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A, ERR AR BNRR TR, FZE AR
(E TR A R BT B 5 W 5 T A S0 3 AT IUR) , B 201203)

HEE . I/MRAT A A K T ( Platelet Derived Growth Factor, PDGF) & —FMK 4> F =5 2 H it , Hob PDGF-BB W #1212
Wr AR B AR Y B AR WIbR S R 1, 5 2R IS WA OC L B IF A A SRR AL AR P B A PR RO
PEIRYGSE . [, PDGF-BB &2—Fi LA Z i A Y DI ae A i A 7, 8 A A i O @ S A 2 = 1 259, L5
PDGF-BB i 77 V5 G 15 B 0058 W B L S5 DN () 7 VA A AERERTS AR iRy AR B 24 A8 A 2 IR 7 LS PR i . 3 4R
He A% BRI P AR A% Jakede DA R e S Lo BRI e 1o i B PR A5 AR s 7 PDGE-BB Al 5 T 75 | RS A8 2 G2 A1 17l ofe e
ZHTE , LR TIEARKN PDGF-BB M A% 0 FL AL 25 B 5T afF e |, LA R 4 J5 26 %IR58 B K 19 PDGE-BB A4
A T 7 i BEHR S %

KR : PDGF-BB ; iR IE B AR AL B s AL 2125 5O 5 L a1

FE Y ES:0657.7 XEFRIREE A X ELRS:0258-3283(2023)05-0001-10

DOI:10.13822/j.cnki. hxsj.2023.0020

Application Progress of Aptamer-based Sensors in Detection of Platelet Derived Growth Factor YANG Liu, WANG Le-le,
TAO Qing ,MENG Jiao-ran ,DING Min LI Lan-ying" ,LIU Gang (Key Laboratory of Bioanalysis and Metrology for State Market
Regulation , Shanghai Institute of Measurement and Testing Technology , Shanghai 201203, China)

Abstract ; Platelet derived growth factor (PDGF) is a basic protein with low molecular mass and its subtype BB ( PDGF-BB)
commonly serves as an important protein biomarker for diagnosis and recognition of cancer,which has been implicated in various
diseases, including liver fibrosis, atherosclerosis, age-related macular degeneration and diabetic eye disease.Furthermore , PDGF is
a significant cytokine with multiple biological functions,which has been accepted as a chief medicine in wound healing and tissue
repair. Traditional detection methods of PDGF-BB including enzyme-linked immunosorbent assay are time-consuming, costly, and
complicated , thereby limiting their usefulness and making them impractical to implement at the point of care.In recent years,
aptamer-based sensors have attracted more and more attention from scientist in the detection of PDGF-BB due to their high speci-
ficity , high sensitivity,low cost and fast response.The review summarized recent advances in the development of various aptamer-
based sensors for PDGF-BB detection with the aim to provide a general guide for the design of aptamer-based sensitive biosensing
assays for PDGF-BB in the future.

Key words : PDGF-BB ; aptamer-based sensor;electrochemical method ; fluorescence method ; colorimetric method

M/MRFGFAEARK KT (PDGR) 2 FeoE thge i ZLIRE RIS TS s 18 Pk S B4 #h
1R B RUE Z2 KB 1, B 90 7 I /N A 9k & B 75 AR AT M s A i R g 45010 TRl PDGF-BB
4%, 5. 45 PDGF-AA . PDGF-AB  PDGF-BB , PDGF-

CC.PDGF-DD iX 5 ff — R &L, Hr PDGF- e R B :2023-01-12; R 45 & % F #0:2023-02-16

BB LG M s e R A AR IS T ESTE  E 5 A& ) [ 500 5 Rl 1 ok 5 4 51
WAELEDIRR SRR T YR 259, 78 2R W) = 2 i 15 [ (2021 YFFO600901 ) 5 1+ 17 1 73 i 5 5 L Jm R B4 35
RYEETVER . 4%, PDGF-BB HE:5 541kt (2022-13)

YEZ B M0 (1995-) , %o, 1L T H M, Wit B 3 T 7%
Ui, BRI A Ak A A T
BIEE . 2 E-mail ; lily@ simt.com.cn,,

AL B 38 H R R B9 4 iR, PDGF-BB |9 % 1A
TKEARMK , (HSRTENTF T Ak 98 A1 'S R dd (8] o

S NZE R 20 B rh B S s 1 T R SRS b, TR P 6 L A 13 1 1
YT VE A ESAE 2 W bR W, 5 2 R 5912 ST 2 PR TR e R S R [ ] AR 22 A0, 2023,

FHOG, 4L 15 Sl Dk oK A B A i 3l ok i e B DR A 45(5):1-10.



2 Pzt

CHEMICAL REAGENTS

5545 B 5 )

— P HA EEA Y DI RE R A T FESR YT
PP R IR A0 11 B T 2 A A R T A 240 A Ak
MAZEALI I, 2 560 aaSFdr, ;e
JO7 FH 4 DR s B 0 R o 45 07 14 3 B A 5 B
SRR R s S O g
LA RSB E Y

Hii, PDGF-BB & HUK I 77 vk 2 3 Fhiffk
R R B VT R I T 01 & B kLo ) W I N
BEHIG B2 W R vk e G A A 0 RN
fl2f R Y pe A ik A (R X e 4y
T 3 T A 1 e ) S o AR, R A AR
o PR B HARAE R SN R A R B R
BHAS T e/ & ™ B RRE B i ( Aptamer) |
RN SR e 7N N ST TPUE (=) = YW N2 o
FEH AR (SELEX FAR ) G H oK i — B 55 A% R
(DNA 5 RNA) , AT DURE S U000 88 (1 BT 55 B A
Wi SRR L, A% R I i AR AN A X H
PR LA R R R ) R S R B
B RE R SRR S T A R
WAL AFRE A, JEAEE 2T PDGF-BB 216
P 4% 14 A 9 A TR A 9 S TV B, L 5 A
BRI A AR R RE M R S MR R R i R
T

AR SO 5 5 7 =X, A R L5k T ARk
PDGF-BB % Be A (5 8 (0 A8 S SR, 22247
by B ARG IR T T A AL SRt | 2 A% I 3 T AR 1 SRk
i | FL LA A% R O R A e R P B e RS
B L a5 BT B % PDGF-BB R R 18 Bt (A%
SRR A TR LA S

1 bEZEBRERKERS

b 8 32 DA 28 Ak Ry A3 A A 3 2ot 7R R
UM B AT P RE T W, SBT3 | 2 € A Ak i)
H bR sl Al . i B A R
B SRR T RO AR 1R A A AR
SO AL R e AR A% B B o FH s I
w2

Xie 20 R G-DUSE &R DNA IR R AE
Sk AT 5 SRR A R A e SR e
My T R SO I PDGF-BB 5 1Y L 6 4% R i
Beikf& 8, A& 1a iR, 24 PDGF-BB & (17
FER , — X @R AT 3 o A% R 33 e A5 4 [ 25
5 PDGF-BB A FEG S G , AT LLE T3
T Mg® i) DNA i (MNAzymes ) B & G-PU Bk

A DNA BgSCBL b s 5 iy 4 |, i B S| ABEHE
DNA B}, i8S G808 A & 412 55— MNAzymes, 5E
B EAF S IR, AT 5238 PDGF-BB 25 1Y E
AT, 2T IR AE R P AT 2 RN AL
& AR T AL ERAE, R, M N T2 &
TR A IR TC TR ATATARIC , ZE I R IZ W &
WEA TR R AT, B AR R 5
SR IIURL ( AuNPs ) | B 490 K JBURE 55 99 K A4 )
N HF PDGF-BB o A% i o R4 I g f g v
DLBE 0 KGR, Zhang 455 R AuNPs
F14) JRy dok 2% 1A 45 5 AR T PR 80 5 | e 7 € i 2 Y B
LANGE B G R (SDA) it 1 — A A
f) e R AR PDGEF-BB 45 [ Y Fb (0 4% R 3 i 1R
RS . WE b i, 4477 PDGF-BB & BT,
Jo Sk B Y1 SO, SDA P A SR E 51
A T AR AT 5 R 10 T o 4 0 K UKL 285 6, AT
S AuNPs &AERLE  HA1E AW i 216048 Ry 5%
B ARk, vT LU A HR B UL 3, I i
UV-Vis Y3 A e 545 21 e 1 i [z 3 Fl ok 2.0 ~
8.0 nmol/L M FR A 1. 1 nmol/L, M 44 K i
BRIz TR H AR P09 43 25 FlE 4R Miao
A5 U8V ) R T 0 K TOR P B A S B R TR R
W AR (RCA) , P& T —Fp 2T pH LRI 1Y
L a5 g8 T PDGF-BB BRI 4 28 TG 1t 44
Kk & 4E H R4 PDGF-BB, f44% T PDGF-BB
iR & B AR Al % RCA AUFRET 5 HAR RS &
Wil & 22 SR A3 7 A K R A T A
WE AR 2R 7 W 30E — 25 i Ak ST A 4 0, A=
€ R R IR | ] A Y B A S R, MK
MSZELXT PDGE-BB A4 o] A1 £k 2 4 46 1) 0 388 2 W
MW pH 1722 Aok € &AL I PDGF-BB, Zhang
LT Fe,0,@ C BSedk &AL 5 1)
BRAR i ALY (HRP [ ) Jindfi Ak 4k 3,375,
5/ F RO e (TMB) /B S B e g i 5 5, 3
T A5 38 8 A Lo R R IC AR A% SRR
FHT 5 R AU PDGF-BB, & 1c Fis, {454
K2« = BIIR " 454, PDGF-BB A% R 1 FL 4
I 2 AL AR 2 T AR Dy il AR AR U0 H AR B
PDGF-BB,, 1fij #% f i BC AR & 1 1 Fe,0, @ C #%5¢
YOKRLRACEE HRP B bR 0 A9 4% B 5 FL IR A 05 5
WRE, 5 HRP BEAHH, W3 T JC )Y TMB
(RS, 77 AR TR T 0 1) € 199 7 € 28 A 3 st s )
B AE AL SE AT PDGE-BB 114 i85 52 53 A i
KPR IE 2] 10 fmol/L, %751 A HAG AL )
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a Blocker — LR
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T e 2 WEHREBIBEAAE RS
an o AT W 2 11 A 00 43
s ke e | HEE I A T BT bR E U 2 SR
A e PRL 5 ORI B SEMH AL B A A 1] 5

—  DNA2-Au_. "*

¥ DNA1-Au P DNA2-Au < PDGF-BB>Klenow fragment » Nt.BbvCl

T oRTEy e

H1(H2 Mg hec i _.~/L )3 s2
Readout

¥ o

<2 qﬁ*pm
= ‘/ -~ /L ~ Linker
“1@ ”%"""MTM“ # PDGF-BB
%Jr% \lﬁ G-DNAzyme|

c

<
)

S8
-(—(>‘ -—/\,\/\> ‘
. hihd

D)

8
7
Y

H o

S

Y
- s W o, Q}{%
Fe,0,@C Biotin-labelled gy opiavidin PDGF-BB H,0, TMB
aptamer
< v Becey
Microti BSA Non-target 0 Oxidized
plates surface protein 2 TMB

1 a TP MNAzymes AT B 25 G il ok
225 G-DNAzymes HRUE B T PDGF-BB 1)
R LA EE A i ) T AR R R
b 2T SDA ¥ L 8 A PDGF-BB R B
¢.NLISA % H (461 PDGF-BB 1 T/E Ji >
Fig.1 a.Schematic illustration of the working mechanism
based on the proximity binding-triggered assembly of two
MNAzymes and dual release of G-DNAzymes for the
ultrasensitive colorimetric bioassay of PDGF-BB*! ;
b.Schematic illustration of colorimetric technique detecting
PDGF-BB based on SDA™' ;. Working principle of

[32]

colorimetric detection of PDGF-BB using NLISA assay

AEMY Fe,0,@ C FEHR LML IR Y Ko B (B A2
e ML SER HRP AL IR 2R, HoA 0w i AR
I REBUEANGUL IR AR R T HERE ) A I AR E

PESE T B A BLAS SR AR S = B
R P o B AR SE RR wz
i HF PDGF-BB 564 R G B AR AR IS
Bahreyni 4634 - PDGF-BB I B (Apt) |
T PR ANMEE (CS1/CS2) FlE BR 4 38 T — Fb fil
B R AR C SO B AL B, I
o' PDGF-BB WY FESFPEAIN ,, WKl 2a firs, 24
i %A PDGF-BB B, 78 G Bk 2% i B A& WL 5
DNA ( CS1-CS2/Apt) , 6548t Picogreen ( PG ) fix
AR = AR B RO E s MR TP A
PDGF-BB 7£7E |, PDGF-BB i fit {4 5 PDGF-BB
Frathas &, SECRA €S2 1R N AR F JE 1Y sk
DNA (ssDNA) £ B FE G ER FR 10T, PG ¢ D' i) [ 43¢
559, AL R P REER FNE O R B M (CS1/CS2)
MIFEAE, 3 B T A% s 1 R AR Aar I PR A
0. 13 nmol/L, HARIZAL IRAFTE R BUE FE 5 8L
K (BB TE SRR 7 mAF e 77 ZE ik 2
Ak AR R B g e 5 T ARD B R () P 51
FAPRE S HAL S TR, AT R
PRSI AE WA 25 1 | Zhang 25605 T 0053 1
RUR IJeHRE I 45 G AR BE A 2 T ] LUJE SRR
FHY PDGF-BB 9 G A% 38 Be R % 8445, an &l 2b
JiR , B IGEHE M A 9K EE I -, 24 PDGF-BB
FEAERT , & 455 i PDGF-BB i& it f& 5 PDGF-
BB FESEELE A, SR JAREHHTIT, Hop G- Ut
RIFINIE L G-DUBEIARZER R R T SN G-
DU IR SE A B PR 25 B SCO LR S35k, FEi%
4 PDGF-BB fE7EMIIHOL T IiEES AR 2R T 2
{Z5455 , T 529 PDGE-BB 15 S P46 0, 46
DBR ATk 23 pmol/L, A RV, R H] DNA # 4
N A K B A AR, AN ACAT DL i i R E
PDGF-BB , ANAZAE G 56 0 19 T4, BAT O 5 1 4 g
FHZS M, T EL AT DL S B0 AL SR 25 1 F A 08 PR 06
Li %500 3L F O IR g i B (FRET) JFUHL, A
FH A A S5 #4 (AR 9 KR T ( Ag, NPs) Y 4 i 44
SR CHE ST IR FRET A2 %31 T —Fh a4
SRBE -3 5 11 LY S5 5 e g KA R, AL R
PRI 2¢ Fron, 78 FRET #5350 1 77, Alexa fluor
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488 fE LA, Cy3 YE N 3Z 44, i fE FRET £ 2
H,Cy3 2 IR, BHQ-2 J2Z 1k, 7E%H PDGF-
BB BUTEOL T, Alexa 2 I6HE Cy3 PR, AR 2K
IR Cy3 W25 5, FidE PDGF-BB [
A,PDGF-BB 5 Pjsitnic T Cy3 1 BHQ-2 f¥i&
BCAR R S 45 6, S BUE R 4548 & A 1k, T %
FRET #2X 2, Cy3 Y2 BHQ-2 JF K, IR
YKL FIE5R Alexa 488 [ZE G5 S . Alexa 488
5 Cy3 Mg bl PDGF-BB R EEAE 0. 4~
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c.Preparation of silver enhanced ratiometric nanosensor based on two adjustable FRET modes and

sensing of protein PDGF-BB™ ;d.Principles corresponding to target-induced DNA polymerase

activation and cyclic amplification cascades for highly sensitive fluorometric assays of PDGF-BB!"
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c.Schematic diagram of the aptasensor preparation process for PDGF-BB detection
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d.Schematic illustration of the fabrication process of the C-MEMS based PDGF-BB aptasensor®’
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LAk 2# & 5% ( Electrochemiluminescence , ECL)
I T AR SN ) 2 T R SR R S R R
T2l 3 Z AT A 2 BN, (A5 & A5 5 43 F
WOR A IRAE M= R AT AR . bk
SRR 2R B AR M EE & e B A H
b2 1 R RN L2 RO S f5 SR, 52
BT fRT A e R IR AG I

Gao ZE' W& T —FhIL T B- MRS/ A1 BB A
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0.35 pmol/L, Ye % i (i G hRiC f % B i
PR | 4, 8 3 T — ol 5 5P BT 800 174 FH Azl
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Fig.4 a.Working principle of the ECL sensor of QDs@ CNNS®! ;b.Schematic diagram of PDGF-BB FO-SPR
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biosensor'*! ; ¢.Dual-primer self-generation SERS signal amplification assay for protein using label-free aptamer'
R A R R IO A AL s B S AS
Tab.1 Advantages and disadvantages of different principles of aptamer sensors
Jik PH A
Lk VR 0 AR ARER O R IR a ROSCR S BT IR I AL, 5 2R I R
PR ARSI E P 2% 5 b i 03 e (A A5 IR T 2 A2 O
D Sn7S AL PeE A H AR AR AR I E’Jjﬂ/ﬂlﬁ kA 2RI 5 AR 10 13 P A A% A ) IO P 3 3k
32 F PR
Ly . G Rk LMk Ao kA ! Xof FEL R HRHEA T 36 A B RME T 3 IC AR 20 206 S5 wir b LR ) T R
HALAETE R RS DG | T A AL = B
SPR % TmhRIC R R SRR K /N4 BT 5 A K BRI T, A i 25
SERS % THEAEAL R SRR O T LB R BB 5 SR B HORABGS , ANH 2 M H]
R HeBA AR RBUZ AL E RO T RAG S IREN s 1 R Sy
B ST B A SRR Bkt
T2 T RIS FCORK I PDGF-BB 1 A4 M1 I 2 (1
Tab.2 Partial summary of biosensors based on aptamer detection of PDGF-BB
IRz B IR WE RAEVE SR AR D) R SCHik
HAERES il 4R Y pH &R 1~25 pmol/L 0. 94 pmol/L [28]
[FRERZS G-DU%%ik DNA Mgk 2.0 pg/mL~20 ng/mL 0. 088 pg/mL [30]
ok e B 2.0~8.0 nmol/L 1.1 nmol/L [31]
[FRLRFS Fe;0,@ C BFcai KLt fl 0.01~100 nmol/L 10 fmol/L [32]
B B (138 P (R AN o3 4 # M 0.2~100 nmol/L 0. 13 nmol/L [34]
b/ #7N DNA A BEIE AR R 0.01~100 nmol/L 5.1 pmol/L [37]
D SIRzS KIe DNA MM 14 9 KB i 0.025~0. 3 nmol/L 23 pmol/L [35]
P FRIRAD HE (SAA) B 1A 16 pg/mL~250 ng/mL 1.4 pg/mL [47]
DSIRES I il 52 368 ST B R 0.01~10 nmol/L 0.8 pmol/L [48]
Pk POt IIRAE R 3. 1~200 ng/mlL 0.4 ng/mlL [36]
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ik 1 SR e FAR AN BR SCHk
H L2 vk B 1 0. 1~10 nmol/L 27 fmol/L [49]
IR RE= FT a-FRAE IH A AuNPs 251 0.52~1.52 nmol/L 0. 52 nmol/L, [50]
EERIREcaPR YARE A AR5 0 DNA JKEBERR 0.01~10 nmol/L 3.5 fmol/L [38]
IR RS A A2 0 e XSG ET 0.000 1~5 nmol/L 0. 03 pmol/L [39]
RSP #%-5% Cu-MOF@ TpBD 4K & A1k 0.000 1~60 ng/mlL 0. 034 pg/mL [7]
GERAREPR R N W & 9 KA F (PEL-Au) 0.5~20.0 ng/mL 0.16 ng/mL [51]
LAk 2E B GIGEX 1~10 nmol/L 0. 75 pmol/L [52]
ERIRE PR R YAOR NI BC (ARl SE A0 K A 4R 1 pg/mL~0. 05 ng/mL 0.82 pg/mL [53]
IR RE= BRI RS 0. 005 ~50 nmol/L 1.9 pmol/L (6]
GRSy B S T B-IRIRS /0 B2 B LR 2 A Rt 0.5 pg/mL~0.5 pg/mL 0.26 pg/mL [43]
Ak 2 R TGN, Gk E AR 0. 02~80 nmol/L 0. 013 nmol/L [8]
SPR % T 1 45 B T g 1~1 000 pmol/L 0.35 pmol/L [44]
SERS — L SRR 0.001~10 nmol/L 0. 42 pmol/L [45]
fEA AL R T A5 0 5 2 X 0.316~3 160 fmol/L 0. 11 fmol/L [54]
NS SRR IR HR 0. 18~5 pmol/L 0. 12 pmol/L [46]
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A ol A% P T A 2B P A% SR AR AE I RAZ W Sl 432
DR o AR SCH R Z7 38 3 AT R T R O A 1Y
PDGF-BB A4 ¥ % j& 4w , I B X} 38 29 PDGF-BB L)
S A A= P s A i e A B A T T4t
TEEEMN M, AL IRIE B E PG R R R
GF iR AT bR B A 2e T A Rp it — 20,
TEL WA R iR T A Y se itk S AE A2
P IOk, TR ZE00 AW bR S TR R
SEAREAR, T HAPEE L R IRk A RIS Bl A
TR IEER T AGE Gopi RN K AR DNA R4 il | 3%
TS T LT [ AU 1% G 000 PR R B v ) R S
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O AP A 2R AT L AR A, DR A 350 EO ARSI ROS B B 2828 3L R —nik i I Y 5 ( BODIPY)
B LA RR R G BRI T AR S i Ak 2 R P LA BT AT AT A AL SR AR SR T2 R AN ROS R AN [] B 1 1 4
AT/ 28, FBLAR T AL 5 AR E M AMEET BODIPY ZOGIREHHFALM ROS AT B, JH R T BODIPY ZOGHREH
W ROS M4 7 1), B AE N4 JE ST ROS 76 /L BRA R B & b /R R (it — e 2%
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DOI; 10.13822/j.cnki.hxsj.2023.0034

Recent Developments of BODIPY-based Fluorescent Probes for the Detection of Reactive Oxygen A/ Shen-zhi' ,XIE Jun-
ying*" LI Chun-yan® ,LIU Yan' ,XIAO Jie' (1.Department of Pharmaceutical and Biological Engineering, Hunan Chemical Voca-
tional Technology College ,Zhuzhou 412000, China;2.College of Chemistry, Xiangtan University, Xiangtan 411105, China)
Abstract ; Reactive oxygen species (ROS) are important oxygen-containing chemical active substance ,which are closely related to
various physiological processes.But excessive ROS may cause many diseases, such as cardiovascular disease, neurodegenerative
disease ,and even cancer.Thus the effective identification and detection of ROS is of great importance.Due to the unique photo-
physical properties,excellent photochemical stability and feasible derivatization , boron-fluoropyrrolidine methylene ( BODIPY) has
been widely used for ROS detection in recent years.This article classified different ROS, mainly reviewed the research status of
BODIPY-based fluorescence probes for ROS detection at home and abroad in the past five years, prospected the development di-
rection of BODIPY-based fluorescence probe for detection of ROS, and provided some reference value for future research on the
role of ROS in the physiopathological process.

Key words : ROS; BODIPY ;fluorescent probes ; detection ;research progress
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Fig.1 Molecular structures of BODIPY fluorophore
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Fig.2 Response mechanism of probe 1
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Fig.3 Response mechanism of probe 2
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Fig.4 Response mechanism of probe 3
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Fig.5 Response mechanism of probe 4
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Fig.6 Response mechanism of probe 5
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Fig.7 Response mechanism of probe 6
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Fig.8 Response mechanism of probe 7
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Fig.9 Response mechanism of probe 8
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Fig.10 Chemical structures of probe 9~12
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Fig.11 Response mechanism of probe 13
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Fig.12 Response mechanism of probe 14
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Fig.13 Response mechanism of probe 15 and 16
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Fig.14 Response mechanism of probe 17
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Research Progress in the Application of Halochromic Dyes MENG De-quan,SHAN Bin™ ,TAN Wei-qgiang ,MA Ji-ping ( School
of Environmental and Municipal Engineering,Qingdao University of Technology,Qingdao 266520, China)

Abstract ; Halochromic dyes are a kind of functional dye,the color of which can change reversibly with the change of pH value in
a certain range. A series of pH sensors explored from halochromic dyes can be widely used in biological engineering, health monito-
ring, food safety , environmental monitoring,and other research fields. According to the classification of dyes,the mechanisms of ha-
lochromic dyes were briefly introduced and the application research progress in related fields in recent years was summarized in

detail. Finally, the development direction was prospected,with the aim to provide a new perspective for the design and application

of halochromic dyes.

Key words : halochromic dyes;pH indicators ; discoloration mechanism ;pH sensors
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Fig.1 Classification and application of halochromic dyes
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[28,29]

Fig.4 Halochromic mechanism of two azo dyes
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Fig.5 Halochromic mechanism of litmus
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[34]
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Tab.1 Application of halochromic dyes in

biological engineering

fifi FH el 43 B Bifa sk Idi| Scik
Do Ve %2 K600 240 e 2
L 4
Ykl Mito-pH Rsa Kifk pH {EH [43]
Tk e % 7+ B4 PN 2/ E: 1) 23
Probe 8 4.2~7.6 T Fofk pH {0 [44]
A ek G 00 2 ff 2%
~ e L e 45
AH*/BH* 40101 S-SR g pH {f e
BRI T W 2 iR
~ 9T <5
Dyad 3.0~9.0 2% ik pH fi [46]
e PP 21PN 772 i s
PNAHREF BFFPH  2.5~12.2 s S A [47]
et — pina HE4AN fﬁkwﬁﬁﬂﬁ [48]
=L
WL/ A
et/ H et/ - Ry E
6.0~8.8  TESL/ L [49]
Pl I A4S
el AN e fs E iRl
L fsk — SSTE JEREY A [50]

Y —FURE B et R R, TR,
PEA, 780 B A5 AR DG ATk A5 2 T )2 R, 3
TG AR s 1) B AT 1 R B0 e Y
RE, ATSEEEE 7 B bR A I K S A W pH (B H
{9, Chen %5 3@ 145 pH (B RHUER (1 5 B0 0 BR 1
PKHE (FITC) 5 pH {E AU Y 2 48 75 58 11 45
B WEET —Fh A pH A2 I 48 (Mito-pH ) |, IF:
I HFEERLAAR ) pH BRI, I pH {520 B 3
Bl M 6. 15~8.38, Qiu 2™ JF & T — £ 5 H A fiff
e PR 5 R 1Y) pH RS, IR 0 3 H 19 pKa (B
J 5. 584 1) pH 4T (Probe 8 ) B3 FH K it i £
AR pH ER AR IZIRETHTE pH 4.2~7. 4 Z [
LA R mT 3 e [R) Aot 30 o AT 55 v 0 Ik
N IEH A MR A AN M (R 2R A pH (B E R 22
S, NP R AR T A L

SRR S s Tt VA R 5 A A L b R L R 1Y)
RBAR KRR E B T H: pH (B, 3l Yo} i+
AN 22 5T A AR FH AT 52 300 2ROk A B i g A4 pH
{EARA Y R ARG . Yan %5 58 i 8 6
ARG T i S B B P A ek L &5 Tk
BRI LT AN AT (AHTF BH) | H pKa {43
A 6. 85.6. 49, i SZHREF X pH (HARIL A AR
AU B A A A 5 3 1) B R 1, 7R A
W3 L e 2k AR 1% pH (B 45 2N, Srivastava
SOOI S AT B P R s R G F A YLk ( Dyad ) 3
Bt 7E R IR B R L5 9Kk T (PSNPs )
T, AN 6a FT7R, T & 19 pH 9K IRES7E pH

3.0~9. 0 78 [ P2 9 PR IR AT LA 2 €8 A 4k TT
FHT 240 B s A ) pH (I

TR R 0 4 B 0 ) 2 B T A M 1 R
KB B, R AR 5 1 2 0 4 SRt T ARG
A Y A E, DTS B 45 TR O A B R
Mohamed %547 il # T —Fh 3 T A 22 BAT A W ()
POCHREN (BFFPH) |, iZ R £ X Pk pH (H B A 3
T PR BRI R R B, pKa B2 91 8. 82.10. 66,
AT S8 pH EVE (2. 5~12.2) WAY pH (B
W, T4 ARy Ll Al 2 A2 SR L ) 0 ) T e 3
BTG WAEE R KR FF v, AR AL
W 6b iz, pH {EXT NP 0 AE K a5 G
YEJH T pH fH7E 4. 0~4. 5 2 a3 3 4 F T 40
F 4 F B 7E, Kumar % 76 & F £ BE A
CaCO, M35 FREE TP A H B 4T ( Methyl Red, MR)
Y pH {EAE/R 70, A MR 7EB81E pH {8 T 52 5

' 3

BFFPH-OH
Orange color

di-anione benzenoid structure
B 6 attT B P/ mMmGUR ) 2 (6 RK AR AR
P AR T W 40 pH (B ;b 3 T HOLHEF
BFFPH ) U (A 27 A% 18t FH 1 R A T A B e
YEHIRLEE
Fig.6 a.Multicolor polystyrene nanosensor for monitoring
pH value of cellular based on rhodamine/quinoline
dye*! ;b.Colorimetric chemosensor for detection of
Escherichia coli based on fluorescence probe BFFPH and

. .47
its mechanism'*”’
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o FERRYE pH (E A8 0 5 21 6 (45, T LAY B
953 BEAR pH B 77 5 R TR . O 7 12 LA PR
B HERA R A AR AR, ETR T T TR A R R
FRET YR W AT T Y 7 32k

