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1.1 SEI#H
LA A RCEERNFR
(TC) , M +F = (0TC) ML & &R (CTC) 3y
RS, B sigma ARl SEH BT TS PRSI
PISRIR T _ B IE K AL BN R R, HER

HITS K K RAENE K, 7B 5B BN G R K.
15 VB BE 2k 3 000 mg/L, VSS/TSS %70.7 ~0.8,
V5 IR TTREFEHL SVI 2l 80 ~ 120,
1.2 @migmNEGSiRERE

RO RS (LC-20A 17 S5 il 5% )
WondaSil™C18 3%+ (250 mm x4.6 mm,5 pwm)
BB BABEAR . 3 MiiE R E MR
TR A FIRR HE T R AN SR 1 P o

*1 WERBBEVEYE
Tab.1 Detection wavelength and mobile phase of tetracycline antibiotics

. . VLB ARV S AR iRl Se] .

HEEEE R . o) " . } LIPS
ek U LR e i i B2 a0
TC 10 28 1.0 20 80 355 8.3 y = 16105x - 147.54 0 ~2mg/L 1
OTC 10 28 1.0 20 80 355 6.5 y = 12546x - 27.311 0 ~2mg/L 1
CTC 10 28 1.0 30 70 355 6.05 y = 7326.1x — 32.36 0 ~2mg/L 0.999 9

1 bW pH 3.0 19 0.01 mol/L NaH,PO, ¥

1.3 SLBAE
1.3.1 1EPEVSRBAL

BHBSHMAE IS RATERE , L LG
W, FZEIR/K VR 3 IR, ESE RS 12 h, B JE
EEIRTT ,SRE7E 60 CF 4t 24 h, FRRHpE
PEWTEE 5 1 60 B i, i E T2 L4%, - 18 CfR
o
1.3.2 W85 5 0 N 3l ) 2= 2 5

£ 250 mL = mA 0.100 0 g TIEHTS
e, MAERERKE R 1 ~2 mg/L ZEHKHIAE
RIEWR, A HCL 8%, NaOH {835 &£ pH =6, B F 25
CKBIRG P iRG , IR %K 150 r/min, 7€
3&E 24 B 8] ] PR SR , 22 0. 22 wm B4 3k B A
T UE B R, P SRR I E
1.3.3  WRRAFIRER L5

1E 6 1~ 250 mL B A AGE B R EE R
1~2 mg/L A MHLAEREW, MA 0,0.01,
0.05.0.10.0.20.0.50 g FiEHI5 TR, pH V8T
PR 251 A b AR 1. 3. 2 w45 1 5 PR %
[, AGRIE 35 2] W% B 7, 0 E W0 o 0 s f 5 BR
HIBUAE R VRE TR R &, 5 e RS IR L
1.3.4  WRF 2 R R L5

TR : AE4 T4~ 250 mL Bl imA 0. 100 0
g TIEHETGE, IMAEBWRE N 1 ~2 mg/L Hi A
RVEW AT pH =6, 2518 F 15.25.35 CKH
PP as (150 r/min) AR 520 P-4 , 100 5E TR
RSP v BE TR R B
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pH:7EIR B 25 °C T, F HCI 5% NaOH 85 %
W pH 7E 3 ~ 10 Z[a], HAmR |,

AR BE  FEV WK pH =6, 1R E 25 CF, A
EEAFWKE (0.5 ~5.0 mg/L) HFrAEREW], H
A k-
1.4 HEELE
1.4.1  WRRtsh sy

PR TS e 1 W R 3h ) 2 AR DL
B —%% MR g sh i kR, B—%
AR AR R R 4l an = (1) F(2)
B :

k
log(4., ~q) =loggy, -3 353" (1)

S (2)
q k2qeq Qeq
St q. A W B e R R 5 22 1
#E(mg/g) sk, (min ™) i k, [ ¢/ (mg - min) ] 5
SR B — R — 5 9% o 1 0
W50 S (min) g R ¢ BB
PETS IR A 2 M A (me/ ) o
1.4.2 SERE
SMIRTR K, SR WP 5 5 2 [
MY B H 2 FRF VRO AT, B ikt
ENE
C* (eq)
" O ea) )

s CI" (eq) Sy W IS A7 et 15 8 W B 4 32 40 R
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& & (mg/g) ; Coy (eq) Ky MR BB 20 SR 7E
JKAE AR R (mg/L) o
1.4.3  IRRH-P ARy

