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Desorption Characteristics and Bioavailability of Zn
to Earthworm in Mine Tailings
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ABSTRACT

Sorption and sequential desorption experiments were conducted for Zn using a natural soil (NS) in background status by
aging (1, 30 and 100 days). The sorption isotherm showed that Zn had high sorption capacity but low sorption affinity in
NS. Sequential desorption was biphasic with appreciable amount of sorbed Zn residing in the desorption-resistant fraction
after several desorption steps. The biphasic desorption behavior of Zn was characterized by a biphasic desorption model
that includes a linear term to represent labile or easily-desorbing fraction and a Langmuirian-type term to represent
desorption-resistant fraction. The biphasic desorption model indicated that the size of the maximum capacity of
desorption-resistant fraction (q;:;X ) increased with aging in NS. Desorption kinetics and desorption-resistance of Zn in the
soils collected from mine tailings (MA, MB and MC collected from surface, subsurface soils and mine waste,
respectively) were investigated and compared to the bioavailability to earthworm (Eisenia fetida). Desorption kinetic data
of Zn were fitted to several desorption kinetic models. The ratio (g, 4/ qo) of remaining Zn at desorption equilibrium (q. ,)
to initial sorbed concentration (¢o) was in the range of 0.53~0.90 in the mine tailings which was higher than that in NS,
except MA. The sequential desorption from the mine tailings with 0.01 M NaNO; and 0.01 M CaCl, showed that
appreciable amounts of Zn are resistant to desorption due to aging or sequestration. The SM&T (Standard Measurements
and Testing Programme of European Union) analysis showed that the sum of oxidizable (Step IIT) and residual (Step V)
fractions of Zn was linearly related with its desorption-resistance (q:;;x) determined by the sequential desorption with
0.01M NaNOj; (R*=0.9998) and 0.01M CaCl, (R*=0.8580). The earthworm uptake of Zn and the desorbed amount of
70 (Guesorbed = Go —qe.q) in MB soil were also linearly related (R*=0.899). Our results implicate that the ecological risk
assessment of heavy metals would be possible considering the relation between desorption behaviors and bioavailability to

earthworm.
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2.1.2. EAES] ER3ehE 54 4

P @ JAERS] pHE A8 5ot FHF 25 mLE
WRKSE TR XS WX $, 5] pHE pH
meter(Orion 290A, Thermo Electron Corp,. USA)YE ©|
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(carbonate)s A 7Sk PAE2A7|(Risons, EA 1108)=
ol-8-3le] A3 rH(Nelson and Sommers, 1996). ESF
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Coupled Plasma-Optical Emission Spectrometer(ICP-OES,
Optima 2100 DV, PerkinElmer, USA)E AF&3}l™ Zn

$EE 245,
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Table 1. SM&T protocol for sequential extraction (Gleyzes et al., 2002; Sutherland and Tack, 2002)

Step Operational definition

Chemical reagents and conditions

I Acid Exchangeable

1 g soil, 40 mL of 0.11 M CH;COOH, shake for 16 h at 22 + 5°C and centrifuge at 3000 g for 20 min

I Reducible

To step I residue, add 40 mL of 0.5 M NH,OHHCI from a 1 L solution containing 25 mL of 2 M HNO;,

shake for 16 h at 22 + 5°C. Centrifuge extract as per step I

To step Il residue, add 10 mL H,O, (pH 2-3), 1 h at room temperature, heat to 85°C for 1 h; add a further 10

I Oxidizable
Centrifuge extract as per step [

mL of H,0, and heat to 85°C for 1 h; add 50 mL of 1 M NH,;OAc (pH 2) and shake for 16 h at 22 + 5°C.

IV Residue

To step 3 residue, add 3 mL distilled H,O, 7.5 mL of 6 M HCI, and 2.5 mL of 14 M HNOs; leave overnight

at 20°C, boil under reflux for 2 h, cool and filter

Standard Measurements and Testing Programme of
European Union) B2 A< FZ(sequential extraction)
& AAstRoH, AAHE Table 10] @oFsttt
(Gleyzes et al, 2002; Sutherland and Tack, 2002).
SM&TE AHd pH ZdEjoll 4 exchangeable % carbonate
o} Agwo] = FE(Step 1), Fe/Mn Oxide?} 23
o] Q= reducible fraction(Step IT), Organic & Sulfide

o} A5t A=l = oxidizable fraction(Step 111
FZo] o]FoX|R] k= Residue(Step IV)E T-EETH

