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Abstract: The sorption kinetic and isothermal behaviors of BDE—47 on three natural soils with different soil organic matter fractions (foc)

were studied. The results demonstrated that a two(fast and slow )—compartment first—order model was more appropriate for describing the

sorption kinetic data, compared to a one—compartment first—order model, especially in the initial sorption stage within 49 h. The fast sorption
was dominant during the whole sorption process from beginning to the apparent sorption equilibrium; while the contribution of the slow sorp—
tion to the total sorption amount gradually increased over time and then attained to a plateau at 97 h. The achieving time to the individual
sorption capacity for the fast sorption was much shorter than that for the slow sorption. The contribution of the fast sorption to the increase in
the total sorption amount of BDE—47 was prevailing at the start of sorption process from 3 h to 5 h; while the fraction of the slow sorption be—
came principal in the subsequent stage of sorption process. Within the narrow equilibrium concentration range due to the fairly low aqueous
solubility of BDE-47, the fitting results by the linear partitioning model were comparable with the linear portion by the nonlinear Freundlich
model in this study. As for the Freundlich model, the nonlinear exponent(n) values of BDE—47 for the two samples with lower foc(0.72% ) or
higher fo(7.90% ) were obviously lower than 1.0(0.75+0.03 and 0.74+0.02, respectively ), suggesting somewhat nonlinear sorption character—
istics in the studied range of apparent equilibrium concentrations of BDE—47; whereas the linear behavior of BDE—47 for the left sample with
medium foc(2.86% ) was indicated by its n value much closed to 1.0(1.03x0.03).
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ARy LA 3 (5 P TR A RELRA R AL 2, 2 TR IR
fi¥ (polybrominated diphenyl ethers, PBDEs) A {Y 7£ &
FRERSEAT B P 2 A, T H AL L84 7 EARIESE R
A BUREMBENRERALY, Bl in miR AR
74 BDE-47, fiF PBDEs gl d k™. EM/5bas
PR A (LEBCRY LB 2478 FH
HRET AR, I 2 BB/ s R AR, AR
SHREAH 2B ER, DEEZHRER P
1 AENEF AR VLTS5 44 (persistent organic pollu—
tants , POPs ) {1 & & 1L A1 — YOREMCIR®, T 134 LR
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243 (40 BDE-28) B K 3 1 2% T S5 IR 2 R
AEBIFRE" ) Rt —2E A FEABIE B A B BR , A3
Pk —HEA R FMM PBDEs 4147 (BDE-47)%
1, B S HAEA A AU & B AR AR 3 b W R 5l
FIFFIR SRR . BHRER AN IRATT R 3
PBDEs i85 | F& AL FHE BB 5T 3248 5 B0RE, AT
> PBDEs 53¢ +- it SRR M HOR S

1 #BE57FE

1.1 X5

BDE-47 F i [ A (40 >99.9% ) FIAR Vs
W TF AccuStandard AF] (USA), FENIRE R
C #7ic BDE-47 W FSIAF R R LK 2 (USA ), BT
A 2ERFNI A 43 Hr i DL, B A LRI
RIS T RS . BDE-47 S 4 W i 5 Bl
HIHAERBRTRE LR, B RBEWANE 0.01
mol - L™ CaCl, D)4k 5 {4 7 B8 3 B Fl 3 UR AR E
£, LA 200 mg- L™ NaN; F LSl G4 0 4 R s

P, TR R TR AR BT O A AR B UK
0.1% A3k . 7T B8 A FLVA 00 1,
1.2 BRRESHLE

TR B AR AETEAR T 5 X N A R AR T, BR
NI B . EHERAE 2 (AR - SRR ER AR
1), SFIELEYHE S BT A RALES BRI
B, BT 2R AT . BB LR =R T G, JIRA
P MR ARSI, i 433 T 2 mm LR TR
TEIE R IRATE . TR LR (o) R BB B ST
HrAAS I (TOC 5000, Shimadzu ) ; 2 B8 SCHR J5 35 1l
EHREA YR EEH Y (A0E BRI RS ER)
o5 6 5 g HRERR A 25 mL JC CO, Z&48/Kk 7, ] pH
THWRE T4 pH {8 ; SR FHBOBRLEE A (A22, Fritsch )l
SERE BRI RII TR 1.

