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plant food based on deep eutectic solvents (DESs). Methods Three kinds of new DESs were prepared at room
temperature by sodium hexametaphosphate as hydrogen bond acceptor with D-gluconic acid, sorbitol and urea as
(SHMP-GIcA),

hexametaphosphate-sorbitol (SHMP-Sbt) and sodium hexametaphosphate-urea (SHMP-Ur). The viscosity, density,

hydrogen bond donors, namely sodium hexametaphosphate-D-gluconic acid sodium
melting point and pH of DESs were measured, and the DESs were characterized by Fourier transform infrared
spectroscopy (FTIR) and thermos-gravimetry (TG). With ultrasound assistance, 3 kinds of DESs were used to clean
22 kinds of polluting elements in plant food. The content of 7 kinds of heavy metal elements (Mn, Ni, Cu, Zn, Cd, Ba
and Pb), 1 kinds of metalloid element (As) and 14 kinds of rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb and Lu) in the samples before and after cleaning were determined by inductively coupled
plasma-mass spectrometry (ICP-MS), and the residual amount of DESs were explored. Results The viscosity,
density and melting point of DESs were related to the formation of hydrogen bonds. The FTIR results showed that
hydrogen bonds existed in DESs. The pH values were related to the precursor components of DESs. The
decomposition temperatures of SHMP-GlcA, SHMP-Sbt and SHMP-Ur were 185, 348° and 167°C, respectively.
Compared with the removal effect of pure water, the removal effect of DESs on multiple polluting elements in plant
food was substantial improved. The comprehensive score of variation coefficient method showed that SHMP-GIcA
had the best removal rate of elements (comprehensive score was 0.6281), followed by SHMP-Ur (comprehensive
score was —0.1335), and SHMP-Sbt was the third (comprehensive score was —0.4946). The residual phosphorus
content of DESs in the sample did not exceed the maximum daily intake of phosphates (70 mg/kg bw, calculated as
P). Conclusion Novel types of DESs with low volatile is prepared, which can effectively remove multiple polluting
elements in plant food, and has application prospects in ensuring food safety.

KEY WORDS: deep eutectic solvents; plant food; multiple-polluting elements; removal; variation coefficient
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Mn, Ni, Cu., Zn., As. Cd. Ba, Pb, La, Ce. Pr.
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HL AR AT o), A IR BE R BN (o Frali) . D-H A h
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(% H Delta TRAK /A #l); DV2T JiE % % B 1 (£ H
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transform infrared spectroscopy,
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() B
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AEE R R Alfk DESs, HE SRR, dRE S,

(4) pH

Z 8 GB/T 9724—2007¢ fb4450) pH il 2@ ) ), fiff
J pH 1%t DESs HEATINE

(5)fH LT AME B3 RAE

TS SR, DESs FIRG{AZH/ME 4000~400 cm™
TUBI S T, SRR 4 om, SFH RBYHRRECK
30 Ko

(6)AFE AT BT U FRAE

4378 10 mg DESs FIRTARL 5y, #£ 30~800°CRLE E
FEl Nk, &SR 20 mL/min, JI#GEZ 10°C/min,
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T, R ICP-MS MIERES MR 22 MTEN SR,
WERIEEATRSIE, WFRICE N Rh, In, Re, AMriEIHETTE
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E O, mgkg; o MIHVEEFES P& ITE S E, mg/ke.
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X FH Microsoft Excel 2007 B4E1 8P 4L B, Origin
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2.1 DESs &M SRIE
ABIFEREECT SRR BAE 9 HBA, HI%HERR | 1h5Y
BERUR R 7308 T AR . ZocEe A LAY, 1ER
HBD, TEER F#il# T 3 i DESs. S InBiER M e k2 1k
B 18, HAHERR . ILBLEEAIR R S A E O 6. 6
2, K B2 AR S AR 121 ST B £ DESs.
Jif & LAY DESs 4150 W45 1.
#&1 &M DESs K45
Table 1 Components of the synthesized DESs
Atz At

DESs HBA HBD P JEEIR L
SHMP-GlcA 7NmBERRIN D-#H4GHR 18 6 1:3
SHMP-Sbt  NIWBERREN  11IZ4EE 18 6 1:3
SHMP-Ur 7SR JRZ 18 2 1:9

