binder and ratio of sand to binder were fixed at 0.6 : 1 and
2 : 1 (by weight), respectively.

4. Solidify all mixing ratios as specified in Table 1, then cure solidified

specimens in water for 7, 14, 21 and 28 days.

2.3.6 Test of solidified sludge

1. Compressive strength was tested in accordance with ASTM C 109 by the
following steps: (1) remove the solidified specimens from the curing tank, (2) wipe to
a surface dry condition and remove any loose sand grains for test surfaces, (3)
determine the unit weight and measure the dimensions of each solidified specimens,
and (4) place solidified specimen below the center of the upper bearing block of the
testing machine and control the testing machine while solidified specimen is yielding

prior to failure. Record the compressive strength value in kg/cm?.

2. Leaching of heavy metal from solidified specimens was tested by TCLP

method.

Compressive strength and leaching from solidified sludge were determined on

two replicated specimens. The data were then analyzed.
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Table 1 Different mixing ratios used in solidification of heavy metal sludge

Heavy metal

sludge
(9)

Portland

cement

@)

Cement kiln
dust

()

Water
(9)

Sand
(9)

50
75
100

100

60

200

50
75
100

95

60

200

50
75
100

90

10

60

200

50
75
100

85

5

60

200

50
75
100

80

20

60

200

50
75
100

75

25

60

200

50
75
100

70

30

60

200
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3. RESULTS AND DISCUSSION
3.1 Characteristics of cement kiln dust and heavy metal sludge
3.1.1 Characteristics of cement kiln dust

Cement kiln dust used in this research was collected from electrostatic
precipitator of cement factory. Cement kiln dust is fine powdery material in gray
color. It had chemical composition similar to that of the Portland cement type I. The
major constituents were 67.12% CaO, 21.96% SiO,, 5.12% Al,O3 and 2.71% Fe,0s. It
had 0.18% of moisture content. The pH of cement kiln dust water mixture was 11.53.
Cr, Znand Ni contents in cement Kkiln dust were 75, 102, and 34 mg/kg CKD,
respectively. Leaching of Cr, Zn and Ni from cement kiln dust by TCLP method were
0.821, 0.856 and 0.239 mg/l, respectively. From the heavy metals contents and
leaching of heavy metals by TCLP method, cement kiln dust is not classified as a

hazardous waste.
3.1.2 Characteristics of heavy metal sludge

Heavy metal sludge from wastewater treatment plant of electroplating factory
was odorous and green in color. It had 83.60% of moisture content. The pH of heavy
metal sludge water mixture was 10.87. Cr, Zn and Ni contents in heavy metal sludge
were 85,125, 77,605 and 12,315 mg/kg sludge, respectively. Leaching of Cr, Zn and
Ni from heavy metal sludge by TCLP method were 12.70, 326.25 and 53.61 mg/I,
respectively. The heavy metal sludge has Cr, Zn and Ni contents exceed the standard
limits as specified in the Notification of the Ministry of Industry (B.E. 2548), and has
leached Cr exceed the TCLP standard limit set by US.EPA, while leached Zn and Ni
exceed the standard limits as specified in the Notification of the Ministry of Industry
(B.E. 2548). Therefore, the heavy metal sludge in this study is classified as a

hazardous waste.
3.2 Compressive strength test

The compressive strength values of solidified sludges at every mixing ratios
containing 0-30% of cement kiln dust met the standard limit (not less than 3.5 kg/cm?)
as specified in the Notification of the Ministry of Industry No.6 (B.E. 2540). Solidified
samples at heavy metal sludge to binder ratio of 1 : 1 had lowest compressive strength
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values which were in the range of 42.13 - 66.18 kg/cm?, and solidified samples at
heavy metal sludge to binder ratio of 0.5 : 1 had highest compressive strength values
which were in the range of 150.25 - 253.40 kg/cm? at the curing time of 28 days, as

shown in Table 2.

The results showed that the compressive strength decreased when ratio of
heavy metal sludge to binder increased. The deposition of the heavy metal sludge on
the surface of cement clinkers could cause hydration retardation of cement
(Asavapisit, Naksrichum and Harnwajanawong, 2005). Hydration can be retarded in
the solidified/stabilized product and the extent depends upon the quantity and type of
waste species (Malviya and Chaudhary, 2006). Moreover, the compressive strength
decreased with high percentage of cement kiln dust content. This is due to high
chloride and sulfate contents of cement kiln dust which lead to an increase in pore size
in hydration product and a decline in the compressive strength (EI-Aleem et al., 2005).
The compressive strength increased with curing time. This is due to the continuous
hydration and accumulation of hydration products in water filled pores to form a more
compact body (El-Aleem et al., 2005).

