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Solidification/Stabilization of Heavy Metals in Sewage Sludge Prior to
Use as a Landfill Cover Material
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Abstract : The effects of chemical binders (ladle slag, ordinary portland cement (OPC), hydroxyapatite and calcium hydroxide)
on the solidification/stabilization of heavy metals (Cd, Cu, Ni, Pb, Zn) in sewage sludge were evaluated by chemical leaching tests
such as EDTA extraction, TCLP and sequential extraction. The results of EDTA extraction showed that heavy metal concentrations
in sewage sludge were highly reduced after solidification/stabilization with slag, cement or calcium hydroxide. However, EDTA inter-
rupted solidification/stabilization of heavy metals by hydroxyapatite. The TCLP-extracted heavy metal concentrations in sewage
sludge after solidification/stabilization with chemical amendments were highly reduced. However, Cu concentration in the sewage
sludge solidified/stabilized with slag, cement or calcium hydroxide increased because the pH of TCLP solution was higher than 7.
Mixtures of sludge 1 : slag 0.2 : calcium hydroxide 0.1 (wt ratio) showed the least leachability in batch TCLP and EDTA extraction.
The results of sequential extraction (SM&T, formaly BCR) indicated that the distribution of heavy metals changed from exchangable
and carbonate fractions to strongly bound organic fraction. It was found that maximum leachate concentrations of Ba, Cd, Cr and
Pb from sewage sludge amended with slag and calcium hydroxide were far below US EPA TCLP regulations.

Key Words : Solidification/Stabilization, Sewage Sludge, Heavy Metals, Chemical Binders, Ladle Slag, Ordinary Portland Cement
(OPC), Hydroxyapatite, Calcium Hydroxide
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Table 1, Chemical properties of ladle slag, cement, hydroxya-
patite and calcium hydroxide

Ladle slag Cement Hgs;?ig_ h(;glrg:ircrj]e
pH 18 126 7.0 127
MgO 207 1.91 0.40 0.69
Al,O3 16.49 290 - 022
SiO, 8.08 14.03 - 0.65
P20s 0.04 0.06 32,91 -
SOs 0.59 2.61 - 0.11
Chemical KO 0.11 1.16 - 0.06
Composition  CaO 41,30 53.25 47.48 74.20
(%) TiO, 017 022 - -
MnO 0.99 - - -
FexOs 2.06 3.12 - 0.39
Zn0O - 0.06 - -
SrO 0.05 0.09 - 0.09

LOP 28.05 20.59 19.21 23.59
#LOI : Loss of Ignition
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Table 2, Chemical properties and pseudo-total metal contents
of sewage sludges

Sludge
pH 6.6
Moisture content(%) 80.0
TOC(%) 283
Al 63,490
Ba 8495
Cd 250
Co 1134
Pseudo-total Cr 2668
metal Cu 1,061
contents® Fe 69,779
(mg/kg) Mn 3,000
Ni 350.8
Pb 1276
Se 128
Zn 5,796

® Pseudo-total metal contents was determined by microwave assisted
digestion with aqua regia.”
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Table 3. Summary of sequential extraction method (SM&T, formaly BCR)'®

Fraction Definition Regent & Method
Step A Adsorptlo.n by |.on—lexchan.ge An aliquot of 20 mL of acetic acid (0,11 mol/L) were added and then shaken for 16
(Exchangeable Combination with inorganic . .
hrs(overnight) at ambient temperature,
Carbonate) carbon