1.3 #tEWHRIE
1.3.1 WSS %

SRR S BT R P SR R AR, O A
AT EL , /K AH BDE-47 ¥k BE B9 2R AL AL FRT G A
WREE Y 109%~90%", A SCHRHEAS[F] A A9 A LR &
i, W TSR A AR K B E A 200:1(1
B RE)FN 500:1(2.3 B8,

& BDE-47 [E{Ahr AR i 7E B B v il b v A
B, B T 5 (0.01 mol - L CaCl, 11 200 mg
L™ NaN3)iZ R 5B 2 WU YR BE 2928 45 pg-L7 BDE-47
W (FIR T BDE-47 /KA R LR 49 pg-L71),
AFEVIEZT STEN, RS LI 13 4>
W2 RS 1B A, BB ) S 2 A ATRE . TR
F, #REL0.0500g (154).00200g (25+)F
0.020 0 g(3 5+ ) LHEFHIIMAR] 13x2x3 4~(13 A4~
SRFERTE]E 2 N FATHE, 3 B A )10 mL 35S B0
G BAEOEPREIA 10 mL WA EER . K
A B DS TEETR (4 20 °C) &4 F B ERE (M
B RAE, I EEE IR A48 (TDL80-2B, Anke )
12X 30 remin” FEERIITIR G . IRIETSLILE R,
TAREREERTEE A 0 ~ 265 h, FEE HYRAERT ] &, B
H1~3 5% 2 IO, REICM ML, 2L 2 500

® 1 IHEABELER
Table 1 Physicochemical property of the studied soil samples

F+RRE pH fo/% EHEBI% HEIR% $EE% Bt (< 0.002 mm)/% BE5(0.002~0.02 mm)/% EF(0.02~0.2 mm)/% FHEF(> 0.2 mm)/%

1 7.8 0.70 0.19 0.13 0.39 2.6
2 74 2.86 0.68 0.87 131 2.8
3 7.1 790 1.98 1.37 4.54 2.6

30.0 67.4 0.0
32.3 62.9 2.0
34.6 57.0 5.8
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AT, 4 PR BEEELOE PRI —E 2 A
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1 M2 i 5T & 22 DA S BDE-47 5 5oV W 5% FE 1 2 Pir
B IR AT,

L4 G4
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FIERGHTIR G . B N5 % 55 LA300 romin 1R
AP 2 min, ARS5#E 10 min, EEIEY 2 min, i
& 10 min, H&J5,/MNOBEEIEC KA MAZIRE R
i AT GC-MS # i
1.4.2 {SB5HT

JKAEAE S R BDE-47 (R INR A SAH i - i
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lent) , Bit £ B shiEkE2$ (HP 7683, Agilent ),

R Y5 SCHR BT 48 14 J7 5 W fin 5 i 5 58 A BDE -
47 FEM S E PP, iRz, RAARG R,
HFE 2 min J5, BIEWRER . SRA HP-5 MS ik
(30 mx0.25 mmx0.25 pm), G FIFR TR VIR IR
FEEHR 110 °C, 4745 1 min, #% 8 °C-min”! FHE = 180
CHAFEE 1 min, P4 2°C min FFEZE 240 C, FHH L&
133F 5 min, 2SN He, fHEFE N 1.5 mLemin™', GC
HERE DR B ORAFTE 290 °C. MS SR A EIEESK, B U5

BN 246 °C, L T-RER N 70 eV, MR SR T
X, BDE-47 skt FRR (LA 3 f5Mers 8 R
4 pg-Lt,
1.5 RiEESRE