The results indicated that the compressive strength values related to the ratio of
heavy metal sludge to binder, percentage of cement kiln dust used, and curing time.
When heavy metal sludge to binder ratio and percentage of cement kiln dust used
increased, compressive strength decreased, and when curing time increased,

compressive strength increased.
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Table 2 Compressive strength of solidified sludges at different ratios of heavy metal
sludge to binder, ratios of binders, and curing times

Sludge : Binder | Binders ratio Compressive strength values at indicated curing
ratio (OPC : CKD) time (kg/cm?)

7 days 14 days 21 days 28 days

100:0 169.90 225.77 234.50 253.40

0%5): § 155.70 206.50 225.45 234.90

90:10 149.55 188.35 212.60 216.65

050:1 85:15 145.55 163.05 187.05 195.35

80:20 128.00 155.15 181.35 191.05

75:25 111.60 150.50 166.00 176.50

70:30 105.70 132.55 148.65 150.25

100:0 95.16 142.50 164.50 175.10

95:% oic) ks 123.30 143.50 158.55

90:10 63.08 93.95 111.40 122.78

8\75,.1; 85:15 47.46 76.46 99.63 113.20

80: 20 36.75 61.62 80.13 94.98

75:25 31.64 55.47 73.46 82.21

70:30 30.79 47.27 59.92 68.71

100: 0 52.63 99. % 63.43 66.18

95:5 43.82 52.82 57.28 61.47

90:10 38.20 46.47 55.21 59.60

1:1 85:15 34.45 42.32 51.76 56.28

80:20 32.25 39.87 47.81 51.46

75:25 29.52 37.27 42.35 45.15

70:30 25.46 33.55 38.58 42.13

Note: The standard limit of compressive strength is not less than 3.5 kg/cm® as
specified in the Notification of the Ministry of Industry No.6 (B.E. 2540)
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3.3 Leaching test

The leaching of Cr, Zn and Ni from solidified sludges at every mixing ratios
containing 0-30% of cement kiln dust met the TCLP standard limit of Cr set by
US.EPA which should not be more than 5 mg/l., and the standard limit of Zn and Ni
according to the Notification of the Ministry of Industry (B.E. 2548) which should not
be more than 250 and 20 mg/I, respectively. Solidified samples at heavy metal sludge
to binder ratio of 1 : 1 and 0-30% of cement kiln dust used had highest concentrations
of leached heavy metals. The leached Cr, Zn and Ni were in the range of 1.873 -
3.520, 19.68 - 35.60 and 1.475 - 2.019 mg/l, respectively. While solidified samples at
heavy metal sludge to binder ratio of 0.5 : 1 and 0-30% of cement kiln dust used had
lowest concentrations of leached Cr, Zn and Ni at curing time of 28 days that were in
the range of 0.818-1.845, 12.49 - 17.92 and 0.170-0.940 mg/l, respectively, as
shown in Table 3 to Table 5.

The results indicated that the leaching of heavy metals related to the ratio of
heavy metal sludge to binder, percentage of cement kiln dust used, and curing time.
When heavy metal sludge to binder ratio and percentage of cement kiln dust used
increased, the leaching of heavy metal increased, and when curing time increased, the
leaching of heavy metal decreased. This is because low strength is an indicator of a
poor microstructure and may be expected to lead to increased leaching (Glasser, 1993
cited in Asavapisit, Naksrichum and Harnwajanawong, 2005). A metal ion may be
immobilized into the cement matrix because it may either be bound in the alkaline
cement matrix as an oxide or mixed oxide, be sorbed to surfaces, or be incorporated
into cement minerals, all of these depend on the type of heavy metal (Karamalidis and
Voudrias, 2007).

Formation of calcium chromium oxide hydrate (CaCrO42H,0) during the
hydration of chromium and Portland cement indicates the substitution of chromium for
silicon in hydration products. The chromium is thus stabilized and solidified through
this mechanism (Lin, Chen and Lin, 1996). Zinc incorporates into the C-S-H particles.
The following mechanism: (1) the incorporation of Zinc in the interlayer of C-S-H or
(2) sorption to internal surfaces of crystalline appears to be the most probable (Ziegler,
Giere and Johnson, 2001). Interaction with cement, Ni is present as Ni(OH), gel,



Usedaas wdisml unagluuvauysainsngy /118
intermixed with the C-S-H phase (Atkins et al., 1993 cited in Gougar, Scheetz and
Roy, 1996).

