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Stabilization of Residual Heavy Metals after Soil Washing of Mine Tailings
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Abstract : In this study, the residual heavy metals in the mine tailings, primarily treated by soil washing, were stabilized using
phosphate salts. The concentrations of residual contaminants in the washed mine tailings were As (1,861 mg/kg), Cd (20 mg/kg),
Cu (56 mg/kg), Pb (2,149 mg/kg), and Zn (633 mg/kg). They were stabilized with CaHPO,, Ca(H,PO4):-H,0, and hydroxyapatite
at 0.1 wt%, 1 wt%, and 10 wt% for 1, 3, 5, 7, and 14 days. It was found that 1 wt% Ca(H,PO4),-H>O was optimum in our expe-
riments, but the stabilization duration did not affect the efficiency. After stabilization with 1 wt% Ca(H2PO4)2+H,O for 1 day, the
concentrations of arsenic and heavy metals, As (0.328 mg/L), Cd (0.250 mg/L), Cu (0.143 mg/L), Pb (0.359 mg/L), and Zn (2.622
mg/L), in TCLP leachate were below the RCRA-TCLP limits, which meant the contaminants in the treated mine tailings were
stably immobilized.
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ok ey @ kYo B4Sa f|edEdTe o ol 543 AE| 7S HaA= EFAS | Ho|ct
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bile fraction)& A|AsNA LHF=H 54 A=
w37} ek 29T Aka)A setael Bgs) AelS shw
42 oo BEAE /ATE WRAE R5Y BHS B
2313 4 9Jr}. Tokunaga®= As, Cu, Pb, Sb, Se, Zno.&
oHE RS Ak T QA
um tartrate, ethylenediaminetetraacetic acid (EDTA) 52 7}
A3 EPA AT Tk, R Pbe FeChsh CaClLE 7
Aol ZapAo® QHASIRITE o] wf EFA|Ao] Cu, Mn,
Pb, ZnE A A=t wi-¢- A& o]l oL As, Sb, Seof tf
aAe e wnsh ot et ERAE Fo 2l
= As7} €29 93 A9k E3F Xenidis”= AsQ} Pbo
2 9% B AT 57] ¢ Ca(HPOs):2} FeSO.E <F
A= AFERTE Ca(HoPOs) it T o2 AR5 Pb>
=8 HE AT AsO] g-&o] 2A F7HTE W] & 7t
22 EA o AEslR Ase} Pbo] WE AIH o B85
Sk el S Fae] Ao Sefol phvt
o}A|1l, Cdi} Zno] §&E = EA|7} WA FTh

2 AFtolA= 7%54 Hl9} FFHOR FAl] 24
B S g 0] HAE WA =PRI ol gl
AAsL Fujof Holdle S559 FAHRA A5
&2 gtk QAo R it FF% vls) et
st717F oHe-BR EGAIAS S i AARAL, °]
oA AR SEEE AAEHUS & Aol EGA
7oz 12} ARt Fujo] AAHA i Foldle &
F4g BRdo BEHets M40 e 5 L %
L, Hgst 7l7 be dotEy SAAte 2 AlA7E gl
olgks 4L Aeish] 9 ergst AT sholck o

ZIAL, sodium citrate, sodi-

;Hﬁ}‘xﬂi}—‘ j% _ﬁ_% ] %Uﬂﬁ CaHPO4 Ca(H2PO4)z‘H20’
hydroxyapatiteZS AF&-3}%3 11, %—%’“ o7 " FujoA