TS Ve X PO 35 3R 2850 4 R BT <7 IR 4k
B DL B} Langmuir, Freundlich 1% [ff #5 #Y 3 4§
WU H M AR (4) F(5) R

Cq b 1
—A=—=-C, .+ (4)
9o @ 7 Q
1
Lng,, = LnK; +;LnCeq (5)

TN 2 q g A BRSPS 35 75 98 X 470 2 3R ) IR
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(a)

A8 (mg/g) 5 C. 9 W B P45 e T A R AE 7K Y
YR BE (me/L) 5 Q7 g 5L W% 5 2% 1h 56 4 0
i PR SE PRI ff B (mg/g) 5 K 1 n g 5510 fi 50 A9
MR o 25 1 o 6 BE A 5 B4 o

2 HRHWHE

2.1 WRMFERENEHE

{EPETS YRR 3 7 PR 3R A N S B, A
RUBL T ok AR B i [ By A2 i S5 an 1 By
o

0.14 TC
- = = 0TC
0.12 = CTC
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B ) /min
(b)

E1 MARREFERKEN TREERBEREELES

Fig.1 The concentration of tetracycline antibiotics and decreasing rate trends over time

B 1 (a) RT I, BEE W B A TR R E 4, 3
VOB R PV BE 32 T AR, (] JEC o B T R 3o
BRI, 3 U 36 3R 2850 A= 3R A8 N A9 R 30
min FE7E— MR T FERT B, ZJ5 T PR3 R,
BEI|—BEBRZE TREERETE, e —Bat
6] BT 2R BV BE AR AR /DN, T PR 15 U IR A 3K 3
MRURES , WM A RBP4 HR, 763
T R B A Y AT, WM R &
B R EE T R R WA BT AR, TC MR B T RS
P, 0TC 1 CTC #H24, )L 1(b) . WRFHEZIF
ey 3 b IO FF R Y Ak BE i R B /N IR AR IR A -
TC > OTC > CTC, X Ji FrY I B P68 ik i)t Wi A 22
A, TC, OTC #1 CTC 3% 3] W i - 45 B 1] 43+ 1] g
120,90 #1 90 min,

2.2 BB

B—%sh 114U Log(q,, — q) X ¢ fEE LN
Bl 2(a) B_HBh L v/ X« (EELANIE 2
(b) i, AHRL S HOTE SR INE 2 Fim.

3R 2 AT MR 0 3h ) S 0 AR AR S P R
B —23h J == b s R 3 0 20 I B 2
WA & g, (mg/g) 5FR TN E KR AE
Gemea (mg/8) ZIHHIRZE (% ) AT R—Z 3 1
SR S S IMEA LR K, TR — 4 3h
TR R E RO S E . BT A, R
PRI 1 F T AR AUE P75 U 0 U FR R KP4
R h 1% R —S3h ) AN E A Tk
MR RS 30 ) 2 A B0 i R T B, EAR BB DL T
Qe AR LIRS 2 G218, T S P IR B AR T
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TR M MREZ , RBUR—R 3 J1 2= R REAR 4T
AR D4 s [0 425 R PR TR o, 3 6 3 S 4T
PO B B Y, HRBR T EEALE
HAEMEEMSE AN THMERTNS, B
P9 B P R R AT R A A, TR A
WEEAH S ME O T , WEHEIT5 R AT 3 R R 24t
AR BRI B R/MEICHY TC > 0TC > CTC,
T 2 W P B 32 8 k, [ ¢/ (mg + min) ] K/PMIR
K 4 % . YEDDOU-MEZENNE'") B 5¥ 32 BH 24
JurHEIGVE BN 50 mg/L, W iAW BEAE 0.2 ~
0.6 g/L Z[alAf, iR 2% Fff 2 #8885 k, [ ¢/ (mg