LR 1 2 A A 2 Ul DAt AT 5 381 s PR
W EE TR 78 H @R 2 — b ok i
FURZIRY" 3G B AU I RO EARTR L] &
Bt YA, AT -2 W ARG D B A% S B AT
FIFHR B0 (5 G AR AR | T Ak Ko R T 1 1Y
R, A IR I R HR 15 LLSE 73 92 3, Tanner
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(Neutral Red) 45 R B A% 8 4% K} 7] 5 21 PR
(<30 min) | RAECHAL TR 1 H AR 3207 10
T e fe/ NGB ) N AT BRGSO BT P A
(%) pH (A2 AL, fAZ IR 1 S vy i) H AL D A2 7%
TN S o Zen 50T —Fh T L A 4%
(Malachite Green) %# 2 2748 (8 44 kL LAMP £l
D7 76 pH 8. 8 YeRHKJE A 125 pwmol/L (28 i
Wb, BE AR O I, HZO A T 4 A
JE i R R R R L 45 71 A PR R | L AsR Pk
FRESEERI N 1009% i —Fif ] B AR SCAR A JE 2
Wik,
2.2 R

VAR B RE P o B A TR Ik L T A R A
BRI REM BLI B K BE Al AR TR RE,
PR 352 (0, L b} 5 2 P B i 45 6 R A S A I 3
R NG AN 0 AU S — R 515 pH
(A G AR BRSH, 3X0 T 35 5 2 B8 AT 4 14 )k
i Dy fig DA KW N A Y A S R A R R
SCES SRR T 1) T IR SRR €0 Yl ) 7E
AN]SR P I A BB AN 2 B

F2 REUE COGORE (R I R B

Tab.2 Application of halochromic dyes in

health monitoring
YR FR pH MR EE  BiAs L i FH ik
WA

TR iy 2% 4.0~7.0 B L [55]
;iwﬁéﬂ?‘ 4.0~8.0 Eikas 4 ﬁﬁggﬁw@ [56]
5L o 2.5~6.9 B ﬁm{'ﬁgﬁiﬁ [57]
R L N TS UL R
T3 35/ 13 PO - 1 pH 12/ %

Bz I SCHk

FEFIZERIAFR pH WA R

) . B W0 EA
HER/MEBER 2.0~11.0 ) 59
L masi ms )

. . WA A
BGHAEE  2.0~12.0 ASEss %gg T 60]
ORI A T EARL M

7.9~9.3 WSWE 61
ek}l DyeA T W pH [o1]
H R Gkt WA T
~ LT <k
Dyel 3.2~4.0 AsTE oH fii [62]

TR —FP A PR, 2 K, [R5
A HL AR B A AR R A3, B PR R | PN A PR AT LR 5
HETT I R AR R A S i 5 2 1) A AR T v )
FEEE R TSR B R T Az Sl ]
A BARGCAR F B AR s S, AR H
) pH (H—BAE 5. 0~7. 0 28], Morris 251
TR H 48 ( Bromocresol Purple) [& 35 7E 36K &2
S b AT LA SE I W R Y pH B
i I SV T A RN WOER TR 2 T AT, 24
) pH A E 36 251 1Y pKa J5 , 2572002
SO b B R A B L X R AR AT LA —
Fift LED FRI g5 1o 0 8 SR iy 7 vk s, O
£ 5 min W58 U (5, PRI , e IR K 1 4 RE AT LA
VR R B 8 F 0 R 2R 5, DA I AR T
Wi pH 784K, Abdelrahman %54 = 50k i iz
¥4t ( Hydrazone Probe ) 2% 7 VA7 18 iR 55 1 i 2%
W, IT BT E R OK PR b I T — R ] 5
I I pH (AR A AR IE A BT pH E H R T
B SRR I PR R P UL P e R B S TR B A
S MBI AL, BRAE SEIT BRER A ARITIR I AR 1L

B RSE N B R a8 B, X EIR A 5 WL
O N T RIS W A . — R U, B2 iR
FH LA pH fE E FAE 4.0 ~ 6.0 Z [,
Finnegan A= 1571 D) My 2% ( Bromocresol Green)
pH F8/R A, FF & T —Fp i 5 vl 22800 pH e
s , 1T B kR 1 pH (E NI, 408l 7a B,
T L R R BT A% B 1 B0, A 2 PR R IR R s 1)
BN IR RS AL G Yk BB a2, R
EARFAAEZ BIAFAE—E (14 25 53, (A% I 2 i 6
TSIV B JER R T pHL B =2 18] EL A AR 53 1 AH 5GPk
Yetisen 25158 J - F 3o ( Methyl Red) 7% A B
#% ( Bromothymol Blue ) FIf K ( Phenolphthalein )
AT TR T — TP AT S R AR AR Sk T
TR R ZH b Y pH (B A A R A
WeRE  H: pH (B R YEFE A 5. 0~9.0, 3 L nl i@ i
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PHAIS DHATS pHASS GHAST
Female ©0095) (00145 (00152) (00199) @ A

pH432 pH448 oH.
Male | Before (o055 Tooss (osm)

* =0 B ES

B 7 a kTR Eakngal o 8 e L R T T
W Rz ke pH BT b IETFIE R MAEE £
BIRE pH WA RSN AR T 1 A
Fig.7 a.Wearable colorimetric sensor for determination
of skin surface pH based on bromocresol green™’’ ;
b.Smart pH response flexible sensor for wound healing

monitoring based on alizarin/anthocyanin-*"*
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e ARG RIS pH (E3E mE] 8.0 UL |,
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FEPN A = B SA B 7e FRME (HACC) U 1 T 93
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AR R DAL, 8y Rk g S 385 %) o] 3t A €2 e 17, 40 /&1 7h Jp
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B2 FA I VE A, nT s 0 A AL, [
AF, 1 R 45 T BORE, X6 A0 B B M S A TR R
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WoRE, IERESE T ECRHY pH BB S BT A AL TG
IS PEA A e 25 0 WoR Y0 B v
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B RERF ARG MR SR,
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Tab.3 Application of halochromic dyes in food safety
L B ik

W A2 T
A1 Ty — Ts% 65
Hm R
RE B/ 5.01-10.50  fEeti WP SR
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AT (45 7
) A A T £k
WRE B 4.6~6.0 FEHESHE 67
5 L 73 P [67]
e/ IR E B - g/ WIS M R fef [68]
[ FsuE JENRRS
W7 ¢
HEHPEHE  2.0~12.0 LOSH {ij PR [69]
FERIE
W 6 1
PEE 2.0~11.0 HESE 70
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A 20110 e A e PR e (1]
(S S T iR
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B YR TN E K 7E 2% B Z AT N ke rh &
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A 0 2k P AR B B R VP s L R Y
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&l 8a 7, LRI 5 2 1Y CO, /KT By 221k i
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Ak, R RR B € J ok il £ o8 e B2 4T B0
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F T W e (BT R P R TR -4T
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Fig.8 a.CO, indicator film for monitoring the ripeness
quality of mango based on bromothymol blue/methyl
red"* ;b.Smart color-indicator film for monitoring the

freshness of milk based on shikonin'™
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Tab.4 Application of halochromic dyes in
environment monitoring

PSR RS pH WIREGE B L SRS
Kol — AL B

AEaR 5.9~8.2 4B jreen [75]
LT 7.2~8.8 WS gﬁgﬁm&% [76]
A/ . st/ Kl NHy A1 HC 77
FIE 4 RS TRRE (g

L i EgNmﬁWiwm
ﬁfﬁ‘;? 7.25~12.5  H<si ggﬁﬁ G 501
gj\%ﬁ/ﬁﬁ 12-7.0 éf%bzﬂf; Zﬁgi@fiﬂ@?ﬁ%é’e [82]
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AR BBURAE R, 6 CO, RS BR ATk 2. 11
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KRGV (LR OIEWI) MEFEREWE S
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H ) S SR 20 R
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Chain Transfer Reactions and Applications in Olefin Coordination Polymerization LIU Zhao-he ( SINOPEC ( Beijing)
Research Institute of Chemical Industry Co.,Ltd.,Beijing 100013, China)

Abstract ; Chain transfer reaction plays an important role in coordination polymerization,which could not only control the average
molecular weight of the polymer,but also regulate the topology of the polymer.This review started from the chain transfer reactions
in coordination polymerization by using homogeneous catalyst, discussed respectively the usual mode of the chain transfer reac-
tions , the synthesis of chain-end functionalized polyolefin by adding the proper chain transfer agent to the catalytic system, chain
transferring to solvent toluene in coordination polymerization as a novel mode ,the mechanism of chain transfer reactions affecting
polymer topology.In the end,the influence mechanism of H, as chain transfer agent in the polymerization activity of ethylene and
propylene by using heterogeneous catalyst were discussed in detail.

Key words : chain transfer reactions ; homogeneous catalyst ; heterogeneous catalyst; average molecular weight ; topology
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Abstract ; Triterpenes are widely found in natural products and are abundant in content.They are one of the main active compo-
nents of many medicinal plants.Studies on triterpenes have been started as early as the 1930s, which are favored by researchers
because of their remarkable biological activity and extensive pharmacological effects.In recent years,the synthesis of triterpenoids
and their derivatives has attracted much attention.Structural modification on triterpenes mainly begins with tetracyclic and pentacy-
clic triterpenes.The modification sites of tetracyclic triterpenes focus on the C-2,C-3 position of ring-A and the side chain of ring-
D, mainly introducing hydroxyl, ester or nitrogen-containing groups.Modifications of pentacyclic triterpenes are C-2,C-3 position of
ring-A and C-28 position,including esterification,, amidation and introduction of nitrogen-containing structure.Besides, some unu-
sual modification sites also show an important effect on biological activity.The progress of structural modification and changes in
biological activity of triterpenes and their derivatives were reviewed, in order to provide references for the synthesis, modification
and further development and utilization of triterpenes.
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Fig.1 Lanosterane triterpene N-glycosides derivatives 1 and 2
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12 Betulinic acid

13a. X=H, R'=H;
13c. X=5'-ClL, R'=H; 13d. X=5'-F, R!=H;

- 1, .
13b. X=H, R'=CH,; 1a

13e. X=7'-Cl, R'=H; 13f. X=4'-Cl, 6'-Cl,R'=H;
13g. X=5'-0CH,, R'=H

AcO,,

AcO AcO

16¢. R=CH,C ,H

265;

16a. R=CH,CH(CH,),; 16b. R=CH,CH,SCH, ;
16d. R=CH,C H,0H

276" 4 265 276 4

HO”
17a. R=CH,CH(CH,),; 17b. R=CH,CH,S(=0)CH,;
17c. R=CH,CH,;;  17d. R=CH,C;H,0H

B3 SRMH=MENTEY 12~20

Fig.3 Nitrogen-containing heterocyclic triterpene derivatives 12 ~20
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07N 0 N
How
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B4 PRIV T = iR A 21~ 28
Fig.4 Triterpenoid conjugants 21~28
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FESZES.0657  XEEFRIRAS. A XE4HS0258-3283(2023)05-0051-08

DOI; 10.13822/j.cnki. hxs}.2023.0028

Synthesis , Crystal Structure, Antitumor Activity and Interaction with BSA of Nickel( I ) Complex with 8-Hydroxyquin-
oline Derivative YUAN Tao,QIN Jiao-lan” ,HUANG Ru-chuan ,YAO Peng-fei ,FAN Xin-chen ,XIE Ya-ru ( Guangxi Key Labora-
tory of Urban Water Environment, College of Chemistry and Environmental Engineering,Baise University , Baise 533000, China)
Abstract : The schiff base ligand L was synthesized by the condensation of 8-hydroxyquinoline-2-formaldehyde and 2-hydrazino-
4,6-dimethylpyrimidine, L. then reacted with NiCl, -6H,O to obtain the complex [ Ni(L)Cl, ] (L-Ni) , X-single crystal diffraction
showed that L-Ni belongs to the triclinic system,and the spatial group P-1.MTT tests showed that L-Ni could inhibit the growth of
tumor cells (MGC-803,NCI-H460,T-24 and Skov-3) ,and have the strongest inhibition on T-24,1C,, = (16. 65+0. 18) pmol/L.
Such cytotoxicity is greater than that of cisplatin. According to the fluorescence spectroscopy results,L-Ni can statically quench the
fluorescence of bovine serum albumin (BSA),and the main binding forces between them are hydrogen bonding and Van der
Waals force.The UV-Vis spectra, synchronous fluorescence spectra and site tests indicated there is a binding site between L-Ni
and BSA,which is L-Ni binding to the site I of BSA subdomain II A.This binding force could cause the polarity decrease and thus
the hydrophobicity increase of BSA microenvironment, inferring the secondary structure changes of BSA by L-Ni.

Key words :nickel complex ;antitumor ;spectral studies;static quenching;interaction
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Jed 2B TR JE UIC 5 0 I % e 83 200 i 1% A 4
R A R T 8RR SR AT AR W)
bR TS5 B SR AR LA Y EA W
FHHUMETE S, 5l I 4 R I sl n i & Y
JEBLI ARG AT M . A0 Lin 45" A B X5
R 8- KEmsmk Cu( 1) A1 Zn( 1) BES 4, X B eg
4 fifs NCI-H460 . BEL-7404 . SK-OV-3 F 3 i i 3%
0, AT R 6 e A i T O AR, & LT
X3 RS 4B ) B PRI SR BEAR IR S
B 3 A 8-FRFEMEIATTAE W) Co (1) B & WX 32
TR 2 PR A 2 B L T AR R 1 A e i,
skt T-24 5 IbE g 40 i T 0 K T m4A" . kT
UL, 8- AT A &R G e — K BA W
YRS &R Y,

ARV LT AR R R T e T R R
FBT, A2 25 s i i A TE 25 W 5 o T v
A EZAE R I v 24 W % v B B e T H: 5 0 i
HEAMEE GRS . FEIEFIEOT , i3 i e
TR B N AR — 2 R EL RO &
SR 3 e 2 W R B R AR, R KT S B AR A
SR ATEC, R, AR RS i Ak & 9 5 1 vE A
EAMNE A E BT R S EARE S
T e 2B oG HE B X I T A Ho W A
B, TS AR A E T H AR SRR T E
FEGA 5 NI A& A (HSA) RN, F 20158
i BSA VE RS H H AL A RSO,

KT 8- AT AE Y S BRI A Y B4
PUBIIRETE P | AR SC LA 8-958 3k s -2 FH I | 2-Jf -
4,6- H B mEE Sy JEUR5 iU SR B LA | iE— 20
5 NiCl, -6H,0 KA BE A9 L-Ni (B Bl 26
W 1), FFARIE LA L-Ni RSN T g 15 %
RDGIE R TGS BSA FHEAEH, AR
BCA PHe I ML 2508 5Ll

S . ﬁN CH,CI,
O~V N)\N/NHz EtOH, 25 C
OH H
A X
W |
N NiCL- 6H,0 (N
N on _NCL'6HO N o
HR CHOH,CHCL g Cl
Y i 110 T N
" Y\l(
L L-Ni

B 1 Bl LATEC A LN R
Fig.1 Synthetic routes for ligand L and compound L-Ni

1 KIRFEBSY
1.1 FEAER S

APEXII B X5 4% 5 i AT 55 A ( 35 [ Rigaku
5l ;UV-2700 BUEEAM-FT UL A 6 BETT IR Presti-
21 AU B AR L LA AT A ( H A B A A ) 5 F-
7000 AU A GOGEE T ( H A H 52 A W] ) 5 EL
800 I Z I ik #n X ( 32 [E Bio Tekinstruments 23
) ;Nikon TS100 HY % (3] ¥ 1 4 ( H A< Je B
INHE]) : MCO96 Y — AR Akt fH IR K 246 ( H AR
OSAKA AH])

PR p-2-FH T | 2-k -4 6- TP IR IE
HEDREN A9 5 (4l =98% , i T A1k
BHEE B0y 45 BR 2 7)) ; Tris-HCI 2% #p 3% ¥ ( DNA
9¢,pH 7. 40, DA i MAE R A RA R 5 4
M5 A (BSA) JRAEZE(EB) | Dy FH 5L
B AEMEER (MTT) (415 =98% , £ [F Sigma A A ) ;
JiE 2R IME (FEER G R B 2w ) 5 B AR 34 4
ST al, SEE A 4 AR Y0 B T e E R B
T2
1.2 STk
1.2.1 Rk L S5EAY L-Ni B4 AR

£ 0.017 g(0. 1 mmol) 8-¥5 Jk W whk-2- H 5 F
JoIK R f# 0. 014 g(0. 1 mmol) 2-ffF -4, 6-
T HIEEEE ] 10 mL CH,CL, %, IR G, T
W TR 1 h 5, AR AT, S, 2
FEPETR 2~3 WK, P2 78% , iZ A=)y 8-F8 %k
W bR -2- T T 4 2- M -4 6- B L I TR 5 B
(L), IR(KBr),v,em':3 515,3 235,3 150,
1661,1 606,1 566,1 459,1 371,1 326,1 184,
1 169,1 149,929,849 754,632,539,

# 0. 035 g(0. 1 mmol) Fit 4 L #10. 024 (0. 1
mmol) [ NiCl, - 6H,0 JT A | — 35 £ 1] /) 20 em
Pyrex J5-BE % 3845 v, i 15 3% CH,OH 1 15 7%
CH,CL, , il AR VR IG , TR B 25 25 AT 1 i s
B ORAYWAEE T 110 CHAE PR, 3 d J5H
FERER B N A IR SR AR AR IR (L-Ni) | 23R 2
46% ., PRk Gl B IEAT XS 2R B AT S AT
IR(KBr), v, em™:3 492,3 395,1 609, 1 601,
1554,1 436,1 376,1 361,1 269,1 159, 1 242,
1 159,924,769,594 514,

1.2.2  MTT 525

Bt &% L-Ni FH DMSO % i Bic s R, SR I
20 B VRO R B T T L P R B LA FH )
W ARk BT 37 °C 5% CO, 3544
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VR 8RRV AR B (1) FC B WA B I AR R TR I v S 53

o SRR 10% 87 42 4 135 DL &% 5 4R R 45 100
U/mL ) RPMI-1640 1557 5 DMEM 3% 5% i 5%
Fe . 1R E WM VLA A AR KA L, 0. 25% R R
I TS A AR AR, O B0 K A A i S 86, 7
MTT SE56 , AZ i 4 2 50 F 96 FLIE SR h, 1+F
ARG EE IS BEFLIMACR [RIVE B I BC A9, AR
FEE 5 AR AL, R B A 9 2 R R A
S 2 25 BR AR OB ISUEL S B WG (OD) fA, 3
SN AE IR ZE TR = (1= 4H oD A/
XFHREL OD fH) x100% , F SPSS 451153451k
A I 45 ol e A0 B AR Y TC 1
1.2.3  ZOWGiEmE
() A L-Ni 5 BSA 1EH
B4 L-Ni Bt 2. 0x107° mol/L B DMSO
fi 257 , BSA JH 50 mmol/L Tris-HC1 25 i ( pH
7. 40) B AR 5. 0x107° mol/L B4 . FE28 MGk
Seus A3 HIAE 297 303 309 KRR, 7E b (A4
I AGE & 5. 0x107° mol/L ¥ BSA , 3% 45 54 hn i
EW L-Ni & W IR, HHZ B R ER &
3.00 mL, i BSA ¥ [EE A 5%10™° mol/L,
BLAY L-Ni AR B AR AL R 0~2. 4x107° mol/L,
SN 10 min J5 0 L5 0 O0 15, Wk K R 280
nm, LK 480 V, BRAEGERE YN 5 nm, TE[A] 2D
S Bk R R ST R BN AL =15 nm Al
AX =60 nm FEITM5E .
(2) P e 4 00
R AREN FNAR 3% 25 53 0 FH K A0 DMSO i i
B 2. 0x 107 mol/L ¥, [E] & BSA ¥4 5. 0%
107 mol/L, Bt A4 L-Ni (¥R FEH 2. 5%107° mol/L,
BI n(BSA) :n(L-Ni)=1:5, A8 b bRl i A 1%
SRR E R 0~ 1. 2x107° mol/L, ¥ BRI 2% 3 1%
SAFINE AR R VTR EE
X BRI HLA Y L-Ni 7F 250 ~ 420 nm A0 A5 841
W, R AT A2 (20 1) X9 6 3 3 R0n; kA7
MIEN
Fopp = Fop, X 10%eten) 2 (1)
AR, KB E R BRI ; 0 (58800 5 96 36
HE AL R AL A BURTCAH LN 55 BSA TR 158K e KA K 51
Wl MR R
1.2.4  5H0-0] WG
[ 5E BSA IR S N 5% 107 mol/L, 43 )i
TN Jy 2. 0x107° mol/L BB Y L-Ni, i Hivgk
AL N 0~2.4%107° mol/L, JZ ¥ 10 min
J&  7E 200~500 nm R HEATGIEH

2 #ER5iHE
2.1 AhIRZER

BCA5 ) L-Ni AR5 an &l 2 B, AHOC A
BHRWER 1 AR 2, BEY LN BT =R,

B2 BEAY L-Ni iR ss 1

Fig.2 Crystal structure of compound L-Ni

RS LN S 2 s M ESBIES R

Tab.1 Crystal data and structure refinement of

compound L-Ni

Parameters L-Ni
Empirical formula C,;H,, C1,NsNiO,4
Formula weight (M) 473.00
Crystal system Triclinic
Space group P-1
a/A 9.067 0(7)
b/A 9.478 3(9)
/A 14.175 8(10)
a/° 71.015(8)
B/° 71.808(7)
y/° 62.744(9)
V/A3 1 004.60( 14)
Z 2
Poe” (grem™) 1. 564
F(000) 488.0
26 range for data collection(®) 6.6 to 52.74
Reflections collected/unique 7 446
Goodness-of-fit on F> 1. 060

Final R indices[ I>20 (1) ]
R indices (all data)

®2 AW LN K (A) R ()

Tab.2 Selected atomic distances (A) and

R,=0.035 4,wR,=0.078 0
R,=0.044 3, wR,=0.083 2

bond angles (°) of compound L-Ni

3 B/ A 35 /A
Nil—Cl1 2.3659(8) Nil—N2 1.994 5(18)
Nil—CI2 2.347 6(8) Nil—N4 2.100 3(19)
Nil—N1 2.025 5(18)

== /() fhae s /()

C2—Nil—Cll ~ 165.10(3) || N2—Nil—CI2  99.45(6)
NI1—Nil—Cll 93.93(6) || N2—Nil—NI1 78.69(7)
NI—Nil—CI2  93.28(6) || N2—Nil—N4  77.33(7)
NI—Nil—N4  156.00(7) || N4—Nil—Cll  87.00(6)
N2—Nil—Cl1 94.75(6) || NA—Nil—CI2  91.68(6)
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Z3 (AR P-1,Ni( 11) 5500 R p i 44 v fr s ok N
JE FBH i (C=N) 1Y N Fl—ABERE SR N J5F-
Az, TRl P B AN B R i CL |, B ol T i Ao 445
¥, BEAN, LAY L-Ni SIRZSHIE 5 1 425
IKAFR A ES -, K5 FH 21 B 72
B (—OH) @i+ 58RI A,
2.2 LAY L-Ni X2 e aE n 4 6 1E

K MTT LW T B A4 L-Ni 764k B
$1.25.2.5.5.0.10.0.20. 0 wmol/L X &3 41
MIBk MGC-803 \NCI-H460 . T-24  Skov-3 FIAT 1E #
YA HL-7702 3EFE A HI1EH . Wil 3 FroR, Bl &
Y L-Ni 52400 tL 05 75 48 h Ji, %o 40 Jf A= K 30 41
Vi T8 52 500 S MRS OC 2%, Bt 5 0 Wk JRE 1) 385 om xsp
YU VERG 3, FEWREE R 20 pmol/L T, LA W
L-Ni X 32 1020 B 38 58 90 1) /N T-24(57.2%) >
NCI-H460(49. 6% ) >MGC-803 ( 48. 24% ) >Skov-3
(44.0%) >HL-7702 (26.27%) , iz [ SPSS ¥ ik
— A ECA Y L-Ni IR X A2 3 40 i /G
1C,,fH, W3 3, MR, AW L-Ni X3zl
4 ke A 2R R — 2 B RIAE T, X T-24 Jib
A AR FEME R | 1C,, = (16. 65£0. 18) wmol/L, 4
W #5E HOBSA K (1C,, = (28. 62+1. 68) wmol/L) ,
FE SRR 1] 308 1 2-F2 3k - 1- 25 F S 1 U R Ni
(D) BE AT/ (10, = (3.81+0.48) pmol/L)
X NCI-H460 fit 2 241 ffd , e &4 L-Ni A 30 604 H

ool 1.25 pmol /L.
2 2.5 pmol /L.

& sof 2 5.0 pmol /L.
3 10.0 pmol /L.
ERd B 20.0 pmol /L.
£ 30}
3
Z 20t
E

10

3 FELEY L-Ni X 5 Fhat fak m 40 i 2
Fig.3 Cytotoxic effects of compound L-Ni

on five tested cells lines

R3 WA L-Ni FUGEXS A R 4 Ak
TEH AMLAY 105, f
Tab.3 ICs, of compound L-Ni and cisplatin against different

human cancer cell lines and normal cell (wmol/L)

MGC-803 NCI-H460  T-24  Skov-3 HL-7702
. 20.4=  20.06=  16.65+ 22.89= 43.32%
- 0.33 0.28 0.18  0.16 0.7
Cioola 5.6+ 18.46+  28.62+ 14.06= 12.35%
BPE g 4 1.26 .68 1.07  1.19

SR 55 0 2 30T, b Z2 e 2R U R (1, =
(26.0+£2.2) . (31.3+2.7) pmol/L) M54,
1 %ok TE B A, L A4 L-Ni B9 40 35/ I
B, A U SRR 3 ] T B R AR Ni (D) Fi &
WEEE I
2.3 BlAW L-Ni XF BSA 261 K AR

BSA thF HA 5 A M E F 8 F 3 AL 25
WA BRI 58 259 5 A4 0 K o T 1)
YEF, BSA M2 CIE M FZRIE T AR RN
SR RIS 22 R % ik, Y 9 & B K Oy 280 nm B,
BSA 7E 343 nm [ff i B 8L 09 2O & 5, # BSA

1200

1000
3 800
£
== 600 -

400 -

200

1200

1000

1200

1000

= 297K
* 303 K
4 309K

0 2 4 6 & 10 12 14 16 18
C’Q/()(IO’6 mol* L)

MLk 1~ 14 FRFEC A9 L-Ni {43510 01,33 2. 67,
4.0.5.33.6.67.8.00.9.33,10.67,12.00,13.33 |
14.67.16.00,17. 33(x107° mol/L)

B4 AFREETESY L-N 5 BSA fEHI
PNIIERE (a~c) K Stern-Volmer BZE (d)
Fig.4 Fluorescence spectra (a~c) and
Stern-Volmer plots (d) of the interaction between

compound L-Ni and BSA at different temperatures
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VR 8RRV AR B (1) FC B WA B I AR R TR I v S 355

MG R, Zb ot E N, K 4 2
297 303,309 K Fl pH 7.40 %4 F, [f & BSA ¥
FEAAR  EBEE BCA Y L-Ni kB 948 1L XF BSA
BOCICTRER R, 5 R ER , FEETCA Y L-Ni ik
FERIE I, BSA s B A R R, S [ L-Ni ]/
[BSA] M EE LA 0: 1% 3.5 : 1484k, 7E 297 |
303,309 K T, Bl &4 L-Ni fifi BSA 92650 i 73 )
TFET 63.5% .62. 6% .57. 3% , & 5T W (i 1 Fl
KA EAE WL AL A4 L-Ni 5 BSA
KAEMEAE, 51 BSA 5t MK
2.4 FRRAPLH
N FEIYE BSA B AW 5Ok
VRN R R AEFRSIERAEN /Ny F25 5
BSA & A hilf A 1M 5 | A A3 KRN kg 2 s A KA
o KA B RN A FR IR R T,
P HBCHRRIG K PR CH BN Z TR 5 S R A A
KIS EE b5 5 MRS e RR B (R K
WHCRM, BUERLAS Y L-Ni 5 BSA 7E B9 #E K
TR R B AR, W 3 AP K [P Stern-Volmer
TR (R 2) kAT
Fo/F = 1+K,1,Cy = 1+Kg,C, (2)
Ay R TR I SR IE | F A7 16 I 1 2
JEHRIE K, HTICITE AR B, L/ (mol s ) , 410§ HCREREFE K
FB RN 2.0%10'° L/ (mol-5) [1415) 57 28 11 40T 195
P-4 (=107 5) 100 K h Stern-Volmer 2 K # %1, L/mol ;
Co FPERFNEIHESE  mol/ L.,
A3 ¥ IR EE 297 303,309 K I BCA ) L-Ni
Xt BSA TEFLMN Fo/F T C, SATLRMAS 13
FIANTE VR B T 1Y Stern-Volmer K, 01 4d P,
A 3 ANEE T Y Stern-Volmer i 2k BA W19
MR FR BN Ko 8, PR Ky =K, -7, 115815
K, fH, 4580035 4, K 4d Figk 4 ol 1 K, Bl
JER Th s B BRI, & R T Y K, WA
2.0x10" L/ (mol-s) , Al #fE Wi i &4 L-Ni X
BSA BB K ML R SSRGS BSA
HAEHSBEPRAY S BSATER TEAY.
x4 WA L-Ni 7EARRNREE T X BSA B7E K H %L
Tab.4 Quenching constants at different temperatures

for the binding of compound L-Ni to BSA separately

T/K  Kg/(Lemol™) K /(Lemol™ -s7") R?