(Zemberyova et al, 2006). Step 12] exchangeable¥}
carbonate -2 Ek] pHU AR o)A, Eoko
BERYH FEgo] gElyo] v EYelu AE A=
A ol & U= FE-S 2v]slH, Fe/Mn oxide F-5-
(Step 11y carbonate F-2-0l| HI3} o]&7Fs/d-S A&
o7 Ak gzl A 52 4 A} Organic
& Sulfideste] AFHE(Step 1S T4 EY

1= 9 g3ste3 A5k ﬁ@’ﬂﬂ © ol ZRF
—r(Remdue Step V)2 ESFES 756‘“5401 = HE
o|m =, Step I} Step IV F-3to] Brhe R

AL EY
715 @ ESGET BFgeAl AfEo] o) 7hside 1
2AAY e 237 F3S AY A ¥ FHE
T ATkt 94 2005).
7} @Al F2E AR TS B4 srE A
A FAA K= A=, ARSI s o
75k ¥ [CP-OESZE Z43I%th. BE 492 23] whE

TSt

2.3.2. R|QO|(Eisenia fetida) F2S o83 Aol8A
24

AAEA ARG Tt AR WE AP (Eisenia
Jetida) AUl SAE = TEs5e] Fa S8R, ©f
£ 23 e Agaye} nlwsigc) RS g
TR AAEH APolE LAHA F= AAES

AN 10d ol wiYkeE ¥, 2000 fraWelA Aggh
o] FFE filter paper(Advantec, 5B, 110 mm)®l
2473F ol AEAA W EdS BT ajdsie dAE
AZHDalby et al., 1996). £ HAo] o]fo)zl =]

IS B Wi B0l S s Soil 2
%Zj 02 3P oM, T4 uptake AT TS 25%
o] LAESF 200 go] FHTE STk 870 A|Ho] 7t
& lEr 1$t &, Growth Chamber(5t/5F 571 = 16~|3H8
AIZE, 25 25°C, FE 40+5%)pP14 5, 7, 149 B
_/F_‘Bg]_%]\q__ 2871750t x|Ho)e] A AElE st
RO o]2je] ol Holx FtA] FUTh HAF

2% ‘3]-/\] filter paper’dollX 24x17F HEAA A ul
AES AAS § FAHAZ7)(Freeze dryer, EYELA,
FDU-2100)Z ©]-83] —80°ColA 24rI3F &<t HAZEA]
71 &, Omni vessel™ol 271 T2 5mLe HNO,
(Merck 65%)2 71313L, 120°CA] 105-5<2) microwave

digestion systemS ©]-&3le] FTHES FEIL F=
£ 3000 rpmellA 2087 AEHE T, AEdS A
31 1CP-OESZE #-433193t)

24, T& 3 EEpdl

24.1. T2 2

o g2e] FF W P2 AT 250} ol FA)
AR B4 FE}F TR 84e] FRe] d¥E Ve

ol $h 5 Alole] S AL LehhicH), o]
9} o] F£2RIBHES AFA o7 vJehly] sl 5=

2 mdo] o]gHr}y. B Aolx] tRFoz AFSE H)
29 AAEPl UF me] FeFH APAAE
Freundlich, Langmuir 222 28T}

(1) Freundlich =2

Freundlich modek> =2HA|2] AJ5-& Hlnsh=t] Eo]
AFSERE AoE taat o] fEH
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g=K.C" (1)
714 Ke[(mmol/g)mmol/LY 2} N-)»2 ZZ}+ Freundlich
diggeolrt,

(2) Langmuir =49
ol Beld SR8
H, FENHAE LA star

Langmuir model> 1%
3 s S AeEIRle:
Rnoz

x| Helele okt o0& it é—’?‘%t—’?
Zrtole] 71gs BARle] dofukat] F3bdo] o)
dUFoz F£FEY Qe Aow oH/\‘]b‘]—E]—
0
s @

714 C(mmolLy= )\7‘1%1 3 dHiolA RS T
% F%, g(mmol/gy= Y dElollA 3A ©f 4
g 2k FEE0 J:O]U%, O’(mmol/g)e} A(L/mmol)
= 2t o #EAEEH £ quAE vEilE