BB 1 RAERT ] S AEE 2 TR B ARTR
MR HEE 9 MREKYE , BN K 2 4
SEATHE S FATRE A E S5 R 22 HEHITE 5% LA 2
W AR HUANBRE =T, SR 10 M5
W1 AN RIBRIE o B LR 30 77 2 s 2 R R
(10~12 MO EIE— DT E E , BRI TR B 5
(B8 TGN 4 BT (BDE—-47) , BAIn A B30 FF
1R -5 HAAE 5 — 7] 58 B R AT AL B R 3BT 2R - A
SCR A IE O Be 78 BB - ZEBGS 2, 7€ 10 mL & AR
(0 ~ 45 pg-L7)BDE-47 M H RIF W HIMA 2 mL
ECEEZEE, FHoEm GC-MS &, 77 [l K
94%~115% . W% b 1 2 (BT 3 SR FH AN 4 35 S5 i A
5 AR R B4 TR e P 1 R R P K R B G R
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WK FARERAEATRE ), 5 SR A b
VTR, SR Fe W ] 5 JECAH [ v B 1 S TR0 REURRL D )
TFESE AL, P P Sl vk B S bR vk B AT L
B RS AR R R 90%6~98% .
1.6 ##EE
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W B R A B — 2 g 2 A T
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A g FESCNLA ] ¢ BF [ 4 BDE-47 W%, pg kg™
q. FHEF M-It (514 BDE-47 BWERE , ne kg st
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TEFAT 9 A B3R 2 S R AL AR 5 A 2,
AN IR VR BRI S 2R B AN TR RO IR BT, T I, 22
W B0 1 2R B A TR R AR R P KA
BLIT R A B 3h T 2 , 9 A6 55 bR A8 W B 3. T/ 2
=5 (30 LR |18 R B S A ) A X — e 3 g AR

9:1:!:] [18.26]:
—kyt —kyt
%:fl( l-e  )+f(1-e ) (2)

A g TRV 8] ¢ B 1A BDE-47 ¥ (pg-kg™);
q. FRRTEFI - F-Hit 5140 BDE-47 BIWRE (pg-
kg™)s¢ MR BTN E] by A K 23 BIARSRER 18 R T/
RV HRFEA L W HISRG 80 H T/ %
A FTER I EL, il R R R A=10
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kg™ OC) 3 IR ZEA PR EL (foo BLIE R Kp Fl g.o
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i A e FROK AN T, I 0T AU AL I LA i
o BT ISP IAERZ SE, 5 U A
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JEZ R, RIS SEI B, H F 2Rk
T
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K 1 qeoc A HUBR I foo KL IE FIZR M- B [
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(g L) ;Koo T R H A5 HUBR S 1E B T 25 &
F RN ER S REL pg kg OC/(pg-L7)"sn WZHARIE
LMAREL

YT W R R KM E ST T RER
IR H S [ A0 R BRPARR 1P, B ST N BRI 3R s R 2
BB 7388 (foc ARUEAL Y S EIDL& #h48 4e e /KA
W BE (0 ¢=0.1cs,cs A A0A W K AH 55 A BE )Xo 1o )
BA R B R B Koc SR AL BRI B S5 1R S R 15201, 451)
Tk B O ST Y T AR BRI — 2P A
Soc UG IE . R EA BT 5 RECH K Koo
HEATEE R X,

A, R B R RLZ A LS R8CR, R A
YIEE 5 £ (mean-weighted—square—error, MW SE ) il
KAE AT PR B (rlee ) AT RIS ROR Y HE 3K
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MWSE-—q—q—qugw - (5)

T : Groeasre 1 G 531178 SEW ) BDE-47 -7
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SERBEE S EO

H T ARG EEIE SE AR, A ET
WM LA SR, RAGKIE NP B R B (rh )R
BRI TR AR ()™,

e

2
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KN F m 43R SL I E AR S BB A& S5
(L MAAIF m=1, Freundlich BRI m=2),