297 8. 69x10* 8.69x10'? 0.996 7
L-Ni 303 8.21x10* 8.21x10" 0.999 2
309 7.83x10% 7.83%10"2 0.999 0

2.5 SEENLEMEES R
fid 54 L-Ni 5 BSA AHHAE H B9 ERERK &

HAPER Wi 45 AR 0T DLiE i Scatchard 7

FEUTN (R 3) T B A A S A AR
Igl (Fy = F)/F] = IgK, + nlgC, (3)

K, RN TS BSA 45 A B n WS A RLAR,
PLIg[ (Fy=F)/F ] bR, 1gC,, R HE A bR
YRR 25 E 5 frs, RS By 1K, , &
FH o, WA K, (B n fH, BARZE RS T
%5, NENRE TRCA Y L-Ni 5 BSA BY45 G517
SBn 7 1.02~1.27 Z 8], HEW AL A9 L-Ni 76
BSA L RTREAUA — N4 A0, 297,303,309 K
TIPIE A EAE A ECK, 0 1,87 x
10° 1. 04x10° 2. 69x10° L/mol, 5 3CHk[ 18] ik
/N 2595 BSA TR RS &% %1 (6. 02x10°
L/mol) AL, W WIFC 54 L-Ni 5 BSA AHEA/EH]

HLHIE

0.6
0.3
0.0
-0.3r
—0.6F
0.9

-1.2f , . s .
-60 -57 -54 51 -48 -45

Ig[(Fy-F)-F]

B 5 AR TG L-Ni X BSA B KA
RO HL it £ ]

Fig.5 Double logarithmic plots of the interaction
between compound L-Ni and BSA at different temperatures
x5 AW L-Ni 5 BSA FERIRIZE &8 (K,) F
ZEE LA n
Tab.5 Binding constant (K,) and binding sits

number (n) of the interaction between compound L-Ni

with BSA
T/K K,/(L-mol™") n R?
297 1. 87x10° 1.27 0.993 5
L-Ni 303 1. 04x103 1.02 0.987 9
309 2.69%x10° 111 0.988 5

FEFRAPR K R 259 5 BSA 455 F 4L
BT T s T RRARG, T A s SR I R v 85 5
BEE R = S . LA L-Ni 5 BSA 1Y
G55 B IR R SE R ST R A I 7 2 [ A
TERRS TR KRS AT KB FR 7 20, X LG 7 —
SE SRR AT HREE T, W Shao SFT A LI WE
Mgl Cu( D) 1 Fe( D) BES 4, WFSE & B0
5 BSA BT ME B, Bfl BSA kA F S
KR R TR 5 BSA B4 &% By
B 4.0x10* . 7.0x10* F+E#] 1.9x10%, 9.0x
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10* HEMEC A Y15 BSA YEHBRA B8 K L&
BEBIEK, WA E IO kes &0
FRHEFR LR | R BE Ml R RRLL S
B-FIRE AL GAEHE TR AR, MENT K,
HYBEE R F =i, AU AR ZAE T %
JCIRBE AT 508 GG MU 6 W e AR SRR
AT AR IR R AR 1T e A B AR K

2.6 HRIIZESECRME R 120

YNy HAEY Ry FRIZE G T LA
WL i fiEde ) sk E I 45, AR
Ross 2 2 HF5T , A 1S B0 755 R/l LA
KHER AW BSA Z & A, AH I
AS ZZIRBEFZ AR /N | 24 1 BE AR AL AN I, P 2 AT
B — N H B MRS Van't Hoff 72 (K 4)
A2 R (5 RNV A S A K
S EAE RTS8 IS AH 5728 AS
AR A R AEASIE AG HFF5 R /N 7 3 22
YERI 2R,

InK, = - AH/RT + AS/R (4)

AG = AH - TAS (5)

St K, KRR EE T 0454 %8G R R B, 8. 314

1/ (mol-K) ; AG A7 H Hi ABAE , kI/mol; AH iy I I 1l J& 1 34

SIS K/ mol; AS S IR TR IO 24728 3/ (mol - K) 5T 4
HIFIRE K,

Be &% L-Ni 5 BSA fEHIRUKE S AH JR7E AS
MEMY A R eI AG W% 6, #HE Ross
2 BB RIS RS LAY BSA Z A1
YERI 1 5 BRI 1, BL A ) L-Ni 5 BSA & Wi
AH<0 AS<O, ATHIWTE AT Z H) i AH B4R 0 2 g
R 2R E ] 5 AG<O, BEIAIE 54 L-
Ni 5 BSA Z[HMZ5G RO i e A & ikt

F6 AW L-Ni 5 BSA EHMII 13551

Tab.6 Thermodynamic parameters of the interaction

between compound L-Ni with BSA

/K AS/ AH/ AG/
(Jemol™' - K™") (kJemol™")  (kJemol™")
297 -34.12
L-Ni 303 -305. 58 —124. 88 -32.29
309 -30. 45

2.7 AW L-Ni 5 BSA VERIAYEE4h-1] W61

L AT DL TS A 5T /Ny T2 S5 R
FSOE U2 A0 BCHIRT 8 A S5 H AR AR I A 3507
HZ— BSA 7E 279 nm AbAH —FEAE I i
A S 3 B A 2 R (Trp ) ESZRR (Tyr) &
He e " BRIE 7R A B WO | 37 5 /Ny F 25 ) 4

BRE A, HREssm > K6 HilAY
L-Ni BSA J L-Ni-BSA & & ) UV-Vis S &,
AL, A L-Ni 9 UV-Vis JEi E 5 BSA Al L-
Ni-BSA IR G HDOGIE AR R 22 5 TEVR B 58
SRR S5 E T, L-Ni-BSA TR& W i o 1% 14
ANGETF BSA M55+ 0 WSO i &1 i A, 52
JPUEM T RS L-Ni 5 BSA RS Z R E L T 8
G, HREAE B A9 L-Ni B2 (38 1, BSA
TE 279 nm Ab A REAF W2 ST IS 58 55 1 K i R W S g
M 279 nm ALZTF F 284 nm, Ui BCS ) L-Ni ffi
BSA H ) 0 2 R T i 2 1R e R ] R A R b A
T AN, (A B T R KRB I, B g R
BSA 5CAY) L-Ni Z DB T —Ffii 259 .

AT
0.4} (i

03
02l W~ 7

0.1}

~Ni( Il ): 5x10-5mol /I
0.0 250 300 350 400

A/nm

M2 1~ 14 fURILAY LN KA BIH 0.1.33 2. 67,
4.0.5.33.6.67.8.00.9.33.,10.67.12.00,13. 33,
14. 67 .16.00,17. 33( %107 mol/L)
B 6 RBAY L-Ni fl L-Ni-BSA /K ZHY UV-Vis JeigK
Fig.6 UV-Vis absorption spectra of compound L-Ni
and L-Ni-BSA

2.8 [P

[F259506TE vE H HIR B 58 /N o+ 25 ) %F
BSA MR IA BT AL Sk 0k S
25 AL =15 nm B, [ 20 58 0 R U 1 22 ( Tyr)
FARE M T4 | 24 A = 60 nm I 4Rk () 2 (5 28 iR
(Trp) FREE P RAEM N . BFFERC G4 L-Ni XF
BSA #4 5 By 52w, M 5E 78 A [/ ik B2 T BSA 7
AX=15 .60 nm N WFEIEHEOEEIE, K 7 s,
BEAE B L-Ni MR EESE N % 1. 73%x107° mol/L,
MR SR ( Tyr) RIS R (Trp ) 5% 3 B 9¢ 638 7y
WIFEAR T 71. 8% 1 77. 6% , Ui B &4 L-Ni 5
BSA KA BB IE B Y, T 8O A2 R
it 2 ) R P Bl b A B ) I R (Tyr)
BREF K ER 1.5 nm, Trp 58 35 R & 5%
K #ERL 2.5 nm , RUIFCEY) L-Ni BIMAfETS BSA
PG 0 A= s | (i Tyr A1 Trp 4% 5 J8] Rl AOA 58 4%
PERRAR Bk M8, ELBC &9 L-Ni 5 BSA 454
AL B AR T Trp, X Trp 5% 3 1 180 3R B 52 i) 48
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VR 8RRV AR B (1) FC B WA B I AR R TR I v S 57

K LT ELE R 5 - 0] WO g 4
— R TEAY L-Ni 5 BSA 455 B E S
Yy, F kAR R R A 4
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Dysfunction in Mitochondria Induced by 2-phenyl Benzimidazole JIAO Yuan-hong """ , ZHANG Xiao-hui' ,XU Juan'" ,PAN
Ling-1i*( 1.Hubei Polytechnic University a.College of Chemistry and Chemical Engineering;b.Hubei Key Laboratory of Mine Envi-
ronmental Pollution Control & Remediation, Huangshi 435003, China ;2. Medical Record Statistics Department, Huangshi Center
Hospital , Edong Healthcare Group,Huangshi 435002, China)

Abstract ; Benzomidazole and its derivatives have attracted the much attention for their remarkable medicinal and pharmacological
properties. Multiple studies have shown that benzimidazole has very prominent anti-cancer activity. Until now, however, the mecha-
nism of how benzimidazole interacts with mitochondria has not been well elucidated. Taking rat isolated mitochondria as the re-
search object,the effect of 2-phenylbenzimidazole on the biological function and activity of isolated mitochondria was systematical-
ly studied.Through experimental studies,we found that 2-phenylbenzimidazole has strong effects on mitochondrial swelling, mito-
chondrial membrane permeability to H® and K* , mitochondrial membrane potential ,membrane fluidity.Mitochondrial swelling , de-
creased transmembrane potential and decreased membrane fluidity were important factors for 2-phenylbenzimidazole-induced mito-
chondrial MPTP opening.These findings help to understand more about the activity of 2-phenylbenzimidazole at the subcellular
level ,which has great significance for the research of mitochondrial targeting drugs,and will help to improve the activity and selec-
tivity of mitochondrial-targeted anticancer drugs.

Key words: 2-phenylbenzimidazole ; mitochondrial ; mitochondrial membrance permeability transition; membrane fluidity ; mem-

brane potential
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Copper Ion Removal from Wastewater by Biochar ; Modification Method and Adsorption Mechanism L/U Li', FAN Shi-
suo ™ MEI Yang-Iu*( 1.School of Physics and Electronic Engineering, Fuyang Normal University, Fuyang 236037 , China ;2.School
of Resources and Environment, Anhui Agricultural University , Hefei 230036, China)

Abstract : Excessive copper ions in wastewater threaten the water ecological environment and cause potential harm to human
health through the food chain.Biochar has been confirmed to be an effective adsorbent for Cu ion removal from wastewater. Howev-
er,the adsorption capacity of the pristine biochar was limited. Modification can improve the adsorption amount of biochar.The mod-
ification method and adsorption mechanism of copper ions on biochars were summarized.The results showed that the main modifi-
cation methods include chemical modification (acid and alkaline activation) , physical modification ( ball-milling and gas activa-
tion) , metal modification (Fe and Mn) , mineral modification,and high-molecular polymer modification. The order of removal effect
of the modified methods on copper ions is as follows : nano-hydroxyapatite>amino-containing organic acid modification>manganese

modification>iron modified>alkaline modification.The adsorption mechanisms of copper ion removal by biochar include pore-filling
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effect, electrostatic action, precipitation action, complexation, cation exchange, ion exchange and reduction. Specific dominant

mechanisms highly depended on the physicochemical properties of biochar and experimental conditions.Future research should fo-

cus on precise modification methods to enhance the adsorption capacity of copper ions,reveal microscopic mechanisms through ad-

vanced instruments combined with theoretical calculations,and perform dynamic adsorption columns or fixed bed experiments.

Key words : biochar; Cu ions ;modification approach ;adsorption behavior; mechanisms
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FoAR Wk 32 E A R AE Wk 1 L2 TR
FFLBRZERE . Xiao 45177 SR FHER IS B A G & A 4R
W E Y BIAT I 4%, K PUER B 5 A W ok 1 AL
TR AR LR T ARER T S 3, J5ORA= 9 o 1) L
FHAEELE 2. 76 ~52. 78 m*/g, BRIEZ J5 £ W)
B H TR AN & 35. 49~313. 09 m*/g, BREE
JEA A (600 °C il 45 ) XF Cu ( I1) Y W Bt
287.58 mg/g, FEMLHIZ R AL | FHES 12846 |
PAAUTTE | A BRI BH B F-m #E45. Wen
GRS T CO, WL ERAE R AEY BT Cu( 1)
1285, A& B i R B & T 3k 89. 12 mg/g, CO,
WAL Z G A P e i) L R T U 29. 04 m*/g 31
£ 744.94 m*/g, CO, THILIRAL T 2414854 ; 3 m
e AR AR i R A 5 I O LR R 3k i #A
3. AR ARR Ca (1) BBLENWS T TEE
B
1.4 &Rkt

&I et R B FE R A e S, RELH Y
S| AN 53 R T 8 o 85, 50 2 1 i
B A AT Cu( 11 ) B EBR. A0 Zhou 451
T AR ELE D O K T Cu (D) B, &
BIXE Cu( 1) Y% B} 2 7T 3K 64.9 mg/g, FT-IR FlI
XPS UESER B HLHDE A Y R S Cu( 1) B REL A
Yy, A BH B - LI e R HEZEAEH. Yu
LRI R AR BN Ca( 1) M RIK
B 4 169.49 me/g, W B HIL 6 6 e ik S5 AE A
(Ca(M)—Cu®) FIELAAEH (C=C,C—0—,
—O—H M Cu(1l)),

BRECMERT LAS | B 6 U AR AT, JF 38 i AE
B LR T AL IR 254 , Ho >R KMnO,, 2ot
FIBTFIT IR %2, Song 251" 4% T 171 %k MnOx
(I, FERFFE R Cu( TD) M5, &3 10%
KMnO, BCPE ) A 9 e Xt Cu (11 A W B mT ok
160. 3 mg/g, /A Py e W FfF 1 8 A, 22
R R - MnOx FIEEERER S Cu( 1)
ZI A EAER . TIRIESED ZB KMnO, Btk
AT LA I A= 9 e ) 2 1 AU R AT B R L AR
R B3 P RS A, X5 Cu (T ) g e oA e o
Al3k 88.5 mg/g, [AIKE, AXHEEEE R KMnO,



55 45 45 5 W)

XTI A5 A= A5 X B 7K o 1 WA A B B 2 o S P D 1245 I P ATL )

69

MM RS FFAE Y %, K P KMnO, BebEn] LS| A
MnOx fOhE, & A 35 22 19 7 480 g A R K g &
AR, % Ca( 1) B S5 R B 2t 1) 3k 81. 36 mg/g,
Fu 255U BF5E T KMnO, 2 P4 i Fl 7 576 28 9 ok
XF Cu( 1) BB, % Cu( TD) A e R R B 3 1] 3K
200. 59 mg/g, B A 7 %0 E fE A1 A1 MnOx HFATE
Zhao %V B 5% KMnO, 1 22 JK A ) B¢t 3%
nano-Fe, O, KBk XS Cu( 11) AR 425 T
42.86% , [l MnOx 1) N JZ2 BL AL FI & EUE g A1 1)
ER,

IAh, Wang L= T K,FeO, M5
Pymxt Ca (1) B W BE, e 30 S5 K W Bff 4t 7T 3k
417.05 mg/g, FEHLH] I B 13 UTTE AL A7
YEH], Huang %57 55 & 3L MnFe,0, Btk nl L
PR EY R X Cu( 1) BYWLFFFEE /1, Wang 250
WFFE W) e/ Mn Al 2R304 & S8 AL 2 A 4 8k
XF Cu( 1) 2B, RIIZE A A BT Ca(11) B
BffiE RT3k 74. 07 mg/ g, W BHAIL I A0 3 7 AN ]
A (Cu (D) B Mn( 1) ) .

1.5 w4tk

40 T A B A5 A A N A K R K A 7
B MR EE BRI AT YR, A
Wy B UTTE MBI AE 77, Wang 26 il T 44
IR RN K TR FEWE JK AT (nano-Cas (PO, ) ,(OH) ),
RIS Cu( ) B I B £ 55 35 833. 33 mg/g, Liu
SO TR AR R T Cu (1) BBk, R
X Ca( 1) B fe KW B 5 AT 3k 152, 61 mg/g, F %
FeBRAL  TUBE A B R LA R m A A
e T 90 oK 225wk K A ( nano-Hydroxyapatite ,
nano-HAP ) B A W 7% XF Cu (1) Y W JiH1H: HE BT
5%, R IRA W e 3% 101 B A K FEFE B A mT AR
Hgi K M, X Cu (11) Y 55 K W B 1t 53 53 R
32.65.57.01 mg/g, nano-HAP [ £EAIH %
B AE W B K S5 b 5 B L B e 0 2206

I AL LB 0. 5%, Wang 51 &
PR AT CPE AR % Cu (1) 0 e 20K e R T
EATIK 213.9 me/g, W ML 2R B A | DUUE
B T34
1.6 = TRAYUHE

AT LAFIFH 5 41 B 6 A e 2R A7 ik
WSETRMEAN 2-Bi IR WA BE ST . Deng 45 AF9E T 5%
W -1 2R DU R — I O X Cu (D) AW, &
I 22 JE A e ) R TS A B W E e, X
Cu( I1) AW BRHE RT3 96. 11 mg/g, RN FRIEFI
AEAEHMECAIER . Liatsou 25 B 9% & 91 2-
i JOR P W A P T AR R i A e Cu( 1) 1Y
I R URAE 7/ B S e N RN R VAN
Cu( I JEMAEH FREINZBLE Y.

FE LRI ot T vk, A e R AR A K
LW KA X Cu(Il) A8 I BFT 5 v ik 833. 33 mg/g,
PRSI TP, AR TFX Cu( 1) BYTTTEFIED
DA FH 5 2-B IR W e A R % Cu ( T Bk
W B2 AT 3k 486. 9 me/g, IR N & A & B E BEHT Y
SIARKARTE T AP s3F Cu( 1) BIECLRE ST 5 56
BPEAE I N Cu (1) W B RE 7 e 455, e K
BTk 230. 125 mg/g, A4 4 F RE AT BE3E
W B BC A BE T 3 et A st Cu (1) AW
BAFRE J17E 63. 52~153.2 mg/g, Al WLIEA= W) A I AT
REPER R, AR 1Y 5% Cu(1T), KOH 2
PEA DB Cu (1) IR 24 5. 831 ~ 137 mg/g.
SF e bR By s Al g, X Cu (1) BRSO T
VR F 2 AR PRI IR A > R LA HLRR ek >
BROCPESERPES BRI TS A A R e
A ASEA VUL 85 5 W P ekt B I i 4
FHAEY BT Ca( T1) 1Y R BRECE, 202 Tk
PEIR A= W) 5% Cu ( I1) BA Y 38 A7 BE ) 50
RAEVIVEVE T o A2 1 45 Fh U1 O v 1) B 5 DL
z1,

F1 BEFENHE

Tab.1 Comparison of different modification approaches
TS St Y o B
B A AL E T BV K R
Wch ﬁ;ﬁgﬁgﬁgiﬁimmﬁ BRITROGR G S RO TR ST A R ]
YIACHE ORI T ERALBRGE B AL AR
TRt i%ggﬁ@g@ﬁmﬁ%ﬂ 5 T R A A BN A SRR 5T B T
TS 3 AT AL O P 50 B T3cke DTV RILRLAE ) WU A, 4 e A
AT N OV, o WA TREY BB EN &
ot AIAGATRAW TSN S Cu( 1) RS O
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2 WRBHALE

AWy R Cu (1) B4 2 ZEHLHI S ALY
R ER AR UCEEAE L B L BH S T L
il B T S F AL AR T, Sl AW X R
Cu( II') ZZ AL RN L A 48 4, B R 32
P35 4= W o ) W A T A 0 P oA O
AP Cu (1) By EZHLHNC S 2, A
Py B Cu(10) AL 32 28 LABC A2 AT FH A e
YRR 22, A= W b 5 6 19 B BE AT (—COOH
—OH) 5 Cu( 1) Z ) A AR BE A S, A= ) 53R I
REBRAHT, o HIERMK Cu 1) B
FREAEI . SHAEY R S R T Y B B
TAARANYUREE P2 A A= W 5B Cu (D)
{14 = AL 5 5 A= W o 2 T e e T ) 55
HLHBES Cu( 1) K AEFHE - PLH; Y
BALBRE A Skt , WA AEALBR Y BT s 2 42
B b S R REAT B R 2R Fe” I, Cu (1) B
BIE Cu( 1) H Cu’,

S
N, ETECHA
Cu* M AT A B F

Cu?* Cu®
HIFEAEH
B2 B Ca( 1) HIVEHHLH
Fig.2 Adsorption mechanisms of Cu®* ions on biochar

2.1 FLERYH

ﬁi%ﬁ%‘%ﬁﬁ@ﬂ‘( <2 nm) ﬂlﬁ\ﬂ,( 2~50 nm)
PIAAAETRE T FLIE R ML) 2 W B o 4 i) i AL
il o AW Y He R i AR LBRES A e T FLBR Y
FBOFLA e bl T R R Gk ) FL B 45+ AT
R o W B Ca (1) 42 4 T 2R A AT
Choudhary %5 #fF 77 & BUFL B HOHL il J2 A= 4 2k
2B Cu( ) WEZEHLHIZ—, FLERY B 3
SIS PR R o HE R X T Y ) B A e g R
SR, AW A FLARFIE A R RIS )57
BEASKRE | AT A 42 1o PO BRI B i 7, Somg 414
58 IRA 1 o () LE G TR AR FLAR 45 14 e i R L
X 4 e Y BRI R RE . Rk bR AL
FEIE  AUCINSR T AP e 3R T W B A7 A B 4

e B A o T LG 5 T A ) i 3% T R AN
HEER S, WA B T 5 250 Rl
A Cu (1) W R 5l g 2 TR B 45 itk 28 i 51
(B % BAFUA BT FLBRY L. Zhang 45" BF5E &
AP AN LA R TR E B JE Cu (1) 1Y
W BT, 3 B 2 A= P k KRR 42 IR Cu( 1) 1Y
PLiilZ— . Deng %" FERF 5T 5 H FLBR Y 1L
SEEY BRI Cu( 1) M EZENLR Z —, BERR K
P S BAE Wy ELAG BT R A L R T AR I A ik i £L
BREEH X W RE R B R R R X Cu( 1) B
AHERW I, 25 Bl YR BABKR
L R T AR AN A IR AL BR A5 A8 B LR 3 FHL ) R AE
AW bR Cu( 1) FFORFEAEHT
2.2 AR

FRHAE I A Y LB Cu (1) BT
MLl Z —, W xFRH 2R AB LSS
Cu( 1) ZIE & #FAET AW o 10 1Y E RE
A2 i R R B2 N R | B ReBIFEAN [F] pH
TEIAFE ML S iR B e, A
YIIR I Zeta HE AV AL 23 5% e %) 52 43 J@ 2 1 (1) L
YEF o Zeta (B A 85348 W8 B0 5500 1) 7 Fi v A7 3K
F, i 1) 65 W 15 R v A 1 5 ( RS 1), T4
FrRl e BB T (RIES ) o YRR pH BRI,
YRR R E AT S Cu( 1) Z 8] & A #
HF T, YR Zeta HLALFT pH (B & FFHLAE H
(R S R far 14 2R ) X T 4 R S T
LA e W R LA RR ) 5 4 B A i AR
Ao MRAGRLIE 2 52 e A= ) ¢ 3R T RE AT e F A
M EZE R R, AR, m iRk AT LR
TG 1Y) BH 2 - A B O e B i 1% pH, BRI 4R
BT R IR IS R B A AR
HEFERT K EREFE THERAS AR R A ) IR 1Y) Zeta
L7 R AR, B F A 250 5 T pHL A 5 TE AR
KFEFHR, 1E pH 3.5~6.0 (K75 BN, 4= ¥ = %
Cu( 1) B W% B & Bif 5 9 W pHL A T 8 i T e
Jiang 20U R BUKREREFT A ) 5 1Y) Zeta HALAE Ry £t
1B, A T L 5 | W B BIL AR TH 2 i AR
A, Ahmad %5 5T 4 B B 5 | 7 AR W
R Ca( 1) 9 BT, B T AP e BA B Y
HLFME, Rodriguez-Vila 55 5T & B L 5] )
YRR Cu( 1) B FEZEHLE T 5 ) & A
TEHFIER Y Ca( I1) 5K bR w0 ALY A W ok I
B T2 0], Tong %55 0 & 30 K HlL 7 1k
(A ) ¢ AT LA SE o AR A RO KB Cu (D)
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ZE LT A pH (B Zeta HLAFIE AT &
e ER AR A EZ R R0 2 Zeta L7, 2E
VIR I Zeta HE SR B, A F) TXF Ca( 1) /Y
2.3 ViEEH

DUEME R AE YR 2BR Ca (1) A G HEAL
iz — . UCVENE A H W F & &0 W oA 9 e
Cu( ) MEER, YR SH T Y E T, R
W& OH™ .COY . POY . SO¥ Ml SiOY 2547 ¥ i &5
THeS Cu( 1) Z B UTTE, XAz Py e % Fff
Cu( 1) J5 ) XRD . XPS . FT-IR fl SEM-EDS %%
TEAR AT LIGESEUTVE LG A A& 2R . AW cis i
4 SO 4 0 S R AR B e A G A
Xu 255 FERFFE & BRUTTE AL & 4 38 A ok 25
B Cu( I1) A9 CEEALE], 200 °C il % 4= 2549
R COT  POT 5 Cu( 1) JE A Cu,(CO,),
(OH), .Cuy(PO,), PLIE, VLFEMLE HH] Cu( 1)
EBR 79.5%, 350 °C il £ 19 4= 2& A= Wy e X
Cu( II) By Z:BR a3 R FULTEHLE], Wei 255
. R IRVTTENL R 2 E 2K AR W o 5B Cu (1) 1Y
FEHLE, SEM-EDS 43-H1UESE T Cu( 1) 544
R TV 5> Z R 256 o AR B e - A 1 1Y)
pH 2> Bl K & B 85 7, 4n OH™, CO3 . S0; Al
PO, NI AN Cu( 1) T2 BLUTHE . FT-IR 43 Hr &
M PO HREH S Cu (1) Z A& & AAEH,
XRD 734 & BLAE W e bt Cu( 1) J5 R A7 A 85
B 5K (Cu,(S0,) (OH), -2H,0) , STXM W%
FCu( ) FEMGEBUESE T UiE/E AN &4,
Mei %7 HF 53 K BRAR B AR W) i R R AT R
FEfgs Cu( 1) ZIRIEADITENEH , Wen 251
FERINA W R () N IR TCHLA e A= o K Bk v &
PEEZAE R, 2l ad UIEHLHNE L Cu,(OH) ,CO,
(XRD EAFIUESL) , Xiao 2517 3 W 9% & BLUTTE
MLHDEA Y KB Cu(11) I ZEHLS] , A=W T
) PO F1 COT Al LS5 AW IE i (M, Ca,_, ) s
(PO,),(OH) (M=Cu) UL¥E, Z& L al A, ViyE L
il (4 % A= AT DA A5 A ) ok e 4 R R e 1Y 25 BR
Cu( II) ,FEAE AP i OH , COY POy HE
PRHFTTRENLRI Y KAz
2.4 FEfifEH

Be 24 FH Ak 2B Ca (D) (Y EEHLH,
K Cu( 1) MYBCH7 BE Ty, Here 5 AE e
HIRIE F I RE DY LR B 7 a5, , 35 L fff
s S&RsEFZmEAERME-, NEAFEE

B RE A 0 A= W e (AR AE W o ) R it e A6V 2
AW He R Ca( 11) W9 EZHLHI, A% A IR
PE AR S T 5 E BB AT A 511
Bz Cu( 1), Song ZEBUHESE T MnOx BPEAEY)
X Cu( 1) BRI, FT-IR 43T R A6 Cu® WL [
IR FEILPE R T AR, R Y B 2 U 1Y
PERAC A (41 Mn-0-Cu) , F2 7 1 385 cm ™' 4t
O—H F 5K, Cu®™ Fl MnOx Z[8] i 5 B v
TEFSE0T 1385 em™ Kb W1 2 & A8k, Zhou
ZE S ) 2 MR R AR A R B Cu (T ), R BLE &
A MU IR A A P e X Cu (1) 14 W B8 2R
e R Ry B A A g e e A R T AR AR A
Vi FE A0 5, R 1T 2 T8 2R IR 3k B8 3 ) I 1) 77
TE, Wang > ER KM AWK EFEEH
—COOH ‘Efig Al (FT-IR 43 #T ) fig 38 i Bl A FH 45
GcCu(ll), L L[ 60) ) g2 Polyaminocarboxylat-
ed BUMEA W ¢, e IRV I A W e ) R T R
I RFAEEE, W] LI o A AL A R
FBREAK TR Cu( 1), Liv 2 #1457 Si-Mn
A Cu( 1), & Bl—OH/—COOH , Si—O0
A1 Mn—0 AT LAY Cu( ) JE Bli—0Cu/—COO0Cu
Si—O0—Cu/Mn—O0—Cu Bd&59), "I, E&F 5
B RE A A 1 e T A 3 A A A S50 e B R
KA Ca( T0)  ReBR R IE R I
2.5  [HE -7 AL