71 &3] EH == Cd, Cu, Pb, Zng A2|Hd=d= 3t

Table 1. K, of various metal-phosphate minerals

Reaction Log Ksp  Reference
Cds(PO4), = 3Cd?* + 2P0O,* -32.60 10
Cus(POu), = 3CU** + 2P0, -36.85 10
Pbs(POu)e = 3Pb** + 2PO,* -44.36 11
Zns(POu), = 3Zn*" + 2P0O,> =27 11 10
PbHPO, = Pb*" + HPO42- -11.45 12
Pbs(PO4)sOH = 5Pb** + 3P0, + OH -76.79 12
Zns(PO4)20H- 4H,0 = 3Zn*" + 2P0O,* + 4H,0  -35.40 13
Zns(PO4)sOH = 5Zn** + 3P0,* + OH -63.10 14
Pbs(PO4)sOH + H" = 5Pb?" + 3P0O,* + H,0 -62.80 10
Pbs(PO4)sCl = 5Pb* + 3P0, + CI -84 43 10
Cds(POs)sOH + H" = 5Cd*" + 3PO,* + H,O  -42.49 15
Cds(PO4)sCl = 5Cd** + 3PO,* + CI -49 66 10
Zns(PO)sOH + H* = 5Zn** + 3P0O,* + H.0 -49.10 14
Zns(PO.)sCl = 5Zn** + 3P0, + CI -37.53 15
Cus(PO)sOH + H" = 5Cu" + 3PO,> + H,0 -51.62 14
Cus(PO4)sCl = 5CU** + 3P0, + CI -53.96 15

At HAERES-2] A= S5 Q4HE e = (metal-phosphate
compound)-> A0 &2 79| L3||=|X] ¢F11 Table 104 &

£ whe} o] Ky, gtol 23| .

EE; LOL CEC’ pHPZC %% ’é‘xc_)] ‘8]—93\—9‘
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5
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P B Bol vlst FE4
= T7t & AAollA] o] dof MY
ok B oPgaAES YeiA S theal o] 248k
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180 rpm, 25°CojlA] 905 Eob wulgh t}L, olabaA] 2l
= RS AlAE FrlE 2sAal F50] Exe oA
oF 59 Beh AZAA +8E 23| AN,

Al 7FA] AAFE[CaHPOs, Ca(HoPO4),-H,0, hydroxyapatite]
& sl Al SR AT 3 Az B
ulof 2E4E 111 (giml) MEE BgE F 2h7te] ok
SHAIE o ”2%20i3°c)°1]/\1 ozl At Fet WEEAIR
t} oFAsHA| 9] MRS ZhzE 0.1 wi%, 1 wt%, 10 wit%, <F
A3t 7172 1, 3, 5, 7, 1492 tpfsA 246l QHds)
a8 US EPA Toxicity Characteristic Leaching Procedure
(TCLP)E o] &-afo] B7}areiey ™
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. BEGAIA ] a5 St njAle FRFe FobRT]
£ FR0 AREPNNE o) e
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Table 2. TCLP extraction fluid

Table 4. Physical and chemical properties of mine tailings

Extraction fluid Property Unit Value
#1 : Add 5.7 mL glacial CHzCH,OOH to 500 mL of reagent Soil size
PH(5.0 wgter, add 64 .3 mL of TN NaOH, and dilute tp a vplume of Clay (¢2 um) % 11
1 liter, When correctly prepared, the pH of this fluid will be )
4.93-+005. Silt ((53 le) % 146
42 : Dilute 5.7 mL glacial CHsCH:O0H with reagent water Sand (<2 mm) % 79.1
pH)5.0 to a volume of 1 liter, When correctly prepared, the pH of Gravel ()2 mm) % 52
this fluid will be 2,.88+0,05, Major minerals® Qz Ch Ka
Ja, Mu, Py
Table 3. RCRA regulatory standards pH® 491
As Cd Cu Pb Zn Conductivity” uS/cm 1499
RCRA regulatory standard (mg/L) 50 1.0 - 50 - Lo % 159
CEC cmol/kg 263
pHpzc 5.05-5.62

s
T FAsH T &) AL7tA] Ao thA] pHE S
o] pH7} 5.0 oJsto]H #1 §HS ARg-5}aL, pH7} 5.0 ©]
ARl ASolle #2 e A8 Tk(Table 2)."
Zp 220 2 gulE AT &, HEsHA Y drE
2 g3} £l 40 mLE 4014 30+2 rpm, 25 Cof|A]
18A7F &<t WREAIZTE gH S A4 skaL o] 2H0.45
pwm membrane filter)3 4] o}oof 0.2% HNO;E #H715F &
AASE o §3to] v Aot 34 FEE SFshach B
TCLP €& 9] v|49} FH% X7 Table 39| = EPA
Resource Conservation and Recovery Act regulatory standard
(RCRA-TCLP limit) 2t} Zom e gEXo] anror &
SotE o ArjHor s vt