Combination with metal oxide

Step B ) An aliquot of 20 mL of hydroxylammonium chloride (0.1 mol/L) were added to the
. (iron, manganese ) . )
(Reducible) N residue and then shaken for 16 hrs(overnight) at ambient temperature,
oxyhydroxides)
An aliquot of 5 mL of hydrogen peroxide (8.8 mol/L) were carefully added in small
Sten C aliquots to the residue in the centrifuge tube, The tube was covered with a watch glass
or anicpmaterial Combination with biomass, and left at room temperature for 1 hr with occasional manual shaking, The procedure
a?w d sulfides) humic substance or sulfur was continued for 1 hr at 85°C and the volume reduced to a few mL by further heating of
the uncovered tube in a sand bath, A further aliquot of 5 mL of hydrogen peroxide (8.8
mol/L) was added to the residue, The tube was covered again, heated at 85C for 1 hr,
3 I7=,_=|J'_l_|- ';lcl __ll_g carbonate fractionof|A] 7} =& =g 8259100, Cu
2} Pb2 step C9l organic fractioni} sulfides fractiono]] 4]
3.1. ste=& 2 X2t 1EtNe| E34 & Yot M =2 =7t £EHAUh
st Aok kA ol A o]&7Fa(bioavailable)3t 4
gz ddEo e sa59 &5 7HsAdE Brisk] 9 3.2. e TEHN| £l K2 F3 & 25 €It
8ff Z47+e] shpsel A9t ASAIE B4 FEH <l EDTA g SIS o] &S sts A W a5 eyt
F2W7 TCLPR H71sl3ich) EDTA $%& A7k(Tabled), A3t A4S B7le] 93] 212k &A1 S EDTA £
St R o A= Cu (177.3 mg/kg)2l Zn (788.9 mg/kg)o] Wy TCLPE H718ldth A2 g2 F 71 §&5HS A
ohf 855900 TGO R Ni (39.1 mgkg)? Pb (209 mg/ 3t o9 EDTA 35H& Zdo] =42l EDTAR 314
kg)o] ==t £A% 5% FollA Cd (4.1 mgkg)©] SefAe kA E£gE WY Fas5S FE0he Wiol
7 R w2 §EEHATh 13A o gt EDTA &% ), TCLPL= 9k419Q] acetic acidE ©]-8-381o] pHe| w2 s}
A9 A3, AME) A w|gEe] Cugt Pbo] HEH 1AL, hy- SelA¢F 13| £ WO 5452 §E5hs Whole
droxyapatiteo] | ]&Fe] Zno] §-&E|ich TCLPS] §2% 2, % 7}x2 FAo] Hgste] vugozy usiye =
EDTA §&7 §UsH S7H4 @50 $34E 243t Qo o shpselal | S840 wgsheryst ans
ok Pbo] A9, Srse Aot mekd mEoA AEHA ¢ glsar).

okt TCLPOIA L Cul Aold tuix] Fa4 2o
EDTA £%50} £& 82558 Uehygle d432
=3 slpseln Y 234 2% 718 B7ke) A el

X ol A Cd, Ni, Zn2 step A2l exchangeable fractioni} =<9 1= Table 10 YERH vlQ} o] AJHIES} J-A}

=
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=24 & Hot
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Table 4, Heavy metal concentrations in raw sewage sludge and chemical binders extracted by EDTA, TCLP and sequential ex-
traction (mg/kg)

Leaching Test Materials Cd Cu Ni Pb Zn
Raw sludge %41+01 177 .3+£17 1 39.1+116 209+09 788.9+30.3
Ladle slag °N.D. N.D. ND., N.D. ND.
EDTA Cement ND,. 0.22+0.01 N.D. 0.02+0,02 N.D.
Hydroxyapatite N.D. ND. N.D. N.D. 0.16+0,08
Calcium hydroxide N.D. N.D. N.D. N.D. N.D.
Raw sludge %4.4+01 150+12 56.8+58 N.D. 974.6+180.0
Ladle slag N.D. N.D. ND. N.D. N.D.
TCLP Cement ND. N.D. ND. N.D. N.D.
Hydroxyapatite N.D. N.D. N.D. N.D. N.D.
Calcium hydroxide ND. N.D. N.D. N.D. N.D.
. Sludge(step A) %.2+01 20.0+09 1089+07 °ND. 1,767.0+484
ijﬁ:g:gﬁ Sludge(step B) 45+00 151402 349+04 ND. 564.8+1.7
Sludge(step C) 1.1+0.1 2138+29 1 322+30 133+06 157 2422 1

#Mean+S.D,, ® Not Detected,

| Journal of KSEE| Vol.32, No.7 | July, 2010



KUEE TRERE 3

OHEX| SEMZ| Z4ES 2/2t siranA| L S552| ndal/orys}

& AR 7P AR RARR ol HESY1E ANES &
NS C-S-H gel & @A4she ahitee 2l

def silA W FEES 2ASAE B4 M
o} sl L el x| o) ] 100%E 71F 0% HESH
E 5%, 10%, 20%, 30%, 50% £35S

%9 71519 rH(Figs. 2, 3). EDTAR $&471 sl5&24]
L 1] o] Z1E 4 7k gEo)
Z94(Cd, Cu, Ni, Pb, Zn) 2% 8&5=7} fastes A
© 2 UepichFig. 2(a). Cdo] A¢, HESHIE Aot
O2H HesHIls FUA ke W EEEHe ¥
85% rnt &5= ol Cdo) §&o] AasUdAN, Has
#1 Eeo] Zrkgte] wlebl W2 Wsle molA)

okgttt. HhHof, Cu, Pb, Ni, Zn& ?—H%%FH:LJ Tl
7t E v Aor §E5 =Tt Hadshe Aol UE

Wth 1E)al skeE A o] S 100%E NEow =
SIS 50% FYEYS 1 Cue HEESHLE FYs)
2 S W SEEE A 17%, Nl—C 48%, Pb2- 27%,