AR B TR AE W o ) 5 B i AL 2 ) ) B
T BEA VT HE SR IE LA B T 5 5 A
TR R A 2 2 AR A AR, 7R
YR H LA 2 R R R AR DT B A, AL
FL B8 T B D B 3G I i G 5 | BH B - Bl
ilFg PH &S 5 A Wi 05 AR 2 N T X R AL
AW S| R BT LA T & i A e B AT
BN TER DT B, 25 Cu( 1) Z [ L BH E
T HLE L, BB, BHES - AL S A 9 e 2
B Cu( 11 ) By ZEHLH, A ) 2 & i 25 i A= 4
B, Wei 500l 8 1 4 35 25 4 W e A LA B 7k
HCu( D), YW H Ca( 1) ZJ5H) FT-IR H
P 760 810 Fl 860 cm™' W, F WA N 3T F ALY
(1 C—H i, HBE A P T B2 3 sk 0 2 fig
RSB B 1=y 19 5 B, Ui 55 A7 A6 BH 2 - HLL, b
AR Cu (1) ZJ5 C 1) X Sl
LERE (XANES) Y% 5 80 1 5 98 1) 55 A ok 4
PE(Ls-mr " 46 ) | — FLAE A 2] IR AE (284,286 eV)
BT B Ls-r " 50, X SE IR R RIS H LAY 7
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HF M Co d il Z B & B4k, X Pl 47
500,700 °C A= 4 5% 32 BRAY B A BA G, AT IE S
THEF-m MU &L, Yo 5 BT T Rk
APt Cu( 1) 2Bk, it XPS 43 #r & B
it Cu( 1) Z 549 19 graphitic-N M 46. 4% [%
i3 16. 8% , NTHIESE T FHE F- HLI, Cu 1
XPS 3 UEHIE R 934. 8 eV #1941, 9 eV [HlE Ny
Cu 2p,,, B ,954. 6 eV (W& Cu 2p,, i, Cu
2p., K Cu 2p,, 239 A Cu™ fb & W) F s A1k 9
Cu( I1) Tt B A 55 e I T a5 A6E, 5 B TG P 1t
r FEIE AW % 1) A S5 5589 A graphitic-N, 15 B
W SEAFAE P F-mr HL . Xiao 2577 WF9E T 4R
WA BT Ca( 1) 2B, it FT-IR 4087 & 3K
e Ca( ) S4B 1Y C=C JE B PH & F-mr
MU, 25 Enl U, BHES - 18 2 A ok 25
Cu( I1) Y FZEHLH] , Rl e X 55 4540 b A ot &
1) 5 R A A
2.6 BT

AW B HE FREEMIF S Cu(TH) Z
[i1] A B A4 A AR Sl X 5 ) o S
Y R, YR F T E BEAIERE 5
Tap P I 5 95 e 0 K N AR e 5 A AL v )
HEEMHA RS Park BT KL MR BE
MK ZE S0 A A W iR R Y Na® KT
Ca® Mg™ B ¥, KZEIEAEY WM Cu( 1)
ZIRFOCT KR Na® (K* Ca™ \Mg™ B 1, AT
WESE T B F g B AL A VE A, Yu 0 58 i
SEM-EDS XPS Fl XRD FEAF & P ES A5 By
HeFBE Cu (1) B ZEHLHI, B F 58 e & AL 7E
Cu( 1) FI Ca( I1) Z ], Zhou 5% % 8 735
AW R Cu (D) B9 B, A= W e R
SPRETERBR Cu( 1) PR HEZEM, X &ES
PO .COY .OH Fil SOT MW, K4y BEAE R
Cu( ) H & EZEMEM ., Zhang 5 HF5E K
TR AT Cu( 1) A 5 R B 5 2 R R A A
B L, XPS T R W Cu (1) Z
J& W B Ca™ 5 f B R, AW e A
Cu( )5 3P Ca™ 8 P B E T, xt
400,700 C A, AP F Cu( 1) s+ 324
ML A DTRR R 51K 449% ~ 61% F1 66% ~80% , H:
o Ca™ B TAEE T acih R EZAEM ., Chen
LTI S B R A A A ¥ R A T
DIER R 22 Cu( 1), XRD il XPS jIF 52 % 2
Wi 5 Ca® BB FAcH, 25 BRI, &1 5c il

FEY R Cu (1) A ZEHLH], 450 2 % 45 |
BEEaEmmEYR,
2.7 WJEAEH

W IEAVE WA R LB Cu( 1) AREZM
IR . A=W v i 5 SR RE A B0 B R A S
PEVIIT (Fe) REA AL R R E K i Ca (D),
5T IR, AW e B E AR B Re T, AT DI
TS 320k, AR R 0 LR AN S T
SZARFI T AR RE ) #F O H E, C—O0 il sp’
hybridized C #& %€ 1 AE ¥ 5 i WL BTk 2 7, T
0—C=0 Fl -7 " L5 XF B F- AR T H - 3Z {4 4R
A TR S AR R A 2
k2 FA—C—0'" AW e i B T IR A
TR FEIE LIRS 2 G - 1350
MR 555 F ML RAEET . Yu 550 0
FET BN E ARG EY RN Ca( 1) £
B, K30 Cu( 11) LB 0y HL AL 45 8 JE /R, /P
Cu( 1) BERE A=Wy hic b 54800 Fe® 36 JE AL Cu® A1
Cu, O, =W B Cu( 11) J5 B9 XRD 437 K60 321
T Cu’ Fl Cu,O MFETE, Deng 55 HF5E T 7R
B - 2R 0 iR et A W ek Cu () 19
FROKMMREMRES S T Cu( D) M EER,
Cu( M)MF Cu( I ) (XPSIESL), Wei %0
WL STXM 3k & 30 44 = 25 A W) o 3% 11 A7 7
Cu( ID) A1 Cu( T, UESE T AAAEIR AR A, 1 HiX
Fhid JEAE FHAE 500,700 °C A=y 5¢ v 2 30 5 g B
i, FT-IR 1 C K-edge XANES JESZ T 300 C 4=
Yoo & A F 5 WS ECE BB, T LIE S i Tk A
Bl P U B RGN, AR B BRI R T HR
e Ui A W) 8 U 2 35 B A5 M A ) T
B, Neeli 267" W 55 & B 7 2% 4k A= W ¢ Wi f
Cu( 1) MM 488 JFAE A, XPS 4347 7R Cu®™
S R L RGE R AL Cu’/Cu’, L AT, A
WYy s kM AR e 2L A B IR R RR MR RE RS Cu (1)
WA Cu( 1) F Cu’y A AT 58 FL it
IR R A 4B, X Ca (1) A8 38 JEAE B Jin
W,

AT, X TFAY RN Cu( 1) MHLTHIBFR 7
AL HE X W B Cu ( ID) J5 B9 A2 W) o 547 SEM-
EDS XRD FT-IR 1 XPS FAF , il 5 Wt Cu( 1)
5 FIEWA pH B Pk BE AR AL, AN, TR %
FEVZ PRPRIE ( DFT ) sl [R5 5 5 45 S 1 {20 s
BRI FACFRGE AP s Cu (1) B B SO0
B, BI4n, Zha 257 ST 2 BEBCYE A ) ¢ 4 F
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SERY TP BT IO L TR R T A AR A T
B Cd AL 5 FE T8 517 pREEIS (DFT) 318, W Fff
ML 32 B Ak 2 W B 0 ks 9 BB B, SRS
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©C UH 0 oN ¢ CdI)

a.g.H-MCB;b h.COOH-MCB;c ,1.NO,-MCB;
d.j.NH,-MCB;e k.CsHsN-MCB;f 1.C,H,N-MCB
3 CA( U ) Mg B e o 2 2 R 4 9 7 (MBC)
B AR 22 ey LR
Fig.3 Cd( I ) adsorption charge density and
differential charge images of functional groups

modified MCB

K /K

FTK(x)
f

K3x /K

FTK*(x)
w

K/ R/R

2k 1~6 2351483 170 wmol/L Ni 85 pmol/L Ni,

17 pmol/L Ni 170 wmol/L Zn .85 pwmol/L Ni.17 pmol/L Zn
a.Ni 1 & 3% ;b.Ni [ R 250 5 c.Zn 14 K° 1% d.Zn 19 R %5 0]
B4 Ni fil Zn WRHEAZFF 5 11 EXAFS {55 19
K R R 23 18] il 240 A 4
Fig.4 EXAFS signals weighted by k* spectra and
R space curve fitting results for Ni and Zn adsorbed to

wheat straw biochar ™

RUE BE A Y R A R B AR PR 3 S AR
Chen 275 3 A 2§ 2 AE A DFT 5, IE AR 47
He R AW AL PR LT F 7 B 7R B Cd 2
PR R ECHEVE T, Horb, 205 TINE | ik A
BB A2 W i W BFF 4 i P 7 19 3= 3 3 AT il
AYwE Cd EEHRFARAH (WK 3), Alam
AU T R A W AR 2 R oK TP R 4 JE S T
FEA X S 2 W OKS 41 45 #5 ( EXAFS, UL &l 4) F
FT-IR AT, A R Ni( IL) A Zn (1)
A W B = 3 3o TR Y B2 3 (—COOH ) Fl¥z 3k
(—OH) B fEH],

3 ZRERE

ALK P E SR Cu( 1) ABFFER R, 45
T AR Cu (L) Fe) 3 EE R 5 3 A B
B, kAo b BIE TSN )iz A Ao 2
P (IR B e 20 T G Wik ) W Bk ( Bk
RIS ) | el (ko vk ) A4 o ke
PESE, AR EXF Cu (1) EBRBCRE S 1Y
U2 - KSR IR AT > 5 B A DR A >
PR S BRI S B P, R A Cu (1) B
B3V IN Rk T N s O =R (S TRV (SR N
YRR BH B - BLH 1 S e Ak B A A, H
PR = S B A 55 A ) 5 4 9 A e T R 9 114
PEBA K

AN FETT 1AL - (1) 35 20OR B 5
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Degradation of Oxytetracycline by Biochar-modified LDHs Based on AMD Recovery WANG Xin-quan', WANG Jin"",
DENG Rui' ,XU Qing-sheng' ,CHUAI Xin® , ZHANG Kai’ ,YUE Zheng-bo'(1.Anhui Province Industrial Wastewater Treatment and
Resourcefulness Engineering Research Center,School of Resource and Environmental Engineering, Hefei University of Technolo-
gy, Hefei 230000, China ;2. Anhui Magang Mining Resources Group Nanshan Mining Co.,Maanshan 243000, China)
Abstract ; The co-precipitation method was used to simulate the neutralization process of acid mine drainage ( AMD) ,and the
biochar loading modification was used to obtain the layered double hydroxide-biochar (RLDH@ BC) composite for the activated
peroxymonosulfate (PMS) degradation of oxytetracycline ( OTC) in water. Various characterization results demonstrated that the
method can successfully recover RLDH@ BC from AMD.Batch degradation experiments showed that RLDH@ BC can efficiently
activate PMS to degrade OTC in a wide pH range (3~11) ,with a maximum removal efficiency of 88% ; coexistence ion experi-
ment showed that the removal of OTC under the coexistence of NO; and HCO; decreased from 86.2% to 82.3% and 82.2% ,re-
spectively, with less effect, while the removal of OTC under the coexistence of C1™ and H,PO, decreased to 76. 1% and 68. 7%,
respectively ,which had some effect.The bursting experiments showed that in the RLDH@ BC/PMS system, free radicals and non-
free radicals joined together to degrade OTC,with free radicals dominating. After 5 cycles,70% of the OTC was removed within
20 min,indicating that the material has good recyclability. This study has significant implications for expanding the resource
utilization of AMD as well as the efficient remediation of antibiotic wastewater.

Key words :layered double hydroxide ; biochar ; peroxymonosulfate ; oxytetracycline ; degradation mechanism
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Tab.1 Experimental reaction rate constants for

different systems

A K,,,/min™" I3 K,,./min”!
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FAVBLE S8 UNW
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Fig.3 Removal efficiency of OTC in different

systems and with different catalyst dosages

(PMS=1 mmol/L,0TC=50 mg/L)
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OTC Al fEAE T A pH KA rhr | DRt 7 B A
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Fig.5 Effect of different coexisting ions on the
removal efficiency of OTC (PMS=1 mmol/L,
OTC=50 mg/L,RLDH@ BC=20 mg)
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Fig.6 Effect of different bursting agents on the
degradation of OTC
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before and after the reaction
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Fig.8 Oxytetracycline degradation pathway diagram
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FE O TSR SR IR R F 400 °C VG4 A5 T A2 9 5T 7k (TD400) B 2 - B ey FR 5% O 5 L
S GBI FER AR, A 30 S T34 Box-Behnken SIS HH R > M A2 ) SR ACER AN L IR S5 pHL A 0 38 3 X6
BEAS FURMBE IR 5L L R B R 0 e, 38 AR O A S U R R 45 0 AR W R BRI LE 1. 0% pH 10 R i JE
15 C ; BERRER e AW 25 < LE W TR S IR LM 1. 0% pH 10 BSOS M 35 °C o 4% PRI 250 e 25 A A T 6. 10,
R 1) 522 T R /NP Sy« 0 9 T b > A RS IO 3R 2 > T TR pHL, e 1 I B 2% 12 T e 25 G R T 6 VR B 236 4 33 Sy
60. 74% .82.59% , S5 TMH 63. 25%F1 81. 54% HAW) & . 1K FR W45t A Wk vT A5 88 1457 - SR al W R A v A R0, Sl 4%
EREACR IR AL TR R U B —E IS M AR R

SRR : S LW o5 5 W T 5 o 7 o TR 5 5 SRS R R SR

FESHES:S156.2  XEAARIEAD:A  3CEHES:0258-3283(2023)05-0085-08

DOI:10.13822/j.cnki. hxsj.2023.0062

Optimization of Soil Adsorption of Nitrogen and Phosphorus with Tea Residue Biochar by Response Surface Methodolo-
gy QIAN Jing'"™  CAI Qing-song"™" , HUANG Xian-huai*'™" , ZHOU Xiao-yu® ,LIU Ying-chao"" , ZHAOQ Jin-jin""" (1. Anhui
Jianzhu University,a.School of Environment and Energy Engineering,b. Anhui Provincial Key of Environmental Pollution Control
and Resource Reuse, Hefei 230601, China; 2. Plant Protection & Quarantine and Tillage & Fertilizer Management Station of
Huzhou , Huzhou 313000, China)

Abstract: A biochar prepared by pyrolyzing the tea residue at 400 °C (TD400) was added into a tea garden soil in order to effi-
ciently utilize the tea residue.The influence of TD400 on soil immobilization of nitrogen and phosphorus were studied.The effects
of biochar addition ratio, environment pH and temperature on the soil adsorption efficiency of ammonium nitrogen and phosphate
were analyzed based on the Box-Behnken experimental design principle in the response surface analysis method.The best adsorp-
tion condition for ammonium nitrogen was 1. 0% TD400 addition,pH 10, and the temperature was 15 “C.The optimal condition for
phosphate adsorption is 1. 0% TD400 addition,pH 10, and the temperature was 35 “C.The influence of those three factors on soil
ammonium nitrogen and phosphate adsorption efficiency varies; biochar addition ratio>environment temperature>pH.The best ad-
sorption efficiency of ammonium nitrogen and phosphate were 60.74% and 82.59% respectively under the optimal adsorption
condition , which were basically consistent with our predicted values,63. 25% and 81. 54%.The results showed the tea residue bio-
char could effectively immobilization soil nutrients.This study provided a new idea for the utilization of tea residues and have cer-
tain theoretical value and practice significance.

Key words :tea residue biochar;adsorption ;response surface methodology ; ammonium nitrogen ; phosphate
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ARSI R 45.90% , £ 2016 473k [ i) 2 I Fi H TR 2R B AR B ST00 H -7
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1.3x107° g/m” ; 25K S FE UEA T35 VT V6 VR 4k
2 Dl B AP B e B, 24 Ml 2 el A 0 P R R
A 373.28~747. 16 mg/m” , W 5 5 BUA K4k
e E IR, PRI, SR ECA R0 7 2 i 2 B R
WAL R S e 25 el b SR BR5E Jo HJ2 214 i R £ A P
IFRSE )AL

FURIT, BT U0k /> - HE S 57 73 il 5 141 it £
FEE AT A 3 - ke R 7R R i
TR AR A VA o K 23 A0SR 23 1 e LR ]
AR RN R R SR A i B R
A —E BB (B S B2, It 2
TR A B T AR AS SFH R  SEER B R
ol FE I A% el e LA T R T A W R A
N — T R A B R, R AL A B R RS
Bl S R s g B SR A
Lepdi /b AR i % R B R A T R
KJERTH T TR M R kA e R
AR, WG BRAL | BE 2 55 i
JIO" BRI T e [ 2K P S A R R AL 4
YR PR AR KRR ety R
B 2Rk 22 B M LR A5 B SRR AR T Ao
3t KA F W% i A ) R AT AR Sl R
F1 R 50 A 52 500 P 1 R B R A v B s e
SRR Tl R S i % T 4 - M 37 o A A
KRFFIAZ . TR, L2 i oA JORH) 2% A= ) o
B T KA ff o - S 5% 7 [ 5, mT 3 58 B D5
AT

W 17 i 17 2 ( Response Surface Methodology ,
RSM) JEAF GE T3 M S Bl A 4 5 X i 7 ™ A 1Y)
SHGEAT AL B 238 ik AR LA
SIPTR AR AR B S A R Z B AT OC R, B
AT PPA 22 PR 3R 58 B AR FH XTSI 46 295 SR 1% 52 i) B 79 7
R HSRETRA R, NI RSM 2 —Fp b5
BARI T R 2 AR G S A R s
BRZ BRI 2R 5 5 i A e i {2 B
K AR S8 A W iR AR AR FEARBEE
SR FH W 32 1 T 53 BT ¥ 7 Y Box-Behnken 52505211
JEEE MR A M TR S N LE R pH SRR
S 7 it Xt S T s A S0 8 2 R R R 6 A i
ik 7 S B ) K HE 22 18] 4 58 B AT 5 (] e it L
R AR BT AR AR LT S
B AL T B, 4487 M B B 25 ORI PR £ O AL
L ORZREE Y BUOR S IRACR IR SR 842, N
A bR SR B R S S S BE 2%

1 KIRFEBSY
1.1 FEAER S

OTF-1200X #2548 b (5 IEF S AR
RAEBRAF]) ;UV-T6 BLES-A] WA (b
T A AL AR A PR BT A W) 5 Meo-i204 HYH
TRV (L E MR FER 2 A H]) s ASAP2460 #!
4= H B bR B ALBR B A A (& 1 22 e {3
3] ) s pHC30101 B2 20K 5T 43 A (36 [ G
/N H]) 3 Vario MACRO cube BT ZE /A% (£
W HHER G AR ) ;SUS010 A4+ i
8% ( HAS H S22 7)) 5 Nicolet iS10 %I B H-2T &k
A (L EFEER AR,

HFRER (KNO, ) A L8 (KCl) | B iR — &8
(KH,PO,) (kb TR A FRA A 5 B A il 5
IR AT 2 A ) o e SRR R A2 AR LT AR
I B SR
1.2 SSRGS

AR FE S0 A HERE G F R L PR T A 3k
HXE A Z B 0~20 em )2 + (31°522' N,
116°533'E) , % X3l T2 08 il , b S #y
T KA, AR SR 14.5~16.6 °C 4 F 3
FAFRE 1 300~1 600 mm ( H i KR FR -2 7] ik
29243, 1 mm) , RSN T RBRRA M
A AT 2 mm G IR H S50 4 4 0 S A
PRI W 1,

R1 LKA R
Tab.1 Physical and chemical properties of tested soil

+ 4 pH/ AL, FHEFEHE, 2%/
B (1:2.5 £KH) (gokg™)  (mmol-kg™)  (g-kg™!)
WA 5.14£0.4  19.25+1.3  19.94%3.5  6.31£1.2
44 2/ R/ THER/ A/
M (mg-kg™')  (mgekgT')  (mgekg™')  (mgekgh)
HREE 814.5+10.3  3.1x0.3 11.120. 4 26113
1.3 LBk
1.3.1 ALl &

AT (TD) Hill % P8 745 185 PE X
TIE A, BGE Ry AR T Gl N, SR/,
FHE 2 400 °C (FHR B 10 °C/min ) #iF x 1k
2 h, FRAENE BOR AR 2 100 H i, FH 2818 K
BHVE,IFE T 105 CHUAENLT ZE BB
. AW ic ol TD40O,

1.3.2  FAE/ Mk

A0 5 A A 32 0 T ) 5 5 A AT

AT U B Ar e, AR B pH DL
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WYy 5 20K B BT AR R L m () <V (IK) =
1:10 $2H, I8 8 43 A A0 22 5 CEC i FH & R B
RAREM E ; TR AT A A BT i) € H
N.O FI0E ; LR FU LA 4 A i il . BET
DU, D B R N, TR A B3, O AT 1
9300 °C, A TR HITE 4 b A4y s AR R E
SARAE SR/ SEM UL 5 , A= 9 5 e 5 3k
i e EA T T A T A B, B A ) 5 R R R
FLRSERE FEAE il 15, o L A7 8 4 4h R AE 5 3 0k
FT-IR 43 B A5 90 5 e 35 11 B R A A 28 I sl ol
HWFEE 6 5, IR R IR G )5, FRRIR A TR
FrE W B A B R R 4 000~400 em™

R pH BSR40 A 3G 7 ; T S A
B SR AN G B B3 7E B K 420 nm Ak 4550
STCGRETE FE I 5 v TR b R R B ok T4
PR B L (0,43 6O BE TR IS 700 nm AR ZE
1.3.3 MR E

I 25 mL [EE W E 100 mg/L Y 8% 245 A A
FRERVE, A 50 mL B0 4 T IR0 2 ¢ +3
Je—E B b By AR ) 5T e (Jo B LE 0. 2% 0. 6% il
1.0%) , 43 58 = pH 2.0.4.0.6.0.7.0.8.0 Fl
10.0 J& B 8.0 B TIE IR IR % 44 (15.20.25 .30
135 °C),160 r/min Yk7% 24 h, BUHBL.OE , DLE%
P 4 000 t/min, &0 10 min,id 0. 45 pm JEALS
10 mL P83 FH 00 5 7K I 1 A A RN B Rk 1Y
W R Bl AN i P B i 40 e BE VR | B TR
LR IR B2 43 66 BEIL I e | IF % R L kAT 3
WHE I, VAW BN 5 B A AN Rk 1 ik
B B (1) TS I A% AR I A 1) - M X
BDEMBERRER EBRR V(%) .

Y =[(Cy-C)/Cy] X 100% (1)

S Cy R ITRIRATR B, mg/ L €, R W57 5 W 1 e
B, mg/L,
1.3.4  m el se gt

ST RGO e 7 A Ak S B A 5
RIS TRV BC Eb 1 255 s A 0 T e %o K A i 25 L ol
PR R I FEA T Ay, AR S B s A ) I S o Lk
(0.2%~1.0%) W pH (2 ~ 12) Fl K i B
(25~35 C)3 Mg, i AT B 25080, A3k
B S 7 T R S S0 BT B S B i L SR ik
TBUIR B 750 FH R BC L 0. 6% , IV IR 25 °C FA TR
pH 7 A M Jo7 18 52 55 1% 11 18 v o5, IEAR 4 Box-
Behnken SZ56 5B, SR A = PR 28 = 7K Y- ;i 17
oA bR = PR R S M 2 i A ) o S N ) - 4

R B e 285 SR A R A ) TR NS BAE I, S8
B I S A FN S 96 (B WL  2
R2 RIEAYTORAN NS bel L S B A 5
2% SE 50 R AKOF HUE
Tab.2 Level of experimental factors in the nitrogen and

phosphorus adsorption system

IR S 12 BRI/
SR VR EL/ % pH «
-1 0.2 4 15
0 0.6 7 25
1 1.0 10 35
1.3.5  FEALEER 7

R FH i) B 1A 9% Design Export 18 1 f% Box-
Behnken J7 1 0EA TR 56 Ab 3 1% 3 M 6 AS [R] 3R 5% 4%
F N LR W T R e 25 SRR PR R R S 3 A7 0B
Geit, Jr 22530 (ANOVA ) N T3 b 7 B9 s
& HA, P<0.05 (") RA G4, P<0.01
(") BAEEG R S, SCh TR B 2 il
1T Excel 2010 52/,

2 #R5ite
2.1 ZRIEAY B BRALME TR AE
AR SO 2R s AR W T e SRR BRAL PR T AN 3k 3
FR
R3O EYFRIEA AL

Tab.3 Basic physical and chemical properties of biochar

Fedh  BR/% IR/ % pH

TD400 34.33 12.55 7.87 34.89

CEC/(cmol -kg™")

B BET RMA/(m?-g') % W% N%

TD400 1. 156 63.94 2.32 4.73

RES 0/% H/C 0/C BILE/ (em®-g™)

TD400 12.45 0. 036 0. 195 2.47

Nk 3 Pis il A Y ik S pH 7. 87,
FHES A5 de g 34. 89 cmol/kg, FBIAS i A= W) Jo
2RI FE T R R RS2 48 1 A g Y B A A
Hk &8N 63.94% ,H/C HWE M 0.036,0/C I
{E R 0. 195, 32 B AS i 24 ) o e A7 8 v e 1Y)
FELER  HH R 1,156 m*/g, X5 4%
BV R BB A IS AL (WLE 1), anfE 1
7,400 °C T il A8 1Y 2% T AR ) o e 2 D R R
%I EA — 2 LIRSS, 25 1 AR AR Y TR
FLA e 1 B i i, RLRE ) T, K Y HE 3 T
B, HE BT RE % [ 47 L e rh B SR
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A SR R R S B I 22 D) B A S i
BRSCRAR 7 19 28 AR B, TR B S e A= )
JE RS KA B IR R S R R CR
PRI, A BF 5 0 36 0 46z 28 Sl TR 5 1) TR o
(Y, é\n%ﬂ YfMééﬁt) Shp el )97 H , 3 3 Box-Behnken 3Z
BT, AL e L TSR, 52 3L 7 R 2 0K

’ TR, IR T & 4 Rk s, WL 4,
e ‘5| . T4 SRR AR M3 S0 B e 45
ey \ Al | 7 Tab.4 Experimental design and results of adsorption
R “.‘ 78 :\’i“ \ : S . .
%) .\. / y 1} “"i F: efficiency of ammonia nitrogen and phosphate
A ™ AR GER RRET R
- i K R/ % K WRE/ %
Xy Xp Xy UIE BONE X, X, X lE mlE
B 1 R EPFor TDA00 LI (a,b) A 1 06 4 35 7243 71.56 0.6 4 35 40.52 39.21
LIS (o) 2 06 7 25 7LI11 TLI1 0.6 7 25 49.32 49.32
Fig.1  SEM images (a,b) and FT-IR spectra (c) 302 10 25 7213 7L12 0.2 10 25 50.61 49.86
of biochar TD400 4 10 4 25 7614 7.15 L0 4 25 50.31 506
AW AW Tk TDA00 £L 40 s an &l 1c fr 5 06 7 25 7L11 LI 0.6 7 25 49.32 49.32
TN AEDEECR 3 432 A1 1 312 em” AR HBRAR AN 6 0.6 7 25 711 7L11 0.6 7 25 49.32 49.32
WA O—H  C—H {45 IR sl ¥E 2 920 ~ 2 845 7 06 7 25 7111 7L11 0.6 7 25 49.32 49.32
em™ 4k W BRI AR A C—H A 45 4R 3l I i 1 8 06 4 15 6112 60.29 0.6 4 15 49.12 49.22
(N8 CHx) 76 1 612 em™" 4b H B4 N Xt 9 10 10 25 79.21 78.53 1.0 10 25 58.74 58.28
C=C %%ﬁ%%ﬁléﬁ%zﬂjﬂﬁo E 1 114~1 312 10 1.0 7 15 7214 7195 1.0 7 15 59.11 58.26
em” P FREE K C—O—C (453 2R3 7 i 1 06 7 25 7L11 7L11 0.6 7 25 49.32 49.32
C—O0 [4EHREN 15 781~876 em™ YL T C—H 12 06 10 35 80.02 80.85 0.6 10 35 48.14 48.04
25 U4 S M 2 SR T 20 A ) R A 13 1.0 7 35 80.01 79.8 1.0 7 35 46.23 46.79
(35 7 (LB M) I 5 4—OH —COOH 1L %% R— 14 02 7 15 5312 5327 0.2 7 15 47.33 46.77
0— R%‘fﬁ "l_l“é 15 02 7 35 70.09 70.27 0.2 7 35 3561 36.47
2 s LT T 2
T£L4T¢%ﬁiﬁﬁ‘z%,<fiﬁ%ﬁbﬂ *45@‘7](121@‘6 - - — - -
RS B EMBERER R AR 7 22 53 BT R
Tab.5 Analysis of variance of adsorption efficiency of ammonia nitrogen and phosphate
[ AU ES I ENUTES
S FHFM ARE B F P WENE S CFAM BdHE ¥y F P P
R 921.70 9 102.41 120.08 <0.0001 #HEFE HE  684.39 9 76.04  74.90 <0.000 1 MBFE
X, 399.74 1 399.74 468.71 <0.0001 MHEBE X, 237.84 1 237.84 234.27 <0.0001 {REE
X, 131.22 1 131.22 153.86 <0.000 1 #HE#H X, 188.18 1 188.18 185.35 <0.0001 #k@E
X, 310.38 1 310.38 363.93 <0.0001 #HMEE X, 236.97 1 236.97 233.41 <0.0001 g%
XX, 45.23 1 4523 53.03 0.0002 WF XX, 615 1 6.15  6.06 0.0434 RE
X, X5 20.70 1 20.70  24.27  0.0017 ®BF X,X; 0.3364 1  0.3364 0.3313 0.5829
X,X; 1,40 1 140 1.65  0.2403 X,X;  0.7569 1 0.7569 0.7455 0.4165
X2 2.29 1 229 2,69  0.1453 X2 4.62 1 4.62 455  0.0703
X2 0.6737 1  0.6737 0.7899 0.403 6 X2 3.78 1 378 3.72 0.0950
X3 9.89 1 9.8 11.59 0.0114 BF X3 6.09 1 6.09 6.00 0.0442
B2 5.97 7 0.8529 B2 7. 11 7 1.02
glii®2% 0.000 0 4 0.0000 gli®2%  0.000 0 4 0.000 0
MEE 927.67 16 HEZE 691.50 16
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THI AT Y — R 230 (A=02.3)
Yism = 49.32 + 5.45X, + 4.85X, - 5.44X, -
1.24X,X, - 0.29X,X; - 0.435X,X; - 1.05X? +
0.95X3% - 1.2X} (2)
Yo = 7111 + 7.07X, + 4.05X, + 6.23X, -
3.36X,X, - 2.28X,X; + 0.59X,X, - 0.74X} +
0.40X3 - 1. 53X} (3)
2 X SR A A Y R SN HERC HE 5 X, O pH X, NI
WL
AT (2) (3) AT, 3 /> S 06 A48 5 0 0 Fh
SR Ne) 11 P9 5 M) 2 A8 1Y), 3 3 % e i T A5 A4
(2) \(3) W TT 2o i S B R IR Z5 R (3R 4) ml
SR A R =0.993 6 (B SR AR =
0.989 7(WEMER) , R E A FBEIR EL A58
S ARG BT, SCI AR B s A HEHE
FREL(R,) 43 0.985 3(#4AS %) \0.976 5
k) , UEI S AU A 3 UA 98. 53% i 1
DALY | B R £ U5 A 2 97, 65% 1 il
o7 A P ARRADLIZEASE AR 1™ el 25 R RITl R 6 1) S )
ECFN TR e UL 6] 2, P00 B R R 1) T 1,

