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Abstract

In order to explore the adsorption behavior and mechanism of tetracycline antibiotics on natural
clay, oxytetracycline (OTC) was selected as the target pollutant, andbatch equilibrium method was
used to analyze the adsorption Kinetics and thermodynamics of oxytetracycline on montmorillo-
nite and kaolin, as well as the influencing factors (initial concentration, temperature and ionic
strength) on the adsorption process. The results showed that the adsorption process of three con-
centrations of oxytetracycline on montmorillonite and kaolin was divided into fast adsorption stage
(0~10 min), slow adsorption stage (10~30 min), until equilibrium stage, and the equilibrium time
was 0.5 h and 1 h, respectively. The adsorption capacity of kaolin for OTC was higher than that of
montmorillonite. The adsorption kinetics of OTC on the two soils were consistent with the pseu-
do-second-order kinetics model. The desorption capacity of oxytetracycline on kaolin is less than
that of montmorillonite, and the desorption hysteresis coefficient of OTC on soil HI is less than 0.7,
and the desorption rate is less than the adsorption rate, which is a positive hysteresis effect, and the
higher the concentration of OTC, the slower the desorption rate in soil. Increasing temperature is
beneficial to the adsorption of OTC on kaolin, but not conducive to its adsorption on montmorillo-
nite. 25°C was the optimum temperature for adsorption of OTC by montmorillonite. The adsorp-
tion process of OTC on the two natural clays was consistent with Freundlich model, and the adsorp-
tion of OTC on kaolin could also be fitted by Langmuir model. The n value of OTC on kaolin is greater
than 1, indicating that the adsorption of OTC on kaolin is easier. The Ky value of OTC adsorbed on
kaolin is higher than that of montmorillonite, indicating that kaolin has stronger adsorption capacity
for OTC. Both Na* and Ca?* can inhibit the adsorption of OTC on natural clay. The higher the concen-
tration is, the stronger the inhibition degree is, and the inhibition effect of Ca2+ is stronger than that
of Na*. Our result suggested that adsorption of OTC on natural clay may have key contribution on
soil adsorption for tetracycline antibiotics.
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1. 518§

ITAE R B 24314 3 (Veterinary antibiotics, VAs)# 72 T35,  DLARP B fa B e it s
K, AHPUEZRTESN YA N FEARE 78 2RI, ﬁ%ﬁwm&iﬁi%&ﬁﬁ%%A&%ﬂ%%ﬁAi%
W], KW NN, HEmfEsE R, fait, REGFEHNEHEREREZRD 6
i, Tt E] 2030 ERPEIE R 10.66 JiE[2] [3]. 1 &R (Oxytetracycline, OTC) e FH i a] £ -« %E
BRORHI— MR R RPAER . BT ARG, v K R E A KRR 3k, W 5 i s 85 4]

Bh LB R R BRI B S IE. RAKANS YR, TEFRE L3R DS I B ) - B R S R EE 200
mg/kg [5], RN LRER, SERTERAEAMGE, Fsaee g 8 R ISAT N R IF 7T
b g E A S, WRIER LA SIS R, ARG N =R m A A A
KRR, BRI YR LRy YR Bk i, LER AR, RN S e A R [6]. Bt
WSRO RE 2 A . LR TR, M2 T . W BT s R T A e B 8 2%, 17 AT AN R 1 1 26
WG G IR R B R AL B S A A . B0 0N B 0 AL A TR A0 B R A A R B A
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HUPIEI AT RELA . A BF 78 B A B3 25 1 W i FH 0 1 O R SN 2H A B 42 A LTS e I B AT
A7 WA RTHHT LRI, 3 R R B B 2 A BOE R R AT O BR8]
HIX LY FAFAE T L3 rh i, A R A IR AR I BE DA BOREE N, W DAE — e R B
SRS RV RETI[9]. B LA S AR A GV I AT O, WEFCPUAE RS A AN R i R 4
R A0 L AW BRAT A B T GREE L MR TR R AL, Dbl AnG BT AR R 3RS QLR AR
AU T 5B AR I 5, LB EONHARGAY), RAAC P SeisZEm: (1) LER
FESEME A e BN BRI AT D e LB s (2) HRFUSEME A il HAEAN R PR 26 AF T A T
TR R S B RN AR s . DU 5 SR AR I A R AR W BRI AT O, BET R
R B 25 GUAE R I Z R S TR, AR RGBS 25 PR R AR HHE RS QSR SR ke .

