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Abstract D sphcenentstudies on the transport of bran e and heavy metals ( Cu, Cd, Zn, Pb) were conducted under saturated steady-state flw
conditions in quanz sand colmns The branide break hough curves (BTCs) for three velocitieswere analyzzedw ith the equilbriim convection-d ispers ion
equaton (CDE) to obtin the longindinal dspersiviy A and saturated water content 8, The to-site nonequilbrim model (TSN) coupld with the
Freund lich adsorption equationwas used to sinuhte heavym etalmovement The results ndicaied that the TSN model gave good fits o the observed BTCs
(R?>> 0.9, RMSE< Q 0008), but failed to capure the peak concentrations Itwas nfed from the estinated paran eters that heavy metal adsorption
wasmainly controlled by tine ( the fraction of exchange sites assuned © be in equilibriim w ith the solution phasef less than 10% forCu Cd Ph and
13. Do forZn) and the retardation facorR, cakulated from the transport sinulation paraneters was significantly less than that obtained fran batch
experinents mdicating that heavy metal soption did not reach equilbrium n the colmns Sensitivity analysis results shoved that the most sensitive
paran eler for the peak valie of BTCswas the soiption paraneter B and that for he peak tine was the saturated hydraulic conductiviy K. BohK _ and B
contwolled the fit between smulated and observed concentrations as indicated by the RM SE.

Keywords heavymetals transport TSN model sensitivity analysis

( , 1998 Gove et al, 2001 ,

1 ( Introduction) 2005)

(No 40771095)
Supported by the National Nawral Science Foundation of China (Na 40771095)
(1981—), , E-mail qdulnging® 163 can; * ( ), E-mail shhx@ qdu edu cn
Biography LN Qg ( 181—), fenale E-mail qdulnging® 163 com; * Corresponding author E-mail shixu@ qdu edu m



137

( CDE) (Kookana et al , 1993
, 2004). ,
(BTCs) “
7 , CDE ,
- . Kookana ( 1994)
Gerritse( 1996) -
Cd . Pang
(2002) Cd Zn Pb
(TSN) ,
, Cu Cd Zn Pb 4
, HYDRU S1D
2 (M aterials and m ethods)

21 HEAR

: S0 (
9 %), . (< Q02%)
. 20, L2
24h ;
fH ., 110C
22 KT

5 00g 50ml. , 25ml.
2510 15 20mg L' Cu Cd Zn Pb
, H 55.
23C, 20h, ,
3
" 20an, San,
5 R 4am, ,
, 1 (V) ,
© H 55, Q O5moi L'
KBr , 1
(V) ,
27 135 a*h ', Br
s 3 BIT . @
H 53 5Smg L' CuCd Zn
15mg L' Pb (Pb 5mee L7
, Pb ), 1
(PV)
13 an* h_l,
Cu Cd Zn Pb
3 (Theory)
31 BHRITE
Oc POs. POs e Oc
) e R 1
weatea e ' WM
, C (mg cm_3), Ses Sk

(mg* g ') D
(an*min '), »

(g an’), 6

(am), ¢ (m n).

Freund lich

((m'min_l), p

(an® an” ), x



138

31
s s M arquard &L evenberg s
Os - 10c
“= fheBe T = 2 ’
ot S Fe ot (2)
Os B 33 BIRES
Dol (1 -] (3) AR
,f 2 2
, © (mi '), ke
3 -1
(am*g ) B Zhen Bennett( 2009
)
32 EMAMH ,
! ( (5) :
(PV) , > X~_Ax_y(“k+ Aay ) —y (@) 5
’ ’ ' Aak_ Aay, /(lk ( )
) ’ 7Xk y k ’
; Ay a y ylw
) +Aa) y(ar) . Zheng  Bennett( 2009)
: 1% ~ 5% R
¢(x, 0)=0 -20m<x<0 (=0 , ,
—esugﬁ ge= (0 t)eo(Q 1) x=0 >0 o .
X
d 4 (R esulis)
B =0 L=20am >0
e 41 FERSEMER
(4) Langnu ir Freund lich
> qo (Q 1)
(an*min '), .o (0, 1) 1
—1 -3 ’
(mol L ) (mg an 7) , R RM SE ’
, co(Q 1) Q - 1 ,
HYDRUS\ID (éinmek et al , 2008) Freund lich (R2 >0 9
Br RM SE< Q 005).
1 4
Tabl 1 Calculted parameters of the adsoption isothems of Cu Cd Zn and Pb
Linear Langn uir Freundlich
ky/ g2 TMSE/ Q/ kyt g2 TMSE/ o by / g2 TMSE/
(m*g " meg )  (mgg ! (am*g™ ") (mg g™ ") (an* g (mg g )
Cu 1676910 3154 Q8761 Q0065 Q025530 0021 333092 1 Q9673 Q0014 0 3748+0 422 0 10620 0830 Q 9149  Q 0022
Cd 48775305323 09545 00074 Q064430 0220 202 8E164 5 0 8836 0 0061 0 4571£0 2312 0 50820 1012 Q 9472 Q 0041
Zn 2062510 4943 Q8530 Q0065 Q021310 0004  679.0E50 1 09978 Q 0012 Q 3218E0 0577 0 0835+Q 0250 Q 9566  Q 0013
Pb 8 55381 9379 08297 Q0189 Q 07200 0011 540. 2128 8 09988 0 0004 0 3008%0 0515 0 2516E0 0685 0 9738 0 0023
42 REFSELH 2 , K, , 0, an
Br ( Pedotransfer Functon)
s 0, A ( van Genuchten
3 ( 2), CDE 1981). CDE , f , Br

