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Y, FHDPAFEZALEYEBIELRE BOR B8
BORAE" MM, [ )t 3 5 Oy B3 W o i) R S TS
Y. RPIRERT ZHFRUEYE, CRFED
#4318 BRI FEE , ERMILER R EE
BORFUO-BT o mh op % B 3 A W M s R 2 B A PR
BHAELE; MARRIRTHFEHENHEAR,
HEXMFEEB R TR/ TIRY ERRREORE) XK
(BR)ABREEEWEARATTRARR , BEE
BB AR A R

1 BE57 %k

1.1 BRARHEFMHR

EAEHAERRERMEFRAHRR SN
GZ1.GZ2.G23; 575 5 — & F H Chelsea #1 X (MI,
USA )MRZ RS, %S CHL; IR B # M
HHHER WY, S HFH, R R 2 %A MY
Bk, 28RN TEHEDL 20 B&R, il
TROGWpHEMAENRESRY LBERIER
19, KAXEEE /A EH ASAP 2010M B {25 1
EHMPHERER, RS ERENE 3.54~5
000A L2V W B A RE & i th RE R LR AR
FHSTFER 1782, EME S, 1.12 mg L1, FBE-
K45 BE R logK,, & 4.68', W] WLIE R — Fh LK M
RIBHFIIT LY,

£1 ITRATRYHEERER

Table 1 Some general properties of the soil and sediment used
B b A8 te & 1
Sample TOC (gkg™')  Specific surface area(m’ g~ ')

GZ1 4.38 2.11 20.04

GZ2 7.64 3.24 31.48

GZ3 4.37 1.13 16.4

CHL 4.26 5.23 5.29

HFH 7.22 2.1 34.1

1.2 [E#"”C CPMAS NMR i
BHFLEAEYRENRSTEAS, B
BHERILRPHFESFERK R ERERA,
ATRBRU RS, ARRRASEREZEGT OB
UEERESBNANE BRGARGERILEY

R 3t 4 o EUS T L2 R A Bruker A F MY
AVANCE DSX-300 #% % 3t t% 3 i (% , B Bk FE S BA
HE4mm BWRAEE ST B, HE N 10 000
Hz, 8 fi BB 1 000 ps, T REEIRR 1.2 s,
1.3 FEMHAZE

R E HP 2 7] 1100 & % M 1% X (HPLC)
Hr 4% S AT LRSI 2% (UVD) F 3 6 K 2% (FD) 347 W
P FERENRNE, KPEHRENEHEE 0.5 ~
1400 pg L' o072 FE6, AR A3 0 THE &8 : R
A AR (ODS B ,5 mm,2.1 x 250 mm i), &8
40°C, MBI NK + ZHE(EBE B4R 12:88),
A 0.34 ml min~', X ESRWEF(UVD)IER R K
% 50 R Wi 1 250 nm, I 52 SE B M BE S BRI ZE S0 ~
1400 pg L' Z0H]; SEMMEAE 0.5~ 50 pg L' Z ]
B RS (FD)MERXRE, MREKE
250 nm, & §T ¥ K 364 nm. WEHGRMHEIFESNT
ek , REHERER PIERRE .
1.4 WH-EEERAE

KRB —E & MIE, HF T H8E(HPLC &)+
Bl a% 1 000 mg L-"F1 S 000 mg L' B ¥5 38 Mo
TR :0.005 mol L™ CaCl, TR B LUR W+
—EWEFIRE,100 mg L™'H NaN;, LA HI 4
W& SN ,S mg L' 9 NaHCO, LI B E YA pH {H7E 7
A, LRATBREIEGRERRE, ZHLAmARF
FHEW D, JERHRE 10 ~ 1 400 pg L' Z AR
WEMER, EESHERWEIGELEY, RH-EE
TR, — R W% 5 & 4R B - IERE R 5
Ko ATHIEXFHIAR GBI, LK PR A Drexel
KEFERANZLBHLHMED . Huang 1 We-
ber SI% A T R B A I E] 1 KB 14 AT VR B
SCL WA, 45 R R IA AT £ 3/ TR 3 20 4 o % B
FEXPNEEWEEIETE 2~ 4 AMEE, Bl
ARLEHERE 3 FENFENE, XRPE. 7
10ml BERPMALBITEDERS REMA
10 AR EWKENIERR, KEHDO . RAERKRYS
#FHEE25C)KRE I A BRER3IJBREFH
P2 5 min, BT HERTUERER D . LRFH3HF
B OBREEERBANZHE 4 ILRFRPES -
HARUIMET &, R FMEE EEB A HPLC B &
W E, L BERRE FE S EOHE T IER %K
B, ARE/NCHRESTRREE ZEH PN LH