0P Bl A R R R, 0 A 78 ) i 60 S 00 {1 o €
AN
H o

100,
y=0.9935x + 0.456
R?=0.9936
§ 80f
o
=
B 60
40050 60 70 80 90 100
SWE /%
80,
ok y=0.9896x + 0.5092
< R?=0.9897
S wf
& sor
a0f
30 20 30 60 70 80
S/ %
2 A (a) MBEERER (b) WERfE ARSI {E A1
TG Heg

Fig.2 Comparison of experimental and predicted values
of adsorption efficiency of ammonia nitrogen (a) and

phosphate (b)
e 5 AT, S A5 R B 23 % e L T
120. 08, P<0. 01 ; B iR £k W B 23 iy i 17 18 & A
74.90,P<0.01, UL B B 7 B R 1) 3 FR RS

BAS BB AR W 3 2 [ st R it 402 21
AR AL AT AR S B S RO S0 i A5 R T 40T
HI 5 AL FERL R R AR T LR AR S
THERC L AW pH BN T B X - S B A A
I TR 5 W B 58 9 52 Wi 52 1 2 3% (P < 0. 01) 5 [F]
INF, HF (R AT UG 30 45 R 3R 0 e 25 R b Wl PR 2k T
I 8 ) 52 00, RS/ N WP 4K K g A 0 o 5 45 0 L >
VRSN T FE ST TR pHL, 3 32 B2 PR ok AR ) Jo i
AN, BT AR A W R AL I T R Y
2 i AR 5 2 PP PR 2R 5 A P L T 3B e
TAEY) BB B AN L A5 1 B It BE T IR 3R R
pH 528 18 A W Jo o 3 0 L 9 PR 2R 0] e 285 R i
I 3 52 2B SR I A TR 5 WA R ) T TR 52 LA
PR, AL T AR W o e R 0 1 SR IRC L 5 VR W pH
Xof LA o 4 B W 25
2.3 AR YR AR RS EAT A e T2
i 1T Design Expert 18 LI [ 248 & A A8 b
iy 3D EE, TS EOWLIR A W) SR VSN L |
VAR pH S TPV E R 25 8 S W IR R )
B BHOR 45 R W 3.4 B,

a.pH SR INIRIE ;b.pH 54 W BAR AR N HE 5
o PRI SONEAR JEE 55 1 W RN L
B3 B L T 1A

Fig.3 Response surface map of ammonium nitrogen
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a.pH SIEBR MR ;b.pH 54 BRI ;
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Fig.4 Response surface map of phosphate

WK 3a iz, LA 0. 6% A9 5 e 48 Jin ke Sk v
O SERETT 3 X0 e 285 R T 238 B o 1 T S s
TR IS NS TR pH FEAIGZ M7 T B Rl A
VRSN I 11 8 Ak i T AR KT pH A A A T
ARk T AL VA RS N L FEE o T B SR Y R i T
pH. HIE 3b AT A1, DL W B Ny ik BE 7 o a0 A
25 CHAET, Bl 5 A=W 0 5 s TN b 08 38, %5
W pH T B S R B S M K 3 T
TINAE 0T 1 R S I, JFC 3R T A R B2 5 38R 78
i B S S Ak N4 8 i =R ]
VR pH B IG TN, A= 4 5k 2 T B R AT ) I
BREASE S50 P B G336 3 e Pl R 5 | P AR 5, ST LA
o i A5 G W R R A B =2 B hn ) PR R 3e B
I, BB VA VBRIV TR PR T v R 4 2 U A%
LW TS I 15 CikE s, HREE
FIRE S T T T s VR P S R N
PR G2 A I e %o e A R B R, AR A B
OV AT PVA I A 20 ] 5 AL 055 22 4R 1%
BEAWXS Cu( I1) B MR ERF IR 2 3R, B &

TR TR, A R/ANERXT Cu® (1% W B 2 328 7 184
T, S HE T I B Ao R DA PR W B R 2 R T
A FIT Cu® 5 /INER R T 169 50 F3 0 0 6 2 7
5 P BRSE T 2 A0 W B K P Y Cu™ A
P> B, 0 30 ik TR 2 B 43— 2 W R, G ok
P> f W B 7 I TR T =5 2 A 4 B B, (Bt 25 R
BER T, P 3 B A 0 B RD B & A= AT 1S
T R XA R AR A M TR pHL TR )
Uh W B AR AR S H R ST st B B A A B
Sh () 2 B RE A5 M B, oA 35 24 T v i
A R 5 o 550 P R o

2% 4 WAL, AR 5T A S B EE 5 5 1 i
2 H AR X 4 2 0 W B SR e 3 (F =
0.3313,P=0.5829), Nl 4a iz, IAEY) 0
ININEL 0. 6% T sS4 Bl 25 V5 W S g ik
FEFT pH 3G 0, B 1 S %) WA JoF 23 2 % 3 1 R
B 53 12% 8 0 & 81.54% ; th & 4b AT %0, LA
VAR SN R BE AR UL S5 25 C 4R A W I TR
AL LA e il T AT pH AR Ak il T 2%
A= 0I5 1 R I, L X6 = 398 P gl i 5 W B3 1)
MR pH., A= 40 J5  0) l TR h5 1) TR A 3R 2 i
pH MYBEIN, S5 TG B AR fh ka5 o/ pH 7
IR BRIt i, I 2 s n] R IR PR 7RV TR
pH 4~ 11 JE [P, BERRAR 11 = 2B 20 H,PO, FI
HPOS ,1fii H,PO, HIMKT I o RERAR, 45 5
BFE2240 PRI B 2 VR pHL 8, I B R 3 i, Y
R pH 5. 19 B, 274kt = T, A
T #5417 T HL AT, AN R Tl R R 9 S WL
AR, W pH T, ¥ W OH™ 1Y )5 N7 23 4 411
i, B TR R B 25 R R AN e
FiR , AVEIRAE 0 5 pH 7 51T BEE WU
7 I FE R I, A 40 BT KT Tl TR W o 48 5 3
RIS TR T AR T B R L
Tia] P, K1 T 444 i A 40 S5 %o Tl T < 1 W o
(0 A A TR B AT i e 2 AT R
T3 24 8 RS I R o L AR P I A 1 i
B A5 508, B r Xof Ak ) R o6 P Tk 85 - v VO I
AR, ER T B v T R R R R v R
Wi A 2 T POV AL T 34 5, A R T W R R fR fFL
Tia] AT, R T A X 114 PR B £07 i 18 22 3
T BRI B (W B, Pan S RIESY T RS AR AW
BTN Cr™ W B, 445 5 2% B JHC W o — i oy i 445k
T IF R BT &, R B RE D BE = 3G 0 4
TE 35 °C I, W FfF 23R 3k B e i 1 81. 54% ., 45
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FIPE X AR B R A2 R R X i R AR
(AU B SRR R 2% , B S AN TERT , B R AR 2
F FEARFERCAL M, (HE B S A S R AR
B F R AE R, 5] 07 5 4 S
AR R 25 At T B 2 R R B R R 22 1 AR T
DU AW R AR B pH B RS AR AR AR W R R
T T EL A A 2 PR & AR AR AR L AR
IR 5 A SO A W e %o U 1) T B R, R B
W AL L3 52 4, 2 A W e 8 R FLAAT pHLpye 5
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R Fe’ 5 PO AH 45410 W5 |47 6 L far )
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NH, "W BHRCR . POY YW B 32 202 3 o 4 8 2
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SRAFEAT TN, A5 B 2% 8 A5 W S5 AN o A A
B A TR SR A SR SRR Dy AR W B R S I L Dy
1.0% ,pH 10. 0, RV FE R 15 C 5 BAT, 1
SERHE A R T BT BN 1 214, 80 mg/kg, 1 3EXT
NH, -N W Fff 2 (1) ~F 34316 A 60. 74% , 5 i U {8
(63.25%) FH2% 2. 51% . NIHEIR £5 W% R 0% o 1 55
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TR 35 °C, T SXT IR +h () W B 224 825. 90
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3 it
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82.59% , 5 FUINE 63.25% (#2757 1 81.54%
(WEIRER) AW &

Sk
[T BRas AR B A b [ 2 7 ML B BT 5 R e [0 ] AR o

#%,2018,8(1) :89-92.

(2], SR, RETR, % LR X 4088 B g X
AN AR P RN SR Ay TR R R [T ] IR Ak,
2022,41(12) :4 154-4 164.

(31 E , BRAR UK, 2 1 46 ) T 3k b 2% el 728 3
TR T]. A S AN B4R ,2010,26(4) :381-
385.

[4]Z5K 7 R HE .35 VT VG V3R 30 325 Il o T 428 3
FPEIGRRAE ] R TR A, 2013,7(8) 2 909-2 914.

(5] 9538 VR R TS 5V T R A A 5% ot ol v 4 i PR 2%
[J].AREEAET,2020,42(3) :8-10.

[ 6] ZETT. A=y o o R Ui o it I o) 5% o]l 3 44 37 U 3t 2
1 HER RN BRI [ D] AT L HFT R 2E,2018.
[7]30 B0, X T, S A0 T & B Rt cd™ g

MEpEREmFoR [ )] 42200 ,2016,37(1) 121-24.

[ 813G, XSO, 8B ¥, 45 25 A W o ol 4% Je FE X
VYR OO PR R BR AR [T]. R R4, 2020,
3(41) .1 308-1 318.

(9] 253, MEAm G , T 2% 7 A 0 e o 4% B HL R IR 852 400



92 f2:38%]  CHEMICAL REAGENTS

5545 B 5 )

S 05 F T Bk R ()] 3R SRR 2 5 HOR 2020,
43(9) :67-78.

[ 10] KARIMIFARD S,MOGHADDAM M R A.Application of

response surface methodology in physicochemical remov-
al of dyes from wastewater; A critical review[ J].Sei. To-
tal. Environ. ,2018 ,640/641 ;772-797.

(110G & AN , B RO, 55 2 0 5 et b /N 22 R
LM AL O 5T [ 1] Wi T A0 B2, 2022,
63(11) ;2 503-2 507,2 574.

C12]KREFIG , 2o AR, i, 45 o N 18 V5 0 A Tt v o 4
TS TR 5E [ 1] A2 iG], 2023, 45(2) < 90-
97.

[ 13)7E, Fhiifh 20, %5 B VT 5 - R Rt
TCEE W B - R AR E B X pH B B A o 7 [ T ] 34
Bikl #2247 ,2020,40(5) 1 807-1 820.

[ 14T X, Beadfh , R 4 X, 55 FORFEFFAE ) ot e BE T
RSG5 S R RAE[ J]. 35,2019 ,51(3) :465-469.

[ 15]BERGLUND L M,DELUCA T H,ZACKRISSON O. Ac-
tivated carbon amendments of soil alters nitrification
rates in Scots pine forests[ J].Soil Boil. Biochem. 2004,
36:2 067-2 073.

[ 16 1AM, 223K, £ 44T, 55 W0 £ s e el v A 400 ot e ot
KAV (I ) B MR B P RIS [ J]. IR B B 2 2 4R
2020,40(2) :527-535.

RRAE:S 0 Sk S L A R o7 N i SO R RVIREE 2 7)) ]
R A R AL BE St S ()], Rl 2017, 54(6)
1313-1 325.

[ 18] T, FEHAAE , SR A5, 45 e o7 18] 325 P AL SR 41 4 3R K
FBR O BRSO ) ] R R 5 HOR 2015,
38(6) :167-171.

[19] &7, 5kde , skadcte , 55 07 B4 & 4 Rk Ak 3 R i 1% K
MIPERERTFE T ] BREE R 222241, 2020,40(11) ;3 950-
3 957.

[20]eAnm , /N, 22 55, 55 PVA-IZIE 1 14 [ 52 1k 5
WL AR B S A R ) 2 S X Cu (I ) g 0 B A
PE[J ] TR 24 ,2020,40(11) ;3 939-3 949.

(20 M, 2% SCHE B B i, 45 11 o= A0 1 W) 0 7K I W
Cu® Hl Ph> WL F A4 2y g 22 PR 2% [ )] R BE T AR 2
#%,2016,10(6) ;3 077-3 083.

[22 )X, B, RStk , 45 R STIB AN Fe,0,/Fe, 0,/
CE A MR H 2 S IXT Sh( 1) KBRPERE[ T ] Ak
T R4 ,2020,40(1) - 182-192.

[23]LI R,WANG J J,ZHOU B, et al.Recovery of phosphate
from aqueous solution by magnesium oxide decorated
magnetic biochar and its potential as phosphate-based

fertilizer substitute[ J . Bioresource Technol.,2016,215:

209-214.

[ 2404 505 , 2510 7, 55 R S 6 S W/ e B Bk
— PR S A G T R W IR R R [0 ] PR B R 22, 2016,
37(12) :4 882-4 890.

[25]WU Y,LI X,YANG Q,et al.Hydrated lanthanum oxide-
modified diatomite as highly efficient adsorbent for low-
concentration phosphate removal from secondary efflu-
ents[ J].J. Environ. Manage. ,2019 ,231.370-379.

[26]OLADOJA N A, OLOLADE 1 A,OLASENI S E, et al.
Synthesis of nano calcium oxide from a gastropod shell
and performance evaluation for Cr( VI) removel from
aqua system/[ J ].Ind. Eng. Chem. Res. ,2011,51(2) :639-
648.

(271 ke 2 A0, 2% IR 2 45 R 0 b R e 52 45 P AT
& M BRmEVERE [ ) ] AL~ ,2017,34(2) 1 211-
218.

[ 28 bk, JEVEEL. O B b 7K A w5l 14 iz R A1 FH % 3
12V BT R 5 1R ,2007,3(29) 1 182-185.
[29]PAN J J,JIANG J,XU R K.Adsorption of Cr( Il ) from
acidic solutions by crop straw derived biochars [ J]. J.

Environ.Sci. ,2013,25(10) :1 957-1 965.

[30]CHENG N, WANG B,FENG Q W, et al. Co-adsorption
performance and mechanism of nitrogen and phosphorus
onto eupatorium adenophorum biochar in water [ ] ].
Bioresource Technol.,2021,340.125 696.

[31] %77 W B A A 5 W B & 8 TR Ak R AL
BRAORITFEHERE [ )] V0 B R 2441, 2022, 53(5) -
620-629.

[32]TAN X F,LIU Y G,GU Y L, et al.Biochar-based nano-
composites for the decontamination of wastewater: A re-
view|[ J |.Bioresource Technol.,2016,212.318-333.

[33]WANG T T,LI G L.,YANG K Q,et al.Enhanced ammo-
nium removal on biochar from a new forestry waste by
ultrasonic activation; Characteristics, mechanisms and
evaluation[ J |.Sci. Total Environt.,2021,778:146 295.

[34]LI B T,JING F Y,HU Z Q, et al.Simultaneous recovery
of nitrogen and phosphorus from biogas slurry by Fe-
modified biochar[ J].J.Saudi Chem. Soc.,2021,25(4) ;
101 213.

[35 ] ARAT, I, VEAL BRI A W) e A8 W K A2 I o 1
GBI R R AR P [ 0] SR B B2, 2021, 42(9)
4 332-4 340.

[36]MENG Y K,WANG Y,WANG C Y.Phosphorus release
and adsorption properties of polyurethane-biochar
crosslinked material as a filter additive in bioretention

systems|[ J ] .Polymers ,2021,13(2) ;1-17.



%45 EH 5 fh23i85%  CHEMICAL REAGENTS 93

WS Wi 32 R BR 5 7K & B B9 I B P R B B & — T 1R A

AR RSB KA KRB Ik R, H ik, YR
CERMNER Tl R MRS b2 TR0, T £BM 450000)

FE AT — R R IR S BEEAT AR ), 454 42 HNMR  MS B S R AET0IA . & B 1 s b B8 R I Tt 8 5 7K
B HE RN B R ST BB AT SEM 2540 4307 , R IR B AL T KP4t , B8 TR E K& B =
SFRZ NS BB R, RIS T WMo TR e 5 28K T e R . PR S R 178 B 1, 22 00 A 422 PR s 1S ) /K 45 T B
OB JSBE T, T X 22K TG R TR S CRASHABCIRAS . e R IR TR S /K B WFI DL & — S 1R ol — ol s 17
PN FHERE X — Rtk A B 7K G W S M B A B R — o L

SKBRIA  ME IR TR G 5 IR s K5 0k 5 BREIE s RO 5 SO /N ¥ B e

hESES 0626  XEERIRFE: A XEHES:0258-3283(2023)05-0093-05

DOI; 10.13822/j.cnki. hxsj.2022.0903

Reactive Organogels and Specificity Recognition of Quinoline Carboxylate and Hydrazine Hydrate J/IN Qing-xian ,ZHANG
Guang-hui ,LIU Dong ,ZHU Xing-kun , JIN Qing-yan ,ZHAO Wen-ge ,XIAO Yuan-hua , FANG Shao-ming " ( School of Materials and
Chemical Engineering,Zhengzhou University of Light Industry ,Zhengzhou 450000, China)

Abstract: A class of quinoline carboxylic acid esters and their hydrazide derivatives were synthesized, and their structures were
confirmed by HNMR ,MS, and melting point characterization.The reaction characteritics of quinoline carboxylate alcohol solution
with hydrazine hydrate to form gels were found,and SEM structural analysis of the formed gels revealed that they mainly formed
long fiber structures.The effects of solution concentration and the amount of hydrazine hydrate on gel forming properties were in-
vestigated.The gel-forming properties of quinoline carboxylic acid esters with ammonia , methylamine , phenyl hydrazine and methyl-
hydrazine were also investigated , and it was found that quinoline carboxylic acid esters showed reactive gel forming properties only
for hydrazine hydrate ,while they remained in solution for ammonia, methylamine , phenyl hydrazine and methylhydrazine.The prop-
erty that quinoline carboxylic acid esters form a small reactive molecule gel with hydrazine hydrate rapidly, specifically and quanti-
tatively,is expected to provide a new idea for qualitative and quantitative analysis of hydrazine hydrate.

Key words : quinoline carboxylate ester;carbohydrazide ; hydrazine hydrate ; gel ; recognition ;reactive organogels
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FHSE Lt Na®  K* 3R 5020 2 30 01 7E
i 25 s ok B I S AL 5 W i e B, Tl s b R T
i F F R 9 TP A 3 B A KA O, A R bl gk
T BUBEIE , Z R ABESE, e PR T — 2 s i R 1R
i P9 J e 52 I P /N 43 T G, O R AT T R
AT

1 K&y
1.1 FEERS5E

Avance-400 Y 48 5 4% mf e B X ( DMSO-d./
CDCl, ¥, TMS i N, 72 5 Bruker 28] ) 5
Finnigan LCQ Advantage MAX %Y 5 3% 1% ( 3¢ [H
Thermo /A ] ) 5 JJ-1 YR 77 H B FEa GRS 3%
BT 54 FRA ) s JE303GE B 7 K- ( 5%
FAEPRAAER A R )  WRS-1B BB 05,
I AR A BR A ] o

WEIRR-2-FR R | MEMR-3-FR R (97 % , L ifF e B
R B A PR ) 5 K G E(80%) | & K
(25%) AWE(97%) \HFEWF (40% ) W HE (40%)
(AR R TR A RA ) s HEE(99% , %%
WTAHRTAL AR ;BB (99% , T Fe 38 1k
FHBRAF)
1.2 SEErk
12,1 WERR-2-FR R iR 1 5

H 17.3 g(0. 1 mol ) HEMR-2-FRFRIAE T 120 mL
oK FREEH, SR 11.9 g(0. 1 mol) 1k
B, e 85 S0 BT 90 °C i I N 1 h,
SRIG VR AN R TR ZE bR 25 2 R T ) SR AR 1B A K
W, INBRIEREN KR pH BIARE , Fh A
R 18.5 g, P2 99% , 4l 98% ,m. p.80~81 °C
(3CH™' {H: 79 ~ 80 °C), HNMR ( CDCL,, 400
MHz) ,5:8.38 ~8.27(m,2H);8.21(dd, 1H, J =
8.5,3.0 Hz);7.89(dd, 1H, J=8.2,1.4 Hz);
7.84~7.75(m,1H) ;7.71~7.60(m, 1H) ;4. 13~
4.02(m,3H), MS,m/z(%) :188.2[ M+1]",
1.2.2 snpk-2- B mEEAY A AR

5 1. 87 g(0. 01 mol ) Msmk-2-J2 12 H Be A i T
20 ml H B PR A BRI U 2R )51 0. 62 ¢ (0. 01
mol ) 7K& WH# A LR b IR G4 G, =
FE 20 min J5id U8, TS 1. 88 o MEmk-2-FF L,
FKHAEE, =% 100% , 46 % 98. 2% ,m. p.135 ~
136 C ( 3C B fE. 136 ~ 137 C), HNMR
(DMSO-d, ,400 MHz) ,8:10.01 (s, 1H) ;8.53(d,

1H,J/=8.5 Hz) ;8.06(dd,6H,/=12.5,8.3 Hz);
7.84(ddd,1H,J=8.4,6.9,1.4 Hz) ;7.68(ddd,
1H,/=8.1,6.9,1.1 Hz) ;4.64(s,2H) ., MS,m/z
(%) :188.2[ M+1]",
1.2.3  MEMR-3-FRM H R 19 A K

H 17,3 g(0. 1 mol ) HEME-3- R IR T 120 mlL
ToKHEE A ARG 11.9 (0.1 mol ) F AL I
B, BB B SO0 BT 90 °C A AN 1 h,
SRIGVHD R EZE IR 25 2 R T A R AR B AK
W IR BR BN K S O pH 3 B, T g 15
18.5 g HEEMA, /=% 99% , 4l [ 97% , m. p.76 ~
77 °C (SCHR™® (.74 ~ 77 °C), HNMR ( CDCI,,
400 MHz) ,8:9.45(d,1H,J=2.1 Hz);8.86(d,
1H,/=1.9 Hz);8.18(d,1H,J=8.5 Hz);7.94
(d,1H,J=8.2 Hz);7.84(ddd,1H,J=8.4,6.9,
1.4 Hz) ;7.70~7.59(m, 1H) ;4. 02(s,3H) . MS,
m/z(%) :188.2[ M+1]",
1.2.4  WEibk-3-F BRI A B

# 1. 87 g(0. 01 mol ) Mhbk-3-3R % H R IA R T
20 mL W BEH 1538 B K55 0.62 ¢
(0. 01 mol ) /KA WM A L3R IRA )G,
HARSFE 20 min 508, THR15 1. 88 g WEMR-3-1
WA, 25 1 [ELA 77 2% 100% , 26 3 95% , m. p.
176~ 177 °C ( CHR'" {8176 ~ 178 °C), HNMR
(DMSO-d, ,400 MHz) ,5:10.09 (s, 1H);9.23(d,
1H,/=2.2 Hz);8.77(d,1H,J=2.0 Hz);8.06
(m,2H);7.84(ddd,1H,J=8.5,6.9,1.4 Hz);
7.67(ddd, 1H, J=8.1,6.9,1.1 Hz);4.64 (s,
2H) ., MS,m/z(%):188.2[ M+1]",
1.3 BRI S5
13,1 MERbR-2-R 1R FHY PR AR e k- 32 TR FHY 1R -
557K A B IO B S 5

# 0. 187 (0. 001 mol ) Mhbk-2- 35 % HF 1 ol s

:." “
B 1 -2 R IR (o) FNERRR-3- B2 IR (b) Y

P BRI 7K 5 Uk 8 PR A B

Fig.1 Reactive gelation experiment of quinolin-2-

carboxylate methyl ester (a) and quinolin-3-carboxylate

methyl ester (b) with hydrazine hydrate
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Whk-3-FR 1R R A R P, i 2 mL F
IR AR IE R 0,062 g(0.001 mol) KA ki
AR IRA YA )G, B R T E 25 min 15
FIEEIE , 0 1 s
1.3.2 WERR-2-FR TR IR R s bk -3- R 1R HY i 4331
SR B S 5

B—~ 5 mL 82 DB, B 0. 187 (0. 001
mol ) PAEBH-2-2 iR FFY [ i g Whk-3- 7R 1R F I8 4 fi T
2 mL F e PR LU A 7538 WA SR 5 H
0. 108 g(0.001 mol) K kil A LR E W+, IR G
¥I5) HIREE 3 h KRR BEHCRE, B H
DVFITHE , NI

2 MEMR-2-FRIR TR (a) FIERE-3-FRIR TR (b) 1Y
P BT AR M ) S 7 P A S
Fig.2 Reactive gelation experiment of quinolin-2-
carboxylate methyl ester(a) and quinolin-3-carboxylate

methyl ester(b) with phenyl hydrazine

1.3.3  WEBK-2-FR R H R Al nds mk-3- AR R FH 1 0 51
550K R S5

Be—~ 5 mL SR DT 3EES I, 45 0. 187 (0. 001
mol ) MAEBHR-2-22 iR FHY i 5 g Whk-3- R TR FH R 4 fif T
2 mL F e PR LU A 4538 WA SR 5
0.078 g(0.001 mol) Z /KA LR W T, IRE
YI5) HIREE 3 h R R BRI, A UK

b

B3 ERK-2-H R IR (a) FIHERRR-3-FR 1R R (b) Y
P TR K ) S I P G 2 3
Fig.3 Reactive gelation experiment of methanol solution
of quinolin-2-carboxylate methyl ester(a) and

quinolin-3-carboxylate methyl ester(b) with ammonia

1.3.4  wEn-2- IR B B e S
H—> 5 mL 3R FV S, B 0. 187 g(0. 001

mol ) WERR-2-TE JIF 45 % T 2 mL HY R b oy H
VR AR TR P SRR T IELIEL 3 h IR R TR
ORI, IITTE , AU,

4 WERRR-2-FP I Y R v PR i I v 4
Fig.4 Methanol solution of quinolin-2-formylhydrazine

was heated and then cooled

2 HREI®

FFT A, W AR 2- R 2 Y T R e k- 3R R Y
T 55 7K A B R e R R 22 5, DR M s 52
Xof 25 Al D) ZR0T M P B S Wi F 5, 4% 36 Jp v ik -2-
RIR T B BT 42
2.1 MERR-2-FRTR BTG 5 K 5 T RUBE R A B2

WEIRR-2- R IR Y TR ) Y I I 5 K 5 IHIR &
J& ,E 30 min IWIE B—FHEERE , 280 H o A A 31
FEF 2RI v k- 2-J2 1 T R 18 2 K 5 2 )
KA TR IR B, BN 5 BN R AR
JRCH I ) SO A T A% i S M 3 AR, 4IRS
TR I S5 Ry VAE R - 2- FH T

b AW Jx

N O R NN NNH
0 0

5 WERRR-2-F IR Y PR RS - KA RO X
Fig.5 Reaction formula of quinolin-2-carboxylate

methyl ester and hydrazine hydrate
HOSUE AL = 2 B SO B HEAT , 0 Ik -2-
FRI FHY TG 28 7 e A S 8 gk P 22 — 6 1) 0 pfe-2- Y
PEAIF , I DAL S e ok -2- FFY Mgt i 1) 1 ] =B

M H ALY BRI .
2.2 WEMR-2RIR RS K G U BRI 1 RO
|

WEIRK-2- SR 1 Y g Fr) Y -5 7K Uk B L )R B
TR B REPEBRE IR, 3z F 3140 Fi 5 S el e ot HL it
FrEER AT, FAE S B BE AL OUL A #_E P I
T BRI YREE Y, h T EUE AT AL P
BT SEARRIZREE R DR RESRATAE 0], B A
Hid sl , 20 b 2 B
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B6 MEmk-2-fRIR H R 5K & WHE R BERE SEM 5]
Fig.6 SEM image of gel of quinolin-2-carboxylate

methyl ester with hydrazine hydrate

2.3 WEMR-2-R IR TP IR 5 K U Y L —
W5
WE IR -2 SR Y T 79 P I 05 R 088 3 UK & Ik PR
T BRI, (HH S 2 2K P e | P RS
AU S B S Wy S ) 34 B LB, a3k 1
JIers AR B g P, a AR D BEDCHE X A
TR A EE SR 7 H s k-2 R Y G %o Ak A E L
AL—PUIECR
R A Sl B v ok -2- 22 1% Y T P PV VR
FE LR A
Tab.1 Gelatinization of methanol solution of
different amines or hydrazine and quinoline-2-

carboxylate methyl ester

R iz e J B
1 e TR (D ELE)
2 i fEaalia
3 EZVIN (DT
4 H R i el

Y B -2 R R PR RO I 9 187 mig/mlL,

W bR -2 R 1R PP T 5 4 Mk L 2K TR i | PR R
BT BB , F BRI 2K e | P
JHFA A TEPEAS KA Bk, e At PR R S s AR
1A PO o Ik R A 1 A B A R 22 51
2.4 MERRR-2-FRTR T R BEVA VR I R BE XK A HER
Filiob-A1|