Zne 49%7 A AaE ot

TCLPC] Z$(Fig. 3(a)), EDTA §&3+= = 74
e naAe) S0l pHo 1182 Al o} o}

&SR] FTH] 100%E 7|&o2 55 EHJ_~ 50% =

QoA e st Cusl S50l AEAY1E FsH
ororS m L& %L ewuc) 3y o]Ar 25 ﬁgi Lt
ehgeh WhE, Nidk Zng S5 FYFol Frietu
SET0] dashs AR Yeutth webA &1
Tl whE Cd¥} Cudf S A7 At o] d:. st
FEYA 9 SFH 100%E 7Eoz HPEEd T 20% F
ol 229 oHA| FJuEolH 47HA] FFE5 FE B
&=o| stk

EDTA F&3¥ TCLPoA] SHE&d2E
% 859 Hae AHE AR A 7
17t AHESE o] C-S-H gel FAS
ARelo] o] o) TR0l THHEE OJrIHch XRD
(High Resolution X-ray Diffractometer, X'pert PRO MRD,

ke

Fll-F ool
_|<_>, fllo

Philips)& ©]-&3 A& Z41A FHE&AW L Ul calcium
2500
* Calcium silicate (Ca,(Sio,))
# # + Gehlenite (Ca,(Al(AISI)O,))
2000 - # Mayenite (Ca Al ,0,,)
@ 1500 -
c
3
=]
© 1000
500 fJ‘
0 T T

20 30 40 50 60 70

2 Theta
Fig. 1. XRD patten of ladle slag.

calcium silicate(Cay(SiO4)), gehlenite(Cax(Al(AlSi)O7), may-
enite(CapAl14053) 5] WulE &0l 24T & & UH
THFig. 1). o|#gt &4 A= Al Agst Hesd 1ol 9
3} C-S-H gel®] AL oujain, ofejo} -2 Hl-S-2lo] 23
st el FF4o] wgshEE Hos AR

3(3Ca0 - Si0y) + 6H,0 — 3Ca0 - 28i0, + 3H,0 + 3Ca(OH),
1
2(2Ca0 - Si0,) + 4H,0 — 3CaO - 2Si0, - 3H,0 + Ca(OH),
(2)
3Ca0 - ALO; + 3CaSOy - 2H,0 + 26H,0 —
3Ca0 + ALO; - 3CaSO; - 32H,0 3)

3Ca0 - ALO; + 12H,0 + Ca(OH), —
3Ca0 - ALO; - Ca(OH), + 12H;0 4)
3.2.2. A\|HIE(cement)E Flst st-&aiX|e] 524

00%2 Z|Eo R AHES 5%, 10%,
= 1o S5 &5& B
Al“ﬂE«l E?J%*Ol Edae
O = e
7V 2H Cd, Pb, Zn % S=EA

]

20%, 30%, 50“/
t}. EDTA 2Zw¥o| 74
S/ FEEY §EEEIL BE Fashs
t} 50%9] A|HES A
ol—o]—on:] CuQ}N% 7r
ATHFig. 2(b)).

steg Aol AMES H7IRE TCLP §&2dY= 113HA
9l AlHES] pH7} 54 2(pH 11.9)9F TH7EA R 12,6

O

[e)
20%, 44%7H72] S3w=w 7}

o2 ¥/ W, HEEAIE YRS et FAH
A derdriFig. 3b). stpeiAe] FYEE Aust

stegd A Wl Cud §&2 S7HIZeH, Cd, Ni, Zn9]
Tus £ JAMNA. skeeAY S 100%E

7IEo2 AHES 20% oY FYstHe w, Cudl §&0]
AHES FASHA] S ol &%= EEE} 28| o] A¢

718k ACR2 Yepylth olef 2 A= Fig. 4(b)ofl A
& g Aol AHIES] 7o whE pHO Fso= Qs
Cu®l g&o] 3713t Aolet & 4= 9tk Lim §'92 sl&
Ao AHE E= 2] &2 I(copper slag) EH=2] S5
% &55 TCLPZ F7Ieh 754 shegef Aol AHE E
= 78 €2 E FAsHAE ol Pby} Zno §E2 HA
5] skl Cus sk ’\3111-4 4= FxEEY =4