2. RS
2.1. RFAKRA &

SCS T L R B LR P A T A IR AR . CaCl, M B R E T RS 57, NaCl W H K
AEWALRITIERA, &Y e,

2.2. BB NFESLW A%

7 A 50 mL S50 8 —4H, BN 0.5000 g IZEML L, F 250 mg/LOTC ¥k, #AJ5 FH 0.01
mol/L [#) CaCl, 5 StIFUE R A 25 mL, f# OTC K528 104 20 A1 30 mg/L, [FIEF {2 Eff. 72 25°C
BRE TN KIS IR 85, 20 IR% 5+ 10 154 30, 60. 120, 240 min J&, FEESEH S BL 4000 r/min
B 15 min, ZJEMEA 0.45 pm JESLIS RS, 7RI 276 nm 54 T llE BIEHW OTC IR . &
& IR Bt OTC 5256 /71 Lo

2.3. BB HFELE A *

B 7 A 50 mL (B0 A —4, BN 0.5000 g 52+, TN 250 mg/L ) OTC &, SR
0.01 mol/L [f] CaCl, 5 SIF W E A A 25 mL, K518 10, 20 A1 30 mg/L, [RIRFAE A5 IESLES .
BN 25 CRKIBIRG 2eh, R 76 . B JELL 4000 r/min #3500 15 min, B FIERFE. HOE
PN 25 mL [ 0.01 mol/L ff] CaCl, & 5t¥A, MNERIRG &+, £ 25°CH% 5+ 104 15, 30. 60.
120, 240 min, BEFESECH fEEL 4000 r/min #5348 250 15 min, {HH 0.45 um 38k EE, EH KN 276
nm 124 Tl F3s W OTC WREE. OTC 78 mid + FARWR ) )5 Sems 7 vE A L.
2.4. PR ADEFESIIE A E

HY 8 /N 50 mL B0V N —4, 353 4H. B4 0.5000 g (52 Mit, FRI0 OTC ¥, #RJEH 0.01
mol/L ] CaCl, 1 VA WUE R E 25 mL, fiif4H OTC IKE/r%M 04 3. 5. 8. 10, 15, 20 fi1 25 mg/L.
BRI ERSRZ S, 1E 25 CA&M FIRGPAT G, RS LA 4000 r/min 2633 B50 15 min, J5{#
1 0.45 pum 3EKIdIESE, 7EIHKSN 276 nm %A T IE FER A OTC . 15 F1 35°C 1Sk & OTC
TE U8 - PR B 44 77 22 5286 7 vk ) I
2.5. BFEEX OTC MBS IE

HY 8 /> 50 mL [0 N —2H . I 0.5000 g ZEE L, FEIn OTC W, #8J5 FH 0.01 mol/L [¥] CaCl,
B RIBWOEZ A 25 mL, fFRE 514 04 3 5. 8 104 15, 20, 25 mg/L. K 8 4L SN KRG 4%
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W, TE25°CE4HET, IR%% 2 h, KA ECH BL 4000 r/min 3438 2.0 15 min, J5fH 0.45 um JEkiduE)E,
RN 276 nm [ 5AE Tl E s OTC #E . 0.05 mol/L CaCly. 0.1 mol/L CaCly. 0.01 mol/L NaCl.
0.05 mol/L NaCl. 0.1 mol/L NaCl. Z¥H X} HESLEG N OTC 1E i = i B 75 B S vk [ L.

2.6. ¥imabIE

XF BRSNS BRI B S5, A R — 23 S 2R e 2R B ) AR T R
SR T BOS AL BEAT LA 191 [10] [11][12], A Langmuir #%4 . Freundlich f#4A1 D-R BRI 13] [14] [15]
KA FERERS OTC ESE M . Eld = L B FE AT A, SR RE LS 1.

