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Abstract: [ Objective] This study aims to prepare magnetic surface molecularly imprinted polymers (MMIPs) via a sol-gel method using
tetracycline (TC) as the template molecule, and to combine them with spectrophotometry for the enrichment and detection of TC residues in
fish meat. [ Methods] Activated carbon (LAC) is prepared from Magnolia grandiflora seeds using 60% (w/w) phosphoric acid solution as
the activator. Magnetic activated carbon (MLAC) is then obtained by co-precipitation-based magnetization of LAC. Using MLAC as the
carrier and TC as the template molecule, MMIPs are synthesized, and their adsorption performance toward TC is investigated. The resulting
materials are characterized by SEM, EDS, BET, and FTIR. After enrichment and separation by MMIPs, TC in fish meat is determined by
spectrophotometry. [ Results] At 298 K in a 600 mg/L TC solution, the MMIPs exhibit a maximum imprinting factor of 1.92, with an
adsorption capacity of 108.18 mg/g. After six consecutive reuse cycles, the adsorption capacity of MMIPs remains at 76.46 mg/g, still
reaching 69.23% of the initial adsorption capacity. The MMIPs also demonstrate strong adsorption selectivity toward substances with a
fused tetracyclic ring structure. The adsorption of TC onto MMIPs follows pseudo-first-order kinetics and conforms to the Langmuir
isotherm model, with an apparent constant n=>1, indicating monolayer adsorption on a homogeneous solid surface. The thermodynamic

parameter shows AH >0, suggesting that the adsorption is endothermic and favored at higher temperatures; AS™0, indicating an increase in
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system disorder; and AG<Z0, confirming that the adsorption process is spontaneous. At spiked concentration levels of 10~60 pg/mL, the

recoveries range from 81.87% to 91.13%, with RSD values between 2.55% and 3.16%, demonstrating successful enrichment and detection

of TC in fish meat. [Conclusion] The prepared MMIPs exhibit high adsorption capacity, good selectivity, and promising potential for

practical applications.

Keywords: Magnolia grandiflora seeds; magnetic surface molecularly imprinted polymers; tetracycline; characterization; adsorption

kinetics; thermodynamics
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Adsorption performance for tetracycline
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x1 MHMFHNFEBEGHER
Table 1 Fitting results of adsorption kinetics model

K C,/ h—Gegh Iy {7t S Pk W+ 0./
(mg-L™")  HiWl 0/(mg-g ) K, R* B Q/(mg-g ") K, R (mg-g™")