-min) J7E 5. 11 x 107> ~16.53 x 10 > 2 [a] B }#

BEIGPRRMERRIMmRE K. A3 H k, [ g/ (mg
- min) |78 KT SCHREL A JE X 7T R 5 A BFA ook
FAAEXTBAR B T8 O W BRF 25 2 R IR o 3k 3
HHR/DNIFHR UL RE TC K AREREK,
B AN BB K 0 42 fk BF () 4 B 38 B P-4, T CTC
TEASE PR B 8] PR 58 T 3 B R BT . 3 T BB R 3
B EKRK/N(TC < OTC < CTC) H X,
LR TS EEEE RSP R ZRRE
FA B T B] P, 10 AR X 43 R R LA B3k TR A
FIALA B B T ER KR .
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Fig.2 Simulation results of pseudo first- and second-order kinetics
x2 WK AFEFEEHER
Tab.2 Kinetic parameters of pseudo first- and second-order kinetics
Gk b0 E 24 TC 0TC CTC
SR R W A emea’ (MZ/8) 1.638 1.548 1.325
9e,ca’ (Mg/8) 1.101 0.990 6 0.860 0
.y ’
B —5r e kl/(min'l ) 0.020 2 0.039 7 0.033 5
log(qeq —q) = logqeq —2%3 R2 0 963 7 0 956 9 0974 1
) &/ % 32.80 35.99 35.09
9e,ca’ (Mg/8) 1.720 1.628 1.409
B k,/[ x10%g/(mg + min) ] 65.52 66.70 67.28
t/9=1/(kyq%) +/4, R? 0.999 9 0.999 5 0.999 9
&/ % 5.0 5.2 6.4

LA 3 TR, FLHR, Freundlich 4% 4]
LERFITF 3

2.3 WBHMERENTE
TEPETSURXT 3 Ff U 3 5 4 % B 25 1R AR 4
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Fig.3 Equilibrium adsorption isotherms of tetracycline antibiotics on activated sludge

#* 3 Freundlich #&BIE 45
Tab.3 Freundlich parameters of antibiotics
adsorption on activated sludge

. WHFREEHAER
FHRELITERX S e oTC oTC
Ky 8.485 8.170 7.573
Freundlich n 0.915 1.063 1.076
R? 0.967 1 0.9590 0.965 9

H1& 3 AT, Langmuir 7Y FEAS R AT & Ltk
K Z ,Freundlich BEHYAH VBT , BEIE & A T
PETS YR X PU R R 2 BT A= R R N 4 S5 R 2
H1ZR 3 AT, 3 AR R 1 Ky (ER/MNIBUF ATC >
OTC > CTC,n {H K K/PNFFF AR . Kp R
TRWREEN 1 mg/L B, 36 P75 Je X HT A2 3R A W Fi
BE Ky fEBOR, W P B R 5 1/n 3R I i R B
RIS SR BT m (BN, W% R IR e
B 58 BE R B K. MCKAY 7Ef R BB
( Rhizopus arrhizus) {5 V15 I8 FE P 7 A6 ) W i
EBRHFEE G W™ (25 C) H, Freundlich £
R&T RS K (E7E6.36 ~13. 11 Z[8], AL
A, n {HAE 1.62 ~ 1. 73 ZJa] AR K,
Wi B DU BR R 2R 0 A R 7R 16 P95 U8 b ) T Y 2 B
WS AR EBF B R G R, Freundlich &
T B FRPARE R B, Y R TS 8 E W B DU PR R 2t
AR, R TE P LR S AR Y, B AL
AR EARXT ST, R HUAE R S Z AR FA7E A
HAERAM,

2.4 ZEHIERNFEERER

2.4.1 BEE
TRLBE X PO 3 28 S BT A 2R FA #3245 2R 4
Kl 4 Fiso
. -o-TC
gos —e-le
0.80 — CTC
mﬁxms é_/—?xz
% 072
0.68 ¢
& "5 s ms  mo 5.0
1 E/C
¥ -=-orc .
T
22573 /4”/_,’;3
3.6 2
125 175 22.5 215  32.535.0
e/ C