Table 1. Sorption kinetics and sorption thermodynamics models used in this study

® 1. AARRABXRMENNZE R AN FRE

EA s T S 3k
11k
| — 25 Sy 2 AR —=—+—"L Eq.(1 10][11
N — R E) )y 2R o g a q.(1) [10][11]
WIHAIERE g o Lt Eqa2) [12]
UKL Y 7 AR A q,=k,1"+C Eq.(3) [13]
ek 33 R At .1
2 f% BRI C K. x0 xC, + 0. Eq.(4) [14]
W Bf A g 2 A Y 2% ki | 7 R lgC, :ngF+llgCS Eq.(5) [15]
n
D-R R Ing, =InQ, - fe’ Eq.(6) [16]

Horbre g A1 g P PR 2 B (mg/g)s g B ¢ B 20178 A PR BRIV W B B (mg/ )5 ey AR ey 0 30 A 40— 22 ) 3 W B % B (min ™)
R G50 3 5 B B [ g/ (mg-min) ] K, A2 BURE A9 B $ [me/(grmin'?)]. g, A1 ¢, 2 BRI KRB R € 2R
W B 70 B 5 R P s g FELMR L AR B R (mg/g)s o TRARIKFE (mg/L); O 75 et KBTI I E(mg/g)s KL 4%
R BU(L/g)s Ke T n 30 2245 A A B 5 2 Oy K FTARYE HFER 1S5 B 5 W B BB S5 0 ¢ 4 Polanyi
BhE, ¢ =RTIn (1 + l/ec,), Ferb R NS

3. ZR5iHR
3.1. REEINF

NERF OTC 755+ LRI 1a], 34T OTC 78+ LWL P B SR B IR DS 2R, 28I P 3
Ty = 1 pR. TR, OTC 7ES ML il 4 LR BRIk R 25 TT DAy Sy R B 155 08 R B
M B A B [17]. S5 =4 R7E 0~10 min PR BE, 30 min 2 J5 98 I8 W BB B B 22 °F
o AEPURI PRI B, B 3 IR R i, X 2 RO AE e OTC HEAT W AIRTIA, & ki 2
SEIAFAE R PR B A, PR 7 R 1] A ST A Ot 38 285 - A 2 T [ 18] 0 24 358 28 T PR WM PR 57 A 408
B4, OTC fEPIM L IR A B 2 R %, NIRRT B, HaB Wi T 74, WP &k 3R
8. B2t 0 5 2 AR P K20 0.5 by A 0 5 SR R P NG 299 1 h

B AN RIRIAG TR OTC 75 5 i - Al i L b R B8 nT s, = ANREE R P RmAE S ML PR
P &M 0.468. 0.947. 1.430 mg/g; TEmIE L E-PHTR 2 0.485. 0.974. 1.461 mg/g. Wit EE{iE
HRI N 30 mg/L > 20 mg/L > 10 mg/L, RIFEEWILEIR LI, WFh L300 OTC (¥ P &t bl 2 3%
e X TIRERARR, OTC 4 FItRye 4 i ki Rm. Ak, WENARHSK LRI OTC
WREEZSER, ARHES /30, AT WP R S B IEAT[19]
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Figure 1. Fitting curves of adsorption kinetics of OTC at different concentrations

1. REBRE OTC RFME 1A ek

Table 2. Fitting parameters of adsorption kinetics of OTC at different concentrations on two soils

% 2. FRIRE OTC MM IR LRI WFMESH

B W Pseudo-first-order Pseudo-second-order Intraparticle diffusion
(mg/L) k q R’ ks 9> R? C k, R?
10 0.120 0.464 0.601 5.247 0.065 1.000 0.454 0.001 0.953
e 20 0.094 0.943 0.729 5.020 0.947 1.000 0.927 0.001 0.897
30 0.084 1.424 0.698 3.630 1.429 1.000 1.402 0.009 0.862
10 0.234 0.485 0.991 1.127 0.485 1.000 0.470 0.001 0.535
gt 20 0.317 0.976 0.969 2.065 0.976 1.000 0.934 0.003 0.572
30 0.418 1.467 0.966 1.437 1.463 1.000 1.391 0.006 0.481

