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1.1 R
FLTPR ((CyHsp04655 77118 1701.20) ), 4374k,
3F (4l 99.4%), MT-3EH Supelco A ] . HABIAF]

EPSRINTEA

1.2 FRSRERIENINENK
AN T &5 i B2 1) 0 AR A ) P 8 i v 3 8 VS

=1

F8 o HELAA T 10 R0 2 T O S WL SCHR[1] o 5] 17 38 2
FE T RRAFAE T CHUT TR/ BE R B CEMRD 349 1) A -
0, 107, 102 F1 107", fEHEFEAM T I = &Ik
(CAICL) HAW T I AL H ((NaOH) Y
B3] OH/AL BEIRLE A 3. ByF W& L0 0.1 um [
Millipore T fLUEMEIE J&, VUIEDIVELR, WIHTH.
HRURTTAEAL W, 4 PG IR AR K AR U UE D) SRR h
A, —SeRmAEEHA R 1. K 1 T4,
BT R 5 EER L (MR AN, A A PE A 1R
KZES, FFTRSEBE, 193308540588
75, R BOR, ALK, BN AT KRR
T ¥ 1

ETRRTER/AAERETRAMBELY (L 40 XF) AL

Table 1 Characteristics of Al (oxy)hydroxides formed under influence of tannic acid after 40d aging

LT IR/ EK L E/ES FR TR (m/g) AL (m/g) “P-454L H A% (nm) PZSE BB (g/ke)
0 SRR KB 19.2+0.3% 0 6.6 0.3 9.9+0.8 0
107 55 b 109.2 0.5 12.0£0.5 5.0£0.0 8.8+0.3 9.7+0.7
102 I R 114.6 0.5 14.9+0.1 3.540.1 72407 113.1+0.7
10" Al 185.9+0.9 43.8+0.8 24+0.1 48+04 3288+14

wyEs RSB 7w A RERE R % (SD).

1.3 WRBHsRLE

W B S 360 R U VAT 0. T T 3 2 — RT-HER
FREX 50.00 mg FHAEAGA)E T 30 ml 7 SR DU 98 £ 0 A 2
MBI B0, ARIG NN 5 ml ANFIIURIR B I AR
JKEEWE (0.09 mel~ 0.9 mg/L), 0.05 mol/L filj a1
YRFHUE T, AN 1 000 mg/L HgCL /EARHEH, Wi
S EEAHERL 0.1%, PS50 T 06 UE B 7100 W B Ao 5
M; pH % 5.5~ ~6.5, fEam FbiEREA, 2
I 20°C + 0.5 ClEIRYRY 48 h (WKL E 48 h
BRIP4 J5, 5000 rpsa/min 5.0 30 min, B

T HPLC W SE R, 22 ildafif e JE M0 I B oo
FEM AT H HPLC CHARRHE, LC-20A) W,
PRI S (CH A, RF-10AXL) ), Supelco PAHs
LHH: (25 em x 4.6 mm, 3£[E Supelco), HIRA
CTO-20A, —JGHiE% LC-20AT- ((AB) ). MK
K245 nm, KHHEK 365 nm, AN 40°C, FHEE/K
LB 90%, Wik 1 ml/min, BEFEHE 20 pl.
1.4 HFRELER
ARSI H T W B~ 2 S 6 v e i LGRS R
JURM SRR G 7RO B iR SR UAgh T3k 2 .