20 5% v k-2 4R R Y IR 55 7K G I ) B
PERIFST 2 R, R e 1 155 1 k-2 2 T Y g s TR
H—ERFR, W 2 Fros, B ok-2-32 1R H g B
W B /N S TR BE g 46. 8 mg/mLL, IR IX AN iR
JEE 0] FUE B2 RGBT DT TE BA W, PR MR 3R
RS 358 e IR 7 /0 S R DA 3 50 7 A R A
ER,

T2 IR HOVEIH-2- Kol T B 5
KA R 5
Tab.2 Effect of the concentrations of quinolin-2-carboxylate

methyl ester methanol solution on gelatinization

A2 ¥/ (mg-mL™") BB
1 187.0 I
2 93.5 iy
3 46.8 I
4 30.0 e
5 23.4 D RTE
6 15.0 pEa8lid

TE:nREME) sn (W2 R TR ) =111,
2.5 KRG HERY X R IR 2SR R Y TR TV T M S
PEWFY

HE— 20 X0 1 k-2 R 2 g 5 KB & — R
SIVEFEA TS, S B R D1 5 7K 45 D A9 4
AEVIAADE, IR 3 Fros , K G e 20 I D)8 e
I EE , 7K G B S AE 0. 5 A% S LB B B ik
JERR, 4K A i S DI AR AR ITTE . X
T2 KA K G A A I o SRR T AR A S RE
M JSCGE P TR AEE A 5 G At 7 - R s 2>, AT i
B A REIE BBENL
RT3 KA PRI X I 1 5 o
Tab.3 Effect of the amount of hydrazine hydrate on

gelatinization
Frs KA B g JHBEI 8]/ min
1 0.250 15
2 0. 124 19
3 0. 062 25
4 0.030 45
5 0.015 A TIVE

TE MR- 2-FR R Y ISR A TP SV VROV JEE 12 187 mg/mL, K&
JUEF T IOE 1 L SRR -2- R 1 FHY 1 14 PR V0

3 g

AR BT — S MEBRIR TR TG 5 7K 5 PR A PRz
LRI T B, I X R B K
RN T T 17058, 5K G P i &
Ji&&, FT L g o B AR A E . KA ER R LAY
IR, 5 e K K, Fe LK & 9 o 2R
AR IR s A I, F A, 0 KA
877 3k A X R R T R R S Al A
AT . AR SCHTFE B HOR TR RS S5 K5 I &
—IRBIPEBRIL , A B RE XS /K & W AY E 5 1 M
FRPBE—FBT A DT IR 4
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(L TFRHE R hilbs MR S8 5202, 7&K il 528402;2. 8 K (b SAR2EE: 7&K 7 510632)

FEE R A0 R R B TR K [ BMIm ] Br X 45 b 45 12 R A7 $R I, ) F 5[5 3 52 56 72 Box-Behnken i 7 I8} i %] 55 F
TRARFNS Ve RN LG RIBORBE AR IR ] Al D e S R R #7004 A5 213 T 5. 00 g WIRH B R AR B A
[ BMIm]Br B0 1. 13 mol/L BHE L 1:10(g/g) JETIZ 300 W RS A] 13 min F2HUR S 68 °C 1584 (15.01=
0.16) % , $=HCR N 80. 57% , 4LE K 83. 06% , (6 S Al FT-IR 23041 /s e b i) B8 TR SR U R e R A R &
W ZEFRRE , $2 A A 25 0 R AR B O ik I IR 25 B R IR R TR B R (>95%) , IR S AR e BE CMC 2 0. 44
/LML T EREE(>95%) 19 0.47 ¢/L,

SREBIA L B TR BB R B R A R NA

RE Y ES.0628.2 XERFRIREE A X E RS .0258-3283(2023)05-0098-08
DOI:10.13822/j.cnki.hxsj.2022.0825

Microwave Assisted Extraction of Tea Saponin by Ionic Liquid [ BMIm |Br YU Dong-xiv""*, YE Lv-bin' ,WANG Qiu-yi',
HUANG Shu-li' , ZHONG Jian-jun' ( 1.College of Material and Food, Zhongshan Institute, University of Electronic Science and
Technology ,Zhongshan 528402, China;2.College of Chemistry and Materials Science,Jinan University , Guangzhou 510632, China)
Abstract ; Tea saponin was extracted from camellia oil bran by microwave synergistic ionic liquid [ BMIm | Br.The type and con-
centration of ionic liquid, solid-liquid ratio, extraction temperature , extraction time and microwave power were optimized by single
factor experiment and Box-Behnken response surface method.The results showed that the optimal extraction conditions based on
5.00 g initial material were following the concentration of ionic liquid [ BMIm ] Br of 1. 13 mol/L, solid-liquid ratio of 1:10
(g/g) ,the microwave power of 300 W, extraction time of 13 min, extraction temperature of 68 “C.Under these conditions , the yield
of tea saponin was (15.0120. 16) % ,the extraction rate was 80.57% and the purity of tea saponin was 83. 06% were achieved.
Color reaction and FT-IR analysis showed that it has the structural characteristics of tea saponin which was extracted by microwave
synergistic ionic liquid was complete,and the contact angle results showed that its wettability of self-made tea saponin was better
than that of commercial tea saponin (>95%) ,and its CMC ( Critical micelle concentration) was 0.44 g/L,slightly lower than
0.47 g/L of commercially available tea saponin (>95%).

Key words :ionic liquid ;microwave technique ;tea saponin;surface activity
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PRI [A] | FEARREAER H Y,

BT WK LR E /D 45 VAR 40 U BE e
JiE A T IZ O Y A W B B gk (o iR
FNUCS e T2 B & B AR S A
ANSZHE P IFE R EER AR B
T A5 R AR 7 R B B, ARG LA DLV, B T
PRPRICE AR S B AR & MR sE R =
AN G TGN AT A B U
SR EEE R 7= A PR () L 2 4 [ B EE 28 7
e BRE S5 R 90 [n) L, P A SR — b AL () KSR 7= 4
FEWr B AR ST e S B TR AR K %
VRV N SR 1 255 T A B0 | 308 3k ) 1, T
RIS, 58 07 FH DR s Y6 £6 B8 R 1R K 5
APPSR BN T A5, RREENR
P | S S TR LK i | IR RON N v 3 B3 ]
kSRR ARBF SR BT TR
TRAREE IS A5 2 R

1 RIERsy
1.1 EZUERSEG

A10 FUAFEEAL  RV10 I % i 70 g 5 7 44X
(fEE TKA £ M) ; & [CHRERES ( L B 2] XA
FABRAF) s KDM AU H 1 R B A (G de s i
IR s AL104 B 43 2 — - K7 (Mg 470 -4E
FIZALER (L) A BR 2 F]) s XH-100A 79 L fiki g
WAL A 2 B (T RS R R R A R A
) ;NDJ-1S BV R T ( B3 LR HAER A
FRZS ] ) 3 Labeonco % B 25 ¥ R 18 48 ( 3£ |
Labconco A H] ) ; UV-TI L AN 356G B ( H AR
HEA A ) 5 Spectrum TWO HY 21 48 )l i 43 (58
PerkinElmer 23 7)) ;JCY-3 %42 f £ I 304X ( F A
T EAL A R TF]) s BZY-1 H 4 { sh3 sk J14%
( FI AR SR ) ;90P us Zeta BTG EE
IV AC SRR NTRT I /N DI

A BRER (43 HTAl, TN AR ) s AR
R AR (A4l b T A AR
BBRA D) 5 BT WA 120 FE-3-FF 35 bk e 9 3
([EMIm]Br) ,1-T %&-3-H BBk me 3 £ ([ BMIm ]
Br) 1-23E-3-F L mR e 5L & ([ OMIm ] Br) | 1-%%
-3 BRIEIRER ([ €, MIm ] Br) [ 1- T 3%-3-11
FEBKME S ([ BMIm ] Cl) ( b2 e kA= AL B E A
BRON A ) s 25 OF R U5 T 151 /e 44 2R BH i 5 28 18K
F il

1.2 Sk
1.2.1 ZREREERTE

JRIETRALBE . 4 1 000. 00 g T B 2% i
WFEEHLATE 1 min, £ 250D A SR 5 K UE 4K
BRI YR AR LS4, B AR GBS, >R
LTI 6 ~ 7 YK, 60 C 8 RUVKE T, 48 1 45
911.23 ¢ BARASTMDEM R , % B FIRMAS T H R
TRAER i PR

PEHC, B 5.00 g Wk, #OBHA L A 5 oim
AFRHUEF] R XH-100A 759 B figi £l 0 4 A 25 i
AETACER I, P A [l g , 2 78 kvl i
J& ,H 75% O BEG ff, B SR R T R EA R R
FMAN, FREIC N my mg, RH 80% £ B it 3k
ZRR R 25 mL, 3] NI

1.2.2  ZRERMME T
1.2.2.1  ARiERh LAY EE ST

I FH A BT VR L TR 7 ) 3% 2 R b vfE i A T
RN, TEEIM O Eik T 2l B
i A5 RISl 431, 5 nm, SRJG #2502
RIRHERESABCHI 0,24 .6.8 .10 mg/mL Y HR
R, Sl 00 52N S5 7 S5 RSO T I O FE
FALMAFTFE R y=0. 051 21x+0. 003 43,y AW
BE v AR R TR E (mg/mL) ,R*=0.999 81,
1.2.2.2  FFEE A R R O i pil e

B 1 mL RRNARR R n f8)5  #ME 1. 2.2.1
()7 R E ROGRE A

¢ = n(A - 0.003 43)/0.051 21 (D
e HRFR A R E PR EE  mg/mL; n G BEATEL,
Y = [(ex25)/my] x 100% (2)

KefL Y WA EIAE %,

X = [(ex25%x911.23)/(5000 x 1 000)] x 100% (3)

Ko X TR Z MR, % ;5 000 PR E R, mg;911. 23/
1,000 4y 1 5 2 T DI AL B A B RHIKC %2
1.2.2.3  SlPh s R R & Ee

SR FH 2% G 1] 30 B B 207 ) A 512 6 FH 4% 3
PRZS R R TR, 4% 1. 2.2 FEEMERR B R
SN (18.630.11) %,

s = (X/ WMZEDFP R EN AR x 100%

A os RAERE IR, %,
1.2.3  HHZFELKEIT

BUS. 0 g wIRE, {8 FH B 1WA S B EGA 7, 2
LB WA RS W (0.6.,0.7.0.8.1.0,
1.1.1.2.1.3 mol/L) BHE L (1:6,1:8.1:10,1:
12,1:14.1:16 1 :18 (g/g) ) . Wl it 2 Uiy T
(200,250,300 350,400,450 500 W) . f# ik 42 B
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i IA] (5,10 15,2025 min) |3 B2 UIR E (60,
65.70.75 .80 °C ) A2 X 25 i Z AR UK FE 0,
FE ISR, FRRI UL, SO BRI SR AR I
FELE, i A SR IR E AR R
1.2.4 ekl it

FERP R I8 0 3L Al I, R H Design-Expert
13.0. 0 #AF 384T Box-Behnken Wi i 1 43 #7325, LA
BT EE (A) R S BT B] (B) fis B R
TR (C) Ay 1o 7% | 2% R 3R B BCa: Ay i P A, 2
17 =R =T i T 52 B i i (L3R 1) B
ERBS B RN B SEL

1 MR R EAKEE

Tab.1 Factors and levels in response surface design

K- A/ (mol-L7") B/min C/°C
-1 0.75 5 60
0 1.00 10 70
1 1.25 15 80
1.2.5  FEAbEE ik

KM OriginPro 9. 1 PR AT KR 251 5 R H
Design-Expert 13. 0. 1 #4317 Box-Behnken M Jij
[T et e i3 €7 EIUE B TP D < W <3 i
3 AT BO AT R,

1.2.6 W45 R R G T R 40 Hr
1.2.6.1 WL 45H0 04T

ZHIRSCHR[30 ], 2R FH S - B B2 ( Lieber-
mann-Burchard ) 2 7 , 3 33 42 201 50 ) B 2% 12 R
SER— =5 TR, A S L AMOGE
BT 53
1.2.6.2  Zeta {7 AYINSE

3B A HZR R R TR SR (>95%)
(2 g/ L KIEWR, MNATL Zeta HL
1.2.6.3 Il SRR BE B

KA HEZERRETRNE 0.1 ¢/L B2 B KT
WAL PERE | >R 4 i £ 2000 5 TR PR R, >R
T 5K 7RI I SRR BE CMC

2 #R5ite
2.1 BRI
2.1.1 B TWARRIA M

R AF AU 7 T U] 8 BB 45 0 i BB 52 4
JEARARL, ELAT R I i 2 A BRI 3 3 1 B AR
W, 2R B2 T 454 T i A —OH . —0—
—CO0 ,—COOH g 5i HL PR & U AT 2 i Pk
(), ELA R T8 DL P 3 1T A v s

B RN AU N i/ & U S &
FF 5 KA B - WA O il 8 4 BRI DR AT 3
TERHBIE Y 1:10(g/g) B E] 10 min 42 B
FE 70 °C BTN 400 W 1,00 mol/L B Tk
IR, B 58 TR TR 0] 25 i R 4R
AR AR LR 2,
R2 BT WAARNSEXZE R R PR B

Tab.2 Effect of ionic liquid type on the extraction amount

of tea saponin

B IR AR [EMIm]Br [BMIm]Br [OMIm]Br
PEBGAREEE/ (mPa-s) 31 125 402
FREMORIE (mgml. ) o 2r S0 0% 28
BT IRAR R Fh 2 [ Cl()M]mJ Br [ BMIm]Cl
PEHGAREBE/ (mPa-s) 478 248
R FERIREE/ (mg-mL™" ) 20.35+0. 13 32. 64+0. 07

FH SIS 46 JL AT A B A K e R T A B I ik
JEFH0 n 930, 25 2 2 A SR 2 /L, 1 B
PH B 25 f 0 4 BUSCR A 4 B 255, R 22
AR BERECWREW, A S RS RE 4% b
S RIS YL ER BT B ST A 1G5 0 A T 1Y
23 (RIS BELAVE FE IR, i3 0461 BT B 5 | e i 1
R TRI S R BB 2 R R TR AR EE LR R R
n (B I EUR R BE 3 K, S 80U B 135 K, 51
AR R P HCE T, XT Lk [ BMIm ] Br i
[ BMIm ] CI, % B[] BH 25 1 (0 R m 5 6 $ OO R AR
Fokmp R, FEEHRT B WE FEREKT
Cl™, 52 HoAfs T Jy 5wy, vl W A 88 18 K, V7 i ek
MR, SR AT A EHE [ BMIm | Br & 14K
WA BRG]

2.1.2 B UWRMARUR R B

TEERR L 1:10(g/g) S TE] 10 min $2
BUR BE 70 °C R DR 400 W & 1FF, % 5%
[ BMIm ] Br & T AKX 2% 2 R P i
sz 25RO 1, R L AT, B B P RAA
W RE H3E R, 45 2R BRI 5 B A 1 KR e Y

~ 40

T, 38
E 36 e

b 34r e N
= 32f /’
i 301 \

= o8t
2 261

W 24t
Y ot
0 e
05 06 0.7 08 09 1.0 1.1 12 13 14
C[BMIM]B,/ (mol - L")

B BT R X R R R U
Fig.1 Effect of ionic liquid concentration on the

extraction amount of tea saponin
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F PN B % [ BMIm | Br & B34, % 504k
Vi G5, 2% B B e IR G A A B SR 38 K
S T VR AR B e F% 1. 0 mol/L W& B
2.1.3  CRNR LN 2R R R U R I

7 1. 00 mol/L[ BMIm | Br B T /K A , il
PEHHE] 10 min FEBGEEE 70 °C SR 400 W 5%
T, B ERRE X 2% R R SR I 152, 25 5 0
K2, & 2 AT SRR LA, AC R R R
B 2 s T ny s, 7 RS &
T AR RAEA IS S OB P IR 22 2 R
VR LU R 386 RS 7 T 3 R, AR o 4 e ]
AT, BRE L 3R A 25 R R PR, (RN L
B E) — 0 R B, Wk 3 25 1 3 3l 0 AR 4%
55, FIRRNR L, 2 PR BGTE #E it £ 5 &2
[l AT 00 G i S A 4 v S5 [, e 1
10(g/g) NIt HANE L

~ 40

2 38f
o 361 o~

£
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£ 34f
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Fig.2 Effect of liquid-solid ratio on the extraction
amount of tea saponin

2.1.4  FRIOREE X% R 2R SRR 15
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400 W Z51F T, 25 S 00k R RO B 0 4% iR R AR K
TR, S5 R ULEI 3, &l 3 AT Bt B HUR
FETHRE A0 R PR BT TR AR A,
Bifi A I B ) TR, A TR AR BERG n , TC RN #RGE B
TR, 534 HICH 5 A 4 T 5 | S 4% FE 28 T ik B 3

=40
g 38
.

36

m%y— /
X 32f

B 300 /
%28-

60 65

70 75 80
RBUREL/ C
B3 (e IO R 2% e R S U Y 2
Fig.3 Effect of extraction temperature on the

extraction amount of tea saponin
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2.1.5 BRI [RDG 2 R ER PEEUE A5

7E 1. 00 mol/L [ BMIm ] Br B F W /K 5,
BHELE 1:10(g/g) SRR SEIGR BN 70 C 3%
I 400 W 450F T, 25 S0k 4 B[R] 0 45 i 2%
PR A 25 R LK 4, A 4 AL AR R
PRI Bt B LRSS (] 9 1 i S 35 TS TR
FAE 10 min AL IE KA, WTRE B R 0 2%
T A B R0 R (B2 R3S, )
L5 HE OGN A R VR B 220800 L B B
D 2SRRI AR (H A BT B i R 3
B, BOE T R B R 5B RANEY), 8RR
PEBURATH %, St R TR A 10 min,,

~ 40

,'é 38}
36} .
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< 32t
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w 26_
% 24}
w 22t
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Fig.4 Effect of extraction time on the extraction

amount of tea saponin

2.1.6 T IRN IR R LR AR I
7F 1. 00 mol/L[ BMIm ] Br & W 1A /K % W,
BHE L 1:10(g/g) SR HEBURE N 70 C Bk
FFAEA 10 min 608 T, 5 8305 D R0 25 B R4k
B sz 25 LI 5, MBS AL R B R R
Tt [ 5 Tl ) 23R 4 A 2 R ST 08 s e ) e 3, A
300 W Ab H B KA, MR S0 S UV R ML ]
A PRSI A VR TR 201 BE 7 A R AR AL IR
AR K A AAEE S BE S S B 2L,
7 38
E 36}

& 28l ¢
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® %0

200 250 300 350 400 450 500
R /W
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Fig.5 Effect of microwave power on the extraction

amount of tea saponin



102 H=3nyil

CHEMICAL REAGENTS

5545 B 5 )

PITF-1a 8l , A R T AR5 Vs A R, 48 5
PRI 5 (EL R0 i S0 2 238 5 v [ B o 3t 1 24 v
WHABZL BT (R AR ) s, SR B RIE
A PETCVE , FEARAS B 3R P i, Bl ) %
FH1 300 W,
2.2 Box-Behnken i L T EEAAL 3256
2.2.1  map AR AT A AR

M 7 T 5K 3 45 2R UL 3% 3, FII ] Design-Expert
13.0. 1 34X 2 3 rh B BBOECHE 14647 1] D AR A e
J7 2250 BT 4 LA, 15 B AH R 0 25 2 R L it
(V) IZME )9 5 #2 . Y= 37.05-1. 06A-1. 02B -
0. 7675C+0. 4325AB~1. 77AC+0. 3475BC— 6. 10A* -
4.09B%*-4. 65C% 1% [l VA J7 B2 A9 R I R B0
BE, F W e 1 T HA B RAE, AT AT A 23 AT

3 WN AR IEEAS R R WL
Tab.3 Resulis for response surface method to

extract tea saponin

75 A B C B EEBE/ (mg-mL™")
1 1 15 80 26.91x0. 45
2 1 10 70 37.44+0.23
3 1 5 80 28.2520. 36
4 0.75 10 80 28.47+0. 11
5 1 10 70 37.05+0. 38
6 1.25 5 70 26.52+0. 31
7 1.25 10 60 27.69+0. 13
8 1.25 10 80 22.55+0. 09
9 1 5 60 30. 42+0. 48
10 0.75 5 70 29.2520. 36
11 1 15 60 27.69+0. 21
12 1 10 70 36. 66=0. 15
13 0.75 10 60 26.52+0. 16
14 1.25 15 70 25.3520. 34
15 0.75 15 70 24.18+0.22
16 1 10 70 37.44+0. 13
17 1 10 70 36. 270. 40

P BE AT O 22 0 b, S5 SR LR 4,
FEAH B P<0. 000 1 423, R4BIT0 P=0. 944 2>
0. 05 AN 3, F B AR B ), H 2R 1 PR 28 X6 S 56
SR TN, EYE RECR?=0.995 7,1
TEPRAE R B R, =0.990 2, WIS R4 B, [l
U5 T A 108 it T 52 38 99. 02.9% M 137 {1 1 78 4k, EL
R2, =R IR BUE AR, #4000 T 1, R W% 15
T REEAT 2% e P B WO O . AR S R
CV=1.63%<5% , 3 BRI HAT 3¢ = 1 1 B AN 4
GFREIPE, F BRI/ DT 5 A5 1 X i Rz i
SRR LR bR, FERRK , I S 4y
T IR S 5 M T R R G A% R X A R R A

CEESE WA U 2 : A>B>C
®4 FRRBEZE 25T
Tab.4 Variance analysis of the extraction process

of tea saponin

JEFKWE SFEM AmME % FA Pl WEH
[FIJTRER 389.46 9 43.27 180.96 <0.0001 = =
A 8.99 1 8.99 37.59 0.0005 * x
B 8.28 1 8.28 34.64 0.0006 x x
C 4.7 1 471  19.71  0.0030 % *
AB 0.7482 1 0.7482 3.13  0.1202

AC 12.57 1 12.57  52.55  0.0002 %
BC 0.4830 1  0.4830 2.02 0.1982

A? 156. 53 1 156.53 654.58 <0.000 1 * =
B2 70. 34 1 70.34  294.14 <0.000 1 = =
c? 90. 93 1 90.93 380.27 <0.0001 = =
k2% 1.67 7 0.2391

K 01372 3 0.0457 0.1191 0.9442

gl 2 1.54 4 0.3842

&t 391.13 16
R?*=0.9957,R%;=0.990 2,R?,,=0. 988 2

.« RREFBE p<0.05; = = [LELREW B, p<0.01,

2.2.2  KHRZEWMZEEMSH
iz H Design-Expert 13.0. 1 9511 14 AT A

ANTe] R 2R 22 B AR B4 mie) vy T8 P 2 181 6 ~ 8 i
R 3ok T TR PR AR R 45 1y £ T T K e 3
R 52 e P B Ak 8 vy, BV I B B | 4 e 2
AR 5], 100 BH 9 3 A8 BAE B 2 | i 2 )3k
RN EZ R EAEARRE

B U ] /min
o

=

58 ; , . : 4
075 085 095 105 115 125
A BT AR BE /(mol - L)

a. M o T 5 b A e 2k ]
6 NIV T AR R AN BRI ) R A R R
B HCE 0 ) T 4]
Fig.6 Response surface diagram of tea saponin
extraction under different ionic liquid concentration and

extraction time
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Fig.7 Response surface diagram of tea saponin

extraction under different ionic liquid concentration and

extraction temperature
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Fig.8 Response surface diagram of tea saponin extraction

under different extraction temperature and time

MIE6~8 A Al FERRR L 1:10(g/g) ATl
300 W BB | G0 4 B 1) A e 1
TRV B 3D it AR R A ey, HL A LA TSR
2 I G BT | 3R W4 PR R ) 1 52 BAE
3, P B AR B 5 SRR B A EAE

XEAS R R R ol B il E 6 BdiE o
BTSSR 7R ol 0 BT B D 8~ YRR A vk
22 [RVAHECAE FH B4 45 SR AR 2 52 4l 40 i 43 A, B
G B IO B AN AR I it 2 S YRR e B ) 444
T, S TR EAG A% R AR U A e T S SRR
[ B I R = R 7 B N VAl O e €]
TRV SR N, S50 BT 4 B A% AR Ut
RN E s N, S R TR E S
P HEE (R & 22 HAE T iR I T 24 A
H BT E A 0. 875 ~ 1,05 mol/L, #2 Hit At
B8 7~11 min, [FJEE, NI 7 AT 3R1S, 456 BB
TR 55 i B BT B W 2 58 HAE R ) i
FERRICT. 258 B AR B 0. 875~1.05
mol/L, BEBUREE K 63 ~75 °C; Kl 8 7] 3515, 4%
A BB TR A B 5 e A IR B T o 5 LA
SR AR I T 2 G BEBCRTE Dy 7 ~ 11
min, FEHBUREH 63~75 C
2.2.3  ERTZ&MREK TR

K H Design Expert 13.0. 1 #4087, 252 K
UM AL S E BRI L 1:10(g/g)
300 W B TUAA] BMIm ] Br #E 1. 13 mol/L .
FEHUTE] 13,26 min FEHURE 68. 44 C, A%
FEZARICE A 32. 77 mg/mL, SCBRERVETEIE )y
LERE LR 1:10(g/g) JRIETIR 300 W BT
AR 1. 13 mol/L FREUFE] 13 min  FEHGE
68 °C , e A1 F kAT 3 WIRIE 25, 7k g K 42
Bt M (32, 95+0. 35) mg/mL, 5 BRIG FRINAE Ho 48
BT, PR R R A O A A5 31 4% 2 4R B T
BRI, ERET S50 T RN
WRRALEN 83.06% , SKHFTLE R 75% LB
SR Pl B AR S 2 2 $R U (] R 20 min,
KR EMEE N (22.79+1.16) %, I 4@ R
FH 27.05% & B8 75 Rl G BUK A 4 2 P2 B 2
ZPEHET [E] A 32 min, ZRRE RIS KN (26,21 +
0.54) % , 4l } (66.09+0.04) %, 48 H 2
K P e Ak BERS P B K IR R S i K SR B
[H]24 30 min, 52 E 18 £ R 12.38%, 4 &
54. 68% , <SR I EMA] S T 4 [ BMIm ] Br
XA YRR B R U TR R T A& T,
IR R ARBUCR N (32.95+0.35) mg/mL, 15K N
(15.01+0. 16) % , $EHCE A 80. 57% , 4l A 83. 06% .,
2.3 WIEESR S BT SR HE T
2.3.1  HBERENVILLEE ST

I FE B -3 A% 12 ( Liebermann-Burchard ) J2



104 Pzt

CHEMICAL REAGENTS

5545 B 5 )

REXF 025 T 3 R AT = i AT S A A
HLO.1 g AHIAT 10 mL BEEREF b, 3 35 4%
PiFE E B E T, LU TR R R R e
VSR N 2~ 3 TR BRR , R KN 30 min J5 ] LA
MEEFNE WL E G, B HRR A G & B
VST A B T AR LT, § 30 min J5, Z IR
HIARLL A B 1586, BRI AE — il B 254

X il KT >95% 2% i R AT FT-IR 43
Mr, DL 9, A 9 I, — 34 A AR B
=L, AR B T 2R RS —OH .C=0.C—O0 ,
C=C %5 FEIMA .3 400 cm™ H—OH H 45 IE 3h
X4, 2 930 em™ J2—CH, FI—CH, i 45 % 3,
1 700 em™ JEBRAR AU (C=C) DL L FRIE(C=0)
MGRSNIX 1 470 cm™ R W LIGFAP AR IR SN IX,
1339 em™ L& 1321 em™ J&F C—H & #h iR 3h
[X,1 080 em™' A C—O fHZEIRBNIX , 455 86K
NS5 FE AT AT, SR F B T AR B A B R A5 A R
FETEUT

THEARER(95%)

0 500 1000 15002000 2500 3000 3500 4000 4500
v/em™!