2.1.1 DESs #3240 H i 5 H7

DESs MIFRfbPET, WFREE . % . 16 S pH Bk +
L o A2V S5 B LA IR A EL AR Y, LR L 2.
ASEAEAEM S FRIAH EAEF, i DESs BCh = B 251k
MR, R R, 3 Bl DESs M A,
SHMP-GIcA 7£ 3 F DESs W ZiEEm K, AH LTI AdmFh
HBD, D-#j%j %%+ DESs ZH 50 K . DESs Zh% 5,
SRR AL ER IR ME, TR AT LIREAL DESs ZhEE, L
JRACRPY, AN DESs i #efEdE . (HEEE KA,
DESs 431 [a] i SR AL ) S 2 pd 55127, AT R A1
DESs X JCER ML BR3 ., L7575 )& DESs 1.5 (FAtE T
FBRE, FR 13,1 RS AR TS S0 T4k 40 .60
80,100,120 mol/K &, £5AFRHI4F DESs H//ILA 80 mol
KB . WIE HEHE N, DESs M itk T4 HoIiRA
B R ONImBEIREN 616°C, D-FZEIFERR 131°C, 11 ALEE
88~102°C, JRZ 132°C), f4 DESs (i X131 DESs %
BRIAXIFRE T, MHEEIR, NIt AP, HBA F1 HBD
Z AR SR A AT B, S EOR AW AR TR
Oy N S RARUO) DESs 79 pH R GRS RIS A 5% o 75
BERRENAE K 59 RE pH=5.54, D-HiZ MR AE K h &L 5
Rk pH=1.81, IIALEEAEK h R pH=3.93, JRETEKH
SEE0A: pH=8.58 . 1 T D-Hi % M R (¥ R P 45, 3 1 DESs
h, SHMP-GIcA [ pH /)N, DESs i fithe /1 5H pH B
P Fon R VR I AR 774D, DESs SRt
WX} 4 a8 E ALY A 5 BRI R BE

2 DESs HIIR{LMHE R
Table 2 Physiochemical properties of DESs

DESs fige BE  pmec p
/(mPa-s) /(g/cm’)
SHMP-GlcA  32.3+0.4  1.34+0.03 -11.5+1.0 2.54+0.01
SHMP-Sbt 27.2+0.5 1.31+0.04 -12.2£1.2 5.48+0.02
SHMP-Ur  26.540.7  1.28+0.02 -15.9+0.6 5.89+0.01

2,12 AR Zetirsh I g kAR R 5T

JiEH] DESs MG AL, FIFA FTIR X il & 194 it
HEATRAE, BB 1 AT, M D-iZ58ERR10 FTIR & & Al &
F-COOH | RILMHFEN I A 1722 em™!, O-H HHAENL UL
WA 3210 em™' s SANMBERRAN A D-H AR A FTIR %K
AL, SHMP-GleA f O-H Wi [ = P 50k 8 % 3310 em ',
-COOH AL g A2 2] 1639 cm™, &A= X T3L8E
1P 2 AT, EILALEEAY FTIR 35 A, 3224 em ™' S I AR
th O-H #14% 30, 1€ SHMP-Sbt % FTIR 1% h, O-H W&k
W i) P BORS &E 3301 em . AL 3 I, FEJRE M FTIR
TR, 3427 e F1 3328 em ™! g R E B | N-H £
Wzh, RER AWM, Hit N-H #8800, 7
SHMP-Ur ¥ FTIR iEEH, ABRIE S8 ms s, T
3350 cm ™ 13229 em™' .4 ALY 3 Fl DESs 7E 3229~3350 cm™
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Fig.l1 FTIR spectra of sodium hexametaphosphate, D-gluconic acid
and SHMP-GIcA
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Fig.2 FTIR spectra of sodium hexametaphosphate, sorbitol and
SHMP-Sbt
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Fig.3 FTIR spectra of sodium hexametaphosphate, urea and
SHMP-Ur
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Bt S — W B & HETE 60°CHIE, 3 F DESs HHEI7K 433
FFih & A 4E % . X T SHMP-Ur, 55 — Wy B 43 1 16 B 1
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55 B B IR FEAE 348°C A A, 5 I BLEE Y 4 ik i
343°C Hz 3l o 75 W WE R 4 4 R R R A 521°C [ i,
SHMP-GlcA 7E 185°CA: 47 43 i, T D-45i %5 BH IR 43-ff I B oy
238°C, XEH T D-HiA MR A FNEAR, FEE

ZRERATRE > TN EEE, 1 HBA MIAINAFEAL T D-#i%j

WL 23T N S AR RS, i f#45 SHMP-GleA 43
T BE RS AT D-1 A WHR A 40 A L . I 4 SHAHBAZ %07
H31E, DESs 94 fE #:38 HBD (W4 g . DESs 1)
PR e M S BRI T 55 4 IR A B4R, HBD il & S
HBA JE i DESs, 4 A= 5l — e R R, Sk,
HBD i F#ae A 22 sl s %, AR A prad by
Tl RO, g R, AW £ ) DESs Al 7E %
T, AR R R e
2.2 DESs FERPEAEIMRMBPZTRIOVRSH
2.2.1 7 DESs & 22 #4i5 T & 6 K th 5 #1