FH7 2 A%, OTC fEZ M A + LW i FE b, e — 2 sh J1 38R R 4371 0.601~0.729 Al
0.966~0.991, 1 2] zh J12A57 R S84 T 1.000, kL AT BB R R2 ITE 0.862~0.953 55 0.481~0.572
ZIB), BRG] AL B AR Y B A M B ) R A, IX RO OTC TE W P 4438 1 i it
J2 2 P FH 3 [ ] R0 R B AR, L 32 22 R A 25 IR BRAR 1 [20] 0 JBURL PN 3™ BRORE RS DA A R PR 2 v PR
RS BB D T %, HWE &R e d 5 s, WA R 2P0k S sz m, 15 0B A7 78 FoAth 42 )
DRI 25 o I 00T PR 7 BIORE 5 19 o 38R B OTC JERRIEAT LA 5 R I, = R FE I B 0l &5 D7 R 38 AN it
JR s, B OTC W Bt i 2 mT e A0 & 22 FhAS [R] IR BRI FR Qi SR T A A5 IR PR 0 T 7 O 33 Jr 7y 348
HIF B [21],

3.2. BRENHEF

14l “aaa A A A Lal 4a4a 4 A A A
12 -
1.2
1.0 -
c] o, 10|
En oo e o . E} : %cco o ° ° °
=
o8 - N
= 10mg/L d'0.8 + = 10mg/L
o 2 /L
06 |- ®20mg/L Omg
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Figure 2. Desorption kinetics curves of OTC at different concentrations on soil
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Wt FURARMIR I 1] 5 R B 2 1] B % S0 RS e iE R R DA B . LB RESF M LMt + -
(R zh f1 2 i 2 fis . IE BIAS R (0 85 e 6 B i@ R ol 20 e AN B, RITBR
SRR B, 18 R B B EL AT, OTC fESEME . il - ) i B B 5 W UR VA TR FE I AR AL A 4o
30 mg/L > 20 mg/L > 10 mg/L. £ OTC ¥#KJEZ M 10 mg/L iZ#i L T+5] 30 mg/L (it fedr, S b+ Em
fiEIR RN 0.442, 0.906 T 1.371 mg/gs 7EmU& + ERIEREN 0.479. 0.966 Fl 1.447 mg/g. LHRIERmIE
+ ERERCE N TS A, U S N E, EERITR R TR, T G IR B

X F OTC 785 W LAl I8 4 AT A I E IR I I 5, Horp A S R BROR

HI = (q,j _qs)
g
KF, g5 g, AR —EEERREER, WS FERETERE A OTC £ L3 I &, 24 HI> 1.0
i, NHEIER: 24 0.7 <HI< 1.0 B, fEWGHESRAL R RAL, T EER: 24 HI<0.7 B, @R
AN TR PR, NIER S 1E .

F 3 ONFEIRIEN 25°CHE, REIREM LB RALIEF N AL, L5 7BRY], LERESR AL+
IR R R HI 35/ 0.7, 32 WL ARG ZR 34 /INT IR B, N IE S 5 /R F - B iR F2 R OTC
WO, VR HI YA T RS, B OTC IR, 78 435 o i o 5 1

Q)

Table 3. Desorption kinetic hysteresis coefficients of OTC at different concentrations on two soils

3. NEIRE OTC EAF IR EMRRIREN N FIRF R

Wz Bt 550 W JE /(mg/L) Wz B ~F- T R & (mg/ ) AR 79K B (mg/g) HI
10 0.468 0.442 0.059
L 20 0.947 0.906 0.045
30 1.430 1.371 0.043
10 0.485 0.479 0.013
= G 20 0.974 0.966 0.008
30 1.461 1.447 0.010
3.3. M
12 | ° S 12 - A e =
1.0 | A ) 10 . . u
08 _ 08
o) p o0 A o
) [P YS Y "
5" 0.6 \E/m 0.6
O U /
7' o
0.4 - 04 - Aom —=—15°C
= —=—15C ; ®25°C
ave —e—25°C e —A35%C
0.2 - - o 330 0.2 Nz .
0.0 1 1 1 1 1 1 1 1 0.0 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
C (mg/L) C (mg/L)