7]k 4x(dissolved organic carbon, DOC)2} Cu £&%
£ Aolo] &S ATUAZ wEoR 24 §712-3%
Z-E(dissolved organo-metal cpmplexes)?] HAJ o2 2ls) Cu
of §20] &4 ehdtin Agelich $EfRkeE &

A Y g5 "elxKfulvic acid) ¥ F2AHhumic acid)
B g A7lolM g FYEAY g duge vt

259ty Bustgo) Lim &9 A8A3e E3)o]
%

>

ChekEiZ B at8|x| | %322 &75120104 72 |

669



16
. Control
& 14 a) Ladle slag e s
a I 0.1/ dry sludge
- [ 0.2gfg dry sludge
« 12 W 0.3gg dry sludge
P B 0.59/g dry shudge
2 10 I E—
£
o 0.8 1
E:
E 0.6
% 041
i
0.2 4
0.0 -
Cd Cu Ni Pb Zn
1.6
1 - Control
. 141 ) Hydroxyapatite e O i dry sludge
Q N 0.1g/g dry shudge
o [ D.2g/g dry siudge
1.2 4 W 0.3gig dey shidge
s E 0.5gig dry shudge
a 1.0
w .
£ 08
2
2 06
g
g 041
=
w g2
0.0 ¢

Cd Cu Ni Pb Zn

16
+ 14, b) Cement 220 00551 dy shge
[3) - . 0 1g/g dry sludge
‘6 [ 0.2gig dry sludge
’ 1.2 W 039/ dry shidge
:5 . (.5g/g dry shudge
a 1.0
w
£ 08
o
L 06
8
g 0.4
X
w2
0.0 -
Cd Cu Ni Pb Zn
1.6
. 14/ d) Calcium hydroxide |== o oy siucige
%) . 0.1g/g dry sludge
S [ 0.2g/g dry sludge
1.2 . 0.3g/g dry sludge
§ I 0.5g/g dry shudge
o 104
w
£ 08
K
o 0.6
g
g 0.4
Ed
w 0.2
0.0 -

Cd Cu Ni Pb Zn

Fig. 2, Heavy metal concentrations extracted by EDTA from sewage sludge before and after solidification/stabilization with different
chemical binders(Co: heavy metal concentration extracted from raw sewage sludge, C: heavy metal concentration extracted
from sludge after solidification/stabilization with (a) ladle slag, (b) cement, (c) hydroxyapatite and (d) calcium hydroxide).
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Fig. 3. Heavy metal concentrations extracted by TCLP from sewage sludge before and after solidification/stabilization with different
chemical binders(Co: heavy metal concentration extracted from raw sewage sludge, C: heavy metal concentration extracted
from sludge after solidification/stabilization with (a) ladle slag, (b) cement, (c) hydroxyapatite and (d) calcium hydroxide).
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Table 5. Sequential extration of heavy metals from sewage sludge before and after solidification/stabilization with different che-

mical binders (mg/kg)

Raw sludge Sludge : ladle slag : Ca(OH), =1:02:0.1
Cd Cu Ni Pb Zn Cd Cu Ni Pb Zn
Step 62+05 219+10 | 555+14 27+01 |836.8+342| 26+06 102+27 | 203+44 22+00 |1973+t134
A (45)° (7) (57) (19 (68) (22) 4) (23) (29) (10)
Step 51+£00 |832+326 | 213+12 41+05 |2799+255| 49+07 174+62 189+84 28+01 |4952+781
B (37) (27) (22) (20) (29) (40) 8) (22) (38) (45)
Step 24+00 |2002+130| 20.7+11 138+11 | 1066+46 | 46+09 |2011+07 |476+129 | 25+05 [4942+2272
C (18) (66) 1) (67) (38) (88) (65) (33) (45)

# Number in parenthesis indicates extraction %.
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Table 6, pH and heavy metal concentrations in sewage sludge before and after solidification/stabilization with different chemical bin-

ders (KSLT and TCLP were used)

Cd (mg/L) Cu (mg/L) Pb (mg/L) pH
Criteria 30 30 -
KSLT
Raw sludge 0.212+0.13 1.095+0.13 0.088+0,00 56
Sludge : ladle slag : Ca(OH), =1:02:0.1 0.064+0.00 3.397+0.05 0.017+0.01 109
Ba (mg/L) Cd (mg/L) Cr (mg/L) Pb (mg/L)
TOLP Criteria 100.0 50 10 50
Raw sludge 0.220+0,010 0.195+0,001 0.079+0,001 0.073+0,011
Sludge : ladle slag : Ca(OH), =1:02:0.1 0.180+0.001 0.071+0.003 0.073+0.001 0.053+0,001
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