*2 JIMIRMERG R ELMERR

Table 2 Selected sorption isotherms and their linear forms

Tl JrRERIL = Ji FEER AR B (HEPR o GIRrS
Linear q.=K,C, q.=K,C, Ge X Ce
Freundlich q.=K.C" lg(ge) =1g(KF) +1/nlg(Ce) 18(g¢) ¥ 1g(Ce)
Langmuir
Langmuir - [  4.KC 1/q,=1/(K,q,)-(1/C,)+1/q, 1/ge X 1/C,
Langmuir - 11 TG 9e/Ce=K;q, —K;de Ge!Ce Xl o
Langmuir - III Celqe=Celqm +1/(KLqm) Ce/qe*t Ce
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Langmuir - [V
Redlich-Peterson g, =AC, /(1+BC,®)
Temkin q, =RT/bIn(AC,)

Dubinin-Radushkevich 4. =4, exp(-fe*)

q.=9,-1/K,-q,/C,

In(AC, / g — 1) = gIn(C,) + In(B)
Ge =RT/bln A+ RT/bInC,

Ing, =lggq, - p&’

ge Xt ge/Ce
In(ACq / qe —1) ¥ In(Cyp)
ge X InC,

Ing, X} &

I e AR THEIRME (ng/kkg); Cp: “FHIIEBTIERKRE (mg/L);

SAREEL (8.31451/(molK)), sTHE (K): Kg, Kp, 1/n,
FEIHEL AT ELERL, — k.

1.5 BESHRESN

YeSE RBL RTINS IR I B 45U £ 75
UM 522 3 A5 e s FH I S 4019, R, ASCAE R4 7T
0 W B S 2 B LA LB 1 — M S 4. =
S, W BT A5 £ T R ik e o S 35— S il A i 221,
AN ERAE R2 72 ok LA 45 Tl 05, 530 4k oW P
AR FEARTE A 9 AR A2 K T A
PR R T IIEBEN Y, ARSGE 2 R AR
AR IR I — i, Rkl

72 =3 -9.)* 14.] (D
K g LR THEATBIPFHERF fE (mg/kKg) ;g :
W B S 2 T AR B P B i (mg/kKeg) o

7R B 3AAE T AT LU [] — S A Ak i [
P LS W AR 2R LA R R e P A, B
AL 2 0 B I B RO R U R g, 1R
I, WA BN g PTRER U, AT AT BEIE
F <0, LA SO EHETE

7P =2 ~q) o) @

A SRR, (] R2 7222 S IR A 5
B B PR o A P VA A5 e T R o

AR HHU-E18 1] Solver Microsoft Excel #fif:
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2 BRI
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S 1 YA A P i (B B 25 e
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b . g & p B 4N IR 7
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Figure 1 Nonlinear fit of equilibrium data by different sorption isotherms

ZH{d (£ 3); @Langmuir fl Redlich-Peterson W i}
SRR LR . RVERIAELME RIS E A5 2 0 R AN
FHN B E A B 22 . R RIGE I et 4 4L,

SRIG FREAT LR PR )E, RP AR/, Ui R aG A I
B S8 U 2 OB AT DG PEAR 22, BT B 450t e AN e AR 7
AR S H s T B A H i AT itk ),

220 R HIR S (RP=0.89, n=9), i WX pyFfk
i 250k 4 8 BT HcH s B AT R AP R I, P [ U1 9
BT ANFM 18 (R 4); (3Dubinin-Radushkevich
S . WA RLA AR A BRI RP (RP=
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FLYs I [ Aty o IS A

PTI 3 U =X

i
: 4
N 4

‘,‘E/:E /\;
KRR MW R T IR, MR T IRE T %=
(error variance) Flig/N 3 IE A AR, BrLl

Langmuir, Redlich—Peterson 1 Dubinin—-Radushkevich
FIAFIIA R4 2] T ARS8 [, 347176
T WA B M e 4 T A B U R G 28R, ) B3y
1) Langmuir S5RZM 4 FhgtbBER—FF, RZE L
gk ot Bl gE W % 2 H G Hangmdir /K 4l
—( Cotgr=Cot MK UE ROR B
4, N ILREAEIN G 22 de ), T REAS B B i iR 22
o3, AHIEARSCM S R IHFA L IXME (Langmuir 11T,
R¥ 5+ <04, n<11), &
(1/q, =1/K;q, (1/C)+1/q,,) 32 R ks
(R¥7520.67, n=9). BIREE )7 0 2 4
B I ARG EE AT B, AR AR S LS AR L, A5 R
FEFERK, FEARWEEMTE. Rk, FeA s H
W o A5k A0 15 WS S -1 00 P A P T 2 1 2wl )
SOprRr S
2.3 2.3 BT 7P S ERRKHEEERR