AW FHFT 4560 3 A DESs X4 45kRkEH 22 Fil
TG YIT R MR T e, R R EBRACR . 22 Fhis
PICEM 4 32 E4JEICHEMn. Ni, Cu, Zn, Cd.
Ba fil Pb), &4 JRILK (As)filfi Lt &K (La, Ce. Pr, Nd.
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Fig. 4 TG diagrams of 3 kinds of DESs (A) and their corresponding
initial reagents (B)
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Fig. 5 DTG diagrams of 3 kinds of DESs (A) and their corresponding
initial reagents (B)

Sm. Eu. Gd. Tb. Dy. Ho. Er. Tm. Yb il Lu), Z¢%%
FRREFETE VR AT 25 0 R E [ A7 & HAE By . k3 v]
H, X 7 FhE 4 S o R FBE VR SR, SHMP-GIeA 1)
FEHRILF 90%LL E, & 3 Ff DESs gAY, i
SHMP-Sbt Al SHMP-Ur () 5FR%AH Y, X7 fE DESs [
pH A 3¢, pH #AIK, #A5 R FEEJETE B DESs 44
Ho XF 14 M 1ICEK, 3 Fp DESs BEBRFEM Y, T
24 JmItE As, SHMP-GlcA &R, SHMP-Sbt Ik
Z, T SHMP-Ur 2, KAERXHRER, 3 KuHE Rk
BORIEA 1 DESs, 18] DESs TE/& VeI i b5 44t
EHA BT, DESs METEN LRI THY
DESs A4 #2181 JE B B BE 1145 ¢ . DESs 1E R
Gy WER, PR SL AR 4 T RE A, RS R A JEHLC Bt
SPFEEE) DESs UM SRR AR E AR, —
AR SRR DY, I As TR AR SUR S B L
A, BUERLE] DESs H, X0 As JTLRAELEAT P EBRR A
A T5% A AT FEER A

#3 7 DESs WRFERP 3 XISRUENFIERE
Table 3 Average removal rates of 3 types of polluting elements
in green tea washed by different DESs

DESs BLBITE/% REETEY% WLITERY%
SHMP-GlcA 91.7~99.4 75.4 82.9~94.4
SHMP-Sbt 72.7~99.2 56.7 81.2~92.8
SHMP-Ur 74.4~99.6 35.2 83.5~96.6
K 6.0~88.4 41.1 15.5~46.4

222 AR SEF T SR

SUSUE DESs X o AAE P £ 0 0 s A, (8
DESs X A 2 hnkE | AR RAE MR T, IR
FH ICP-MS X ¥ Uk mif 5 R e & 1 0 22 Fiis Yeon i &
T, 25 PR AR T VR T A T R D8 (A A JLE e

[l L SHMP-GlcA i, 22 FhoCE AY-FH LR A 2hs
FEH 81.2%, “E3EFREEN 86.6%, HIH MREEN 80.0%, H.
UL 6, X FAFMYITEEMILT, 22 M5 oTENE
DERCRTEA 25, (AP ABRZEIEH] 80%Lh | SLRHIE
i, SHMP-GlcA BB FHBISRAS . A2, SKSEREAE N %M
Yt s, B R ERE LR,

Bk %
o 4
100 fp s *{,} ==]iE-ay
B & n A AN N M A b
{; i i {
so it i L i
< 1 it At Aeahle
A f i [I[ HH[
B
g_40—
20 +
EZ3GCERZIGES FRCERSAEL 3
o S
Fl 6 SHMP-GleA XA 22 SE3EFEHE i 22 Foc R FHY

Fig. 6 Average removal rates of 22 kinds of elements from ginger,
seaweed and carrot by SHMP-GIcA

223 AR

H R A HT AT AL, AU BT AN DESs XA &
ZICRM KRR, MELLRGH T R Fl DES 196845 - B,
ARG EE A H), RAZES RPN 25 on R
[ VAT 28 B 0F 00 o DA 22 Fin5 Yeon K A 2Bk 41 A 1
Wrisbs, THEA DR EIE . Priim2s . 28R R AR
W, G5R LK 4, Hb As, Cu F1 Pb $8ARRYALE IR, %
X 3 MG HRH DESs AN, ZRFEGLRES, Mt
B As. Cu FI Pb AHX} HA 19 RhoC K BMER Ve, Wit &
13 HRIF DESs W5 UEakAh ZR5 ROt R LR Gy, W
# 5, mEEMRMKIKN: SHMP-GIcA (0.6281)>SHMP-Ur
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Table 4 Weights of various indicators of green tea substrate
under different DESs