Table 3 Leaching of Cr from solidified sludges at different ratios of heavy metal

sludge to binder, ratios of binders, and curing times

Sludge : Binder Binders Cr concentrations at indicated curing time (mg/l)

ratio & 7 days 14 days 21 days 28 days
(OPC : CKD)

100:0 1.079 0.959 0.828 0.818

95:5 1.163 1.047 0.974 0.894

90:10 1.308 1.179 1.092 1.018

050:1 85:15 1.425 1.345 1.282 1.233

80:20 1.641 1.533 1.477 1.398

75:25 1.858 1.739 1.697 1.633

70:30 2.063 1.969 1.895 1.845

100: 0 1.517 1.401 1.328 1.268

95:5 1.630 1.528 1.469 1.419

90:10 1.762 1.652 1.557 1.497

0.75:1 85:15 1.908 1.819 1.729 1.715

80:20 2.043 1.932 1.834 1.779

23 2.132 2.008 1.947 1.914

70:30 2.260 2.170 2.128 2.039

100:0 2.145 2.020 1.937 1.873

95:5 2.296 2.158 2.089 2.032

90:10 2.508 2.395 2.297 2.236

1:1 85:15 2.833 2.721 2.673 2.608

80:20 3.120 3.052 2.972 2.905

75:25 3.475 3.367 3.307 3.269

70:30 3.727 3.640 3.580 3.520

Notes: The standard limit of leached Cr is not more than 5 mg/l as specified in TCLP
limits set by US.EPA
Cr detection limit was 0.004 mg/I
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Table 4 Leaching of Zn from solidified sludges at different ratios of heavy metal

sludge to binder, ratios of binders, and curing times

Sludge : Binder Binders Zn concentrations at indicated curing time (mg/I)

ratio ratio 7 days 14 days 21 days 28 days
(OPC : CKD)

100:0 14.87 13.75 12.98 12.49

0% 4 16.10 15.38 14.61 13.90

90:10 17.38 16.37 15.69 15.16

050:1 85:15 18.04 16.90 16.23 15.51

80: 20 18.61 17.50 16.85 16.21

75:25 19.28 18.51 17.77 17.33

70:30 Ahe, 19.02 18.44 17.92

100:0 16.08 14.93 14.00 13.31

95:5 19.17 17.87 16.84 16.10

90:10 22.18 20.89 19.85 19.03

0.75:1 85:15 25.16 23.98 22.77 21.85

80: 20 28.40 26.28 25.38 24.67

75:25 28.57 27.50 26.47 25.68

70:30 30.23 29.65 28.73 27.57

100:0 A8 21.46 20.50 19.68

95:5 23.38 22.10 21.30 20.76

90:10 25.05 23.83 22.90 22.19

1:1 85:15 29.07 27.79 26.87 26.10

80:20 32.10 30.76 29.09 28.48

75:25 35.10 33.95 33.03 32.48

70:30 38.21 37.08 36.07 35.60

Notes: The standard limit of leached Zn is not more than 250 mg/I as specified in the
Notification of the Ministry of Industry (B.E. 2548)
Zn detection limit was 0.0009 mg/I
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Table 5 Leaching of Ni from solidified sludges at different ratios of heavy metal

sludge to binder, ratios of binders, and curing times

Sludge : Binder Binders Ni concentrations at indicated curing time (mg/l)
ratio ratio
(OPC : CKD) 7 days 14 days 21 days 28 days
100:0 0.375 0.282 0.227 0.170
95 45 0.512 0.411 0.352 0.303
90:10 0.636 0.549 0.494 0.449
050:1 85:15 0.715 0.642 0.604 0.570
80: 20 0.839 0.755 0.682 0.619
75:25 0.942 0.865 0.794 0.747
70:30 1.154 1.075 0.992 0.940
100:0 1.108 1.007 0.938 0.866
95:5 1229 1.145 1.088 1.030
90:10 1.429 1.321 1.238 1.175
0.75:1 85:15 1.488 1.403 1.320 1.246
80:20 1.639 1.543 1.477 1.433
VN 1.712 1.617 1.567 1.515
7 O 30 1.836 1.747 1.688 1.635
100:0 1.693 1.587 1.539 1.475
95:5 1.737 1.664 1.592 1.539
90:10 1.883 1.783 1.722 1.653
1:1 85:15 1.984 1.914 1.863 1.814
80:20 2.037 1.980 1.927 1.876
75:25 2.109 2.035 1.962 1.900
70:30 2.205 2.119 2.062 2.019