mEEEK

1 L W R R SRR 2%

AL [l R o 50 e s A AR AR,
WNPSE BB R (R 6, R2=0.8,n=11) KF,
o o A5 e S BB AR A M IR FE A 25 i it S5 1) B AU
W L B e, I A BE I AN HE Rk e
BB RIS ALl o2 R T AR
IR ERRE, JLPEHEAE T AT LU R — SR AR AR N e
&R RS INE VLR € A N )| A NS
RP52R0 72 SEIRIR 50 1 o FEAEAS ] it AR A ) L
PR B A B B A5 2k o AN (] W B A5t e o) et 1 e
WA R 7 2 6. BT 27 iR,

W o 2 8 o WAL P18 A Py P R U R 6
Hi, Temkin J7 P20l & 3642 MR = 0 Al MR = 107 4464
L TR N, 7253 1038 Ai1-21.29,

B30 SRR, TR YT VR Al e v A 280 ) A O o

Langmuir |

Geg-<0, BIL, BB 2 EHTE () A HKIE
4 35.87 F172.0.

X MR = 0 1 MR = 107 5 L%, R
Freundlich #0051 7 ofe/, 43 547 2.33 1321, i
#] Freundlich Jj F2 e i 40L& FEAE IR P T R/ BH R /K
EE A S L (RO BT 18 K o 6 MR = 107 FR4H4R
4, W B i Z4 H Freundlich #1 Dubinin-
Radushkevich J5FELE 1) 2 BEAT B ME 2 57380
F1-3-76>, {H Dubinin-Radushkevich J; T2l J5i Uk K
"B M2 = RF o= 094 R K, Mo
Dubinin-Radushkevich 77 F2 b 1 i 1 W B >~ 1 5 Him
Betlo [, % MR=10" %Y, Freundlich Jj
FEAI Langmuir 77 FEACA BN ;(ZYLfE, IFHEAH L
M E R R6.01 (2 597 (2, K,
fiffi & Freundlich 77 2 538 sh s 1 0 B>~ iy £ b

HHEE 1 0] %1, MR =0 FEREY) BAR SRR LT
HESAZHH Y20, MR =10". MR =107l MR
= 107 (AR 2 B 59 0« AESERIERRIE, X
U6 S Ak W 3 12 e TV R, WGBS A 4 e
Freundlich J5 #£ 5, Dubinin-Radushkevich /5 Fi 8L &4 If
SR T I

R, AN I W o 45 it 2 AR A 56 A AR AN )
d B SRR B HLERSY . AT s, L
40 13 AT WL 70 B 5 5% Wi i /K 1 A B & 0 A
IR, IR LA R TR N B R DT R
AHUSTE S, AT A, A B 73 B 1)
TIRRE I . MR = 0. MR = 10°, MR = 10"
Ay, B IR S ARG N, BRI HUAR L b
Ko W BRALER ALY 2 e A2 T AR, 43S B 1R s 53
WA A A AN (HRARSCHIX 3 FisHER
BRSO R R PR Kl A2 ] Freundlich J5F%
KRS, FRA RIS LB ORI
T2, BE G T BRI,

2.4 Freundlich IR MiERLEHIIEIE R EEIA T ER
SEE Y EIENR MRS A

H4X Dubinin-Radushkevich J7 FEfiif3ELE MR =
107 (AR AL L W B B 5 LA e R SR, EA T 7
(U E VL YA e /ML P R i ]
T8, ASCIEH] Freundlich WP A5 240 & BT A7 W
B} V4045 . Freundlich W42k S5 KF Fll/ n 5y
oS ARL K R B 7 B AN B s g s P L n R, K
WA, AFERFH I LF L oA B A . T
FEAR LN Freundlich Wy 2536 25 (1916 1F 30
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Cy=K'pC"