B4 REXRHERm
Fig.4 The effect of temperature on equilibrium
adsorption capacity and K, of activated sludge

HE 4 FTHL, IR EE M 15 CHE 3] 25 Ch,
HIRA AR MR A BB BK, B EMEE
LB Ak STt R R R 2 B RO R R, 7E 15 ~ 25
CTEEP, WGP VR T PUBF R 2850 48 R 5 W Mt
2R AR, Yk BE Ak S T 1 T B R o T R
A RER I A M T5 TR A B R /N & AR AR L B 8K
HHIRE T UARLRRERNAFERREET
ARAES B3 FhPUIR R FETE HEE R B R
B X 8L LogK, B IR B 1 Tt 1o T 5 22 8 K
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K, (B FER BE T =y T3 R Ul A IO 3R R A R AE
WEPETS U B9 7 BCRE IR BE TR T, R T3
BEAHEEEERF R R,
2.4.2 pH K

pH X PUPR 2R JE 70 A 2R W% B A9 52 0 45 2R 4

5 iz
) 0.9 B o TC
2 o0s I N
;s 0.7 /F —
0.5 :
;§( 7 8 9 10
pH
()
4.1 . .
4.0 — B
L
o "“‘%;

N

3 4 5 6 7
pH
(b)
ES pHXIRHMERIE
Fig.5 The effect of pH on equilibrium adsorption
capacity and K, of activated sludge
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HIE 5(a) AJH,3 Rt RAE pH K 4 ~8 18
FE 9 I S B 5K, TC T OTC 7E pH = 6 Bif 3%
FEA, 415107 0. 855 1 0.769 mg/g; CTC 7£ pH
4.5 BHABIERK, #0.743 mg/g, pH =6 B},

10
4
? —0— 0.5 mg/L
8 —0— 2 mg/L
—A— 5 mg/L
7 X —V— 10 mg/1
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E 55 %
ﬁ 4 \V
&
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3 X N\V
2 AA\ \\v
A ~
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[} A A A A
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i} #)/min

(@)

FATEAH 25 1 e B 25 2 (0. 719 mg/g) o i BRE I
BABALT , IR AR TRA T, [RIFE,3 Fhmas
R K, {E7E pH Jy 4 ~ 8 EE A BCK, i BRET
BB AL T #RA BT TR, LB 5(b) o 3 IR
P4 & TC,OTC F1 CTC # pKa, {4351k 3. 30,
3.57#13.60,pKa, {47k 7.70,7.49 F17.52,
pKa, fH5353124 9.70,9. 88 F19. 88, & 15 U
R S5 B RN T 5o M pH KT pKa,
B, BT H R FAE, TCs 2 F. pH £
pKa, il pKa, Z [B] B, H W I R 2 A ) R
%, TCs ZPIERE T pH KT pKa; B, T3k
LR T R R A ) o 4 SRR 2, TCs 2
—HER MBI E T E i, S A pH <
pKa, B}, 1E H 5 RIS IR 4 L BH B I A
HIPUER R P4 R IR AR/ ; 4 pKa, <pH <
pKa, B, EHEISIRX IR F IO REHAER W
W RHAR K , Wz i & 72 pH = 6 I35 B K (CTC BR
#b) ;24 pH > pKa, W, 37 671 L i 35 115 U8 5 B B
TSR AHUE R ZEAEH 7B 55, W2
BIRATE. B, BT I ELRPFR, 43 H
M HAB S I 7E pH =6 BT #1T,
2.4.3 RIREKERZ R

ANRIPI G AR BE T DU 3 R 2 h A R B UK BE Pl
B 1] B AE AL B 2R & 6 FTm (A TC R ) o

3.5
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3.0

LogK|,
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"

0 2 4 6 8 10
PURRFEIEIRE/ (mg/L)
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Fig.6 The tetracycline concentration trends over time under different initial concentration

H1E 6 (a) AT, HEIHAE M 0.5 mg/L 3
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XU , 55 - 15 VRIS TR XT U3 3R FEHUAE TR A0 PR I 5 587