B9 KEEMIEMLINGE
Fig.9 FT-IR of tea saponin powders
2.3.2  ZRREEMERMMIETESH
RBRMER—F KRR B FRETE MR, 7
POKFNE K Sl A A v AV K R 6l
W AR T OB REF LT KA
AL IR T T A S T I R LN R SR X B AR
FHTARRERMTERLEER(>95%) BRI
PE IR EE W2 5,
F5 KR ZRMEENRLRE
Tab.5 Surface activity data of tea saponin
Jeta LTk P fE
%@£<:?Z)f§ff; RO R 5 min 0T
mV A B/mL A B/mL

+66. 98 19.5 17.5
+55.52 20.3 18.5

CMC 5 FH A 82 1 35 A 79 ) S T 3 1, s
SR I P79 P ) — N EE B e SRR I
SRAEIAG A BRI R AT E R B R (>95%) 1

Al 0.44 39.35
e 0.47 40.53

CMC 43520 0. 44 0. 47 g/L, I X R A8 26 1 7K
J15350 % 39. 35 .40. 53 mN/m, 5 SCHk[ 27 ] 3L
ST

Zeta HLS7 2 X0 22 B AH B HE R 300 51 58
BE B, Zeta FLOT PO L X (E A8, RGERAE,
JLZIRSR , Zeta B34 (o7 ARG, DU) SR A ) 1 0 2R
A T R R AR E R . AR A RIS B R R
KR E (>95%) [0 Zeta HL D43 5] M + 66.98
+55.52 mV , R 2% B FE TP LAY I R ] RRUE A7
FER

AL AR R A R R RN ) — AR
B, B HA U0 TR & B T 5 min 5 A4 90 7K 25 B ] L4
ERIRA R DY . REREME 0.1 ¢/L 1
ARIBRKEW IR R I ZS R R, R e R
IRIC I ST, 4R J5 7= A T KB Al 1
Ik, A LS R RE Ty, F IS E R 8
REBE (>95%) BIHI 1R R AR FL 300 R 19,5,
20.3 mL,5 min 5 BEIRAEFRE S 17.5.18.5 mlL,
TR 10% 2247, 220K AR RS E

2 fih oy R A % TR A R 6T S T A Y V1
LA 26 CPAMARBREMTERER
(>95%) TE 180 s PN Y 42 fil /71 1% 50 4N 11 10 7w
AL, BRI R R Rl N 42, 5°F% R 6. 5°, T
EARBER(>95%) ME:fl A M 47. 0°F% > 25.5°,
oz o £ 0 L LT B TRIARORS P 1 4 4% R 3R A
[ AR 1 B Sy A | DR BH L5 A 2% o, HLAZ 4= i xof
B RME RIS ERTHR R E R EH

50
—e— F iR Gufk)
40+ —o— THRBE(I5%)
9< 301
g
& 20r
o
10+
0

=20 0 20 40 60 80/100 120 140 160 180 200
t/s

B 10 R Rl A Bl ] g A2 R ol

Fig.10 Change of contact angle of tea saponin with time

3 #ig

3.1 CRJHBKmE R ER [ BMIm | Br P[5 S0 46 A 32
AT R ZE R AT, 38 5 5 P 5 F1 Box-Be-
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T TR 300 W 42 BUE [E] 13 min , 32 B E
68 °C , 25 e R B M (32.95+0. 35) mg/mL, 14
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BE-BEHEBRENEHESB I ZRAUERRENLERR

Zdcde AP ER T TKALEE AR, ZRT
(ZEIEVRVEA B WA 5k F 0%, =/ 2 675000)

FEE LI IR bort SR PR 75 - Bk Al Bh 3R B0 MR Z2 83 ( Swertia leducii Franch. polyphenols , SLP ) Jf- A5 Hodii 1kt
JFE KA SLP #4524k 7r2 SR B R R uG Atk 1, ) FH iy 3 T i D A S - R S B B R SLP T8 4644, 3%
WA E SLP %F DPPH A 3k (DPPH-) F2 A H1 3 (- OH) M98 R R FLEPL A B T R PEM H 2 B b it &5 3%
B, SLP S HEPR IR AR B0k 29 1 (mLy/g) | SEHARUER 60% SRS TRLE 32 °C RS IS 29 min 7 T2 300 W &F
A EFHHE 7. 0% (LAFH 8 BB N IEAE, TR I SLP $2HUE M (16. 38+0.21) mg/g, ST ( 16. 42 me/g)
HER S TE BT VR FE A 0. 007 mg/mL i}, SLP X} DPPH - %5 BRAE I FH 59 T 25 4EE 2 C I BRAEST, SLP X - OH 5 FR g 1 FLE bt
FAALRE T3 AR T 25 4k AR R COM TS -BRAHT B R BOZ — A SR B SLP 19773 ; SLP B B P A Ak id v, 2 —F
AT RSP AL

SR T I s 2Bl 5 7 - el B R O e T IR s B A

FESES:0629.9  XEARIRAD: A XEHS:0258-3283(2023)05-0106-07

DOI; 10.13822/j.cnki. hxsj.2023.0010

Optimization and Antioxidant Activity of Polyphenols from Swertia leducii Franch.by Using Ultrasonic-Enzyme-Assisted
Extraction Technology LI Ru-yan,YANG Shen-ming " , ZHANG Qi-lin,XU Bin-bin, WANG Zhen-ji ( Department of Resources,
Environment and Chemistry , Chuxiong Normal University , Chuxiong 675000, China)

Abstract : Polyphenols from Swertia leducii Franch.(SLP) were extracted by using ultrasonic-enzyme-assisted extraction technolo-
gy ,and investigation of antioxidant properties of SLP was performed, which provides reference for the development and utilization
of SLP.On the basis of single factor test, response surface test was used to optimize the ultrasonic-enzyme-assisted extraction of
SLP,and the antioxidant activity of polyphenols was evaluated by measuring the clearance rate and total antioxidant capacity of
SLP against DPPH free radical and hydroxyl free radical.The results showed that the optimal extraction conditions for SLP were
liquid-to-material ratio of 29:1(mlL/g) , ethanol volume fraction of 60% , ultrasound temperature of 32 °C , ultrasound time of 29
mins , ultrasound power of 300 W, cellulase usage of 7. 0% ( based on the mass of S.leducii dry powder,the same below) ,and the
extraction amount of SLP was ( 16.38+0.21) mg/g under the above conditions, which was approximate to the model-predicted
value (16.42 mg/g).At a mass concentration of 0. 007 mg/mL,the DPPH - scavenging ability of SLP was slightly weaker than
that of pharmaceutical vitamin C,SLP exhibited significantly stronger effects on both-OH scavenging capacity and total antioxidant
capacity than that of the medicine vitamin C.Ultrasonic-enzyme-assisted extraction is an effective method for SLP extraction.SLP
has strong antioxidant activity and is a potential antioxidant.

Key words: Swertia leducii Franch.; polyphenols; ultrasonic-enzyme-assisted extraction; response surface test; antioxidant

properties

T M HH ( Swertia leducii Franch.) 5 5% 7 3% )@ MR R G 251 T AR R B 5T & x5 R
(Sweirta ) f8 9 H (19— Ff, 76 o (5 25 M (1997 ~ AN HEAT T RIRGE, AR 27 o 3 R BRI Tk
2005) "PEENER, HIFH Y MR A 38, b wh/BIEEEEDE SR DL =R A 2

We#m B 81 :2023-01-06; M 4% 85 & H #:2023-03-03

EETH: =8 P HEAARMEARN KNG AA T H (2019HB055 ) ; = M4 “ B R RAA B 32 32 101 F R R AA T H
(YNWR-QNBJ-2020-104) ; 2 B8 Wi AL HPOMC T et A= ) B IRF SR 5 01 & R BHE QT A BRI E ;< 5% 2 BHESTEAA " W H ; =
A REFEAQFINGTA

YEE B AR (2001-) , 2, g s N AR A BRI 7 0] Ry R AR 7= W36 M A3 e

BIFEE 7 H B, E-mail : ysm@ cxte.edu.cn,

SIRAANST 20t A R B kI B, 46 75 -8 B B B R IR 2 1 T AR A R R AR R AT [T Ak A, 2023, 45(5) -
106-112,,
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FAEY), T ZAAE T HYEN &AL, 2 —Fh
FEAEDIE R P2 R R R, £
iy EL A 10 20 T B R B Y AR
1O R Y AR G T, R, 2z
23 A I i N P T TR R (5 W /o
W By i FE R POKIRIEIE A LR R
85 ARAEAE SR IBOCRAR | PR [R5 ) it
o B AR G B SR IR SR IR R IO
AARFNCRAF T P B3 P L R, A — b ey
(4 T JER =36 M 1 A3 AT R AR U 31

UTAER X i E P s R o TSR A B AR
AT E, AR e A =
W ERIBCT 25, Ve [l 3 A S0 o] 6 v i A 2 S
AR LS KR T2 e SR 45
ST Z UK (] I ARG 7 L e 7 Rl OR RO B
(¥ HPLC 7732 , #Jy m 4> Af A 75 ot JIE e 5 28
PEIT 2, B4 3¢ SLP $2 M i S Ak 1 Jr 1wl it
GEGE WLARGE PRt ARG SR HH R P - A 1 4
W SLP , FFAE B PR 2 a0 ity b ) w7 T 3
Al #8 7 - vk B B SLP T2 4% 4, [l i gl SLP
AR PEEATINSE , B 724 SLP JF & A F $2 it
HInZ%

1 SEE#ES
1.1 FEAE 5

UV-2100 BEEEAP-0] WL A3 BE T (i oh
1A RS R ) 5 SK8210HP HI5H 75 i1 75 vE o ( |
RS A BRA R ) ; CP214C RUH K-
(RZEHNER (L) ABRAF]) .

TIH, P B = B A, 2RI 2 B
RE AR E N IR ( Gentianaceae ) T 7 2% &
(Swertia ) 7 M AH ( Swertia leducii Franch.) ) J8
SR T TR BRE S AR AR | £F 4k 2 B (b
A ERH AT ; DPPH H i JE (B Ay % 1k
WM R EABRAT]) s AR CPUPE R ey
ABRAE]) § oy R 0 At
1.2 SEmrik
1L.2.1 kAR R

HHAE— T —HET (60 °C) —Hfir—id H
i (60 H ) —7 A4 — A i (B FE 30~60 °C)

R 12 h—> R KPR EEEC S h (BAR) - 4T
(60 C) — 15 K B 0 2 F i g 09 & mF 0+ 8
(%A .
1.2.2  brufE£k 2l

K H Folin-Ciocalteu T E Z Wy & 5122 LU
P TR M (mg/mL) B AR R, WO RE Ny
AR, 22 il bR o R £, [0 R y = 117, 290 +
0.014 9, FHXFRE R*=0.999 1,
1.2.3  REGEITE

Y= (CxVxN)/M

oY R Z BRI, me/g; C N2 TR K, mg/mL; V

SRR, mLs N R B M O 7 F R B g

1.2.4 SLP HEHEiAk
1.2.4.1  HRHEERLEK

FERGE TWORHIE SRR B R R
JE R I TR] B P T AR 2124 2 il 25 DR R0
SLP $E MU FEM | 25 585 0 PN 38 1Y 7K F B [
ZRAE, R 1 R,
®1EE-MEAR PRI SLP T2 5 R A
Tab.1 Single factor test of ultrasonic enzymatic assisted

extraction of SLP

SES K- [ 5 2% A

10:1.15:1.20:1 60% 6% 200 W

_— . 15:1.20:1, 6%, .
WL/ (g™ 25:1.30:1.35:1 30 °C .30 min

25:1(ml/g) 6% .

7 AR TN /0
ZERFM$/% 40 .50 60,70 .80 200 W30 C 30 min

60% .25:1(mL/g) .

71 == yH BE
B IREE/C 20.30.40 .50 .60 6% 200 W 30 min
e 60% .25:1(ml/g) .
3P S [ 10.2 4
BB 15 [E]/ min 0.20.30.40.50 .60 6% 200 W 30 C
. 200.250.300.350,  60% .25:1(mL/g) .
2 I)1°%
/W 400,450 6% .30 °C .30 min
N 60% .25:1(mL/g) |
FAR B/% 123456,
T R AR/ % 1.2.3.4.5.6.7 30 C 300 W .30 min
1.2.4.2 W hy AR T 2

Rl SLP £ B 5% 14, AR 4 B R R R 5T 4
BRI IR U Bk W R ) (A)
PR (B) ORI (C) A4 ZEE R (D) R A

F2 R AR R 5K

Tab.2 Response surface test factors and levels

b
RN -~ P
A, AR WORHEL/ H YR
min C (mL-g™") Mt/ %
-1 20 20 20:1 5
0 30 30 25:1 6
1 40 40 30:1 7
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A, DL SLP $ i Sy e B, B2 Y PR3 =K
S R TR RS, W 2 FR
1.2.5 SLP HrA ke fiE

4 SLP B il Bk 7 5T iR FE (0. 001,0. 002,
0. 003 .0. 004 0. 005 .0. 006 .0. 007 mg/mL) , LA %4
AR C AR, BFSE SLP HiE Ak, SLP Xt
DPPH-JERBE 1S 2% SCHk [ 23] . [ 24 ] Jr kil e ,
SLP X} OH V& BRBE J1 22 SCilk [ 25 ] Jr ik 2,
SLP SWTEMLRE IS HE R 26] [ 27 ) T E
1.3 Zitoath

BRI PATINAE 3 IR, R H] origin 2019b X
AR, ] Design-Expert 8. 0 AL AL#EET.Z

2 #R5TR
2.1 FARZEXT SLP $REUE 1R

AR XS SLP $2 B (19 52 g 45 5 an 14 1
B

MNP 1a AT, Bl B WORE 3 K, SLP 45 B
FEHE ARG IR/, WOk L R E 25 01 (ml/g)
i, B TR B B KN 15. 09 me/g, 2 )5 4k 2k i
KR, Z W PG 2 N R, X A
Gn] BBV HI i /D i 7 i E v 5 S8 ) B i il
ATy, Z B P D YR 25 01
(mL/g) B, AT RE 2 Bl 25 V5 700 FH & 1 38 K, i 2 1)
CREAET R 22 B I R B8 25 ot 24 o S 3 £
PR PRI N R DRI PR I B A VRORE L B E
25:1(ml/g) .

M 1 BT, Bl £ B AR R4 B0 1 KR
SLP $EHCE 2 IR EW/N . 2 AR T 4L
HIRF] 60% It , SLP 2 B & 1k 3| 5 K oh 15,15
mg/g, Z G R SE K L FE R 08, 2 1 $E B
G T X A RE S T i IE b S5 AR v A 2
Yo o i B SRR S G R B 2
5 CEER S A VR B g o, S BOLE 1 RS
N, 24 SRR B T 60% 5, BT B R
TR REAS, (HAR 7K I M 2 Wy (I iR e 1 T
K, R e U AR, PR AR B £
TR 2 60% .

M 1e ATHD, 488 A EE N 20 C HHm &
30 C i, SLP 42 HUE 1 13. 82 mg/g Wi K & 15. 24
mg/g kBl K, Z kSTt E i IR, 2
PRI T B, 3K W] BB T U B v I )3
HEOR, T H AR B P 22 W s i (LR e Ml

FasBHES W
~161,
‘hD
EIS -
1 14+
2
& 13
RN
12 1 1 1 1 J
10:1  15:1 20:1 25:1 30:1 35:1
BB /(mL - g ™)
16
= b
‘bD
w15t
E
14|
2
13
8
125 50 60 70 80
TR %
A16 [c
‘hD
wl5
E
m ; /\
2
S13r
RN
12 . . . )
20 30 40 50 60
A IREE/C
~16r,
‘bD
w15F
E
0 14
=
g 13+
R
12 . . . . ,
10 20 30 40 50 60
#75  [E] /min
,—\16 [e
TBD
LISt
E
mﬁ 14 /\\
2
13
5
R,
200 250 300 350 400 450 500
hy
16 DI
= f
‘bD
W15F
E
14}
2
13+
8
R T S B I A

%2&??&%%/%
a BORHL b, ZREHFRIEL; o MBI s B A I IA]
e R LAY R W
1 F PR SLP $2BUCE 152
Fig.1 Effect of each single factor on the extraction

amount of SLP
fitg e Kk, B By P G N R, AT
HAH AR E R 30 C,
FE 1d PT, 24588 79 B [ 10 min 380 &
30 min M}, SLP 2 HUEE B 13.52 mg/g 3 K &
15.33 mg/g JFik B K, ZJm bl 2 88 75 B[] 1)



545 BH S W PR A RS - B SR IR I 1 T A R AP T

BN, Z M B B BA SR R 35 AT R R B 75 e [R] i
KSR i 10 22 B 2y Jo v 1) 48— T A L A
NI 3 2 B AR O T R DR PR
4R 75 S E) A 52 24 30 min
&l Te ATHI, 8 A5 D) 2R 7E 200 ~ 500 W i Fl
N, SLP U S K5 08/, 7E 300 W i, SLP
RENEAE N 14,60 mg/g, #7 PFME T 300 W
B, SLP $ TP AR, 3K AT RE 288 7 D)%)
72 A ML K 23 1 355 %7 XoF 400 B B %) B R R JRE /N
P DR FESR KM IR SIVE T S BRI 3
IR SO 7 I 1 5= B8 I TRD /0N | ) s AR A
a5 7 A 0 R TG 2 A S 1 7R I A
SRR, PR BCREREAIR  PH I T B A
FH ) EHA E R 300 W,
& 1 AT 27 45 2 g 5 7R 1% ~ 6% 15 [
P, Bt it P K, SLP 4R BGRB8k XAl
RE S 2 2 2R il FH /D i g R 435 2 hn s g, ik
SV 7 27 4t 2 il 3N 6% B 32 L 3k 5]
KME N 14.82 me/g, A4 Z /KT 6% )5
SLP $RIUHIE TR, 31X 0] AE &7 I IR 20 i (1 2F
FREEGH T TEANSES AR, YA H4e
WS AER M T 4555, PN A 4 2 i
ANSHEINEEAAE | 13 22 00 21 4k 2 1 T R fifi 5
O B B W o o0 R U R R Y £
HE R H B E N 6%,
2.2 M AR I RS 4B
2.2.1 WA S5 R
Xof i o7 RS B (3% 3) AT AT, KA
BAE 56 1 1 45 PR 22 1) 56 R b AT T [T A 48
A, 155 SLP $RBUR Y XA B ] (A) G TR
(B) JEAEHL (C) (R4 R Bl H & (D) 19 3 g5
TR,
Y = 16. 171 455 367 039 + 0.004 513 243 527 439 5 x A +
0.343 937 462 699 29 x B + 0.502 671 441 157 24 x C +
0. 044 094 836 161 075 x D — 0. 386 546 807 059 42 x AB -
0.357 021 058 913 82 x AC — 0. 069 272 742 774 325 x AD +
0. 149 202 830 590 82 x BC - 0.286 816 011 595 17 x BD +
0. 724 699 462 869 82 x CD - 0.975 096 626 595 07 x A% —

0.799 716 585 670 84 x B? — 0. 760 726 582 260 49 x C? -
0.324 241 587 802 32 x D?

PRI B AT 7 22508 (3R 4) K g i
R 0 PR FE &bE . A P <0. 000 1, KR
A B AR B R =0.963 5, K45 P=
0. 198 2>0. 05, F BRI G B AT 1R 22/
i & 2 PRSI T %0, B .C L AB (AC .CD \A* B* C*,

109
&3 WA BTG4
Tab.3 Response surface test design and results
A B o D Z W

Run BT WAE BORHL,  geRmg REUE/
[El/min  BE/C (mL-g') HE/% (mg-g!)

1 30 30 25 6 15.95
2 20 20 25 6 13. 81
3 20 30 20 6 13. 64
4 40 40 25 6 14. 39
5 40 20 25 6 14. 87
6 30 40 25 5 15. 67
7 30 40 20 6 14.20
8 30 20 25 5 14.22
9 30 30 25 6 16.24
10 30 30 25 6 16.29
11 30 30 30 5 14. 84
12 30 20 25 7 14. 94
13 30 30 25 6 16.31
14 30 40 30 6 15. 80
15 20 30 25 5 14.90
16 40 30 25 5 14. 62
17 20 40 25 6 14. 88
18 30 30 20 7 14.07
19 40 30 20 6 14.24
20 20 30 30 6 15.28
21 30 20 30 6 14. 60
22 30 30 25 6 16.07
23 30 40 25 7 15.24
24 30 20 20 6 13. 60
25 40 30 25 7 14. 86
26 20 30 25 7 14. 86
27 40 30 30 6 14.45
28 30 30 20 5 15.50
29 30 30 30 7 16.31
®4 R

Tab.4 Analysis of variance

K BOrE AmE BWR FE P BFE

Model 18.42 14 .32 2639 <0.000 1
AR 00003 1 0.0003 0.0060  0.9393
B-HFRE  1.43 1 143 2859  0.0001
C-RkHE 3.03 1 3.03  60.66 <0.000 1
'Jfﬂ'gﬁﬂ& 0.0234 1 0.0234 04686 0.5048
AB 0.6006 1 0.6006 1202  0.0038
AC 05112 1 05112 1023  0.0064
AD 0.0196 1 00192 03924 0.5411
BC 0.0900 1 0.0%0 1.8  0.2009
BD 03306 1 03306 66 0022
CD 2.10 1 210 4209 <0.000 1
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RUE M2 AmE WM FE PE  WEHE
A? 6.19 1 6.19 12401 <0.0001 = =
B? 4.15 1 415 8306 <0.0001 = =
c? 3.76 1 376 7520 <0.0001 =
D? 0.6788 1 06788 13.59  0.0024 = =
k= 0.693 14 0.0500
A 0.6020 10 0.06002 2.48 0.198 2
gl 0.0973 4 0043
BiRZE 19.16 28

TE:R*=0.963 5;R3,;=0.927 0, * * P<0.01 225K .3

# P<0.05 Z 7%, P>0.05 ZRARE,
D X PRI A R B & s (P<0.01) , BD X
SLP 2 it BA W50 (P<0. 05) , HoA U2 i
AW WG FAE RN RS R P& X SLP 4
BBCE SR 1 32 L 2y - V0ORE b > 75 LB > 21 4
Rl > A E . P RORH R SLP 4
P52 M 2 B A K
2.2.2  EuEtERE

FRPER IE AR T | FH#K A Design-Expert 8. 0 #f
T34, A5 2] SLP fe A4 B4k 8 7 T
i 31. 69 °C , #87i s} [a] 28. 55 min, 7k 28. 97 11
(ml/g) , LEHAFIEL 60% , #8575 T 300 W, £F
YR W 6. 87% , FEMLARAE T, Z B R LS N
16. 42 mg/g, HERABEIEFHEME, LT LS
BORAE PR A AR IR 32 °C |, #E A I E] 29 min,
WORHEE 2901 (ml/g) , S BERFZ 40 60% , HE7H 1)
R 300 W, R 7%, EiZ&HT(ER
3R K ) 5 3 SLP 2 B V4 (H o (16.38 =
0.21)mg/g, SHIMEEEE , AHXF R 22 (0. 24% )
AN BEBTIZ ] A AR Ak ) T 28 45 R S R
SLP HAT A4
2.3 SLP Pra b e g %
2.3.1 SLP X} DPPH- & kAE

DPPH - & —FFe e 1 & & [ 2, LI i
BEEME, FIK 517 nm 467F 58 W B, 24 m)
DPPH - W FOMA S A LA W b, H N JiF
b FRAIONT FEL - TC VT I 4R 0 ) BB (A R B S BT 432
P L F-E5E AT S AR O 2R, DR I T R 0 9 R R L 1Y)
FERORPEMEE S PRk RE S, HE 2 AT,
1E SLP Fi I 0. 001 ~0. 007 mg/mL L, i
% DPPH - HE Bl SLP Jou it ¥ BE 1Y 3G KM i, >4
SLP Jfi )% 1551 0. 007 mg/mL B, %} DPPH - i
B % K 90.80%, 5 25 4k R C WE B F

(97.78%) #H LAY 55 , {5 SLP % DPPH - [al & B A
g RS bR AE

100 P ——

s o
ai- gof = HEXC -

& o HHALEH °

H

4O 401

o)

&

a 20

0.001 0.002 0.003 0.004 0.005 0.006 0.007
SRR/ (g - mL)

2 RIFFEREE SLP Xt DPPH - (35 R
Fig.2 Scavenging effect of SLP with different mass

concentrations on DPPH -

2.3.2  SLP %f-OH JHBRAE

-OH J&— 3G AR SR ) B i3, & Re b
e S Vi A R DD A i R T
DA RE VR I - OH, I 3RR B Bk N ) ot
SAALIBE S R 3 AT, fE SLP R ik
0.001~0. 007 mg/mL {1 [l P, i b - OH € 1 B
SLP Jo 5 ¥ B 385 TG 58, XY SLP Bt ik B 3
#]0.007 mg/mL B}, %f - OH 15 5% 3% 436. 35% , ]
BRTGYEER CIHRF(29.20%) , Ui SLP
FABSRIE R - OH B8 71, Hobu A bt om T 25 4
HEC,

501
N —=— JEFEC
% 20 o HHEZH
& . . - . .
gﬁ 30 . - -
H
o -
20 | -
b -
by

10 1 1 1 1 1 1
0.001 0.002 0.003 0.004 0.005 0.006 0.007
Fﬁﬁ‘l’ﬁﬁ/(mg -mL™)

B3 RIF B SLP X - OH i Bt
Fig.3 Scavenging effect of SLP with different mass

concentrations on *OH

2.3.3 SLP HpriafkhE

FHDNE A WO BE (B KNSR FEA SLP B 48
fRfie Ty, W S B AE K, R n BPt E AL g ) i
1Y Rl 4 AT, 78 SLP R R MR 0. 001 ~
0. 007 mg/mL JL P, SLP 471 % 1k AE 71 Bt AE i
Jo R B A K TR 5, HL SLP AP E AL RE J1 90
TR C BhUEALRE T, YT
0. 007 mg/mL It} SLP Fizh 44 & ¢ Rpiafbie
FIEI G 4390 A 0. 384 F10.321, —H A W
FIX, AT SLP JE—Fh B R M E S
W R R AR BT AR
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3 g

3.1 RIS -4 B 2 0 SLP, 78 % K LA
FARI LA b A e 7 TR S O A4S 2] T SLP
BRI 225y - S IR BE 32 °C | A s i
29 min JEKHL 29:1(ml/g)  LEERFEL 60% |
BTN 300 W L AERXMHE 7%, %R0 T
35 SLP #EBUR-FHIE M (16. 38+0. 21) mg/g, 5
FRIMEAIRR Z 5 /N0. 24% ) o 1% T2 BHAHLEL
TR EATG P BT ] | P B v A LA, SR — Rl R
FEFEER SLP 17

3.2 SLP A ERFoT S5 L R . SLP it ik B
£ 0. 001 ~0. 007 mg/mL P, ¥ Bk DPPH - fl - OH
(BE I35 BE SLP [T 8 v 1) 34 T 4 K 24 SLP
R 0. 007 mg/mL I}, SLP % DPPH - 3 [%:
R (90.80%) s 55 T 25 4 4= & C I Bk R
(97.78%) ;SLP %t - OH 5 FR 2 (36. 35% ) HH i 5%
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A BT — P AL ST BRI M AL 7 (Ni/CeN) . FIIFH XRD \XPS SEM D K& TEM 45 I 3= B i A6 71 1) T2 3
R EEAEEAT AL FEAEDRME IR EE T 0 AR T r AL BT S BE RO 9T . 25 SR A, Niv CeN B BT ELA B bR 1 o
5RO T TSR, I LRI T RS BT S0 0 (HER ) A 4L PEBE , 76 10 mA/em® BYHLIEZFBE T, Ni/CeN f 4L F{Y
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Preparation of Ni/CrN High-Efficiency Electrocatalyst and its Catalytic Performance in Hydrogen Evolution Reaction
HU Jun'? | LIANG Shu-qin® ,YIN Hong-feng **(1.College of Material Science end Chemical Engineering, Ningbo University , Ning-
bo 315211, China;2.College of Chemistry and Chemical Engineering, Dezhou University , Dezhou 253023, China;3.Ningbo Institu-
te of Materials Technology & Engineering, Chinese Academy of Sciences,Ningbo 315201, China)

Abstract : Hydrogen energy is a kind of clean energy with a high energy density.It is a primary problem that how to effectively de-
velop green hydrogen technology in the current society. This is a feasible method to study efficient and stable electrocatalysts,
which is of great significance to promote the development of hydrogen economy.Nickel-supported chromium nitride catalyst ( Ni/
CrN) was synthesized by a two-step hydrothermal-ammoniolysis method.The morphology and structure of Ni/CrN were confirmed
by XRD,XPS,SEM and TEM, respectively.The hydrogen evolution performance of Ni/CrN was studied in alkaline environments.
The results showed that the HER overpotential of Ni/CrN catalyst was 66 mV and the Tafel slope is only 47 mV/dec at the current
density of 10 mA/cem® , which was very close to the performance of the commercial Pt/C catalyst.In the cycle stability test of cur-
rent density of 10 mA/cm®,Ni/CrN showed less voltage drop than commercial Pt/C electrodes , showing excellent stability.