Figure 3. Adsorption isotherms of OTC on natural clay at different temperatures

[ 3. FEIERET OTC ERAFM L EHIRHF R

I AR 225

w2 ELES L IR, 15°C. 25°C. 35°C K OTC fESEM 1. &4+ b R b+

SRh 2R 3 FiR o E 15°C25°C 35 CHE T, OTC 78 mls + LW B 24 1.177.1.183 1 1.193 mg/g,
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AW, OTC 7E U 4 F W P B IR B (0 T v, SR PR St e 0, & — PR A B o i TR AT A2 DR A
HEETH = OTC EAREEIGR, Mhabar T RIS IR, 3T TR 5 OTC Mf J L2, s 1R
B E[22]. OTC 7ES M BRI &A: 1.167. 1.174 F1 1.161 mg/g, HIUILAT%1, OTC 7E5E i+ bk
BRI E Y 25°C, iR mEE I ARE, il OTC ESEML L EAIWAN . 5 AT e 2 iR i &
TGS £ T BINLHIAS R, B ST 25 °C, R MU BB SHA NRIRAS, AFT OTC 1M FH[23];
I IR L BRI , V5 QW5 T IS SRR A%, A AR, 0 R S#E4T . OTC R B e et
T2 Z PP 3L EHE I LU A, IR AN B R B PLBE 52 g JE AN AR R . Brbh, OTC fEZRM L. il
+ R BT, AR R AR AR A

Table 4. Adsorption thermodynamic fitting parameters of OTC at different temperatures
#F* 4. TEIEE T OTC KIRMIFAHZEMESE

Langmuir %4 Freundlich #5174 D-R 7Y
PR R/ C . 5 . 2
0, K, R? n K- R 0, Flo R E
15 -0.909 -0.395 0.976 0.741  0.605 0.996 1.240 2.0 0.960 1.581
3l 25 —0.800 —0.439 0.991 0.693 0.644 0.998 1.273 2.0 0.944 1.581
35 -1.327 —-0.288 0.998 0.783 0.557 0.999 1.103 2.0 0.925 1.581
15 5.795 0.161  0.999 1.056  0.822  0.999 1.011 0.9 0919 2.357
] Ea 25 4.291 0.271 0.995 1.106  0.937 0.995 1.040 0.7 0.928 2.673
35 17.047  0.667  0.995 1.016 0919 0.994 1.115 0.7 0.931 2.673

AN R ) Langmuir #2754 . Freundlich B %} OTC 785 it 1 _EWR T EFE ) R? 23 HILE 0.976~0.991
5 0.996~0.999 [, {H Langmuir #%! Q, {H/NF 0, HESHFLATF, Freundlich LAY AT DL LT Hufif e
OTC TEZEMt LW Bt fE, SIS L OTC WML P 2 —Fh R eI 21 1 2 Wt [24]. H
Langmuir #24 A1 Freundlich #AI% OTC 76 &4 + LR B FEREAT 04, JLRA ARG R 50 R 43 BlAE
0.995~0.999 X 0.994~0.999 2 [a], i Langmuir #£%4 . Freundlich #5513y ] AT ()Rt OTC 7E sk + |
(1975 Bt it 72 - Freundlich #8440 & S 80 (ARG E R EL n AR OR SR n R B PR e AT, 3@ H A n > 1 B,
WL 3EATs n < 0.5 BF, WA G 47 [25]. B3 4 AT%1, OTC 7858 M R0 i b P B ok 7% w1
n AHS T 0.693~1.239 2 JA], £ OTC FERE - bW %L 53647 o« Freundlich BEAS4DL& ) K Ui B 1158
X} OTC HIWRPBETT, 4 Ke{EHCKET, MR AR J1fkaE[26]. M 4 ATRLEH, ZEW LR K-1E 0.557~0.644
Z 18], 1ele 1 KefE 0.822~0.937 Z 18], i Bl LxtT- OTC MW B g 1 2R T2 Mt 1.

