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ABSTRACT: Objective To remove lincomycin residues from environmental water samples by magnetic solid

phase extraction (MSPE) technology based on magnetic metal-organic framework (MOF) material. Methods Fe;O,
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nanoparticles were prefabricated by solvothermal method, and then combined with copper based metal ions and
organic ligands of trimesic acid to prepare Fe;04,-MOF199 composites. The morphology, crystal structure and
physical and chemical properties of the materials were characterized by scanning electron microscopy (SEM), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric differential thermal analysis
(TG-DTA) and N, adsorption-desorption experiment. The adsorption performance of lincomycin was evaluated by
isothermal adsorption equilibrium and adsorption kinetics experiments, and the eluent after adsorption was optimized.
Results Fe;0,-MOF199 had regular octahedral morphology, high specific surface area (749.19 m%/g) and excellent
thermal stability. The results of adsorption experiments showed that the adsorption process conformed to Freundlich
adsorption kinetic equation and pseudo-second-order kinetic model. The removal rate could reach more than 80%
when the Fe;0,-MOF199 material used to adsorb lincomycin at low concentration in Hai river and Jin river.
Conclusion Fe;0,-MOF199 material has good adsorption performance and adsorption effect, which can be

effectively applied to the adsorption of antibiotic residues combined with MSPE process, the method has simple,

effective and accurate adsorption removal performance of lincomycin.

KEY WORDS: magnetic metal-organic framework material; lincomycin; magnetic solid phase extraction
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Cu(NO;3),-3H,0(4li & 98%) FeCl;-6H,0 ,CH3;COONa,
P, R . NER(O Al IR AR A PR
), BRI ER(H;BTC, 4iE 98%). N,N-H HH BEf%
(dimethylformamide, DMF, 43#f7 &) 170 (B i) H
BT, JoK ZEEGrirat, dbat e 2R A BR A F);
L, 25 (%4, 3[E Fisher Chemical A +]); KRB R
(4LJF 98%, & [H Stanford Chemicals /A F]),

1.2 UE5EF

Nicolet FT-IR 6700 {# HLIM-£T SMEH G (R4
B ERE PR F]); VISUCAM PRONM 94 By, 7 b i3icsn
(P& %8 n] 2 wl); Smart Lab X SFEATEHMU(H A H L2 wl);
NETZSCH STA 449 F3 Jupiter 22 H R 2443 (128 [ i b )
HALIR T AT BRAT]); ASAP 2020 LR R (2
SEAF]); TQ-S micro =GR (5 - Bk Y . ACQUITY
UPLC BEH C g (. 41:(50 mmx2.1 mm, 1.7 pm)(3< & Waters
2y dl); XW-80A 163 BE TR 53 A3 (1 i P TG 43 B AR T,
ZWY-240 8 55 IR 4R 5 i (L8 B A A FRA DD,
50 mL 7K A AL N 4 (0 A R A RS HDD;
TGL-16B = ¥ BE 5% 25 0 AL ( 1 ¥ 4 52 R 22 U3 );
EURO-ST D S25 HLAd#1 #F O He i W R AU FRA |));
101-0A FE AT KT MR 4 (R HE T 28 W AR (3 A BR A |D);
Milli-Q 1Q7005 i 27K HL(%E & Merck 22 F); ME204 HLF K
TR EE 0.01 g, MRERRE-FERIZANES HIBEA IR AR,

1.3 Fe;0,-MOF199 4} i & R AF

R PV R L 4 FesOy 9N ARMURL; BT S HER AR 5
1.72 g FeCl;-6H,0 F12.31 g CH;COONa & T 35 mL A2 —.
fErp, HLAEHEEE 30 min, %53 400 v/min FH MRS B
FRBEARESE 50 mL B ZMH RN EN, £ 200°C
TR 8 ho FRAHI B EIRG, F LBEMEliK B E Tk 3 K
5 1E 80°C LI N T8 10 h 155 Fe, 0, 4K ik .

