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MATHEMATICAL MODELS FOR ESTIMATING DYNAMIC PERFORMANCE
IN THE SATURATED ZONE : Discussions on the Mechanism of Groundwater
Pollution by Cadmium '
# B OH W # b m o
Shinsuke MORISAWA & Yoriteru INOUE

ABSTRACT : 11 types of sorption-desorption equations were examined for evaluating breakthrough curve of cad-
mium. Mathematical models were solved numericaily by the Shifting Particle Method and the calculated break-
through curves were compared with the experimental results.

Some valuable results were obtained under the limits considered. These are as follows ; (1) Different from the
sigmoid curve, the observed breakthrough curve for cadmium sometimes shows tailing phenomenon: (2) Shifting
Particle Method, proposed by G.F. Pinder et al. and improved by K.Ginno et al., was expanded successfully for
estimating sorptive materials performances inthe saturated zone : and (3) Observed breakthrough curve for cad-
mium was simulated well by the mathematical model. The model assumed that the cadmium takes two stable
physico-chemical forms in the aqueous solution and are sorbed on the soil.

KEYWORDS : Cadmium, Groundwater Pollution, Mathematical Model, Breakthrough Curve, Shifting Particle
Method
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HBICHO AR %2 B LA LETBUENE TRN & T2 T, ZOEWEL0.51mm HEFEKIL 2.0,
TEREIRIRETOEE I 2-65gr/ci, {EEFIET v =9 LTRIC L B84 4 WAL 0.8meq/1008T W TH 5o
Fh, COBE 0.1ppmDCAAENy 775V FELTEA LTV 3,
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OWEIRELR A & Y RERIEEHVT, FRRESHABATFBRICE » THN/ 14 YHBBIEIC X 2 FER TR, #iE
Lgrizst LT Cd Bl A0 nl7RmML, Hhhria8e % m -~y FNEERHEEID Cd ARt (N EE kd) 20IE Ui, BIE
B2 Table 1 1K/RT, Table 1%, KEFEHDCAHFRA 2 R EBIEIC K D ZZMBEESNE T E AR LTV B,

AKikepiz ik C4 -, OH , SOy ZDCA &5k A TR B THHES 3, CAD T NS BRI T I 5 %%i%ﬁm
EMOTEHES 54, CATRCA 44 Y BRI, OMO(FETE CdOH', Cdc¢+7b>‘;<ﬁfaaz> L sh
éopH75CZ4i/ﬁFm%mgﬁﬂomo ‘Mol /0) DBE OB FBOBENRERET &, Cd 1%,
CAOH #9528 %, CdC 131 BTHUIEHITE 3 &05birbo T DT &ixTable 1 DIREFELIEV . —F, FBIE
WO EA Table 2 iT/RY, Table 23, CABERICHW 7 & DIRAPEIEIC L > THFMTERNWVIRETEAT 5 &
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Table 1 Determination of Distribution Coefficient between Water
and Cation/Anion Ion-exchange Resin ’

Initial Concentration | Distribution Coef., kd
Resin in Solution (ma/7) (m1/gr)

solution

Cation Exchange Resin
(Dowex 50x-X4) 0.42 108 | —Sand layer
Anion Exchange Resin 0.42 1.9

(Dowex 1-X8)

je—Glass beads

Glass wool
Table 2 Results of Ultrafiltration for Cadmium Solution
Stopcock

Ultrafilter _ Fil . ﬂeterminatinn'of
one | noreromir hergnt | Possine Fraction R I
PTHK 1.0x105 0.99 anlvser
PSED 2.5x10% 1.00
PTGC 1.0x10% 0.98 Fig. 1 Sand Column System Used for Determining
PSAC 1.0x103 1.00 Breakthrough Curve of Cadmium
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FrEBOFARD %, ZEEETLRVWELIIC—KRICH I 28H 5 2 iZFBEL, A5 2 5F¥ L, 11815 40,
CdA2EUHEREERBRVTIREOMIBL, 77 6HEE7 I YavaL s s —ic kD HEL, BFRGEERICE
DCABEAFEL, CADOBBIEEE, HRA 2+ U YIROLTHRBOERE Ui, ERA 4 ¥ BEE RRRRIE I
£0, VBB HEHETIIC L O RE L AL RREBEFig 110, £704 5 4544 Table 31077,