(-39
C,=C,/S,, 4)

64}

A K REIEN Freundlich 40 ¢, 2 FLIKEE,
TN s, A BARE T IERKERIE, 40
59mg/L. T, HRFEEAN SEAMY L& E
(1) Freundlich W IS5 S50 (R 7). 4 BRI
SEALYI IR I A B K K F 5 MR =
10°¢ (165.333) <MR = 107 (407.86)) <MR =
0¢(437.23)) <MR = 107'¢ (1 265.22)), H:rf' MR = 10
¢ (407.86)) <MR = 0¢ (437.23)), ST 1/n A
TR . 4 BT AR S AR X R B i 1/ it
FFh MR = 107¢ (0.93)) <MR = 10% (1.00)) =1<
MR =107 (1.09)) <MR=0¢ (1.10)) —, 41/n =1
I5f, Freundlich 28 %, T Linear J7 . A& R 1/ n =
1 HIRAE MR =0, MR =102 F1 MR = 10" iX 3 Fl s
TS A L, SXRT Hundal 251 &5 50— 301
W WA SE R AN [ b AR A b B W B O K B 1) 4
B 3B WK RS 2K 1 [ A 2 1 G T HEANMA R
(R R IN. TERIGSIN, M T AR AL SR K
PESE R, AR T AL AR I (B 1o SRk 1 58,
AN TR AR B, i L TR AL T AR g A SR
(IR B s S P R e D 2 T i 3 T P R £ 5 R
MR=10" [ LI K FT L n 50N, B0
IS SR R 1190 5 | N 368 i 1) 4 Ak 4 2 T8I 5% 7K 2 189 5 1)
FR KT LG 2 1R B AL TR n i ook, Xt MR =
107, MR = 10" F4B5ALY, Lo I AN B L I B
T IR T S A 3 T S5 A 1 Dot SE R B e, A

[IES R E R ipaiapipii

B W Le AR P A0 B B 45U e N v
HI4N5 . T+ Solver 4 F A1 Origin #5&H R XA,
ANFEREARK A BN 45 R AT Re AT /M 22 5. R, 31X
BT 24348375 (trial and error) HEATARZEMERLA L
YA IR S Ji4h, IRZHFTIESE, A Bk A
i) (R 25 R L Cerror function) 238 AR ZE TERL S
BRN P H 2 501 2020, LR TR A ) 45 R
B AT R 1058 22 ek B SR WL T AR R R A

3 #%it

G4 T AT R 2 T SR AR HE IR 1R 22 0 A
IE, SRR S E iR AT, R 1 [l 1 2
I B SR e S 8 — S A e, FHEZRPE IR A
DR PR O 45 28 7 o B BT i B A T e L AU R AN
AIEEM) . AR, ARZRVE RN G SR 4 A IR HE AR AN )
AR A L R B S A SR R . R R
P S50 B AU 5 I e FH IS5, (HE IR AN e 58 K Ut
i A PR SR 2, WAL, 72, ke ARG
SEHRA S Fie A AR IR A~ 1 B0 1) s DI PR P 25 4 o et
P P2 (KN, ARSI T AE4E 4 PRI 45 i i
(MR=0, MR=10", MR=10", MR=10"") [{I#34% k¥
RS TR 5A Freundlich, Freundlich,
Dubinin- Radushkevich 1 Freundlich 58, KBLT AN
[Fi] s T [ S8 A A R 1 1) 5 Bk« 4B IE () Freundlich
T3 FEREME K LEIRAN ) 8 T 5 A8 A A0 TR AR W o 25
MR BN S, ASSCN R SEAEAN R B AR A L
PR IR BN IR 45 5