(1) Huang W. Sorption and desorption by soils and sediments: Effects of sorbent heterogeneity. Ann Arbor: University of Michigan. Ph. D. Dissertation,

1997. 36
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2 FERSE

2.1 TM/ARYENRNER

TH/GTRY AV C R g B2
(L 19 K /NG R 75 A DX 3 o I B A LB P O ) 28 A
BRIV L :0 ~ 45, 882 LB (C-H);45~ 110, 54
MEMEBE R (C-0);110 ~ 140, 35 F % (Ar) ;140 ~
165, SEMEN T EFH (Ar-0);165 ~ 190, 3R B LK
B(C=0);190 ~ 220, B EAMEE F B, EEF
2 B33 P9 e D FRE) R /N BB TH IR U A ) 288 U B Y AH X
SE,HP 110~ 140 FEKM 140 ~ 165 5 &
ERFERZ MRS OFILE, BHER T8/ IR
VWEIWRHERERNEESHY, B 1 2 CHL L%
MULFA P B P C CPMAS NMR % &, &K M5 4.
45~ 110 K (B 28 EEMR B RERREE
BHFRST;0~ 45 K (X)) RS M A;110 ~
140 KIS (FHEROREF=ZFEMIBS. HERIIARN
BT HEARYAINEEHERKRANS FRANBHRIF
HETRESEHANERAN —FEREH, &
2P TRAFERPARKEBENHENE DS E,
AR EMARYAENESAE - L2540 CHL
TAYUEL HFH IR AN S HE S S EMA
MERE, RARRKMRE. LR/ IRYEIRY
HRERTFESE WA LY RE-ERTE,

HFH

CHL

1 T A
200 100 0
A1 CHL 3% HFH 1 #4889 "°C CP MAS NMR £
Fig.1 Solid-state *C CP MAS NMR spectra of CHL
soil and HFH sediment

%2 CHLIH# HFH RRYHhFARAXERHEAN TSR
Table 2 Relative proportions of C in different regions of *C CPMAS NMR
spectra of CHL soil and HFH sediment

& 0~45 45~110 110~140 140~165 165~ 190
Sample AlkylC  O-alkylC  AnlC Q-aryl C  Carboxyl C
CHL 34,0 4.0 14.8 2.3 4.9

HFH 36.1 41.7 15.9 1.8 4.4

2.2 FERBHITE ,

KA o B0 ) Xof T TR R B R — A 3 AR
BERENRE T, JRMXIFER, SRR
H EHRHE ¢ SEBRPERTFERE C, ZHM
RKR,ATHARMEFREK RN, REFREWE AL
TR kRMHER.

KUEBA.q. = KpC, (1)

Freundlich W M8 : g, = K¢ C, (2)

BHEXMB R log g.= nlog C,+ log K (3)
Heh Ky 72 W BN BT A7 85 R BN % 30, Kr 2 Freundlich
RETS5RMERMBEHMREARAXNEH, » AX
MR EFREWIERE RN, n=1,BREHES
ALFRL; n <1 B NIERBRMFRK .

Weber Fl Huang'®''s! B S X fiz i B # 2, ( Dual
Reactive Domain Model ) 3 Fe /R 4 R A IR) 19 + 3 /IR
YA LB T R B R S R R

DRDM #i%d .

Q°bC,
9e.T=qe,Lt g = Kp,LCe + 1+ bC, (4)

Kp 1 J& DRDM A 8 o 48 #3843 19 43 BC - 8 %5 %L,
Q°.b 4 HZ R~ DRDM B RS 1 R 4% 1 36 4 ¥ JRAE R
B30 B s KR BRI B S A BB R M