H 5 LNDO—EBECo D CAFFMDEIAIL, # 57 LHRHEPBENSCOD I BLLLicis 50, BIF—EEALLS 2
BEICE 53 THEL 7,

2.3 ERBRER Table 3 Exggrlmental Condmons for Determining Each Breakthrough Curve
A A CADtH iscussed in this
VAN i
7_ Eﬁl@lﬂ:’f%@ﬁ%{ﬂ . _ Sgnd Laye\_r o Influent Solution . A
% Fl.g. 21C, $£7:4 9 & | Material [Diameter | Weight | Height | Porosity Linegﬁedvgisgetric Concentration Identification
HIGHOPHEZE LS T {em) | (gr) | {em) | (%) j(en/min)| (m1/min) (mq/2)
-y @E&i@ﬁﬁ%’fﬁ(z)% 1 2.24 30.8 | 4.73 38.2 0.312 | 0.469 580 Fig.2
Fig.3it7<%. Fig.3 0D cd 2.24 30.8 | 4.73 38,2 0.327 | 0.492 0.44 Fia.2
) : 90 .
. Y 2.20 57.0 | 8.50 36.9 0.569 | 0.798 2.50% Fig.3
0¥ 124 4 v SIS =

&5545@%%154:0]1&% * Concentration unit for Y-90 is pCi/ml.
FBIC & - T % O— s .

FEA A VIREETHAEL, A+ ik ® Y@ﬁﬁ:ﬁ}if))pHé: EHICEINT 5T & DR éh’clﬂéo

CdoiB% (Fig.2) 810 CYou@im (Fig. 3) @, WFhbMBENy 74 FROBBIETE T,
Cdidn 7 o BBARIKHEDERE L EIMES 555, HHERE (C/Co) M 0.6 fhiih 5% oBMBAERE L, MEWIRE R
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Fig. 3 Breakthrough Curves for #*Y under

Fig. 2 Breakthrough Curves for CI"(H20) and Cadmium Different pH Conditions
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HLRBNEROK, 20, TTVOERBEOEN SR/ T £ — s DDV EFLVEITFHATH D, AETIE, Cd
ORRERE, YEAEROHETEDIIN T 2 -4 2GR T VL OBRT 3 2B LT, CAdDHiEs 5 408
R % BT 5 &AL 5 BINBRERIEEO € TR RO ICT 5,

CABIILES 5 L~ATERBEVTRIDR 7o 7IRKEFEH#BEINEDT, 57 ROCAERIIIERDTS 5,
ZRM, BERFEOER L 5ok BNRERIEO 27 ) v 258D 3mEL 5 5, #AT2Lo0C, EEENL
— 4 & LTERMU 72KOBBHRIE, £TOKSD 7 ANERE—RICH T 5 &E L TFRIL 20088 & L —3
TELEPD, BEROLTEH S LNTOKDOHRE FHIEB) R—BeoEETHBEALL S B,

AREBRICH OO A A V2RI 0.8 meq/1008T THHP S, M ACIB ED LTS L2 DEE I 460mg
/kg L%, —F, ERICHWCAFRIEREIR0.44 mg/¢, RT3 3 Cd DL 1B R L 26me/gT (1448 Fig. 6
BH) TH2pd, COLEEORPBERFZAT 11.4mg/kg LHEESN, CTOBEIZA60mg/KgIT ERTREL K,
zhif, AR TRINEBOLBEAEET 27 VOO TR LW EiTT B,

3.2 HEEF

44 5 L NTOCADEEE X ET 28N, 715 LMK & BB, DlE LU 5 A%+ E DIRERIET
BB ERET UL, LBROESRAEN S, 515 L ATOCIDBEHFI0b T 2HFET7VIE, BROBHER & RS RIER
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BT2EEZDBAL, @QFNFNEL AR EE T 2NN EET 2 LEZL 3B EIRAL, BELBROK
DSOS B TE BIBE EORBIRIFICKR T T2 EAML I BIBEE X DT 5, AHTHO 35 OEKE BAT
EXRIZ—ET B,

TR D T A 7 LRI TH B L BIEE ZDT, BRHEAFEREZIGT>VLTitkd %, UTF, OWIFho
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Table 4 Lists of Models Discussed in This Study

Sorption-desorption equations Parameters & the number R ‘
Model P & allocated eq. number contained in the model emarks
Model-1 q =kdC (2) 1 | kd Linear isotherm
5 | Moder-2 q =kdc"  (0<n<1) (3) 2 | kd, n Freundlich isotherm
Model-3 30/ at=ksl {4) 1| k3 Irreversible sorption
Model-4 39/3t=k1C - kyq (5) 2 | ky, k2 Reversible sorp.-desorp.
Model-5 u1=kd]C1, a27kdoCo, (]3=kd3r,3 (6) 5 | kdy, kdp, kd3, a1, op Model-1 mixed
Model-6 01=kd]C1, 3ap/8t=kq,C0 {7) 3 | kdy, k3ps o Model-1 & -3 cothned
g | todel-7 a1=kd C1, 30p/dt=kipfp - kapa, (8) | 4 | kdys kigs ko2 o1 Model-1 & -4 combined
Model-8 | aaj/at=k1yCy - kpya1, 3ap/3t=k3aC2 (9) 4 1 kyys k21s K325 o Model-3 & -4 combined
say/at=kyity - ka1ays Ky1, k27s K .
- 10 5 | K11, k21, K125 Model-4 mixed
Mode1-9 2a3/at=k7,C - k2202 (10} k22e a1
c Mode1-5d q =(sajkdi)C (11) 1 | Zajkd; Model-5 modified
Model-6d 3q/3t=(2a1kd1)(3(‘,/3t) +(Zaj k31-)(‘, (12) 2 | zajkdi, Tajk3zg Model-6 modified