ke Bow Q



139

Fig

0.03 0.06 —
L
3 n 1.G :
2 002 L] g
i i
= =
i i
001 - "
= o
&) &)
0 L 1 1 1 L 1 1 I 0 L 1 1 1 L 1 L 1 L |
0 0.005 0.010 0.015 0.020 0 0.0025 0.0050 0.0075 0.0100 0.0125
P Cu BT /(mgrem™) PR Cd BT Amg-om™)
0.025 0.08
L L
~ 0.020 F -
'an LG ‘e
i r &n
g g
= 0015 =
i i)
=X =
M- 0.010 |- Mo
" L "
§ 2
0.005 —
0 I 1 I 1 I | I | I | 0 1 1 1 1 1 |
0 0.0025 0.0050 0.0075 0.0100 0.0125 0 0.003 0.006 0.009
FHIE R Zn BT R (mg-em™) AT Pb BT E /(mg-cm ™)
1 Cu Cd Zn Pb4 (m 3 L ; LG Langnuir ; E Freundlich )

1 Adsomption isothems of Cu Cd Zn Pb (MMM easured data L: Linear fitted data LG Langnui fitted datg F Freundlich fitted data)

Br B F-HKE /(mol-L7")

Br Bk /(mol-L7Y)

v=0.4361cm-min”! 0.06 7 1-0.0948cm-min™!
00000000
0.05
a L
5 0.04
E L
e B
iﬁéo.oz_
s
 0.02
& L
. 0.01
.. L
a_al O nahandanah ol o 0 " A
05 1.0 15 20 25 30 35 40 0 0.5 1.0 15 2.0 25 30
TLERIRFEL(PV) TLBR IR FEL(PV)
v=0.0380cm-min"!
..
— WAHE
®*  IHE
..
05 1.0 1.5 2.0 2.5 3.0 35
FLBR IR FREL(PV)

2 Br
Fig 2 M easured and fitted BICs for Br~



140 31
( 2 , .3 0. A ,
2 _
BIC:s (R°>0 9  Q452m®am’ Q 170an,
RM SE < Q 0046), 5 “ 7 5
2 2 2 1
, Br Br ,
2 Br BTCs
Tabl 2 Inputparameters used for un HY DRUS-1D and calculated paran eters fran the BTCs of Br~
0,/ 0./ a K./ A kg / . 5 RMSE /
(m? m™ %) (a? an?) Jan~ ! " (armin™ ) /an f (m?g 1 b © fmin k (mol L™ 1)
Q 053 0 4655 £0 0029 0 035 318 Q 1794 Q 1567 30 0220 1 0 0 0 Q 9835 Q 0026
Q0 053 Q 4376 £0 0038 Q 035 318 Q 0948 0 1464 F0 0304 1 0 0 0 Q9732 Q 0036
Q 053 Q 4530 £0 0065 Q 035 318 Q 0380 Q 2076 %0 0614 1 0 0 0 Q 9465 Q 0046
0 4361 0 0948 0. 0380 m in~ .
43 EaRHNER (0.097mm ) > Zn(Q 074nm) > Cu(Q 07mm).
3 CuCdZn Pb 4 , ,
3 5 (Usgman 2008). 4 BTCs
Cu Zn s 43 ” , ,
, Cd Cu Zn
Sme L 'Pb , Pb , 4 ( Busseau et al
: Cu= Zn> Cd> Ph 1997). ,
, 4
: Pb(Q 121mm) > Cd
1op T s B
i LA L — e
35 S . g;gmz:{g 251 . -
L30T Loof
g 25k g r
ﬂn\z 20 @ 15 |
¥ oor T
LS Fo
w B R L .
= 10+ = '
© B © 05 %
0.5+ °
- B “umame o o e o @
0 L A ! | ! | ! | ! | ! | ! | 0 L ! 1 ! 1 ! 1 ! 1 ! |
0 05 1.0 15 2.0 25 30 35 4.0 0 1 2 3 4 5 6
-~ FLBRIRFR(PV) ) FLBRAEFR(PV)
o <& — ma 10 - . B
35k *  ME T ® SLIME
TR Lo8r
4o - 20 L
E st £ L
ig; 20+ % L
sk o4l
® 0L ® |
S 10 2 L[
0.5 L
0_ 1 | 1] i d L L1 | |W 1 |
0 1 2 3 4 5 6 0 0.5 1.0 1.5 2.0 25 30 35 4.0
FLBRARFR(PV) FLBRIEFR(PY)
3 4

Fig 3 M easured and fitted BTCs for Cu Cd, Zn and Pb
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