Notes: The standard limit of leached Ni is not more than 20 mg/I as specified in the
Notification of the Ministry of Industry (B.E. 2548)
Ni detection limit was 0.006 mg/I
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3.4 The efficiency of heavy metal fixation

In solidification process, when 0-30% of cement kiln dust was used at curing
time of 28 days, Ni fixation efficiency was higher than Zn and Cr, respectively. At
heavy metal sludge to binder ratio of 0.5 : 1, fixation efficiency of Cr, Zn, and Ni were
in the range of 85.47 - 93.56%, 94.51 - 96.17%, and 98.25 - 99.68%, respectively. At
heavy metal sludge to binder ratio of 0.75 : 1, fixation efficiency of Cr, Zn, and Ni
were in the range of 83.94 - 90.02%, 91.55 -95.92%, and 96.95 - 98.38%, respectively,
and at heavy metal sludge to binder ratio of 1 : 1, fixation efficiency of Cr, Zn, and Ni
were in the range of 72.28 - 85.25%, 89.09 - 93.97%, and 96.23 - 97.25%,
respectively, as shown in Table 6.

3.5 Solidification cost

Solidification cost was calculated from market prices of used materials, namely
Portland cement type I, sand and water as cement kiln dust cost was ignored. It was
found that solidified sludge at heavy metal sludge to binder ratio of 1 : 1 (by weight),
and 30% of cement kiln dust used has lowest cost at 4,778 baht per 1,000 kilogram of
heavy metal sludge. However, if the ratio of heavy metal sludge to binder can be

increased, cost of materials used in solidification will be reduced.
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Table 6 Efficiency of heavy metal fixation at curing time of 28 days

Sludge : Binder Binders Efficiency of heavy metals fixation (%)
ratio ratio
(OPC : CKD) Cr Zn Ni

100:0 93.56 96.17 99.68

Qisrs 92.96 95.74 99.43

050:1 90:10 91.98 95.35 99.16
85:15 90.29 95.25 98.94

80:20 88.99 95.03 98.85

75:25 87.14 94.69 98.61

70:30 85.47 9451 98.25

100:0 90.02 95.92 98.38

95:5 88.83 95.07 98.08

0.75:1 90:10 88.21 94.17 97.81
85:15 86.50 93.30 97.68

80 : 20 85.99 92.44 97.33

i\ % 84.93 92.13 97.17

70:30 83.94 91.55 96.95

100:0 85.25 93.97 97.25

95K 5 84.00 93.64 97.13

1:1 90:10 82.39 93.20 96.92
85:15 79.46 92.00 96.62

80:20 77.13 91.27 96.50

75:25 74.26 90.04 96.46

70:30 72.28 89.09 96.23
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4. Conclusions and recommendations
4.1 Conclusions

1. Results of compressive strength indicated that the compressive strength
values related to the ratio of heavy metal sludge to binder, percentage of cement kiln
dust used, and curing time. For mixtures with high heavy metal sludge to binder ratio
and high percentage of cement kiln dust used, a decrease in compressive strength was
observed. An increase in compressive strength was observed in solidified sludge with

more curing time.

2. Results of the leaching test indicated that the leaching of heavy metal
related to the ratio of heavy metal sludge to binder, percentage of cement kiln dust
used, and curing time. For mixtures with high heavy metal sludge to binder ratio and
high percentage of cement kiln dust used, an increase in the leaching of heavy metal
was observed. A decrease in the leaching of heavy metal was observed in solidified

sludge with more curing time.

3. Among the tested mixtures, the mixture at heavy metal sludge to binder
ratio of 1 : 1 (by weight), and Portland cement to cement kiln dust ratio of 70 : 30 (by
weight) was most suitable. At this mixing ratio and curing time, the leaching of Cr, Zn
and Ni and compressive strength values met the standard limits. Cost of materials used
in solidification of heavy metal sludge at this mixing ratio is also lowest at 4,778 baht
per 1,000 kilogram of heavy metal sludge.

4.2 Recommendations for further study

1. The study on increasing ratio of heavy metal sludge to binder should be
conducted while the leaching and compressive strength results are still within

the standard limits.