8.40 mg/g, Mi-F-AF ¥ BEt A 0. 036 mg/L 3 fin %l
1.60 mg/Lo {H2, 3K I Wz P-4 1) B6F [6] il o BE
RIS R TARRL B SE IS o T3 4b , B e A2 R TR BE T T
FEER7) e i B PR WG o 58 3 AR ok BE R, T AL B v
PR it e I3 R o R YR TS (] 40 S 0 B g PR B
Zah ) IR 6 (b) AT, Bl ) 1A v BE A 1
i, PSR RAETE M5 VAR FIKAR VR Z L K
B T W o D R AT B 7E A 1R B9 BT A 3 A
TSR b (] Y, B IR AR R R A E
MR AP 87, T 0 ) e 7 A R R R 1 R A B B
ERFE . XEREELPRNTE KA T LS,
BEE B0 A TR BE A3, PUSR R P RAETE M TS
Je by BOREBE TR, T BB B KR BE = o

3 45

(1) &SI X TC, OTC Hl CTC (#E 4R B
91 ~2 mg/L) i P-4 5 1] 7351 24 120 min,
90 min F1 90 min,

)R RBUR— R 3h 1 R B RS TE 47 1
BEADIE 1 75 JE X PO 35 R 2K 51 4R R B9 R i AR
A TC, OTC F1 CTC ) q,, (mg/g) fH 571K
1.638,1.548 Fil 1.325, — SR i 32 % 5 k, [
10°g/(mg - min) ] & 43 51 & 65. 52, 66. 70 Fi
67.28 , MEMEISIEXT TC MK ff 28 B & K, OTC Ik
2 ,CTC F /N, 1B CTC 35 B W JF - 47 f s 8] ¢
5,0TC kRZ,TC &K,

(3) Fi Feundlich & AU LG M5 JEXF 3 F
PUBRER AR B S5 U R AR G 1 EE Langmuir 48 %1 58
4, TC,OTC F1 CTC W Ff 7 #2535 0 : ¢, =8.485
/0915 e =8. 1706710 F1 4oy =T. 5736106

(4) 1EPETS TR 3 R U R KP4 R &l
pH FREESM 724 6.0 F125 C, MilEHEG TR 3
FPIOFR R KT A4 R W I 2 BB E W) 3 W B2 1Y)
ST 3G A0, AELS 320 W52 -4 14 i) S < L B
W E BT

SE K
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Research on adsorption characteristics of tetracycline antibiotics with
activated sludge

LIU Chun-yan', XIE Man-jun®, XU Shi-liang' , LIANG Yi-xiang', LI Juan-ying'
(1. College of Fishries and Life Science,Shanghai Ocean University , Shanghai 201306, China; 2. Haibin Sewage Treatment
Plant of Shanghai,Shanghai 201302, China)

Abstract: Tetracycline antibiotics removal by adsorption with activated sludge from wastewater was
accomplished in this paper, and adsorption characteristics, adsorption kinetics, and adsorption equilibrium
were investigated in a batch system. The effects of initial concentration, temperature and solution pH on
adsorption were also discussed. The results indicated that adsorption equilibrium of TC, OTC and CTC can be
reached at 120, 90 and 90 min respectively under the conditions that the initial concentration of antibiotics
was 1 —2 mg/L, pH was 6 and temperature was 25 °C. The adsorption kinetics of all three antibiotics followed
pseudo-second order rather than pseudo-first order, and the corresponding adsorption capacity g,,(mg/g) of
TC, OTC and CTC were 1.638, 1.548 and 1.325, and the second adsorption rate constants k,[ x 10°g/(mg
« min) | of TC, OTC and CTC were 65.52, 66.70 and 67.28 respectively. The Freundlich model fitted the
experimental data better than the Langmuir model, and the isotherm equations of TC, OTC and CTC were ¢,
=8.485¢%" +Goq =8. 170¢""%* and Geg =7. 573¢"" respectively. The optimal pH and temperature of all
three kinds of antibiotics were 6. 0 and 25°C. The higher the initial concentration was, the higher the
adsorption capacity was, while it needed more time to reach equilibrium and the equilibrium concentration
increased.

Key words: antibiotics; biosorption; activated sludge; adsorption equilibrium; adsorption kinetics
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