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Abstract.: Malachite green is a triphenylmethane compound, which has a good effect on dis-

ease prevention and control in the breeding of aquatic products, but it is a prohibited drug be-
cause it is detrimental to human health. Owing to the low content of target malachite green and
complex components in the actual sample, simultaneously achieving good enrichment, high
sensitivity, convenience, and rapidity detecting is difficult. Metal-organic framework ( MOF)
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has a multidimensional network structure, good stability, and large specific surface area, and
has broad application prospects in adsorption. However, the small particle size of MOF materi-
als and the difficulty of recycling hinder their development. The hydrogel has a three-dimension-
al network structure that can encapsulate the MOF nanomaterials in the network, enhancing ad-
sorption performance and facilitating separation from the adsorbed solution. In this study, MOF
materials were prepared, and hydrogel doped with MOF nanomaterials ( polyacrylamide-sodium
alginate/metal-organic framework, PAAM-SA/MOF) was used to investigate the adsorption of
malachite green in aquaculture water. The transmission electron microscopy was used to char-
acterize MOF nanomaterials, scanning electron microscopy was used to examine the morpholo-
gy and structure of the hydrogels before and after adsorption of malachite green, representing
the successful synthesis of adsorbent materials with excellent properties. The mechanical prop-
erties of the hydrogels were investigated using a tensile testing machine, with a maximum ten-
sile strain of up to 300% , without breaking and failing to remove when separated from the solu-
tion to be tested. The pore size of PAAM-SA/MOF hydrogel is considerably smaller than that of
PAAM-SA, which is beneficial to increase the specific surface area of the adsorbent and thus
improve the adsorption performance.

A series of optimizations were performed on the adsorption conditions of the hydrogel adsor-
bent and the optimized conditions were obtained as follows: the amount of adsorbent used was
0.1 g, adsorption time was 5 h, the pH of malachite green solution was 9, the adsorption tem-
perature was 40 C, and the initial concentration of malachite green solution was 100 mg/L. Un-
der these conditions the adsorption efficiency could reach up to 97%. Furthermore, the ad-
sorbed malachite green was eluted with organic solvents of various polarities, and the highest
desorption efficiency was achieved when acetonitrile with higher polarity was used as the elu-
ent. Simultaneously, the eluent volume was optimized, with 2 mL acetonitrile added to the mal-
achite green-enriched hydrogel adsorbent to achieve the highest desorption efficiency of 99%.
The enriched sample was separated using a Dionex Bonded Silica Products C; column (50 mm
x2.1 mm, 3 pm), and eluted with an ammonium acetate-acetonitrile solvent system. The re-
sults showed that the limit of detection (LOD, S/N=3) was 0. 083 png/L, the limit of quantifi-
cation (LOQ, S/N=10) was 0.25 pg/L, and the spiked recoveries of malachite green at high,
medium, and low levels were 84. 8% —118. 1% with the relative standard deviations less than
5. 1%. The pretreatment is simplified using this approach and combines the respective advanta-
ges of MOF and hydrogel to enable one-step enrichment of malachite green in aquaculture wa-
ter. The additional MOF material can exert good adsorption in the hydrogel system, which
solves the problem of low recovery of traditional MOF materials caused by tiny particle size, fa-
cilitating direct extraction after adsorption, and also solves the problem of low adsorption effi-
ciency of pure hydrogel, improving the overall adsorption efficiency and recyclability. The actu-
al sample test shows that the new hydrogel adsorption material can be used to extract and de-
tect trace malachite green in aquaculture water. It is a novel, fast and convenient pretreatment
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approach with great potential in food detection.

Key words: hydrogel; metal-organic framework ( MOF); sodium alginate; malachite green;