Langmuir 2350t}

242 33 2

ohﬂ]_;q 2 Eo]:LH ooﬂ 7&1_4 B—x]—E.Eﬂt'ﬂ—Q_ 1?___;‘1— 5’::7]

=710 171

o= WA GRETT}E ARl Al vt g Es
FA s 2 dFE=@E R el o124 B o
Al & (biphasic behaviorys WERITE €258 8ke o}
i 2 Bd2 M 4 Qi

(1) One-site mass transfer model(OSMTM)

o] E2- Nzengung et al.(1997)° 2J5] Ake &=
é':E E_‘:ﬂ 243]. 74__& lﬂ—;d—:hl:é __,_g_o /E)]-jq. :é‘; F

H e Zololl &gt 12} TR UERAITE o714,

hf 27) FF& %E(qo)ﬂ- F*Z} Aol A-8e 23t
Golo] 7] FE(CHE TS 2] OSMTME
23} o] FHEFTKKIm et al., 2005).

+(1 ZZ)e p[(fq—ekd) }where k;= de[7 d(i0+%)(3)

A7 gy ARE rellMe] B B TE5e] 2y
&, ke Exe] 2RV SQHdGA (apparent mass
transfer coefficient of desorption, hr), k= E2lolA2]
EAHE A (desorption mass transfer coefficient, hr™')o]
I K, @2olxe] Al (partition coefficient for
desorption, L/gyS YEFATHOh and Shin, 2010).

q() _9e
do 4o
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(2) Pseudo-first-order kinetic model(PFOKM)

PFOKM2 F2H (solute)®] =8l ko 2 e 1A%
oo FAHATES B 4% 20 G Tl
el o3} 2THOh and Shin, 2010).

_dq(®)

0 =k, fa()-q, ) With g=q, at 1=0 “)

A7 ko B OIS FANAE = 34 (Pseudo-first-
order rate constant for desorption, hr S UWeRAT} 2

WE ARl g, 4 5% B F Uk
q(t) _9e,d e d\ ~kpat

1- 5

qdo q0 ( qO) ©)

(3) Pseudo-second-order kinetic model(PSOKM)

PSOKM=2- Ho9} McKay(1999y} A|gkst fA}2x14=2)
el wuS 44T ACE 9 sl UEw the
3} ZTHOh and Shin, 2010).

g _,

dt 2d(Q(’) 4, d) with ¢ = qy at t=0 ©)

A7V ke B R

(pseudo-second-order rate constant for desorption, g/

mg/hio]t}. o1E AR,

2
qc,d
1 +kp2’d{qe’dc—jt
g _ !

do I+k 12, A90— 9, Dt

o] Q_ﬂ t:0°] UH ;27]13—;‘(1-5,51: vo(mmol/g/hr)il Al

(7)_‘ U]_"O]'O% t_OCQ U:HA %)\- ]tq kqu (fjo ch)

A 2GRS

™

S A8t 3T
2
Vo~ kpz,d(%*‘!e, & (®)
(4) Two compartment first order kinetic model

(TCFOKM)

o] Hell& EL"LQOV]L HEs 27 oE 23 s
THle T REoE Wro| 1R RE#T ®dEA
T o] HEATHKIm et al., 2005).

-k, k,

C%:flce ke 9)

AN S LE1-fE A wE SRR (fast

desorbing fraction)¥} =% =EZH-E(slowly desorbing
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fraction)?] ¥-8-2 YERY, k()T kb e 22
B RN 9 wARre) 14 SRSt
order desorption rate constant)e]T}. 11} o] T o]
735 AMRHel 0ol A0l B g1/ g0 701 1
o] HaL, ARKpe] F-h (o)l 771 w(1>00) (1) /
o @l 0] S 8 oRE uAlsa v =g
TCFOKM= ¢, 33 C, &< 152 ¢ 8= d3le 7}
A3 het.

(5) Modified two compartment first-order kinetic
model(MTCFOKM)

o] 2dle TCFOKM] _}xq AZ =R 99
WEA)Z] ®Eold], gEe] A9 4] (10)7) Zo| THHCh

g _ e, Kt okt

P +(1- )|:fl the (10)

AW 3 fE1- e B R FRE1-q./
qo) %‘ HH]— ]:—‘J.Z].l:l 1:1\14_ La ]:—‘J.Z].l:l 1:1_4 i=Ke) o 1/]_1;/]_1’]]
o,k S k(e A2 we g8 2Ry =y
gRxlt ol 1] gkRli Aot} 2 (10)01] A ;\]7].(00]
F3h) (co)ll HTBPA(E>0), q() =g, 7F ™, AZHe]
0?1 B () =g, 7} Bt WA, o] Rde TCFOKM
sdol] ] ko] dSo] viEsitt.