27 SCHK [23-24] 91 A 8016 e, R I 300 #43k
Fe;0,-MOF199 & & 418 . &5, HWERFRIL 0.50 g H;BTC
F11.05 g Cu(NO;3),'3H,0 % F 30 mL 7K:Z M (1:1, V:P)Hy,
A MEFEFREL 0.013 g (%) Fe;O4 HKURIAT 10 mL
ToK R, A B R AREEEBERSAE TR B IR S A
WIRA, IR FHUMPEEE 30 min (HIR RS 0HL, S5
%% 50 mL RWH MR ZEH, 78 120°C N [ L 12 h, #
YT EBR EIEW, KR Z AR VE 3 . BB )E
FENE @Y F 80°CILZs THEFE N Tl i, BRI
Fe;04-MOF199 & 4541k}

R A F B (scanning electron microscope, SEM)
WEE Fes0, PRI AN Fe;0,-MOF 199 & A HH R R THTES |
R RN S G R, SR A B 5 F - 2 7 8% (transmission
electron microscope, TEM)WIER Fe;0, KT (1 25 A ALk 4%
FHWFERR BRI I3 ST R RS, TR S REG iR, 4
ORI o IR BUREIE 2 1RE O B IR TR B ™) |,
FRILTH G FREER . T X HTERATHT (Xray diffraction,
XRD)%F Fe;0,-MOF199 AAH 1 SR ZEFANSS S EA 743407 o
K FH Smart Lab X SFERATHY, WOLGEHR Cu-Ka, EHER
45 kV, LA 100 mA. >R Nicolet FT-IR 6700 fAHLIH-7%
LT MRS % (Fourier transform infrared spectroscopy, FTIR)
DSERPRHI > F5E, S 1) e 1 127E 400~4000 em ' 5 LY
W ERE L I ZL NSO R AE I

R Ny W I S50 43 BT Fes04-MOF199 4 4H L
RIAMRAFLAZ S o 100°CTF MNP BR 24 kLR TH A=
oo BREMFRE SRS ERENE T, Ny RSUN T A
J B A o 3 A 22 AR EE 43 BT H £ (thermogravimetric
differential thermal analysis, TG-DTA)X} Fe;04,-MOF199 £#
BRI E MEEAT O S AR, THEBE S 5°C/min,
ZIRFF] 900°CHE Fl N ST Tl
1.4 Fe;0,-MOF199 XH#A A 5 R H IR X FRAAR

Sy 10, 15, 20, 25, 50, 80, 100, 200 mg/L )
FRATEEZAREAR PRI 5.0 mg (1 Fe;0,-MOF199 43 T3 mL
RN R TR B BT R . &l R L 200 r/min (1
SR 6 h, WM SE RSB AN S RER AR, i
Ja AR LW At 0.22 pm B uE M uE . E AT
HPLC-MS/MS 247 W B J5 1 9 5% B8 A pRom] B 28 v J3E,
BRI EE ST, PATREE O TR A (DT

0:~(Co—Ce)*V/m (D

3, Qe AP R £, mg/g; Co AR RI 25 3R A9 4R ot i
B, mg/L; C. A FHrm] 5% AR B R TR, me/L; V
SRR B B AARER, Ly m KW B0 A &, mg

254 Langmuir BE7A Freundlich FRYHEA T4 15 kA5
RIBISE . Langmuir S5 0% BRASER = 2R R AR RE AR 1Y) .53
TR M AR, HETF LT ALMERR: ()M=Y,
WAL AN TR 52, Q)RR o 3 T W B S 2 1
FTREPEARIE]; )R BHFAIRRTEAAFAEATAT 2257, (4)73F IR FN7E
DL T REMEASSZARARZS [ 5 O A 4R s
Freundlich SRR 20T FRAFREZ 401 2R M 2, HAE
IR, WRHFRIZRTR RO S I A RE LA AR,
W 2ol R R B o 2 P 58 PR B R D B R B TR PR 6 A, T
204330 Y P A 4 O RS, 4 A RE ek s 0
Langmuir 22 Freundlich 22704351 WA Q) FIAR3):
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Ze - . + 2
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10, = L1eC, + 1K, 3) etk FZQ4-M0F199 %Eljﬂi@, & HPLC-MS/MS
n SIAT PR AR A PR R R