adsorption
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E Z AP AT TR A28l (EAT A A R A
M, BT, WL AL A YRR A
R Z AR A AR BT G KT W Bk R LA 1
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IK BRI S — T BAT =4 B 48 IR 2540 1Y 155 04
BEY R DA RN AR R e
B B | e R AR 2B TR M i —
TP 2S5 1, SRR VTR N, N-JIE H BE 00N
965 T Ve 25 6 — T IO 288 AR T IS ) U 28 45 4 7K
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FRARIE ) Nhik (TCPP, ZiFE 97%) T H A TCI i
o Al K R E AL B (ZroCl, - 8H,0, 4fi JF
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1.2 FLERGIRE BRI R AR & i £ H1E
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0.25.0.5.0.75.1.0.1.25 mL T 5 3 25 mL ¥ b £5,
B IR ABAiK ZZ R, R ZRA, IS 1~5
mg/L WL A SR HER W . T2l KA 3 L,
LA WA HAE 616 nm P KT PTG
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WERE L, T TR 4l K 2 A B, 45 21 T it vk 5 4 5
290.25.0.5.1.0,10.20 ng/L WIARHERR , %R 51
VA YR T VR SIEBRAE: Sl I R b v R &
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S B SCHR ' ik AT A B GnR L B 100
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ZrOCl, - 8H,0.,100 mg TCPP 5.6 g BA,#jH 1
min IR G5, FHRS IR GE RS Ehin
Byrh BB RN B 90 T, RV 4 h, RN
gERE KSR P2 2L 13 000 1/ min 5458 EAT B
L5, FH DMF V¥ 3 IR, e 206 7= W% F DMF
IFREAZE 50 mL, 1552 MOF 5 .
1.4 PAAM-SA/MOF 7K & B 0 1 &
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Tk e .80 L 45. 64 g/L APS 200 pL 2 g/L MBAA .1
mL 0. 01 g/L % MOF IR A5, A 20 mL
SHesd i E 2% 60 min DLER 50, F5 300 pL
172.2 g/L CaSO, ¥ .10 wL TEMED P#IE 4,
R ARCR R GTE S BUR A T
ZCHR 1, K SCIRAT 1 7K B M FHZE IR /K ke 3 Uk, B
BRYIIL, VG K BERSA 70 CHEAE
W EEE, &,
1.5 ftFmuritiE

HLO. 1 g TR KEERAE R, I A RIS A 5
mL REIAE & B T, SR AN WO 5 pH
2 9, TEIRIE 40 T TFWEMIZEE 5 h, i HARS M i
BTEWL R, A 2 mL 2, LA A g K
EERE T LR R K WA VR 0. 45 pm JE AR, F
7 HPLC-MS/MS iz,
1.6 FRAE

T f# MOF # R TE S RFAE , X b AT T 3%
SPHBERNE, At —2 T i MOF # k2 & Y3
ZAE K BRI TR I3 5E MOF A REE 7K B Hh 0 A0 %
fiE , %F PAAM-SA/MOF /KEERS AT T SEM EAF
F145E SEM Hif 75 BT 7K 58 e v V1 08 5 s 4 b 3L
1.7 KEEEE SRR

IR B AU A P RE FH T REH TR B0 HLEA T

TAIPAS  ZALE B A T 1 kg AOFREAL &R, S A )
AEER T, KEE RS 36 mmx18 mm
x2.5 mm, 5 W% JE, B R $F 7R 100
mm/min,
1.8 HPLC-MS/MS £

%41 . Dionex Bonded Silica Products C,F
(50 mmx2. 1 mm, 3 wm) ;.35 C;Hshtl A
RSV (0. 005 mol/L) ; i sl B: 25, BhJE
Ve :0~2 min, 30%B; 2~5 min, 30% B~90%
B; 5~7 min, 90%B; 7~8 min, 90% B~30%B; 8§~
9 min, 30% B, & 0.3 mL/min;#iffE .5 wLl,

KT L I35 8 1~ (ESI) i, 1F 8 R i 25 ey,
JE(IS) 5500 V, &R (TEM) 550 €, <M<
(CUR) JE J7 241.325 kPa, % {L < (GS1) JE Jy
379. 225 kPa, FHBIINAAS(GS2) K71 379. 225 kPa,
SR FH 22 S5 07 W I ( MIRMD) A5 5 0R 3 5 , W il 7
BB m/2z 329. 1, @ H B F m/z 313.2 (hiffERE
50 V), EMEE T m/z 208. 1 (Hi#fE 60 eV)
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TR , A VF 2 /ML BRI 525 I IE 2f g T
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Before After

Malachite green
solution
¥ MOF
Hydrogel
: . Detection . Washing
J Sodium alginate network —— [L
“~=, Polyacrylamide network i

1 PAAM-SA/MOF 7Kgt Rk & & w340 i 2 Bt o7t 72 ]
Fig. 1 Flow chart for adsorption and desorption of polyacrylamide-sodium alginate/metal-organic framework
(PAAM-SA/MOF) hydrogel composites

2 um

B 2 MOF ##iiEst BEE KRR A EER
Fig. 2 Transmission electron micrographs (TEM) of the MOF material and scanning electron microscope ( SEM)
images of the hydrogel
a, b. TEM images of MOF'; ¢, d. SEM images of hydrogel before adsorption of malachite green (MG); e. SEM image of PAAM-SA
hydrogel; f, g. SEM images of hydrogel after adsorption of MG.