3.804d

2

3.1. Zole| 22|&et™ £

Ago] ALg3 o] Belgera E4S Tabledo] iet
Wiich Fo)o Q& AE-L quartz, chlorite, kaolinite,
jarosite, muscovite, pyrite©]¢it}t. Fu|Q] pHE 4.910]31,
pHrze= 5.05~5.620] %t} Table 5ol= EFAIA A - 3 3w
of ZASHE vl4sh FR4Y FUFE Lrehyoleh Eop
o] o3} As (69.9%), Cd (79.2%), Cu (60.4%), Zn (64.3%)
O] AAREE Wi =, Pb (22.0%) 9] AARES @
St EGAA & Fujof] ZFste LAEE F Pb (2,149
mg/kg) ] ghgol 7P =oAL, 1 thEo] As (1,861 mgkg),
Zn (633 mg/kg) =AITE As= AR A Fekol 6,181
mg/kg O 2 w9 =317] wfiZol EFAIR ] ot AlAmEol
EWZoE S8k RSk As ghgol o Hs] otk

EGAIA A Fold Aso] st Ay eid 25 6
HA R o]Foj7l ALFEE o]-8dte] ok A, resi-

4 Qz: quartz, Ch: chlorite, Ka: kaolinite, Ja: jarosite, Mu: muscovite,
Py: pyrite

® Measured in supernatant of soil suspension (soil : solution = 1 : 10
by mass)

% Loss On Ignition

Table 5. Total concentrations of arsenic and heavy metals in
mine tailings before and after soil washing with 025
M oxalic acid (1:20=g:mL)

Conta-  Concentration before  Concentration after ~ Removal

minant  soil washing (mg/kg)  soil washing (mg/kg) (%)
As 6,181 1,861 69.9
Cd 96 20 792
Cu 140 56 60.4
Pb 2,755 2,149 220
Zn 1,773 633 643

dual fraction (step 6) 0.2 EA|s}l= H|-&o] oF 53%=2 o
E=otek? 025 M SAMbo 2 EORA A M 30.1%2] Astt
AZRZu)o] AF3EE AF Ass HIF residual fractiono]
2hal ok 4 itk Z28al Cd, Cu, Znke EFA| A o] o8|
60.4~79.2%7} A A% AFshs TEEHS HE 54
o] §l= T Akl & & B IF As ¥ FuE
(Cu, Cd, Zn)9] && 7Fs/do] Wrhal Al 121 Pb
2 EFAIF ] oJsf 22%RF A A= L LR 78%7F Al
ojof ZhFg Ent oyt MREErt E7] ol 2
7o) Walgte] wel 852 7hsAdel Wi wobd 4 ok

o
Ca(H,P04),* H,0, hydroxyapatiteS ©]-8-al| A 2z} 014 3}3}
al, TCLP A HS &3l nlaet a5 S 3
7}sFQAt). Table 62 Al 23k gulof z+ HASHAIE F=2,
7|7 R Agste] QPPSAZl tha AR Fv]ef pH At
olth. 025 M SAHALS o] &34 Bu|E EFA| 251 pH
7F L1 Az ol =t HYesht-g-& F8f pH7} 4TS
FOHAE 22 A5 HgstE Fu]e] pH7E 4 o)4fol %)
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Table 6. pHs of mine tailings after stabilization with CaHPOs,
Ca(H2PO4)2-H0, and hydroxyapatite at three different
concentrations of stabilizers for 1~14 days