S, o 2 B WS RS- 4 Pk v V80 1 R A b T B R U
JR B AR, me/g; b o Langmuir B FHF #5550 Omax
SN R I B . L C/Q X CAERIBERL G R — 2 A
2, AT LA Langmuir BRI AL B AR AR PEHLE H Lk
FIARBE AN AL AT LA R B P 540 b 5 Omaxe Qe RN
MAT B A B &, mg/g; K Al n f2: Freundlich % %%, LA
120, %} 1gC, VERIBERI A —4c H 4k, WA LIA Freundlich
ABETRUAl AR W B 2 R
BRI AEIE, B Freundlich %% n ROMEI5HN
K BIfE, —H, 1n 75 0~1 Z[0), HAL R/ N 3R vk i
XU W SR A SRS o U/ AR /INTT L W R B 3 2 75
ok, A Un<l, WRBIWH S TKk4E, & 1Un>1, N
2% B B At R 9 A
1.5 Fe;0,-MOF199 X+ A] B ZHILMEI HF AR
I8 ALY, K 5.0 mg Y Fe;0,-MOF 199 43 BfE &
4 3 mL 50 mg/L MRl 8 EAREE . IR T 200 t/min
AR, 8 SCRESHAE AR BITE 0~3 h PNBUEE, B4y eilksE I
VW 83T 0.22 pm RLFLEIEA T30 9% o >R ] HPLC-MS/MS
A3 MW BRI VR P SR B AR AT R R R . A R
X (4) F1(5) 19 400 — e 8 7 = A1 4L — 9% By J7 45 Y L4
Fe;0,-MOF 199 1L Xt bk ] 25 2% (1 [ 1 24070
In(q - g,) = Ing - k¢ C))
L1 o4l )
4k, xg* 4
o, g g 43508 ¢ (min) B Z1 9K TT 8 2% R o2 0 R -
AR FHE mg/g; ki (min A &, [g/(mg-min)]Zr5 1
— G I G R R
1.6 HPLC-MS/MS 53 #r#&
T8 2 FE b T A% 1 LAAS B B = 5 s, W] S
X AR]85 3R A 2 U . R ] ACQUITY UPLC BEH
Crs (354 (50 mm=2.1 mm, 1.7 pm), LRI HmisE 5

F I I B F (electrospray ionization, ESI+)FEZ; i, B Hi [

3.0 kV; #EFLEE: 32 V; BT IREEE: 150°C; A RE:
350°C; HESHE: 650 L/h; fiff#[E /7: 3.6x10° Pa; MRM
B HT . A AL B 43 FE AT 0.1% H R /K VA
EE0, L DR o R 3 B W R W 2| DR s
F 1o BAPATE 5 min, ##E 0.3 mL/min, JEFER 2 ul.
1.7 IMEKHEET MSPE #2780 B & Fk

K TREITAE S AR S B0 g, 13 0.22 pm BFLE
AR RBRATEYIGT . AR PR ACRE 43 B I AR AT B Z AR R
WA R A TR N 50, 100, 200 pg/L. FFhbRkeA 5
5.0 mg Fe;0,-MOF199 {RA 5 sh W & 120 min, i1 B8k

®1 KMBERRRERF

Table 1 Linear gradient elution procedures

Hsf [B] /min A /% B /% 3 /(mL/min)
W 65 35 0.3
1.00 65 35 0.3
1.20 100 0 0.3
1.50 0 100 0.3
2.00 65 35 0.3
4.00 65 35 0.3
2 BR5HH

2.1 Fe;0,-MOF199 E4 M RIHIRIMTELER

Bl la. b /R, Fe;O4 YRR EIBEHESN#355), Ktk
KEJTE200~250 nm 2Z 7], EIRIELEH.E Le, d B8 MOF199
LR I N EHATE S, FesO, 20HUE MOF199 221 .