298 550 103.30 0.0252 0.996 5 127.96 5.44x10* 0.995 1 103.58

650 116.43 0.027 9 0.998 0 141.50 8.55X10* 0.996 0 116.85

700 125.71 0.020 0 0.995 4 161.89 8.05X10* 0.994 3 121.90

750 130.75 0.021 6 0.996 6 166.09 9.65<10* 0.995 6 129.22

308 550 110.92 0.028 7 0.9953 135.15 7.52X10* 0.987 7 111.74

650 128.58 0.018 8 0.996 9 160.93 9.96 < 10* 0.991 6 12591

700 133.90 0.017 8 0.991 4 173.95 9.24 < 10* 0.990 9 128.70

750 129.80 0.0279 0.9979 157.63 1.19X10° 0.996 7 129.66

318 550 109.88 0.020 7 0.996 7 141.91 5.51X10* 0.9899 105.85

650 123.68 0.024 2 0.998 5 154.97 8.98 X 10* 0.992 0 121.38

700 137.42 0.0177 0.996 5 182.08 9.55 10" 0.9933 129.15

750 137.59 0.0209 0.997 1 176.00 1.10X10° 0.995 0 133.74

— Y3l S IR A LA TR S

2.4

2.4.1

W Bt 34 1 52

SR BT K 50 45 A Langmuir J5 2

[X(8) ], L C/O. X C,#47 # & ;5 Freundlich J7 £ UL
K(9), U In Q% CHEATRIA ",

T A< 2 T 9 20701 J2= W R, 8 L K3 n 39> 1, BT K
e B

Fz2 Langmuir FREMEER

Table 2 Fitting results of Langmuir equation

. o
C_ Co 1 (8) T/K I 515 it K, (mQ- N R
Q. Qu  Quk’ e
ne 298 C,/0,=0.0049C,+1.2643 00039 2028 0.9870
Q.= Inky + n (9) 308 C,/0,=0.0057C,+2.8736 0.0020 1740  0.9857
R 318 C/0,=0.0057C,+5.2247 00011 1740  0.9969
QI KW I 42 ,mg/g;
K —— 554 88 &3 Freundlich FREMEER
K; Freundlich Z 4k ; Table 3  Fitting results of Freundlich equation
n 5B R T/K fal )4 77 it K n R
i & 10,3 2 13 3 AT %1, Langmuir J5 72 fll Freundlich 298  In Q,=0.4252In C,+2.2700  9.68 2.352 0.9958
J7 FE P FRAR L (%) R* 34 >>0.98, H. Langmuir 155 54 (%) 58 ¢, A 308 InQ,=0.4207In C,+2.3485 10.47 2377 0.9800
I B A R 4 A Langmuir%ﬁ#*ﬁﬁ!,%%%?yﬁﬂiﬁ:ﬂ] 318 InQ,=0.403 4ln C,+2.4345 11.41 2479 09924
135 . 135 135
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Figure 10 Adsorption model Thermodynamic
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242 WG 2E S8 KR g5 R A Clapeyron-
Clausius [ R(10) ], A In C.XF UTHATLERLE K15
W B 55 A8 AH ;1 Gibbs R[N (11) 145 & R WH En il 5
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AH—)E7E  kJ/mol;

AG— i {7 H HH BE7Z  k)/mol;
7%, (J+K)/mol;
R—H #1,8.134 (J-K)/mol,

A5 B BEAE AG; i Gibbs-Helmholtz J5 #2 [ & (12) 13t
T B AR AS M2 4 AT, AH>0, U] MMIPs X U 2R 22 (5 15 by
AH W PR AR A A TR, HAH B AR <6 kJ/mol,
InCe=—In& + 2, CLOD i iy g i 72 52 0 9 3 1, 4 A< 40 KY/mol i ,
AG=—nRT, (11)  Bbad g a2 O A4 0T AST> 0, 6 DU A 3R 1 I
AH—AG SRR A RE R B O VU A R o T B
M= (U0 g e L 380 5 e 2005 AG< 0, W
A ARy B R W R
F4 WHRHNZESH
Table 4 Parameters of adsorption thermodynamics
AG/ AH/(kJ-mol ')
K (kJ*mol™") 500 mg/L 550 mg/L 600 mg/L 650 mg/L 700 mg/L 750 mg/L 800 mg/L
298 —5.83
308 —6.09 1.11 1.45 1.57 1.54 1.62 1.48 5.76
318 —6.55
AS/(J-K+-mol ")
T/K
500 mg/L 550 mg/L 600 mg/L 650 mg/L 700 mg/L 750 mg/L 800 mg/L
298 23.3 24.4 24.8 24.7 25.0 245 21.5
308 23.4 24.5 249 24.8 25.0 24.6 21.6
318 24.1 25.2 255 254 25.7 252 224

2.5 mniREIKE

i 3% 5 AT, SR FH 2% T 40 B e B 0 | AR ZE R — )
I B kR T PR A R R 20 AR T R VR B R 10~
60 pg/mL I, [m] i % 7 35 F 81.87%~91.13%, RSD
2.55%~3.16% , it B 1% MMIPs A4 %} % £ A H TC A9 3% £ 1
AR T AT, Ky vk Al T fa P P R B OTC Y i
i

F5 BARP TCHIINHRE B Z KB R R E

Table 5 Spiked recoveries and relative standard deviation

of TC in fish meat

TR R RE S ARG B e [l i 3/ RSD/
(pg'mL ") (pg-mL™ ") % %
10 8.187 81.87 2.93

20 17.342 86.71 3.16

40 35.568 88.92 2.77

60 54.678 91.13 2.55

2.6 SEEREEmINE
TR o 8 S ) R P AR — AN 5 R X 2 o i £ )
TEo3 T, G5 L, AL M vh 1 # fY TC & 5t R 217.65 pg/ke,

#B 3L GB 31650—2019 LA (1) 100 pg/kg MY AR HE, 1] BE &
Bl Ay 3 56 ik b 7 % I DT R T TC AR MR B A,

B2 W A R P BR B 5 T A R T A S ) 4 R R A
TCHE R, Ui B 17 S A0 SC3B 1T W o, A &
B A IR) AT A
3 45

VUi 46 & 2% 07 SR JEORE, 5T 1 40 50 60% B B 152 45 Tk

AL B TR X A AT R ) T W T
PR o LA M I TR e Ry A DU R A B A L m A
3-F N = O IR B RERR S B L A T G R
FIE R AW . B AW, 78 298 K, i ¥R )% N 600 mg/L
B, B30 R i R, M T 40 B SR A 6 DU R R Y
W B A 108.18 me/g. R FIH 6 RS, M 2R 1 4
1305 5 & W 1) W B R 76.46 mg/g, 475 RE 3 2 40 4 W B
1 69.23%, HLAG R FfasE e S AR BNl A A0 L, T
FE U 53 T BP0 2R A ) o DU R 2 R A B 2 RO A U 3R 28
25 K6 LA AR 0 W R R R . A, B 3R T 4 ED I
REWrtamh IR E LGRS e £k, FE
AT 5% H 5 HPLC 98 6o B 1 L o A 2 S5 A6 T 152 45 0K T
IR A I SRS B P 25 R AR T B AR
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