LW E T IEE LB/ VRY L ORE-RERE
Bk, H B SYSTAT U E=ERHAT
EMRMFRE, GRIIEERS B, ERERHUT
Frel:l) AEEBAEA AR LR HE, E 2
HREIMEEEIAN GZI T ENBHERE, LB
M FEF AR KRKIME;2) Freundlich H BB 47
WHlE TR ARG BRMXTEHE, K o HE
0.610 ~ 0.833 2 [H], iX 15 A 3E Y % Bt i 78 R B0 b BA
BRELE . ERSRET . IREMNITBEESET
ERAME, XFEHTZEANERTEEAR, B
BRATHERYMMEKEHER;3) DRDM # A R 4T
WA THRSFERORMFRSE, X FELE 622 A
HFH IR LRI BIUA BT XEE S
I b o FR 3 B o B T B A A R R R AR B DA R
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Table 3 Sorption isotherm parameters of phenanthrene for soil/sediment samples
KEHER Freundlich #£ & DRDM ##Y
=]
R Linear model Freundlich model Dual reactive domain model N
Sample
Ky R? logK ¢ n R Kp, Q° b R
GZ1 Q.174 0.995 0.236 0,610 0.991 0.151 10.073 0.146 0.999 8
(0.008)" (0.047)  (0.024) (0.004) (1.504) (0.089)
GZ2 0.273 0.953 0.491 0.648 0.996 -2 — — — 8
(0.028) (0.033) (0.017)
GZ3 0.086 0.961 -0.247 0.706 0.994 0.026 49.053 0.003 69 0.993 8
(0.005) (0.036) (0.018) (0.026) (3.324) (0.002 61)
CHL 0.844 0.998 0.709 0.698 0.992 Q0.772 27.500 1.040F + 10 0.993 8
(0.032) (0.056) (0.028) (0.023) (6.100)
HFH 0.365 0.933 0.345 0.723 0.996 0.352 1.457 -0.006 0.949 8
(0.033) (0.034) (0.018) (0.049) (1.656) (0.003)

1) $R¥EMZ Standard deviation; 2) ARETHE Not calculated; 3) MR BH S48 o 4 W22 241 30 Number of observation

F2 E3RGZI L EAE=FER T HIE i

1001
80l Freundlich ##¢ T
[ Freundlich model i
~ | kr1722 o
w0 60F n=0610 T
® | RrR*-=0991 -
Qt) -
or . HAEHEA
. e Linear model
[ Kp=0.174
0 g R*=0.995
TR S St PR R S S B M
0 100 200 300 400 500
Clugl™ :

B 2 4% Freundlich BRIl & 3E7E GZ1 L8 F AR BH
LR

Fig.2 The linear and Freundlich model fits of data for sorption isotherm
of phenanthrene by GZ1 soil

4
100 - %ﬁ%} ;
s N Linear fraction
PoOAMREERMRE ko <0151
DRDM N
- R*=0.999 E
[=11]
=]
=2

Langmuir 4}

Ve Langmuir fraction
4 0°=10.073, b=0.146
Ve
1 Ll 2 I sl Lo
1 10 100 1000
Clugl™

Bl 3 DRDM #EIHAIEFE GZ1 L FRR SR

Fig.3 The limiting case of dual reactive domain model fit of data for
sorption of phenanthrene by GZ1 soil

2 ERH R M Freundlich #5 B F1 DRDM & &Y | 2k
HEBHAEBEEEF. FERMER Kp=q9./C,
BEZE W P IE M E RN/, C, =2.1 pg LK
Kp & 1.48Lg !, C., =430 pg L™ 'R} K, 5 0.17
Lg™'s P4 M % $ Koy (B RE b 36 o B3 i
Wi/, 3 B Freundlich B & & n = 0.610 &R B 87/~
FEFE GZ1 TP B IF R R RRAE. BUX A7 SR
¥ DRDM fRIFH LA T FE 4 L3/ DU L R B
HEE3SPBRIEE G L HEEMNRHEERE
B4R, BP 2 M7 2+ F Langmuir 4. FEEBRK
W (/NF 60 ug L™') A, DRDM BRI 22 3K 4 B
KB, Langmuir 4B FEM, BRI ERA
AR MR AFE  E RSB (KT 60 pg L71)
A, R BRI EEEM, M Langmuir T4 £ KE
M, E R B B R B — E R R AR,
#t, F DRDM RSB AR I B s S B I FEE R MR EE HD
SR E T, £ L3/ Y LB 5 XM AR
Foi B Weber Al Huang'® 248 4 i L 82/ B4
Bt A LTS e B =R nBE R, & 2 Pignatello F1
Xing! 1238 14 ) BURE R, (4 85/ 10 B4 % B A L3S 34
Y—FMENETX, F—FHEZRAHTR), BR
B+ B IERYENRAES A LM RSB SR
MHEMERNE, AR TEBIFHSAR:D) BF
T B/ A VUR R R, AL R
BARET , B R EER L AR E, SRy
SER B ER M RE D M AL P (RS A
B, Bk B B RAERE, AR
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Ly R RS AT, KRB r X EE R DI M
F. VB YENESELLVPBREEZWER,
WM E RS —ENRERIE;2) A AKMN
T, 2B/ BRYTHENERYREAZRE,H
WENERYRHTEZELZER (R RYE
LB M 4 A B VLR 2R BRI L
B BE ) IR i