2 HFREWE

2.1 EpHEREZH=F

TR B BDE-47 (43 F7 22 SC s SO 2
BRI E S RINE 1 PR BERIE SRR 18
W 4% E B ST RO T3k 20 — o, WE —
Pl ARGl TR 5 R 12 R B 7R A DU
MRZ RARASETRAS 2, AR AR IRE M AR R B (B ) B 22531, -3
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Figure 1 Data points of kinetic sorption amount(q,) and model
fitting results of BDE-47 sorption on the soil samples using the
one—compartment first—order model and two—compartment

first—order model, respectively
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Bk L 5143 1) k7 88% .90%F11 94% ) ; 5B — 5 1H , 18
W% B B iR L 050 o it Rz o s i1 B4 T 72 A B, B
WAEBIREFRE . R,/ A4S 5RdE 5 = F R A
) - RE Xt FE A W B 5 172 (0~168 h) FRAE 45 5 (-4
1.4 2 FAAE 3 5 £, 43302k 0.79.0.70 #10.87), 43
PR 1 AR 2 SR (U0 ri ), UE — sl 1 AR
LB — R By ) A R BB A SR I B O MER A LA
B, BRERMERER(0~49h), AUSHERE
DL 58 SR — 2 BUWE — sl SR TE 6
P 2% i B 3 J1 2R BB R R g BB A58
ET e Rl

FEh, PR B B 18 W X T BDE-47 5
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N ninininin Bisl L 11
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Figure 2 The contributions of fast sorption compartment and slow
sorption compartment to the total sorption amount with

contact time using the soil samples, respectively

R2 BHHNFIERBMAER
Table 2 Model fitting results of sorption kinetic data using the soil samples

TRAE BdRAH - HER - RE—5R
kIn?! I ko/ht kik, N I
1 26 0.79+£0.07 0.942/0.940 1.07+0.10 0.01£0.01 76.2 0.88+0.03 0.975/0.972
2 26 0.99+0.07 0.962/0.960 1.26+0.09 0.02+0.01 70.2 0.90+0.02 0.987/0.985
3 26 0.84+0.03 0.991/0.991 0.97+0.01 0.02+0.00 60.8 0.94+0.00 0.999/0.999

Tk REAR R IR RMTER G TR 180 2 SRIF0R W E — R PRk 18R BT/ o f, FoR PO T/ ZE M i

BDE-47 W 5 i B9 208
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TF 16 2 8 WL B 467 (265 h), BRI it s AR IR 48 5
AL E AL, FER SRR AR LR BT BE(0~9 h), AR R
R B 40 A X SR B35 KT 989614 5 LS , Bk 2
FEA STRR R T IR R B SR RN N B (AT
97 h LR ) o 5 —TJ7 THI , 12 R B A 72 ) 22 M - o R B A
PRI IESE TR EIG N, FAERW L BA B E
(FEXT BIRREE, 14F 1~3 2151 12%.10%F 6% ). +
FE(0~265 h) Fry R 5 22 A0S IR B B A X 45 B IR
WA B LRSS AR AN 3 BTR o

100 PO~ s=-mr -l mwememfymm e onozas

o P A E il %

100 g~

P [*)) [=]
(=] [=] [=]

[\

o A A He il
(=]

o A A Ll %

0 50 100 150 200 250 300
B [E)/h
A BT e~ Tt

3 t#ER IR TERS & B BDE-47 &R K
BELHINHTEKL
Figure 3 Ratios of fast sorption compartment and slow sorption
compartment to their respective equilibrium sorption amount with

contact time using the soil samples

BRI MRS, A 1~3 76 3.0 h 2K E
25 B PR I 2SR 95%~98% ; i 18 W B 3 A8 , FERI 4R
[ 9 h, P2 IR AR X IR B 25 B e 3 B T 22
SRIGHE AP BT B s 435I 193 h EAKBI& B
KBRS E . ik, R R sh A EEES T
W B S R TR B Bt T 18 R ) sh A AR A ] 3= 22 &
HETEJG SR B . I\ BDE-47 S i B i sh 2825 1k £
H &, BRI B D S i) = AR TR E T BR B B, B O~
3h (HF 1~3,>95%); THTZERE M4 B Ja 2L i W FT
BDE-47 {3 #2 o, 18 W% B X - RE R i B B sh A AR 1
FITTER I & 9% £ AL (S ILE 4), EARERNE,
7 R S AR A R BB BE (=9 h), 18 % A4 5
YERZ G, X FIs Y e T2 IR R NTE
B iR LHER S A EER W, BTS2
AV ST R T5 e SC A B S B R # R A T
18I M AR R B