34. BTEENBMIERAOXE

B R SRR ) S il i B o R B A ZEAT AL 5 ) T b R ER KB [27 ] AN IF S 5
J5 R RN W P B R L] 4~6. & 4 AR TRIVREERS (1 Na % Sl 1. milé EIR P OTC s
WA 2. HERAIBR 0.1 mol/L Na %W fiG 25 BA W 4 /£ A4, 0.01 mol/L Na'\ 0.05 mol/L Na'#55%}
OTC 7EZEML A BRI P =2 TARHEAE A, B Na VREEBR/IN, XFT OTC WP B {2 1A F B BA 2. 5 A AL
NN, Na 0] DL e, PR3 mohohi B, KR TAR (28], MOn] 7 — @ F8 FE b A gk 5 o 1%t
OTC HIWLPf & . Na'2x 4 Sl Lt OTC, FF HBEAE Na VR FERIZM N, Na' o el I b i) 4l /5
FLZEnE . XATReEEAN Na " B8 55 TR S, $ b 782 MR s A7[29]. Na w115
W Bt OTC SmAN A o] B 5 HIEA G PE R A K R o
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Figure 4. Effect of Na" concentration on OTC adsorptionon to natural caly

& 4. Na7REXT OTC fER SR h L _EIRHIAY 220

5 ONASFIIREERS ) Ca® X 52 M+ & E B OTC sl & ik, HE 5 /8, Ca®"xf52ii+
X OTC W B AR FE A2 135(0.01 mol/L) ik FE 1 i] (0.05 mol/L« 0.1 mol/L), FLif Bk i 4l 2 FE K
ifi Ca™ %t w04 LWt OTC FIRZI NIALA ] JEBEFE Ca® e BETH R MR BE I K o AIRIRFE 1 Ca X It
HEFEAR I H (I 2E R T B 2 DR 9 L AR AN B T oA (A R T S A 3 (R 28T, b (R W B (301 AH &
WRPEI Ca® 23[R ok 55 R £ 44 itk (e kg5 4 2 [ 1R [31], Eifism OTC 53, [
IR Bt £

12 - ., 12 Y = e A
/ .
1.0 - A 1.0
.4 g ¥ - . A
.
~ 08 e _osf
§ "y ! § x = e A
[ ]
=, 0.6 - = 0.6 -
0 / A O p
04 Al e cwooomoca | o0l S0 = 0.0ImolL. Ca**
“r oy . A& o 0.05mol/L Ca?* - y M e« ®— 0.05mol/L Ca?*
g A ' A 0.1mol/L Ca®"
/ _ A 2+ .
o2k ”. o o . 2%1;;101& Ca’ o2l v”/loA v 4k
e s Fht - M it
0.0 1 1 1 1 1 0.0 1 1 1 1 1 1
0 1 2 3 4 5 6 0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1
C.(mg/L) Cmg/L)
. . + . .
Figure 5. Effect of different Ca** concentration on OTC adsorption onto natural clay
: = +3 E
5. RE Ca™ iREXT OTC TERAF L IR AT
12+ 12k A
A - Va o
1.0 ’ / L] 10 - A
A [
, -
~ 08 . PRCERS
) A 5 a °
E o6 / M E 06
Che / / ® ~ r
U ) o / )
A
£ ®
L A L
4 e ° = 0.(mol/L Na* o a // °
[ ° 0'1 VL Ca?t yd —m— 0.1mol/L Na"
o2} A W, P e 02l Ame —e— 0.1mol/L Ca®"
£ 5 - £ o A gk
© it ikt
00 . . . . . 00 s s s s . .
0 1 2 3 4 5 6 0.0 0.3 0.6 0.9 12 1.5 1.8 2.1
C(mg/L) C(mg/L)
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