2.4.3. ©]’3€3 T4 (biphasic desorption model)

AutA oz F2A= F V1A dele] uvlFEsE =
siteS A& 7HsiolM HEofRl opddE KEl(Kan
et al, 1998) 7}H4Ql Fito) ¥ e 23
e w3 Langmulr“dﬂ]J BAE 2 =e2]
S Agkst Felott o] X2 Kan et al.(1998)°] &5

F71e9Ede] GFATS Al $18) AlLksiie.
B e SE5e B AEe siMsh] <8l
okt Asled YehiW 4 (117 ZTHOh and Shin,
2010).

oox 1

irr irr

. q....C
q=q""+q" = K,C+ L2 (11)
lr) +Klr}

Imax
A7 g(mmol/gy= BRRF AN Fure] FAFE

= 5F), ¢@(mmol/gy 7194Q] 5 = gA &
ZE] = F(easily desorbing or labile fraction)oll =2}
d S5 seEA A8 4R Ueid 5 3lon,
gimmolie WPISlA RiRerE @RA94 Ripl 4

A FE5 F55 WENY K[L/ghs 7HayEe] A9

BallAlG, Cmmol/Lys Bolx]e] mgoirte] wrs 1}
ERdTt. 18]3 K”r(L/g}— u]ﬂcﬂ(z,c_t gabAaRA) B
ol Tk ARl g (mmng% gAY 2
o] o8-S Jepict, ey K}I:r’ :rrl;x%
2 (1) A% @23 A3 g —‘50]-0:] A
71829 749 E€RAGANS AwEly] 8] w7
wdo] ZEEJom(Kan et al, 1998), T52] 75,
*gx]'(adsorptlon) E<~(absorption), °]213 52 E]—O‘ts]-
WS el WAlshe Alow deld Arkaled,
2007).

2 (11)9] BI7F9ZQ] FEe Langmuir REZ 1HE

T Ak

e

i bQ°C

7 TTrbC (12)
A7V b=K) /g o, 07 =qgyn oItk A (12)°014]
FENge] Tt AUlFeRE F FH(Cow), ¢7=
O' =g, %, A Ay, w, Sgelel Fwoh
S AHC0), ¢ =b0°C= K”’(‘ o] It} 75w o
Ao 44 BRgs B Ry u)yjede] gxkxgh 5
T 25 FAE 4 3loh

£ A7l AkeE 7z o] vi7iigSS Table
Curve 2D(Version 5.1, Systat Software Inc.)E ©|-8&3}
o] AA3IAct

3. 43 % nE

3.1 EY S4TIL

HBE B BUIREMA), FPHEMB), Bv]H4
MOy} ez AAEFNSK] diste] 712<)
Belsled 42y 235 AsES 245190 pHe)
739-, MB(=7.2)Z A&t MA=3.9), MC(=4.2) 2 NS
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Fig. 1. Molar distribution of Zn species as a function of pH predicted by MINEQL + Version 4.5.
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Table 2. Freundlich and Langmuir model parameters for sorption of Zn onto natural soil (NS) (aging =1, 30 and 100 days)

Freundlich Langmuir
Aging (days)
K [(mmol/g)/(mmoVl/L)N| N (- R? SSE ¢’ (mmol/g) b (L/mmol) R? SSE
1 0.0677 0.4470 0.9387 0.0064 0.3524 0.1439 0.9851  0.0015
30 0.0673 0.4425 0.9514 0.0047 0.3393 0.1525 0.9787  0.0021
100 0.0971 0.3579 0.9847 0.0017 0.3566 0.1996 0.9787  0.0023
0.35 - 0.4
(a) Aging = 1-d (a) Aging = ¥-d
0.30 4
0.25 1 . "
G >
3 0.20 ]
£ £
E 015 E
o o
0.10 4 A Single-step sorption
0.05 /i —— Freundlich model 4 Sequential desorption
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Fig. 2. Sorption isotherms of Zn onto natural soil (NS) (aging =
1, 30 and 100-d).
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Fig. 3. Sequential desorption of Zn from natural soil using
0.01 M NaNOs; solution at pH 5 (aging = 1, 30 and 100-d).
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Table 3. Biphasic model parameters for sequential desorption of Zn from natural soil (NS) after 1, 30 and 100 days of aging