BT, A % H A LR MRS K A P B TR T
Sl e o 2 I A PER B A S A A U AR =P,
PR B B L5 S 408 T B RO A A D 2,
A HLT SOM PN A I [ e A7 38 o R dE Y 51, 78
W B Ay (B DBt B P, o DA Ay R i 2 2 kAR HE
BHURINZ GG Sy b TR 22 (R ) K
RRPERH B, A8 IR B AR B R A AR VLRSI S
ML 4y B2, R HMFER EAE(1~3 5),3E
) - R [ 3l ) i F il 2R R B 5 BDE-47 2443l
HIFT RAHAE , 728 BDE-47 53E W I 7T B & A ZEAH
A A ML R MR S, BEERTREMm S, M
DL SE B + 58 ML 4 43 RIS R BT BB R
ke , {5 BDE-47 W [ffad 2 50 F15 o H B BB B3
G LA B [ R [ 2/ B i 2R 30 1 A TR O A A
R 22380/ U B B SRR R T A TR
22 N EERE

F T FRAELR A5 1 2 - 7 B0 S P 455 v
DIEIESCEL, A F5RIHE Y, 2 i 250 T Wb
S5 IR B AT AR AT R FIRTIAR A9 Freundlich #ECHE/ T4
iR T H, FEFRIR 1 Z R, T M SR IR AR 2 A 4%
SRWH AR ES, MER TR E B BS , W
FIRLR Z 0 A 22 505 SRR AH 2 /N, [/, AL
BDE-47 fW Bt 72 Rk - B UL B B B . 4n
AT SCEAR AL BRI 43 B , ARl A% i BDE-47 4%
Bk . LR RSB E S BRI AL Fre-
undlich R IG5 RUAE 5 Fin, AN REAIS
BEERIC TR I E 4,
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Figure 4 The contributions of fast and slow sorption compartments

to the increase in the total sorption amount of BDE—47 with contact

time using the soil samples, respectively

MRIEFR 3,38 4 RARRIE AT R R B E

R 4 Freundlich #X#1 & T # LM BDE-47 fIER&EER
Table 4 Fitting results of sorption isotherms of BDE-47 by the soil samples using the Freundlich model at equilibrium time of 168 h
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FE ¢ AR (BIREAR) B e %, T LA 2 TS H B
HEF (R IHESE ) - TEARF ) BDE-47 ZKARYR B ¢ S5
T AR AR 1g Koo HLARZRIL H B 11922 1) (R {AAL
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q. denotes the sorbed amount at apparent equilibrium, and ¢,

represents the aqueous concentration at apparent equilibrium.
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Figure 5 Sorption isotherms and fitting results by the linear model

and the Freundlich model using the different soil samples
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Table 3 Fitting results of sorption isotherms of BDE-47 by the soil

samples using the linear partitioning model at the

equilibrium time of 168 h

TR .

MWSE(BEhEE) g Kpoc(lg ¥fHg frERE)

1 0.986/0.985
2 0.990/0.990
3 0.994/0.993

0.002 2+0.006 3 5.035+3.504
0.000 5+0.001 5 5.136+3.528
0.000 2+0.000 4 4.698+2.992

1 X F MWSE Fil 1gKo-oc, BUHE S BB E (V) h 18;1gKp-oc FIZETT
BEMAKF(P)R 0.05,

s - H51g Koo
LA e MW SE(HEAR ) " Ig Keox ¢ = 0.0lcs ¢ = 0.les ¢ = 0.5¢s
1 0.982/0.980 0.0005:0.001 I 0751:0.026 531420016 535 5.10 493
2 0.988/0.986 0.0003£0.0006  1027:0.020  5.134:0013 5.13 5.16 5.18
3 0.990/0.989 0.0003:0.0004  0742:0.019  4.873:0.009 491 465 447

T XETF MWSE,n #1 g Keoc, BB R EOECE (V) 18,0 7 Ig Keoc IGETHBEHAKF(P)K 0.05,
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