KH XRD 441 Fe;04-MOF199 1 {70 i) it {445 44 (&1
2a) R B, LI AHE, 0 SCHRARAE 1 RAE 042 SR — 32,
RN A B T A NS MOF199 fhid, M
Fe;0,-MOF199 Z-& MR L M-£LAME OB S E (B 2b)H
WZEF|—A~FH Fe-O i shs LA 564.09 cm ™ Ab I, X
F W Fe;0, B INHITTARAE MOF-199 |, 7E 1376.47 cm™
ARy & AT T HBTC M C=0 i1 45 4% h BT 8 .
1618.01~1448.78 cm™' Y15 [ A AOAIR sl 12l T 3R A A 4 4R
A 1 3163.26 cm ' Ab—FEIESE fH-COOH Fiffi
WG RN, 5ICHRES 3 UESET Fe;0,-MOF199 #4
R R A

T a K FesOu 9K R A AR IEL; b R Fes O 9K TR 75 51 HE
B ]; c~d 2 Fe;0,-MOF199 & &R s A
#l 1 Fe;04 Fl Fe;04-MOF 199 f847Hlf vy 55 18 135 5 v 55 14

Fig.l Scanning electron microscopy and transmission electron
microscopy of Fe;O4 and Fe;0,-MOF199
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Fig.2 Phenograms of Fe;0,-MOF199

B 3a AT, AEXT F 7B A IR B RS, Y
AT TR 735 8 — s /K ik R BRAR R, Tt i R o - i R 45
I IR R R, R p Rt A i B AL R A FLAS
. Fe;0,-MOF199 HYFEMHIFIN 749.19 m*/g. WAk, FLIZ2
B A anEl 3b R . 45 REW], Fe;0,-MOF199 HA B m
B4 L 2R TR AR, A IR 50 R 26 v 1 bR AT 2 R R Y g
2 BV o F 1R AL 22 128 R0 a5 o

&l TG-DTA fi £ %} Fe;0,-MOF 199 52 4 #1 K il #1
T8 P TR SE o6 N U, FHR Ry 5°C/min, &
1 %) 800°CHE % FL U 5 AT WS, 25 R 4 07R, £E
150°CYE N, Bl RIS, Fe;0,-MOF199 & & #1
B E R LT AL, A RESR M TR R AR ks
O BB K YR B AE 360°C Y [ N,
Fe;0,-MOF199 & &0 L 5 5 Bl 25 5 14 A i 2k,

AT BB 2 B F TR R AL R K 43 F R R o F Ak o
BE, WEH—LHEWIRT Fe;0,-MOF199 4514,
FEEE TR S0%LLT, UL, ZMERBIET
e Fr) Ay 2 R e 1200
2.2 FERWRMHRE AR s S F R
Fe304-MOF199 X o] 25 2% 1) e B -1 Hh £ an Pl 5a
ST, W B2 AR PT 2 2R B A U S S I G
g Langmuir #R (& 5b)Ml Freundlich B A (F Sc)if 5%
TSR] R R PR R 3 R R B B B 2
R, Langmuir 5 REIARILTE R*~0.873, 55
Ona=61.538 mg/g. Freundlich J7FLHY R*>0.99, ({7 &5,
n=1.66 H 1/n<1, KM T %L HWHHI R EFS T
Freundlich &5 W [ AL,

a b

400 - 6
_ 350 | — 4|
c :
§ &
18 300 E
& —e— W = 2t
= —— 3 it
= il S i

250 b © 4

0F ‘\'\--..,__
200 1 1 1 1 1 L L L n s
0 0.2 0.4 0.6 0.8 1.0 0.5 1.0 1.5 2.0 2.5 3.0
HIXSEE J1/(PIP,) AL#%/nm

1: a H Fe;0,-MOF199 fit N, W [ -l b 25 1 Hh 225 b 5 Fe;0,-MOF199 (L4435 [, dvidw HeEFLTE R,
€13 Fe;0,-MOF199 [ bt 32 i AR FAE il 28

Fig.3 Specific surface area characterization curves of Fe;0,-MOF199
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Fig.4 Thermogravimetric differential thermal analysis curve of
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T PR [ A AR B A TED (S . 10, 30, 60, 90, 120,
150 min) %} AR AT 22 2 W AR J) s, iRl 6a Bk, X
30 min J&, Fe;0,-MOF199 & & 4L XA ] 5 2 0 2
FHN, FW Fe;0,-MOF 199 & A bkHEAG w85 1 W [ 50
J1% 55, Fe;0,-MOF199 & A #RHEA Kt m AR A
JERETE RN, WA S A8 AR SR A AR . Y