2.3 PAAM-SA/MOF 7k B8 112 1 aE izt 3b iR, Fe KN AE 245k 300% , 2 B il £ FR) 7K B Jie b

X} PAAM-SA/MOF /KEERGHAT SR,  BMBSREA — 8 10 J1 2 M Ak, W Bt 58 LS vT LAAR &F
S AT R b SRR ML A R S R AR 2R AN R K BRI TR S MG IR, A A kA K
3 FiR, SR 3a Pt R, N AR 2R AN RS I G A B B B



- 726 - & iy %540 B

50

a ]

40

© 1

2

g 307

o ]

évj 20 4

é’ ]

= )

10 .

0 o LN A L E R L
0 50 100 150 200 250 300
Tensile strain / %
E 3 PAAM-SA/MOF 7KK S EgE TR
Fig. 3 PAAM-SA/MOF hydrogel mechanical properties test
a. physical diagrams of the hydrogel during stretching; b. stress-strain curve.
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MOF #4} 1) 4l 7K #E 2 PAAM-SA 7 [a) B 418 R it
TSR AR, 25 3R WAl 4a 7, PAAM-SA/
MOF 7K #E ¢ ) W B 2% 4 96. 47% , ifii PAAM-SA 7K
BEREXT MG BB R 63. 17% , BRI k% b 47k Bk
JiE PAAM-SA B4 T 24 33% . 524 /K BEREX MG (1)
W B AL 6 L 4l KB i v , 26 VR N9 MOF #4 %t 1]

REff D T 12 521 MOF 4 A8k PRI A2 2R /0N TG el i 24K
R AGE , S iR T 0 7 S VR O 2850 S A Y T A
2.4.2 R PR R R B X RO M R Y e

TR K R G 1 FH R T 2 BR AR 1 52 i R H
Ko GERMNE 4b Fros, S BT B 0. 025 g 1
TNZ 0.1 g i WERHR M 63% #2558 T 94%, 0.1 g
£ 0.4 g WRBCRIEARIEE, H B LT
A B E BRI 0.1 g,
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04l d ] e ] £
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X 921 X ] X ]
L ] ~ 1 ~ 904
g 004 g 904 g ]
& 1 & ] & 854
2 884 2 g5 ] = E
] ] 2 1 2 80
2 86 2 2]
84 804 75
82 -| DAL IR I e IR B 75 To T o] TT T T 70
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pH Temperature / ‘C Initial mass concentration / (mg/L)
B 4 (a)B&F MOF ##}, (b) KERBRMFIFE. (c) RHAFE, (d) A& pH, (e) BEF (f) ¥iE MG iR EXTRMEENHNE(n=3)

Fig. 4 Influences of (a) the presence or absence of MOF material, (b) hydrogel adsorbent dose, (c) adsorption time,
(d) solution pH, (e) temperature, and (f) initial mass concentration of MG on adsorption efficiency of MG (n=3)
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R BFEE ] P 5 M AL TR 4, W RFFESF DA 1 h 38 Fm
F15 h, WA R 719% 3903 94% 2 J5 18 5P ,5 h
ZIGHA KR E , P I o W B 3k 3 S A6 e ek ()
K5 h, TE—E WG FE N, X MG AT 3 5
W R PR ] 2 TE AR DG, MEBRE 5 T Bsf 3 A 381 35 1
S P o Rz A s e I B ARCR R A B R T
DA L JE S S BRARAE S e PN 58 B0 FREASR Al
2.4.4 pH xR MGk B B R

Kl 4d 2TEAR pH Z50F T, AKEER T LA A 4
JORMR B A5, AW pHHM 3 K E 6
B, IR BERE KT MG A Rz 5 S DA 839% 44 K 28 92%
B S YRhA W pH>6 B, K BRI KT MG 1) W Fff 53
INGENG , F i R MV WA TR PR 45 1 B, KR 1Y
H* 1% B 55 7 9 - COO™ . -NH, i 71k > - COOH
FI-NH, 2527 el 5 K 68 i v fh 3R 3 | 4 35 |) 45
A M AR RS, RS H B S5 RIE o T
PR VR (R M I B R JE AR AT, W B CR R R,
JE SRS g T pH A 9 MEA TR BRI
2.4.5 U R R A B B