2. The study on replacement of Portland cement by more than 30% cement kiln
dust should be conducted to compare the heavy metal leaching and

compressive strength results.
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3. The study on variation of water to binder ratio should be conducted to

determine the appropriate water to binder ratio in solidification of heavy metal
sludge.
4. A comparative study of leaching test by using TCLP and WET methods should

be conducted to compare leaching results.
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MANUIN U

ad T 1 = d A a 4 a = [ a A a
’J‘ﬁﬂﬁEJE’JEJPNFJM%LIJH@]LW@?LﬂiW%ﬁﬁ”I‘]Jiiﬂiuiﬂﬁmﬂll AINTH UNINA LASNDILAN

ad 1 o dJ . . . . .
uﬁmsﬂaﬂmq{ummuﬂ (Digestion application note by Milestone)
USanadiedg

1 ~ 4 [
1. AMIRUEIIUA 0.1 AT

=
a151Adl
1. @3agag HNO, 65% 3 iaaans
2. @3azany H,PO, 85% 3 Haaans

3. @30za1s HBF,50% 2 4aaans

1. FanaduBmud 0.1 05y 1du TEM vessel
2. 1ueNIazay HNO, 65% 3 Uaaans a13azals H,PO, 85% 3 Uaaans uazasazaiy
HBF, 50% 2 4aaans

) Y
3. ld TFM vessellunsod luTasnd TasldsTsunsy dadl

Step Time Temperature Microwave power
1 10 minutes 220°C Up to 1000 Watt
2 20 minutes 220°C Up to 1000 Watt

o @ 1 {1 ] . o 4
4. Mdsaza1eA 108 19NHIUMITE0  (digest) M1HINITNTBIAIBNTZATHNTOUUDT 42
b4 1
v o o a . <3
Mniuihmslsulsnasaie 1% HNO, Tu volumetric flask udunudisazais 1 iive

a 1 v Y A [
59MIAATIEHA laneHilnAlen5 o9 ICP ﬂ@llﬂ
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Tasley 9N UnNa NoIAI AZNI LAaZLAALI gL

IEMsgeamnnznou (Digestion application note by Milestone)

33auaeens

1. MeENeU 1 Ny

=
a1ny

1. e382a18 HNO, 65% 8 iaaans

2. @1502a19 HC1 37% 2 Yaaans

ad
IHNI

1. Famnaznoy 1 nsy lalu TEM vessel

2. 1ueNIazas HNO, 65% 8 Uaaans uaza1sagaid HCI37% 2 iaaans

) Y
3. 1 TFM vessellunsea luTasnvl TaeldTisunsy dail

Step Time Temperature Microwave power
1 4 minutes 90°C Up to 1000 Watt
2 5 minutes 130°C Up to 1000 Watt
3 4 minutes 190°C Up to 1000 Watt
4 10 minutes 190°C Up to 1000 Watt

o v 1 {1 l . o Y 4
4, ‘Ll?’ﬁﬁﬁ%ﬁﬁl@]fl@fJNﬁNTL!ﬂﬁEJE]EJ (dlgest) UININITNTONAIYNTEATYNITOIUDUDT 42

S o o qa ¥ . Y g ¥ A
nniuihmslsulsnasdae 1% HNO, Tu volumetric flask 1duduaisazais e

a Jd v Y A 1
56ﬂﬁ’JLﬂi13Wﬂ1iaﬂgﬁﬂuﬂﬂ?}8lﬂ§@\1 ICP G]E]]lﬂ
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HNANUIN 3
ad 1 g} d’ a o a
AMIgoeIITTaragNo AT ITEIUT N

Tasdien 9N UnNa NoIUAT ALNILATLAAIEL

ﬁmidamiwzazmﬂ (Digestion application note by Milestone)
Sunanieds

1. 1hvazats s iadans
CAEIGEY

1. e382018 HNO, 65% 7 Naaans

2. ensazaedndu H,0, 1 adans

ad
IBms
Y
1. inihrzazaiesiuiu 5 Naaans ldlu TFM vessel
2. iAuETazane HNO,65% 7 Naaanas uazdisazatodudu H,0, 1 Jaaaas

) Y
3. 1 TFM vessellunsoa luTasvl TaeldTisunsy dail

Step Time Temperature Microwave power
1 10 minutes 200°C Up to 1000 Watt
2 20 minutes 200°C Up to 1000 Watt

o @ 1 {1 ' . o 4
4. Mdsaza1eA10d19NHIUMITER  (digest) M1HINITNTBIAIBNTZATHNTOUUDT 42
b4 1
v o o a . <3
1miuihmssulsnasae 1% HNO, Tu volumetric flask udunudisazais 1iive

a g v Y A 1
59M5AATIEHA laneHilnAleA5 09 ICP Glflllﬂ
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