PRI A 30~120 min Z (AR, BfE W Bfad AR A 0045,
W o 25 i 91 35 B TR0] 178 384 Jon i 22 4 348 in, 3 AT R 55 AR AT
B 2R 110 I RV R ) 4 9 AV 05 A 5 o W BFE 120 min U,
W P BE 2% T S, TR A Pl T O R 22 1 W A A
di s, W AT R B AT, I, 120 min A
W% R £ e i i

N T 2B MRS B 1 S8, AR
il gl J7 2 F ORI S B AT ILA P, A5 IR, Dh—
W3 32 5 R B R*=0.84 R 5L k,=0.0156; th — K3l
Ty % R SR O A A R G P (RP>0.99), B KL
k;=0.156 1t B H Fr 4 DA 8 v 28] 35 W BB L 2 1T A2 4k
2 REAIL A 1, O B R 2 TR PR 2
TR IR
X L 54 BN 7 R, YLIE 1% ERNZ
VR AR, BDSCRAR XT3 A ] 82.4%, HA—IF
TG BCR AL X P RE S K At A 38 5 W B 7 =2 1] g g e
BT & R B AR A B0 a5 R IR T HiE R
S p R 2 A AUk . S AR BRI e JEPEE, EX
8T RAF RV RCRI S Rk, B 1% BRI LG
VE R B AR Ve 551

2.3

a 60 - ¢ 30,
S0r 25
40
i 20}
ENT 2
Q 20 L / 1.5+
10 ol
» 1.0 i
O 1 L L 1 05 L L L L L L L L ) 1 1 1 J
0 50 100 150 200 0 20 40 60 80 100120140160180 1.0 1.5 2.0 2.5
C,/(mg/L) C/(mg/L) IgC,
H:a IR EF-# R b o Langmuir 618 HUA 114k ¢ i Freundlich %5 B 8L A i 260
5 Fes0,-MOF 199 X AR]85 3 (1 55 L B F 52
Fig.5 Isothermal adsorption study of Fe;04,-MOF199 on lincomycin
a 23 b o5 ¢ 20 .
O = 60 -
0.5t 50 b
3 <ol " 40}
£ O) . . I
S F -15¢ 30
20} 20
2.5+ 10 |
30 L * 0

20 40 60 80 100120140160 180 200
t/min

0 20 40 60 80 100 120 140 160
t/min

0 20 40 60 80 100 120 140 160
t/min

TE: a AWK 2 MLk b R th—Br gl Jy ARG i ¢ AP ZRrah Jy2E A ik
16 Fe;0,-MOF199 X AR AT 25 3 AW bt 8y J1 £ 05

Fig.6 Adsorption kinetics study of Fe;04,-MOF199 on lincomycin
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Fig.7 Effects of eluent types on elution rates of lincomycin (n=3)

2.4  EPRHEAREBREAED

KA HPLC-MS/MS 323 X5} Vi ] 7K A L 2K A Hh 9 Ak
AR IATIE, 45558, 50, 100 F1 200 pg/L AL b
MRATEE R LR R 83.9%~93.5%, AH A7 1 I 2% (relative
standard deviations, RSDs) (n=3)7E 1.5%~4.7%3(5FE N . Z5hn
50, 100 FI 200 pg/L HEAKEER ISR 81.1%~89.5%,
RSDs (n=3)#£ 1.9%~2.8%ulE N, Z5REH, LA
BT ISR AURE B B, BB S0 25 bR SE I i P B AR ]
R,

3 & 1

AT BT FIE T —F#i B 1) Fe;04-MOF199 Wt
P, T BOW B R BRBTAE 9 5E  Fe;0,-MOF199 3
HE T AR BRIV JE v, ELAT R D 110 R R4 e AR i
AR, Wi ARAF A Freundlich 5 AR T FI4U — 4 50
TR ML 1% BRI I VE e s s, a5
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