%3  Freundlich 0 Temkin W M{ZE:B &S S 8K

Table 3 Parameter values of Freundlich and Temkin isotherms for phenanthrene sorption by Al (oxy)hydroxides

B TR/ADEEIR LG

Freundlich /5 ¢
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107 i
0™
R kRan ARt
Krkp- 1t R Kk Untn- R
0 77.37 +4.90 1.26 £ 0.08 0.97 62.43 + 1.10 + 0.950-95
7.7862-43£778 0.10+30+010
107 28.59 +3.70 0.89+0.16 0.82 39.85+ 0.99 + 0.890-89
7.423985+£7:42 0.140-:99+0-14
102 82.94 £6.32 1.13+0.09 0.95 67.81 1.05 + 0.920-92
8.9567-81+8-95 0.104+05+0-10
10" 139.90 + 14.57 0.97+0.10 091 104.09 + 1.08 + 0.940-94
9.43104-:09+9:43 0.074-08=0-07
LT R /AR B R LG Temkin Jj 72
ik ARt
-4 b R A bb R
0 15.03 +1.89 210.48 +£21.72 0.96 15.02+1.72 210.48 £21.72 0.91
10° 19.46 £ 4.36 401.22 £75.69 0.89 19.46 +5.02 401.22 £75.69 0.80
107 18.11 £2.66 195.87 £23.74 0.94 18.11 £2.61 195.87+£23.73 0.88
10" 31.09 +6.36 149.34 £25.10 0.89 31.09 +6.90 149.34 £25.10 0.80
b
| ] L
% 4 Langmuir A Redlich-Peterson I} MR &I &S HI% |
Table 4 Parameter values of Langmuir and Redlich-Peterson isotherms for phenanthrene sorption by Al (oxy)hydroxides
PR Langmuir J5
FEIKEE ALt 21t
[ 11 111 IV
K, n R K, G R R R R
0 0.04 +0.41 1297.41 +12140.0 0.95 -1.59 -21.14+0.47 0.93 0.58 0.40 0.58
10° 0.32£0.64 117.56 £209.07 0.89 2.39 19.65+0.99 0.67 0.002 0.007 0.002
107 0.19+0.56 385.39+1065.3 0.92 -0.81 -68.59+0.70 0.97 0.36 0.12 0.36
10" 0.07+0.75 2405.02 +27107.4 0.93 3.34 57.80£0.61 0.86 0.068 0.013 0.068
o R AR Redlich-Peterson Jj f2
JEIR LG 2RI ALkt
A b g R’ A b g R
0 30.56 1.67 1 0.35 37.64 -0.32 0 0.95
10° 55.81 2.37 1 0.24 28.93 -0.15 0 0.89
107 55.86 0.80 1 0.36 42.41 -0.39 0 0.92
10" 214.03 2.69 1 0.19 18.10 -0.90 0.012 0.94