Aging (days)  go (mmol/g) K, (L/g) Tmex_(mmol/g) ) Gunax /40 R*  SSE
1 0.2860 0.0210 £ 0.0056 0.1768 + 0.0090 3.924 £0.6977 0.618 09781 0.0010
30 0.2855 0.0175 + 0.0027 0.1853 £ 0.0039 4296 +0.2894 0.649  0.9942  0.0002
100 0.3087 0.0157 £ 0.0044 0.1931 £ 0.0086 2.133£0.1921 0.625  0.9873 0.0009

Table 4. Parameters of several desorption kinetic models for Zn from mine tailings (Number in parenthesis indicate the standard

deviation)
Model Parameter MA MB MC

o mmol/g 0.0952 0.0696 0.1419

Geq» mmol/g 0.0504 (% 0.0004) 0.6416 (% 0.0002) 0.1282 (+0.0005)
One-site mass transfer kg, 1/hr 5.4800 (0.9308) 1.5470 (£ 0.4069) 2.1630 (£ 0.4176)
model (OSMTM) foqa, hr 0.6672 4.1160 2.8860

R2 0.9592 0.6479 0.7565

 geq mmol/g 0.0504 (4 0.0004) 0.0642 (¢ 0.0002) 0.1282 (+0.0005)

Ef;;’gl"(ﬁ?ggsg Kinetic kyra. 1/hr 1035 (+1.727) 1.6780 (% 0.4395) 23960 (& 0.4590)

R? 0.9592 0.6479 0.7565

eq» mmol/g 0.0498 (+0.0004) 0.0638 (+ 0.0002) 0.1278 (+0.0004)
Pseudo-second-order ky4, g/mmol/hr 7144 (£ 172.6) 325.2 (x94.67) 277.5 (£ 65.86)
kinetic model (PSOKM) v, mmol/g/hr 1.470 0.0109 0.0552

R? 0.9750 0.7791 0.8418

7 0.4549 (+0.0043) 0.0605 (% 0.0029) 0.0847 (0.0035)
Two compartment ki, 1/hr 13.54 (+2.814) 3.5010 (+0.7831) 3.5910 (+0.7168)
first-order kinetic model
(TCFOKM) k, 1/hr 0.0007 (+0.0001) 0.0004 (+0.0001) 0.0003 (+0.0001)

R2 0.9822 0.9030 0.8638

e mmol/g - 0.0631 (+0.0001) 0.1275 (£ 0.0004)
Modified two compart- /" - 0.5086 (+0.0225) 0.5175 (+0.3341)
ment first-order kinetic k', 1/hr - 7.2290 (£ 1.758) 195.4 (+4.460)
model (MTCFOKM) K>, 1/hr - 0.0486 (+0.0082) 0.2221 (+0.0207)

R2 - 0.9772 0.8658

J. Soil & Groundwater Env. Vol. 16(4), p.
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Fig. 4. Zn desorption kinetics from mine tailings.
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Fig. 5. Sequential desorption of Zn from mine tailings using (a)
0.01 M NaNO; solution and (b) 0.01M CaCl, solution (pH 5).
Lines represent the biphasic desorption model fitting.

Table 5. Biphasic model parameters for sequential desorption of Zn from mine tailing using 0.01M NaNOs solution at pH 5

Electrolyte Soil  go (mmol/g) K, (L/g) ¢ (mmol/g) K" (Lig) qr /q, R? SSE
MA 0.0952 - - - - - -
0.0l M NaNO; MB 0.0696 0.0558 £0.0047 0.0607 £0.0003 1,834 £+ 1,380 0.8721 0.9554 0.0000
MC 0.1419 0.0096 £ 0.0023 0.1293 £0.0003 7,315 £ 3,285 09112 0.7376 0.0000
MA 0.0952 0.0500 £0.0117 0.0908 £0.0005 393.3 £ 85.54 0.9538 0.9411 0.0000
0.01 M CaCl, MB 0.0696 0.0558 £0.0088 0.0595 +£0.0007  87.52+21.84 0.8549 0.9515 0.0000
MC 0.1419 0.0953 £0.0168 0.1196 £0.0027  80.82 £ 38.09 0.8428 0.9437 0.0000
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