U AR BRI 2 B MG B S AN 18] 4e Tz | %
R EISET R G TR W BHEBE M 10 CTHE
340 T, W R 76% THE 3] 97. 5% ;8 T 40 C
Jo, WO B R [, H T AR TR 2 Y iR
T B RCR AT IR B R A, i R I Y AR
T KBERG I K FE S R, 2 0 MG 43 Tl L5 R
HE BT RS AL A W R i 25 AT E S I
KR (40 ~ 50 C) B, 7] g 25 AR K BE e 1 95 ik
JE DRl e B2 A sl | BARR T WG BfE 8%, 2R L
PR BSR4 R B 40 C
2.4.6 FLE B KAIE KL X R M G Y B

AN A B 5T T H 4 MG ik FE T PAAM-SA/
MOF W [ff MG #9520, PAAM-SA/MOF 7K #¢ i W
BN B MG B 22 an B 4f s, &
MG ] 4 5T i ¢ A 50,100,200 ,300 ,400 mg/L,
100 mg/ LI W BF 250 % f ey, AT 35 97. 62%, 11 Bl &
MG ¥ 3EHE M 100 mg/L T 3] 400 mg/L, W [
MR 97. 62% FREF] 72. 36% , B 5K 2K BEE
I B 300 P BT it — A, > W 28] 3K 1 R R R Y
MG 4TI -5 K IR A 40
2.5 PBRBHEHHIRKL
2,51 RN X MR R B
ARSLHGHOR 5 OSR]I A9 AL 145 2 mL Xt

243

W BFF A 35 AR A 5 Bt PAAM-SA/MOF 7K 5 /1%
TEAR RIS T #EAT UM, 28 B A AL 2 51
KNG HEE L DMF FlEC ke, NE 5a i,
W g e 1 20 L H kot T L 28 A 2 A T B %
B, 6 T BT 3K 28] o5 s JBE B A3, 2920 99%
AT DU SE PR T ARAb BT 2 R e 3% B VE R
BRI A T 5 B2 DR
2.5.2 BB AR AR B I AR R B Bl

TR0 Ay P %o O T 28 R A A AR KRR B S
AT UERFR 1 D | W B AR FLAE A St LA 52 4 M 5
R Z WS INZ Tr liA , BB T R i FL4E A 4%
WEE T RE S KK, ANME TR S A b, B 1,
2.3.4.5 mL i X)W i 4% A4 A [ 3 HL 0 B K 30 16
R KBRS EAT IR . SR RELU 1 mL 34 hn %) 2
mL, B8R 91% 34 m E] 99% ( WL Sb) . M 2
mL 2| 5 mL B, BEHRCRIEAA TR, [R5 83 2
TR (] 356 FH 2 mL 2 AR AT B Ak 2
26 FiEFEE
261 ZHEXZ BRHRMEER

& H HPLC-MS/MS %€ 1.2 5Bl A9 0. 25 ~
20 pg/L bRufEds i, 45 R 2, #E 0. 25~20 pg/L i
FIN, MG B A B4Rk ¢ &R, 15 2 hnfEth 207
T .y=1.744 442+0. 057 28 (x N E pg/L, y

100
80 a
X ]
o i
g 60
= i
8 i
S 40
5 i
g
20
01 I N
Acetonitrile Methanol ~ Ethanol  n-Hexane DMF
100
] b
98
X
P
g 96
=
.S
e 944
=]
3
E 92
90-1""1""|""|""|
1 2 3 4 S

Eluent volume / mL

B 5 AERZFEMFGERL (n=3)
Fig. 5 Optimization of MG elution conditions (n=3)
a. desorption organic solvents; b. acetonitrile volume.
DMF. N,N-dimethylformamide.
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g Xof TR AR ) 7% =0. 998, LA 3 £ 10 f5 {5 1
THAA AL A SRR H BR 0. 083 pwg/L, & & R
9 0.25 wg/L,
262 EHEEREE

T2 T AA 0.5.1.0.5. 0 wg/L 3 KF
(1) MG ARV i A2 77 v i v B 93153
BRIl 25 SR R B SR A KR T FLAE A S A A ]
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Fig. 6 Extracted ion chromatograms of aquaculture
water enriched by MOF composite hydrogel
(a) before and (b) after spiking
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