Adi CaH PO4 Ca(HQPO4)2 . Hzo Hydroxyapatite
ging
(day) 0.1 1 10 0.1 1 10 0.1 1 10

wt% wt% wit%  wi% wt% wt%  wi% wt% wit%
1 432 445 584 411 374 318 421 431 514
3 408 430 582 409 368 319 418 426 507
5 418 437 572 408 402 344 411 418 481
7 433 460 591 439 415 361 435 444 591
14 417 431 572 415 433 328 410 420 492

a1, 10 wt% CaHPO42} 10 wt% hydroxyapatiteS Al-8-3t 7
$-olli= pH7} 5 o7HA] ZER3tth ol LR GlA A
3 Ho|AI R pHEl 491 BTHE ©3]2] & groltk of 4

ol A 9 AU, ISR, 9u
AEol A4 7kt doﬂii/\i AAA= HE
E Ha 71EAE UEYcHE AL uigeh” wheba
SAALO B N 2gE 33u]E CaHPO,, Ca(H,PO,)+H20, hyd-
roxyapatite®} -2 YA R T A, =712 pH
Z4A glo] Halst Fu)E vz oz B 4=
Aoz AgHh

A AgE Fujo] ZF PSS s, 7IER A
oFgdslet & =A% TCLP §&99) v|&el F3%
Fig. 10 Ut lck Al 74A] QHESHA] 5 w49
o] QHgste] mIp7E AR, HEEHA O] F5 H F=ol
2 a&0] Zpo|7k Uitk 2t oMYt 7|Ttel| whE aaAt
ol= A Uk Al ZHA] S EHA] Foll A Ca(H2POs) - H20

7b E LT sk M} 717l Yl FE5e] fE5de 7t

o]l o
PI=

ol

A1

ofN off oo
1

—L
=

=B

12

s - (a) (b)
1 | esessssssceccsscessscscccccctttcttctctttcastnctasasanaas RCRA-TCLP limit
T RCRA-TCLP limit
= .
- % 0.8
W4T E
E Oiday ° Oiday
] E 06 [
B 3 B3d 5
£ ay H @3day
&
2 @54 =1 04 |
& 2 b B 5day 2 g B5day
] £
= m7day 3 ®m7day
2 1r 21 )
. I % I?. %, Ilg | B1aday M@ 14day
o iR |:Pem | (A i | ]
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- B3day [B3day
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‘g m7d: E m7d
Fos " 3 "
f E14day 2 B 14day
3 3
04
= £
&5 s
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a
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Fig. 1. Concentrations of arsenic and heavy metals in TCLP leachate after stabilization of the washed mine tailings.
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Fig. 2. XRD diagram of mine tailings after stabilization using CaHPOs,
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o] M9 FE4O =Tl As (0.328 mg/L) cd (0.250
mg/L), Cu (0.143 mg/L), Pb (0.359 mg/L), Zn (2.622 mg/L)&
=% 7t7ke] RCRA-TCLP 7127] ofah2 Ueh} e 4ol
= Ao Z HUIE Qi) HbHo| CaHPO42} hydroxyapatite
L 7k obgsA|e] A7herol 1 wi%ol W TCLP £5H9] Pb 5
T7F 7)1FA] o)Ae|9a, eFAEHA A7keFo] 10 wt%d wj 7]
=

E
|

A o|5kE YR e Aol BAEIQICE Ca(HPOy) H,0
Tu5e =89 wif By Bek ofyzet gho] A
Fotar st w2 FHE Uk Wang™e FAF¢IT ol A
Ca(H:P0),-H:02] Zho] A&k g8lwr} o 7] mhio
CaHPO,Z tiAg 4 itk B7ar vb ek

Sapten B AAT F POkl FFEE CaHPO,
2 7917k SPgEHAIZL BHulo] XRD 24 A3E Fig. 20 1}
E}Uigich. Lead phosphate 3}¢HE2] &)= &el%| A9t ¢}

—E— :L_é‘\_g,] Cﬂ—?%]ﬁ]-tﬂ]-_Q_ }\H/HE’_Q_ ﬁo]g];(] OJ—O]—{;]- &]xH
ARl AE ol o Sl vls) HEREe] vlgo] WA
3 7] o] 334 2B w=st 4EE7] olgA
WEREe WS AU HALS YRS Bl
o+ e Hoz 2ot