HERR P PR E  ERARE AGE
Mn 99.4065 0.1841 0.0019 0.0018
Ni 91.6871 2.1114 0.0230 0.0227
Cu 80.2540 9.8863 0.1232 0.1216
Zn 94.1231 1.7639 0.0187 0.0185
Cd 95.2117 1.1104 0.0117 0.0115
Ba 92.5491 5.6796 0.0614 0.0606
Pb 83.2076 10.1115 0.1215 0.1199
As 55.7763 20.0959 0.3603 0.3556
La 86.0812 1.4179 0.0165 0.0163
Ce 82.5098 1.2063 0.0146 0.0144
Pr 83.3520 0.4084 0.0049 0.0048
Nd 84.3820 1.1022 0.0131 0.0129
Sm 86.1841 1.3500 0.0157 0.0155
Eu 88.4425 2.4640 0.0279 0.0275
Gd 88.0725 2.4727 0.0281 0.0277
Tb 88.9013 2.0080 0.0226 0.0223
Dy 90.5332 1.8936 0.0209 0.0206
Ho 90.8689 2.2178 0.0244 0.0241
Er 90.8411 2.3969 0.0264 0.0260
Tm 91.8710 29114 0.0317 0.0313
Yb 94.6022 1.9168 0.0203 0.0200
Lu 90.8548 2.2318 0.0246 0.0242

R 5 [ DESs JE3E TREE RS IRIRAIRE LB
Table 5 Standardized values of various indicators of green tea
substrate under different DESs

PN TR SHMP-GlcA SHMP-Sbt SHMP-Ur
Mn 0.1562 ~1.0689 0.9127
Ni 1.0789 ~0.1832 ~0.8957
Cu 1.1546 ~0.5645 -0.5901
Zn 0.3576 -1.1296 0.7720
cd 1.0035 -0.9965 ~0.0070
Ba 0.9722 -1.0256 0.0534
Pb 0.9550 ~1.0396 0.0846
As 0.9767 0.0450 -1.0218
La 0.1025 -1.0473 0.9448
Ce 0.2893 -1.1127 0.8235
Pr ~0.5926 ~0.5620 1.1546
Nd -0.3397 ~0.7859 1.1256
Sm ~0.9246 -0.1367 1.0613
Eu 0.7504 ~1.1352 0.3848
Gd -0.1401 -0.9225 1.0627
Tb -0.7757 -0.3529 1.1286
Dy ~0.5892 ~0.5654 1.1546
Ho -0.2232 ~0.8695 1.0928
Er ~0.7036 —0.4411 1.1447
Tm —0.4747 —0.6742 1.1489
Yb —0.0844 -0.9551 1.0395
Lu ~0.3052 —0.8118 1.1170

LEATES 0.6281 —0.4946 —0.1335

HEVE IR G & R B IARSE R, iy
M4 H e KRBV N 70 mg/kg bw(BA P i), # LURAE
MATE 60 kg 155, WA H R KREVFHEA 4200 mg BEfRE:
(LA P 3) o I 5E B 9 SHMP-GICA T4 Uk I 43 25 FF 5 1 T8 R,
R G RBEITTE S RN 1513 mg/kg, RIE (P EERE
AR RE R A (2021)), YRR H 1.245 kg
T, 1% 1.245 kg B 258 SHMP-GleA i3k, W4 H
B 1884 mg BERREL (VL P 1), AT HERRER IS IR Ay 45
H & KRBT 4200 mg(UA P i), B, FETFAMEER
il DESs Tt a i R 2mimions, H
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3 WHit5ER
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BB ARSTEN KI5Y ., % SHMP-GlcA T3, %
SEREA S NIRRT, WA RAF, 22 AT P ARRES
F| 80%LA |, R REBLEEEM LR B8 SHMP-GIcA Y
ZEATPESY N 0.6281, wGH T SHMP-Sbt Al SHMP-Ur Y454
A, RS, 7 MESRBE LY ERRER
91.7%~99.4%, 14 F f& + 0 £ ¥ ¥ £ K & ik #|
82.9%~94.4%, K &JBILE As FHEBREEF] 75.4%. Xt
FERTHEEN Na, K FEEFTREUREAR. 2%
EFRM ST, DESs i VR B H, AR 0L R 25 5 . A
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