e Kpff SD AR, AHXS Kp vl AT, IR ER

Langmuir
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FERE 7 L I
0 Hi
K 4 = Krs  qm = = T =
4+ o 7
64 2
56 0
7s 4 8
Redlich-P
0 30.56 1.67 1 0.35 37.04 -0:32 0 0.95
107 55.81 237 1 024 28.93 015 0 0:89
107 55.86 0:80 1 0:36 4241 -0:39 0 0.92
107 214.03 2.69 1 019 1810 -0.90 0.012 0.94
% 5 Dubinin-Radushkevich B &I &SR
Table 5 Parameter values of Dubinin-Radushkevich isotherm for phenanthrene sorption by Al (oxy)hydroxides
Dubinin-Radushkev Dubinin-Radushkevich /7 %
TR R H DT px10*B14* R 4l B x 10 10" R
0 151.05+£5.26 6.09 +0.36 0.97 43.17+3.26 6.96 +0.53 0.97
107 45.05+4.63 4.26+0.79 0.81 24.13 +3.84 6.15+1.11 0.88
102 144.92 +6.23 5.37+0.42 0.95 47.02 +5.00 5.97 +£0.65 0.94
10" 193.71 £ 10.64 4.36+0.48 0.90 88.24 +11.82 5.24 +£0.59 0.94
#6 TRBMSREIHROIELMRE B 728 /528
Table 6 Values of determination coefficient R Tz_and Chi-square ){2—71 of phenanthrene sorption data fitting by different sorption isotherms
PR/ Linear /7% Freundlich /7 % Langmuir 5 & R-P /if& Temkin /5 & D-R /if# B
BERL R Ap BT Ap R pAp BR 4 RE pp R s
-2
0 0.96 4.03 0.95 2.33 0.95 3.25 0.95 3.26 0.91 -10.38* 097 20.53
10° 0.89 3.37 0.89 3.21 0.89 3.24 0.89 13.63 0.80 12.79 0.88 7.09
102 0.92 4.59 0.92 3.80 0.92 4.01 0.92 4.51 0.88 46.92 0.94 3.76
10" 0.94 6.61 0.94 6.01 0.93 5.97 0.94 63.34 0.80 -21.29%*%  0.94 18.09
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Table 7 Parameter values of modified Freundlich isotherm parameters [9] Rengaraj S, Yeon JW, Kim Y, Kim WH. Application of

for phenanthrene sorption by Al (oxy)hydroxides

LT TR/ARBE R LE

K'r 1/n R”

0 437.23 £130.57 1.10+0.10 0.95

107 165.33 £ 71.16 0.93+0.15 0.89

107 407.86 + 152.57 1.00 +0.12 0.92

107" 1265.22 +£502.26 1.09+0.11 0.94
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Comparative Analysis of Linear and Non-linear Method in Estimating Sorption Isotherm Parameters

for Phenanthrene Sorption onto Al (Oxy)hydroxides Formed under-Under Influence of Tannic Acid

WANG Tao'?, YU Gui-fen'?, WANG Fang', BIAN Yong-rong', WANG Cong-ying'?, JIANG Xin"?
(1 State Key Laboratory of Soil and Sustainable Agriculture (Institute of Soil Science, Chinese Academy of Sciences), Nanjing 210008, China;

2 Graduate School of the Chinese Academy of Sciences, Beijing 100049, China)

Abstract: A batch experiment was conducted to study the sorption of phenanthrene onto Al (oxy)hydroxides formed under the influence of
tannic acid. The sorption isotherms were employed to describe the sorption behavior. Linear and nonlinear regression methods were compared to
select the optimal isotherm. Results showed that significant sorption of phenanthrene occurred on the surfaces of all Al (hydro)oxides, but the sorption
capacity didn’t completely conform with tannic acid content and crystal form. Results generated with linear regression showed some uncertainties,
indicating that linear regression was not good to determine the best fitting isotherm. In contrast, nonlinear regression was found to be better to obtain
the parameters involved in the isotherms and also the optimal isotherm. By comparing—?z R* and )(272 values, the optimal isotherm for sorption of
phenanthrene onto different Al (oxy)hydroxides with different tannic acid/Al molecular ratios (MRs=0, 10°,10?2, 10" ) were Freundlich, Freundlich,
Dubinin-Radushkevich and Freundlich isotherm, respectively, which implied the heterogeneity of Al (oxy) hydroxides surfaces. Modified Freundlich
isotherm was adopted to compare directly phenanthrene sorption characteristics of different Al (oxy)hydroxides formed under the influence of tannic
acid and found the sorption capacity increasing with the order of MR=10"<MR=10><MR=0<MR=10". We deduced that phenanthrene sorption is

entropy-driven.

Key words: Phenanthrene,; Tannic acid,; Al (oxy)hydroxides,; Regression methods,; Sorption isotherms