Ky f& Freundlich B %Y T 5 Wk [ 25 B 0 Wk [ 58 BE
FXMER LTHRSEREH K- WK/ AR: CHL &
B >GZ2 1+ 3 > HFH ViR Y > GZ1 4 > GZ3 &
B, M- FHNBRPESFEENKRSEKRDNA:
CHL 3 > GZ2 + 8 > HFH Ui 2% > GZ1 1 5% >
CI3+H MERE B OWEFELEMEX X
Fo AMAEMETRERER T/ NBRYAENTE
FERMIEMARTBS BERESLPEINETERN
W, B IEN R AR QM FEHRESRHE
HEXR. B4PREMFESRMARKNMIRE
Ke SHESPEVKRE R fHREXR,

Kpy=0.1127x (f,) -0.661 4 R*=0.9952 (5)

[ Ke=0.112 7/, —0.661 4 R*=0.9952

S a0
fole kg™

B4 +MARYTANNKER f.5 K WEHEXER

Fig.4 The increase of Freundlich coefficient Ky with increasing organic

carbon content £, in soil/sediment

BHMBIRE RN, FILYELE TRy K&
AT AR ABERZYKNENKRS BN IEM
S 18-20) 5 358 B 950URL 4 P HL R N O B B K
NYESE FTENER. A THEEBER 4K
Fe i)+ B/ PURRY) Z A RAE R M H B EX T HM
ROaBER K, :

K,.=Ky/f,, (6)
Fo REBRLY) P Bk B B 40

A5 B S5 2 T B R RT LAAR B — N R B

Kp 1 K 8, XM ENRMEFREPEREDINEE

BWZ—, B 5 BHME GZI(TOC = 21.1 g kg™!,
n=0.610) .CHL{(TOC = 52.3 gkg ', n =0.691)
HFH( TOC = 27.1gkg ', n=0.723)8 C, 5Xt M
K ZHEWMHEEXR, BSHTRELBEEFEAEBR
FHREE C. MBS, HXE R K, (2 Wi /) ; B Fre-
undlich & & n HEHHE/DN K, B/NEEE K, M
e B C, i, K, {8 & CHL > HFH > GZ1, i 8
CHL -3tk HFH JiARYI A GZ1 L MA) R e ) =
8. CHL # HFH # & o & ¥l 5 ) 4 iR # 8L , HFH
o CHL BB B /ME X  HIR M BE N AR KK
ZBE WA LRM AR BE SR K H
W B A8 WL TS B 0 i RE 7, i A R B L BE Y K /b Xt
B RE TR K.

80

CHL T3k
CHL soil
HFH {134
HFH sediment

=)
=
— T T

K (L g'-00)
-+
(=]

—

- GZ1 t3%
r GZ1 soil

[\
(=

1 I ‘HIIO ‘I lllbO . ‘IHIIOIOO
ClugLl™)
A5 GZI.CHL.HFH B R RRKER C, H-53 5L
K HRE
Fig.5 Varations in K, values calculated from measured K, values as a

function of residual aqueous-phase solute concentration ( C,)

2.3 ¥EWmBEERE
MIERIIR M- R SR (B 6) Fel LIE i 7
TEH B MG B4 o Huang!™ 28 LT MG R % HI

(Hysteresis Index) :

D_"s

qe T.C

o~ qs 43 B8 7E R B 0 AR R ot 72 o E — 2 B IR BE
WRETT, WM BR7E T 8/ DU B R B }
FELH TR EWBERTIBEELREN, B
Freundlich BRI B AT I SR F R L. FE
BEHR25C, C, H5 510 1.10,100 pg L' M &HF T
HETHEMNBHEARB HIE(EY) ., MEBRSIE
v BE B3 AN, GZ1.GZ3 . HFH ¥ & M3 5 & B/,
T CHL #i GZ2 TR ¥ 5 R B, X 7T B FO ke
MR ERMLBHARA X, GZI BRE L,
M GZ3 2 CZ1 MREL |, CZ3 ¥ GZ1 AFE XK
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Wa R, T REEE AL L EFEL” B0
B, BUK PR LTS B 1 A HLB R IR H R /Y 3
e AR E. CHLTRPEEHILE,
RFENRBHAIBRABRRN, MERERANH
WERE B RAIEN RS ERE, BELE
EEE, BRI BTHOHEALBRAE. FAE