Note: q=gy+qp+a3, =0y +Cp+C3, a)tap+{og)=1.0
(A) B—pIURERIGETET 57w
1) =Fn1: fEkhoELIAVONARIEEFALTHS (Table 4, K ()R, HKSLZONL—#—T
brEFEL4 DL D KHEFEEkd=00BAIIIEF, R (1) TA=0&LARXBENSOMEDS 5 NEEE TE T 5
HEREiL 5,
2) =72 URERIEOXEAERE L TTable 40X (3) 2 AV 3, TDEF ML, BEEBTHEONEHSK
R38R ZRLTVW5,
3) EF 3 EEDPSERANOARTEINE ZEEL, FSEER (1) 2RV 5,
4) 74 BIEONRBRIGZEEL, FUSERER (5) 20 5,
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0, D & SEHONRER RS OXFEEET 2RI BB L LB 50 5,
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PEEPERTE 258 L, T0IcRE SBRFICHTCISTEEICET 5 EAREABA LI OV TRET 5,
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ZERADOCAI TN TN BENT 5, KB XCLEROCIDORERER

C=23C;s 49=X4q 3)
THEZ o0 %, HL, # 7 LHMARTOE | RAOFENRE A, £T5 L,
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HB) 2RV 5,

3) EFAT L BRSORIGHR (2), B2 RODORIEMHR (5ICENEFNRES T EAEEL TR (8) (Table 4%
B) %AV 3,

4) TFV 8 BIBNOSUSHH (5), FE2HRAOKRIENE (4) REhZFNHD T EABELTHK(9) (Table 45
B 205,

5) EFNY I BRAVEFNENWEREMEDO R 5 (5)ICHEH T & A485E L TR (10) (Table 4 B8) %0 5,
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THRET 5, MBKPOECAREECETHE, HiBTORECHE,
C;=¢4C (Fg=10) (15)

TEZoh, RADB2DT IRIT 5,

COREZHBTHE, EFALE~QRIET E2RETNEEZ L EDTE D, CTREROUIEICERADGHS
#ko €7 6dic D0 TEEL TRET 5,

KD EZBRATERREEXTL, #h60ROZLEHEAICH>NTINEL Tk (13) OBEAERV 5 &, BUOK (1)
BLEMTES, THbL, MEKBLCHEDOLBEC,AAZFMERICT2HESCE, NEXARR (1) 220 H
WHT EMNTE B,

1) =754 @ K (6) OiiIARSIC N TIEL, = (13),5) OR%EE N 3 &,

q = (Sakdi)+C
SO sekdi=ka (16)
tf‘ﬁ:%?&ié &, ERELTRAD %218 5%,

g=rkd-C an

FTHbb, AT, MEASLCHEROLCIRIICEBT AR, E70 1 LR%TH 5,
2) £F6d & () OWMBERMCOVTMEL, X 13),305) DMFEEMV S &, £ Cd MBI 3RIERE LT
KRG Bo

9q/0t = kd(3C/B1)+hyC e (18)

e, kdEZ'dikdi, k352djk3]’ ............... (19)

5 (18) DI ItE 7 e 20 Tl BB oW R st S hTu B K 18) £3(1) EMAY TRE, CADRBREEH
ET A, SROOEADR G EFMELERL O, TROBARET NG, HIETHEFNVEIINTEFTAMICEF
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(C) #1M « RGN
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{x:O; Ci =G for £>0 21

x=10; 0C;/0x=0 for t>0
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Peptihgs 0 = dx/dt L4 5 &,

dc/dt = 8C/8t+voC/ax e 22)
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ac aZC 1-f 8 (23)
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PE-T, HihihiR (v =dx/dt) FCREASZ N TFABEBISE, 205 DR FEEOBM S L UK TFHBECAH
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D=Dy\v1+Dg (24)
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EBTHE, TEH I LMK Cd, CF, VY BEAENL TERENOEBHMBEEE TV B, TN, BEETa
ZEEHEINIEELAERS T E OCADHBIENEON I BETH>Th, LI TIRLERL MR 35,

BT~ B, Y5 2 — 2 BOZOEBEREFLTH A2, BORIRO FRREER Y9 5, FIETRELLEF Vi
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x

Co w21 G Dy
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= 77+é(772+ff) : ﬂz+£3 exp
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F7, R (25),26) D&, R @D DTS 5o
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