QPgobg AuE 7 edBAER sty ket g,
3.2.1. As

Fig. 1@l A X ule} Zro] QA QrAshA|e A 7lek
o] Z7}3lH TCLP 8% 9] As e Z7}5}qich Hl4et
THSHOR odd Ege JAdeR AHeEetd Cd, Pb,
ni} 2o FF40 283l mf> Tt A9 As)
58 ZVHAITE o Axdat YAkt et

2

H| A (As)E F7]&H 9 5AZC 4313 159 oxyaniondl

N

phosphate (PO, )9} arsenate (AsO, )= $}8F2 Q] L9} 1l
/4ol - fAFsH7] wimel QHg ek Aol 4] phos-
phate?} EFof S 2% arsenate’} WEE O] Aso] S-S
FIAZ 5 kD 2 ATeleh Lol FE4E 2
o2 SHssl7| Aol AsE EFAI Aol ofsff i A|AS=
7210 /R]—D]—f,—] u]-al—z]a—].r;]._ﬂ z:s___]— 2~ o]q.

Tokunaga™= As(V)& Q9% B9k 7PALS x3lsl 7)5)
M AAZ AAsE o}, ZHFl= AsE LaCls, CeCls, FeCls,
CaCly, Lay0s, Ce(OH);, FeO(OH), Ca(OHRZ 7FA T 9H4
SHc. AFET ME 93 USRS Ase] o] Ue &
TAo|ih 18y} 8=l As (labile arsenic)Q] o]
2 BEYdS AYT e EYAA F d&KH oz Hgstst
= olho] YA B Ao|Ae} o] Ase] residual fr-
action §eF0] =2 Aol ESANATOCZE As Ao
Fuain AREG

i}

3.2.2. Cd

Al 7 QLEAE o] g4 sk WE 2| A TCLP
|ZM9] Cd %7} 0.3 mg/L ©]3}2 RCRA-TCLP 7|&4]
91 1 mglLuth TA Sekeh(Fig. 1(b)). A1 H7ulo] AFsks
Cdi= Th9- QL AelE EA5] tEel ergstad] o
2 954 Wbt AY gicka ArE,

3.2.3. Cu

A7) Cuoll gt TCLP £299] 7|23 E e o]
obtt. = Ao A Al 7HA A BiAle] B RE 2 A
TCLP £219] Cu X 0.2 mg/L o]3}o] 2l ch(Fig. 1(c)).
Cdz} TR 2= A Hnlo] Rehs Culs m)$ gt 4
m EA57] ue ergsiEde] e $54 Wt 7
o] glrta A= gt
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3.2.4.Pb

Sk o3t EFAI Ao A= Pbo] A|AREC] 22% =
SSAIEE, QIAMY HHSHA|R A st Pbe f-5Ado] A
Al Z4FekFig. 1(d)). M| 5% F7te] & f-54
fago] oy F5% 5 7 Zith Pbo] 831 97t ¥
2 9] tATA = 1 wit% Ca(HyPOs), H,O0) A HE CaHPO, 2}
hydroxyapatite =3t H7}5Fo] 10 wt% = Z7}5Fd TCLP &
ZN9] Pb %7} 0.115-0.243 mg/LZ LER} Pb2 A A
o2 B3RS & o AUSIth A HSAIT) AFEE
H Pb2: Qg shik-g-oll I3 Pb-phosphate 2ot=-2 A48kl
Table 1o LeRdH Ble} ho] o] 58] &ajie9} BEol&7ts
o] ofF ol oA faldol A2 QA Hrht

EGAA & Fnlof HFsh= Pbe| F Fhgol 2,149 mgkg
oz me E7] ol HHSHA| o] H7bgo] 4o TCLP
4ZN9] Pb H=7} 7|FEA]Q 5.0 mg/LE 23 A7)
ATk L HFSHA ] IS 57 10 winz 3 A
ofl= Adoll ARSE Al 712 QHdstAlef tisl] 71=A]E vt
Ak T AF=0 Pb LHYEGS A et o]HTh
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Table 7. Concentrations of arsenic and heavy metals in TCLP

leachate after stabilization of mine tailings with or with-
out soil washing

As Cd Cu Pb Zn

Without soil washing (mg/L) 045 008 011 029 1181
With soil washing (mg/L) 029 006 024 920 598
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