HFH # i LR BARIH e R, W7 CHL L&
R K, RWIRE G PR 89 K/ B f A B/ AL
BRRERTRYBRE FRKIELEE, A
BREEERARAAREFZENRHEE
FEBRIFFERMT , FEBR LI/ TIRY PR

R4 FEITNARAVWLBEH-BRIBHFERE

Table 4  Sorption-desorption isotherm parameters and hysteresis indices of phenanthrene for soil/sediment samples

®RIEER Freundlich B &Y WERY
B i Linear model Freundlich model Hysteresis indices
Semple Kp R? logKr n R’ C.=lpgL' C,=10pgL™! C,=100 pg L'
GZ1 0.318 0.990 0.456 0.573 0.992 0.660 0.524 0.400
GZ2 1.057 0.884 0.741 0.692 0.985 0.778 0.968 1.178
GZ3 0.174 0.921 0.058 0.675 0.993 1.000 0.879 0.766
CHL 1.281 0.99% 0.740 0.741 0.989 0.052 0.180 0.324
HFH 0.388 0.895 0.540 0.661 0.990 0.567 0.358 0.178
1201
C WRIE ) 3 2
t  Desorption data
o 8 \ AFHRTLUBHUTER: ) EREREL
E TR LR H-FERTBERNIELHE;
T . 2) RHEMBRIE A A 3 BB M SR , Freundlich
: Sorption data BB AR A M-S T 3 R W S5 VR 28, U IX 3L 48
E %I (DRDM) BER S-S 3F /£ + /TR B S b
0

Ll i PRt L P BT [ S
0 200 400 600
Cdug L™

Be FEGZ LB EMRM-BREFHRL
Fig.6 Sorption and desorption isotherm data of phenanthrene for GZ1 soil

BRACR Y, F0% M- 5 8 N B R
BE. AHRTLUABBLTILANAA: 1) FHEAK
YEH HL TS5 Be By S 6 36 W% -8 % o R AF 7E 9 B
JREER2) L HATIRY—EEZ T HIGE R
50, X BTG5 R i 3/ VTR X 3R 8 0 L — IR 5 B
TR R K B AE M ;3) Bl 38 /B -k 1k
RARTENBRYEEC LM T, L/ TIRY R
Y9 R A SR Bt AR WA, TR 218 MR
Rk, EiEABFRNRBIBIE W7 L/ N
By b R B A o TR S B R AL B, 5 LA
EBRZER TR/ MR BREDBEALFBERER
BEHMABREBREM. THEMKE, BILRE
BEEHNAHE L

BRI SR 2% , 3 H DRDM B R 15 28 o 52 Bk th 3E 78
R EMRRE T AR RS R;3) FELHE/
HRY ERH-BREBFENENHERE, T
BB R & PP A PR B9 5 P A L B A o LB
MR %X

8 % X W
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Abstract This paper describes an experimental pursuit of a mechanistic model for interpreting and quantitatively describ-

ing nonlinear, slow, and hysteretic sorption phenomena associated with heterogeneous soils and sediment in subsurface systems.

The soil/sediment organic matter was characterized using carbons types derived from >C CPMAS NMR spectroscopy. All sets of

equilibrium sorption data were fitted using three different sorption model: the linear model, the Freundlich model or its linearized

form, and the dual reactive domain model (DRDM). The linear model was not appropriate for describing any of the experimental

sorption data, while the Freundlich model and the dual reactive domain model was found to be adequate for all samples. From

DRDM it was observed that sorption mechanism changes with soil organic matter and with increasing contaminant concentration.

The apparent sorption-deserption hystersis was quantified for each sample. Sorption-desorption hystersis each varie from sample to

sample, and they also appear to correlate with the chemical characteristics of soil organic matter. On the other hand, the pore

structure of soils may be a critical factor in sorption-desorption hystersis of hydrophobic organic contaminants.

Key words Phenanthrene; Linear model; Freundlich model; Dual reactive domain model; Hystersis
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