Key words: hydrogen energy ; hydrogen evolution reaction ;transition metal nitrides ; nickel ; electrocatal
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fR o R OCE , H AT, Pr 2R SR 4 R AL ) B
sk FLAE | o 540 L T 2 B R e LA TG A
SRy R fre FLOC B r AR R R, (E 2 5% 4 A A i
i AR S HOME LA 32 T Tl Y R
S T AN S S e i K ) SR A B
S, R SR AT G P R B AR R AE 542 8 i
A3, fige e el fige K i Tl AR BT DI A R B Je—
Rl A7 i A2

Ya4 b, Ko SCHRIR B 4 R e 4
JEEAe N S EEB e A E ke
I R A YRR A BUR P AR BT
o U 4R B ALY ( TMNs ) J& AU/ NERR 1) N
D o 3 O 4 e A S T BRI O P < ) e Ak
Y N R T AW &R R 7S, IR A
65 BT JEE ot S i P A TS 1, T U R R
4 HER HEALBRLST . B n, Qiang 261 A
FH A R e 45 T Fe,N B AH 24 K 9k:, 78
10 mA/cm® FLREE T, A 171 mV Bt Bz,
Yu 25 A SE K CoN B KRR I,
10 mA/cm” B % T WIS A2 95 mV, Gao
S 0T 4 T 4k ok NN AR, Ni AT N
BRI R AR FHASE A L 500 B B 22 118 306 P A5 s FDARG
S HER PERE, 76 10 mA/cm® HLFE B R, {2
£ 59 mV Byt HLA, SR, TMNs BT 38 1 09 00
SYEREMILL T Pt LRI IS —E M2, N
HE— 45 TMNs [ HER 1L TERE  F 258 &
B 5 | A SRR A A 5 0 5 RN TR A
AT AP AR A AR R0 1 H T 5 4, 4 v T A R Y
I A A T30 A T o3 7 5 R B Zhang
25022 3 1o B K IR R Ak % T BA R
FRZEFI A Ni;N/Co,N AT, NiyN 5 Co,N [
[l DAL T FL T 2548 R S0, 784385 06 067 4
i T T AR HER 157, 76 10 mA/em?
HREBET, A 58 mV #9337 Fl 93 mV/dec
f) Tafel R, Yao &2 et fi LA M T Cr 542
) Co, N GKAR RS, Z I H LR Y HER PR BE, 1L
21 mV {5 B A7 AT LR S 10 mA/em® 1Y LI 25
i Tafel %4 38.1 mV/dec, Wu ZE* 50 T
A KA FE Y Ni-MoN 22 FLAAL 7, % R 5
TGRS TR, 10 mA/em? LR 5 BT B9 3
AL H 24 mV, Tafel £+ 4 35.5 mV/dec, fE K
HLJI 2 J T e 2 B R O R 1 BT ST T AR e
Pk, BUL, 5 A BT AR O Ak SO0 L AT
SERFNR T fL TS5 4, 1T D)L S 3 B T HER fiEfk

Tk,
PR, A SO T CeN A 0 0 e %) Hi A 1k
MréalbhBe, [RIN25 & Ni 4@ i iy i 45 4 Fn s
S R EE Ni/CeN S PS5, N4 &5 HER 1Y)
Bralifitk . A SCRI /K AL & B NiCrO, BTIRA,
P A P R TR I Ni/ CeN S 335 235 19 114 H i 4k
IR FHPE HER S, Ni/CeN B il £ 5
WA R B 51 HER 1S PERIRE E I, A
SR T —F 5 T 28 1 i MY LA S A
), A B A ST A 7 10 235 A8 38 TR A L 75 4 g
PEFHRAE TR R A I L

1 KIRFEBSY
1.1 FEAER 5
Rigaku Miniflex 600 % X-Hi £ 3 A A7 5L
Thermo Fisher-Talos-F200x %135 5} fy, 7 i 1B ( 38
[ ThemoFisher 2% ) ; S4800 147 4 B+ i i 4%
( HA Hitachi 23 7]) ; Axis Ultra DLD % X 81285
HLFREIE Y (L [E Kratos 23] ) ;SPECTRO ARCOS
TGS B TR R & SO EA (18 8 SPECTRO 2~
1) ; CHI 760K MY e fh2f T ARk (Ll R4
FRAHD
KRR DU /K B8 TR A . £ 8 (4 M4l
B 2555 A AR 2238500 A BRA | 5 SE 6 K 58

FIK,
1.2 SEEk:
1.2.1  Ni,CrO, FrdR{Am il &

FREC 0.875 g (3.0 mmol) 7~ 7K fiff 2 £5 FiI
0.239 g( 1. 0 mmol ) PUZKFEFREH 73301 T 40 mL
V(L) :VOK) = IR, ¥ Bk
IR A DEFE, B T4 RV O M AT =
RN ZEN L TE 120 CF W 12 h, R HAAR G,
AT O IR R AK I Z ek 2~ 3 WK, e
28 60 CIHLFE T8 24 h BB EZ9™
1.2.2  Ni/CeN il 45

PREC Ni,CrO, Hif 3% 1A T 47 9 S b, 7E 30
mol/min M2 AIE T, FELA 5 C/min 1) i £
RIHEZE 350 °C,1E 350 CHIIRE T 445 2 h, 5
PL'5 °C/min [ FHEH R THE 2 500 CHBERE 2 h,
feJa iR kAL PR 753 Ni/CiN,

1.2.3  NiPs il CrN Bl %

FERGIA Cr FIORIR 5T 4% Bk 1.2.1
FRTR] A 5 05 2k & e, FEAD A |, 348 AT 9K 1A
Tl B e JE Ni RS TER ST NI FiT IR 4 2%
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BIBR4E Ni/ CeN R0 AL 0] B4 28 M HCHT S AL R RE 115

PR R 12,1 F0 1. 2.2 AH IR AY 45 05 115 3
CrN ®E 5,
1.2.4 AR AR A &

14 3.0 mg HEALF 43 ETE 300 pL &4 0. 1%
Nafion 25 T84 % (Sigma Aldrich) 4 5 N s 7K 7%
W(V(FNEE) VOK)=1:1) " 8H 0.5 h 133
BT, SRJE B 10 WL Jh SRR TE T AR
e (BEFEHR , @ =5.0 mm) b, FF FHARBET I
1.2.5  fifer S rEaeii

B AR P S = B AR R, T Ag/
AgCl LR A 2 LA, A7 B8 1R A %o e g, ol
BT F AR AE S TAE R, B A I 76 N,
TANEY 1 mol/L KOH HE i i i 47, SRk
FAREIR 2235 (LSV) % HER #9#Ak £ A 70 3¢
AL B -0.8~ 1.2 V vs Ag/AgCl, ## Ny
1 600 r/min , FAFHH N 10 mV/s; F| FH H AL 24 BH
Ptk (EIS ) FAF HL A 9 5+ H 2 R e fof 56 7% 8l )
s E 2 B B R N A e s il 2R (V-0 RS i
PRI E P, R T8 T S 0 A5 i X L, AR i
VilH Eq (V)= EAg/AgCl( V) +1.006 V,’I‘%Fﬁﬁ%%
(B4 R Al 3 S HL A (RHE)

2 #R5ITR
2.1 XRD 437

SR FH FL G A A5 B8 AR R OGS A (1CP-
OES) Xt Ni/CrN "4 Ni 95 b A7 A,
HNi BN 58, T1% , X A5 A il 45 B A Bk
P L, WnE 1 TR, 438 Ni CrN A2 Ni/CrN
FEMEY XRD [, Hodr ) Ni/CeN X A i 2623 51
T 37.5° 43.7° .63. 5°H176. 1° B 4 D514
57458 CrN (a=b =c¢ = 4. 140A, PDF No. 03-
1157) B9 (111) ((200) . (220) F1(311) {1 %7,
[A]F 44. 5° 51, 8° 1 76. 4° i BLAY 3 AT 514
W57 755K Ni(a=b=c=3.524A,PDF No. 04-
0850) [ (111) ,(200) F1(220) /i A1 X N7, S5 11

Ni/CrN .
Ni I \

CrN .A_Jk

I/a.u.

A A
Ni: PDF#04-0850 | | .
CrN: PDF#03-1 15|7 t | |
20 40 60 80

20/(°)

1 Ni Ni/CrN FI CeN #£40F) XRD &
Fig.1 XRD patterns of Ni,Ni/CrN and CrN

XRD Wi Ui B AR S B AT R AP 45 e, B F Ni
TERAER I, AR AR AE A o Bt 25 P Bl Ni 42 )
FIE R, 5350 Ni/CeN AU B CeN AT Ni 10, TG
Hoft e i B, R B NI Ak, KT
Ni/CrN SZ LS HITE
2.2 SEM 437

K4 T B A8 (SEM) X Ni/CeN  Ni Al
CrN FESESE T IEE . a8l 2a FT7R, Ni/CiN
AR TR R TR (R SRR o ol A, R R B 2R
IIIREARZE ), X IR IR 45 48 T B, a2 T i
AR A R G2, A R T s g el i vp g - 19
R HUMR A B A H, BRI, ] LAR AL
IR AT e R AL ORI 2b 2¢ AT LU
WEEH  TEAR R A 285 25 F R, CeN 2B 57 /Y
YK IBURCIRIE S, Ni 2 B TEHE 0 B 44 K Rtk
Fi (0 CeN Al Ni #0A KE A RIBLZ H B, 3XOR
TS PRI 0 HE

Wy N
531

a

a.Ni/CrN;b.Ni;c.CrN
2 Ni/CrN . Ni fl CrN FEdh i) SEM 8]
Fig.2 SEM images of Ni/CrN,CrN and Ni samples

2.3 TEM Fl EDX 43#r

J T 2B WA A B S A T, B
L, 1 A ( TEM) % Ni/CeN 4548 F 2l i ik A7
FAE, MRZE L& 3 s, A 3a i) DL
M7 H, Ni/CrN SIS A B2 X 5 SEM &
WG — e 25 0 A G, 38 R 4 PR O L R
(HRTEM ) W] L) BH 5 00 28 30 S [) B[] 1) f 4% 2%
g, 3c s, Zead D a, v A 1) R R
0.24.0.21 nm, A 435 5 J& F CeN [y (111) 0
(200) fh T, - HLAE CrN B A7 AR BH B 00 & @ A, i
FEIE)HE R 0.20 nm, X XF R Ni @9 (111) & 1,
TEM 5 XRD 45 5B EB T CeN A1 Ni i AH 1)
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FETE AR AITE T Ni/CeN SZHEgh g . 18 3d~
3g IR X HERE i BHGE (EDS) Jik#R5T Ni/
CrN fEfb R e R 434, fT LA Ni Cr A1 N 3
FHOCR A4, H S 5 A R — bk, 36
&)@ Ni 5 CeN B 51 A et R

a.Ni/CrN 1) TEM & ;b c.Ni/CrN 875520398 TEM & ;
d~g.Ni/CrN () TEM-EDS Bt &
3 Ni/CrN B9 TEM EF1 TEM-EDS &
Fig.3 TEM images of Ni/CrN and TEM-EDS images

2.4 XPS /3y

Ha Al 118 S 0 o A o B A R AR A R Y
I, PR AT DAE A X G400 T RETE (XPS) 4347
PEALSR 2R 10 Y BE R A5 H AL A R, Bl 4a
Ni/CrN Ni F1 CrN () XPS 434k B V545 1) R
T Ni Cr I N SCEMAFATE, X 5 TEM-EDS JTHR 4>
LSR5, i 4b FiR A Ni 2p [ XPS
i, Ni/CrN AL S B 6 N HRAFE I, 7T 20k Ni
2p3/2$|] Ni 2p1/zﬁéﬂﬂl%o Her ,ﬁfﬁﬁ%ﬂ‘ﬂ: 852.7 eV
1B FIE T JE T Ni° 2p,, FUE , X T4 8 Ni 4
Filt, HAHEC T Ni B9 Ni° 2p, , 06 % 2E 0. 3 eV 1 IEMR
45 O eab T 855.5 eV [ B I IHE T N2
2p,, HUE X0 NiO F 25 5 HE R 861. 2 eV if
B RIEXT R T P AE . W 4e fiR R Cr 2p
) XPS &, Ni/CxN {1 7] 534 Cr 2p,,, #1 Cr 2p,,
Wi, Hoh 25 5 R T 575.2 eV fl 576.6 eV
43591 8 T Cr—N BEAT Cr—O #°T MANi 2p
F1 Cr 2p PPRE AN HaT L& LA AE Ni Al Cr (R
fEAh, 1M XRD SEBLA 25 R ok R A Ak iy
U, U8 BH AL P R B 1 Ni/CeN AR
TR AR TP & TR R TH A AL, Ni/CeN
) Ni 2p BB Cr 2p BB 25 G RERR &k — 2

k% XS i T Ni 5 CeN 2H 43 22 8] /Y o, FHH B AR
AL TR A BE 254 , i — 2 4R T+ Ni/CieN
HLAEAL R AR . i 4d FT7R 9 N 1s 3% 81, Ni/
CrN By RRZE AT 0165 Ry 3 A HRAE G, Ho 45 A Re A7
T396. 4 eV I E T ALY Cr—N 8 A 1
FCN EZAET 0.1 eV W HWEL; M T 397.3.,
399. 4 eV ST JE TILAE N FILE N, X 5 fi
AEFI HER 54 5612 76 Ni 2p AN 1s B3
o BRI Ni—N S I RRAEIE . XPS 25 5L IE B
T Ni/CrN L IE L,

a Cr2p
CeN 01s N lsC 1s
il N2 0ls Cls
=| Ni T
Ni 2p B —
Cr2
Ni/CrN il ls L cts
1 1
1200 800 400 0
Binding Energy/eV

b ‘ Sat. MO Ni_

: A=0.18 eV *':f
= A=0.27 eV} —u~
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1 1 1
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Binding Energy/eV
¢ 2p,;,
2py, Cr-N
l Cr—O ~
3 AN
< .
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Binding Energy/eV
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a.XPS 43 ;b.Ni 2p i%[&l ;¢.Cr 2p & ; d.N 1s &
B4 Ni/CeN Ni fll CrN A9 XPS 2531
Fig.4 XPS results of Ni/CrN,Ni and CrN

2.5 HfEIEHT A MERERTSE

SR FH = E MR R R X 4% R A A R 2 AT e
(1.0 mol/L KOH) HER M fig fil3 , I 76 40 7] 4%
PRI Py C AR I PEREVE X IR, QiR Sa fir
TN RS U AT RN AL B 2, 7E 10 mA/em® HL
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BIBR4E Ni/ CeN R0 AL 0] B4 28 M HCHT S AL R RE 117

BT, Ni/CeN AR 93 i A7 R 66 mV, 143
3R Pv/C AR 47 mV , I H (K T 204609 Ni
A CeN AL, IERH T NizCeN B4 1 57 1) HER
ARG, Tafel B3 REME 0 PRI SN P2 A5 B
MR N SRR S % i Tafel R/ IR
E AT TR B0 ) 25 AR A AT
PEPS D FERRE PR EE R, HER i B2 A 45 =4~ 3E 00
SN, 439l & Volmer 25 5§ (H,0+e” — H,,_+
OH™) , Heyrovsky %% (H, . +H,0+e  —H, +
OH™) #l Tafel 2£%% (H,, +H,,——H,) , Kt
f Tafel #2453 542 120,40 F1 30 mV/dec' " |
&l 5b g 4% HL B RE G Tafel 1R &, A LLE H
Ni .CrN F1 Ni/CrN Pv/C Y Tafel £EE5354 106,
122,47 1 34 mV/dec, 8% Ni/CxN 1 1k 7 1)
HER i 22 Volmer-Heyrovsky HILI 1 Ay 12 8 A0 3R
(RDS) , H: Tafel FHEZEAL T CrN F1 Ni, H+ 50 4%
i P/ C HIBE, XA AT HER R FEAYHAT

a0

Overpotential / V

1
171/(mA * cm™)

a R PEFRR 8 (LSV) IIZEIE] s b. Tafel R
B 5 Ni/C:N Ni CeN #l Pv/C ) HER #EBE
Fig.5 HER performance of Ni/CrN,Ni,CrN and Pt/C

H T2 M AL R AE HER 2 72 rh i 3l
J1% R A2 38 it BT (EIS ) SR PP i 1k 57
HLfa s i I RE 1. 1l 6 S A AL AR Y Nyquist
Pl 2 S5 R B P (R A FLRR T FELBHEL , R, Ry LTI R
BH, R, HLfT#E RS L BH , CPE N M f T )
Ni/CrN #H LT CeN Fl Ni 75 Y — AN e /N 2
A /N LB X B BR A Ni/CeN HLARH A
BU/NEY T HL A 5 BE T, A R AR HER 0
R, PG, v DG B AR 9 5 AR I8N T 4L
FUF R RH, B2 & T A R A (45 HER iF

FEH ) HL T RERS Moz iy, B2 T HER (4#1k
T, AN TE 10 mA/em?® BYTEFLZRE R, X Ni/
CrN H1 Pv/C HIBGHFAT T 4742 10 h By HL AL A
PESCES, W 7 S5, 4 10 h FREEH R,

40

B 6 Ni/C:N Ni ,CrN Al Pr/C FEfh Y
ST (ELS ) 141 K A5 50 FRL B ]
Fig.6 Electrochemical impedance spectroscopy and

equivalent circuit models of Ni/CrN,Ni,CrN and Pt/C

0.00

- @10 mA -+ cm™ —=—Ni/CtN
= —_—
E ~0.04- Pt/C
g' N-\ Y
p —0.08 ) AE=102 mV
3
2 -0.12f
£ AE=53 mV
A —0.16f

1 1 1 1 1

0 2 4 6 8 10 12

7 Ni/CeN Al Pr/C R AR AE VL]
Fig.7 Chronopotentiometric curves of Ni/CrN and Pt/C
R TEAERGE YR 54 R AL HER VEREH AT

Tab.1 Comparison of HER performance for non-noble

metal catalysts recently reported in literatures

Sample 1n/mV  Tafel slop/(mV-dec™’) Ref.
NiMoP, NWs 87 66 [31]
Cr-NiNs 75 7 [32]
NiCr/rGO 473 195 [33]
CNN NPs 127 119 [34]
Cu/Cu0@ Co/Co;0,-300 82 48 [35]
Ni/WC 77 69 [15]
NC/NiCu/NiCuN 93 55 [36]
Ni,P/MaS, 159 69 [37]
0-CoSe,/c-CoSe,/MoSe, 112 97 [38]
Ni/C5;N, 222 128 [6]
NiCoP/NF 99 65 [39]
Ni(OH),-WP/CP 77 71 [40]
3D Mo,C 110 74 [41]
NiPs 300 106 This
PL/C(20 wi%) 48 34
Ni/CiN 67 47 work

MRS N 1 mol/L KOH ¥, FEL T2 N 10 mA/em?
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Ni/CeN (R EAL T 53 mV, 1 Pv/C HLJE Y
FREMER 102 mV, 254 Ni/CrN #9 2 £, X3 T
Ni/CeN HA 5 HER fbfaetE, BT HEH
WAL Ni/CeN et RR A AR R L 53
JUAESCHRARIE 1) HER JEALRIFEAT X LG, ansk 1 B
78R A5 R 1 mol/L KOH ¥ W 1 10 mA/em?
HL A, AR Ni/CeN (i B 57 Al Tafel #HRAK
TIF 2 B G e 5t & @ Ak 55, B D0k i
HER Hr& EHE

3 g

3.1 CRADKHGESF] NiCrO, RTUKAAR , 718 1 4
R LTI 2 T B e | m AT
PR ETE B Ni/CrN LR R, Ni 5 CieN JE %
Ni/CrN SZFEZ5 R kA T A TR B SO TE 35 . Ni
FEAREAG TR 2 TR 9 35 50 o A, B LA SRR
MR S B A 2 R A R R T
AtEfE,

3.2 Ni/CiN 7E 1.0 mol/L KOH ¥ ¥k 3 i}
T HBERTEERE , Volmer-Hevrovskv 23R 1E B
N7 () PR AL 3R AE L 10 mA/em® 1 S5
L AVH 67 mV ik HL A7 T 47 mV/dec Y Tafel &%
FRXE PrC R B &+, GN 5 Ni
Z A A EAE T, A T AR 0 254, 45 v
TIPS A AT B T AR S
PE, 32T} T HER LTS

3.3 CeN ZUARMIIAEE T Ni G0 K T 2
PR BYING:  Beim T Ni A IS R 7 5 7% 6% 1 5K
LR TR SRR e, RS 10 h 1Y
Mra NG, LR R % 53 mV, Fa e E C 2 i
T PvC,

SEH .
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Research Progress on Pre-Lithiation of Silicon-Based Anode for Lithium-ion Batteries YANG Jing-yu, HOU Guo-lin, JING
Ruo-ying ,RONG Jun-feng” ( Sinopec Research Institute of Petroleum Processing Co.,Ltd., Beijing 100083, China)
Abstract : Silicon-based anode materials have ultra-high theoretical specific capacity ,which is an effective way to replace graphite
materials and improve the energy density of lithium-ion batteries. However, compared with graphite materials, silicon-based anode
materials will consume a large amount of lithium ions from positive electrodes in the first lithium intercalation process, resulting in
active lithium loss , forming a larger initial irreversible capacity, affecting the first Coulomb efficiency of the materials, and seriously
reducing the energy density of lithium-ion batteries.The pre-lithiation technology,which can compensate for the active lithium loss
caused by the first cycle of lithium-ion batteries by making the electrode material contact with additional lithium sources, is the
most effective means to improve the first Coulomb efficiency of lithium-ion batteries at present, which can make lithium-ion batter-
ies obtain higher energy density and better cycle performance.This review summarizes the main pre-lithiation methods at present,
summarizes the advantages and disadvantages of various pre-lithiation technologies,and puts forward the challenges faced by pre-
lithiation technology in the future ,which provides a direction for the practical application of the pre-lithiation strategy.

Key words : lithium-ion batteries ; prelithiation ; anode ; Si ; SO

Bl T 2 S T A R B IR A I &
Ji&, NATTRH it BB e 0 %) e 1 25 BE R TR e
SR AP e T ST 2 A R
1B TCICAL RGN S O a5 B R O T R R Y 1
NS A B A i e & B T it
(Y BE B 2% B 5 T SRR L 9% DD AH G 1T TE AR R Rk
F 7S E A BT L H S R, BHAR A R B8 L 4
SRR, T DL B T H R R 1 R T R A
TRHBAELS S B AR R AR A Ak
FEA TR, B 372 mA -h/g LA FIZ090% 1Y
TR RCR (IR R0 7 R AR e i 2
FEW A T AT R 3 B rt R oK . e
BE(Si £ 4 200 mA -h/g;Si0 £ 2 100 mA-h/g) '
R RN BL N R I (NI Y SR VAN S =1
mIffE e E AL E AR B RN T2
FE,

TEIE A RE Si( ALY 80%) 5 Si0 (ALY
60% ) A F B Z5 AN ] BA AN [F] ik 2R R 2 Sio
(B IR AR RSOR AR 5 L S 1 45 40 35 DDA G
Si i By AR AT, 5B RS B AR Li, Si
PEATREERD TR RO, G &R
KAGARFRIEZIK (249 3009%) 1, H 2 52 i o B8 60 1R

SRS Si W AR A B e 1 B8 % | T4
L 7% S5 55T I ( SET) AS W7 b 1l 22 A T2 AR
T Si WEFRMERE, HETXF Si0 B 4548 A7 £ B iR

s B H#1:2022-12-12; MG B & B3 :2023-02-14
YEEB N M (1994-) 9 MK TR N B2 2T
FE 77 1) AR 8 7 b b T A b TR

WIFESE : 52 1IRIE , E-mail ; rongjf. ripp@ sinopec.com,
SIRZARS K BEARbR, H s 2, 45 B 7 vl T Ak B
W FERALAIT 5T ke [ )] Ak 2150, 2023 ,45(5) :120-129,



55 45 45 5 W)

Wt 55 IR 1 F M e B AR TR T 5 0 121

B2, AL 4G < BEALEE A B ALY B HLIR & A
RO e R IR AR R EIACK Si0
AYZEAE T A < ST AR TR A LA B AR A
Si0 J2: i Si IFENHULE Si0, JAR P4, W 1a
Jii7R . Si0 AEAE 5 RS 4548, an i 1b iR,
FHFE Si0 H,BR T 4l Si 5 Sio, DLAh, b7
b A BT Si0 S kA A
WAL R, SiO (B K R 29 120% ) 15 fl 41 B 1
G AT T, Si0 + Lit +e” —— Li Si +
Li, SiO,+Li, 0, el H J5 , 40% i 2 4 7 45 oy L, Si
(Li,,Si, Li,Siy L,y Si, ) , %6 & 1R RS 09106 2Rt
PR A FE TR, 60% 1Y 4R % A8 Li Sio, (£ %L
Li,Si0, .Li,Si,0, . Li,Si0, Li Si,0,) Al Li,0""" i
FEF SRS % st wIKOEMR" . 14,5800,
11,810, LisSi,0, AL EARTERR™ 74 T R
Al BEAR T Si0 I E AL, 2 Sio IR
RO s S EE 210 Li,0 5 Li,Sio,,
AR A () 2% ek 1) AR RRURE i, AHL ) Bsf A, 25 0 — 25
REAR B4 BE G 1 8, SI0 N BRI RESA L M 1 -
1.06 , FEFEPHM 4022 10 i 53R BRI B 3
BEZEWIPE R B AT R M A ) E R

LR AR E B UK A A e v 2 e T A i ]
A i Jo S TET B, 6T P AR A R 1 R A R
M), AEFEPHAR 1Y SEL B 322 )543 R LiF | Li,CO,
Li PF ' Li SiF \Li SiO, fl Li,0"*' 4% JE i SEI
FEEF 3 R r AN A S b FE R [ IEAR R B S T,
He TR FERR " B SET R T 3 R AR B T
FRIABURE , BTG T A ARk 18 W 338 255 B 0 B TR PEAR IO
S04 L Y BE B R AR Y

RAHE Li Si0, Y5 SEL B A s R AR 1 ik 3
BERR 8 B 4550, T B K2R A 803 2 5 T 2 5 - F it
FE T 2% B YOG R 3R S B8 v A RL A 1 IR PR AR 3
RNATEE TR A 73 38 A AR T Ak 3 AT il
AR B R AR B50R 2 i % 3 1009% , %) $i
LB RE R A BA KR L, TR TR
PR T AR R 8 P B AR A R T
SeFE b AR ANV, FH R Wk R T o R
AR C ) M TR AL A B fe K 2 T R Y
S Li o3 Al S 8O 510 Li St A IR B, I8
ek i PE R (%) L A ST i G E AOK SR, TR
b A T B E AT BRI O VPO AR R RS AR
R REEEAA R UORARRCR BB IEFMERER)
ART-B, ASCFE M= TR | b2 T
b Es I mARAE Fe e 4 Jm AR (SLMP) 45 4 A4~

Trimngrik 7 AT Be, BAS T AN E PR Tk
AL AT, TR AR 7 75 b i BEOR R VR 1k 4 e
A7 1o, DA B e AL P Tt e i FETRR A9 1 T
JEAERCR G IEIMERER S %

CGNIE T AEE

& &5 <,

T AL Y g.';%
70 b =
60 3 ot

Fraction/%
N W oA W
S O O
L]
-
e 0
[]
S °
1)
[
?

é

(=] S
T T T

Si-4Si Si-(381,0) Si-(2S5i,20) Si-(Si,30) Si-40
Atomic coordinate

1 aSi0 LR REE"
b.SiO HARIE S A 2 5 o L
Fig.1 a.Schematic diagram of cluster structure
of SiO'™; b. Different bonding structures and

proportions in SiO!

1 EmEK

2= TR 53R e i R AL TR AL 5
W3 I TR AL, AR TR AR R A SR
SRR R AR R AR fl R AR RN, O
— PR A R R T A ML T A B AT R
T D B L, P 3 AR A A D I g K T TR
TR B R BITEEAL R L fheE TR L A HE
A Scott ZEHE T A AT A T 3R 4 X
B R PR A T TR A, (B 2 L M Y AN R G S
A TR,

Sk v TR AR S AR ) S M Al
fE,Li P Sio BR9E S NH,, 45 T LiNH,
ALY Si0 (Li-Si0) , #i [ 2a fiR, ¥ Li-Sio 5
LiCl W B8 ¥4 5 Ja il B b, il 48 7 i Li,Si, 05,
Si0, F1 Si LK FE 2, S0 A% 0 B A7 FCIR il 40
KPR (M-Li-Si0) . 7¢)2 Li,Si,05 HAEE 1Y
Li* P8k, BRI T SEL B A S 1y BH 1 5 5 1 B
Yoo TEAI n(Si0) n(Li)=15: 150, Hl %1 M-
Li-Si0 f Al i 2554 1 013.3 mA -h/g, B IRER
RUA 88. 2% (T« SCE I MW IR AR &R
BREFIRAR TSN, ER AP B 20 .



122

127 CHEMICAL REAGENTS

545 B 5 W

SR P& T TR AL Ao R A 2 A o A 4
M, Zha 2577084 Si@ Si0 5 LiBH, =i
SRR, Hil £ T Li,Sio, AL Si(Si@ Li,Sio,) #Y
B, W& 2b i, 52 AR Li,Sio, #4072
FTBCRARRE , AT S — R A R O Lit AT
FE, Ml Si@ 1i,Si0, BHBR B4 R B Uk 72 ik i
RN 2 864 3 211 mA-h/g, ARCH 89. 1%,
KA LiBH, 19 Si@ SiO BH % B & 2L N
66. 3% , K PEA RCR B 52 i 15 42 T LA TE Y
Ai& SEI JE( Li,Si0,) (4nf& 2¢ FR) o

SRyt — A T i Ak A IR 9 AR M R R B
2, Chung %50 FHAS & MR (9 LiH 15 225
XF Si0 #E AT # Ak 2= AR Ak, Y BGR EE E #

400~525 CH}, LiH BERK Li, 35 Sio ik
B Li, 0, 35 7 T 525 C i, Li,0 53 B AE Sio
HY Si0, SN IAR BT 2R 3R E (1) L, S0, , 7]
T SI0 NERRYROWSE A, PR B T UG R REAR SR
T PR A TR L % I A A ) = HE R OR S, R
Li/Si tE>h 0. 67 B FERfL SiO FHAR , ] 396 25 &
1203 mA-h/g, B IKIFERBEN 90. 5% (4NE
2d iR, m FARTUEALEY SiO 1 59. 3% W E %L,
ELHEERT SR A T Tl 27 TR A Ak B AT 3kt A
X B L BE T2 A B o, BT R B Rk A
WrfE, 17 P2 2 22 52 i TAE AL 5 A1 R AR E 1
Yan 45056 55 4 7 DY 0Tk TR 9 A
% T Li-Bp/THF W (N 2e iR, AN

a b
sio, Li-Si0, M-Li-SiO,
SiO, Coating Prelithiation
_72°C Heating Heating
i) si Si@sio, SI@LA,SI0,
SiO,:Li = 15:1 (mole ratio) :coyic,HoH [l : LilNHgsolution [ : Molten-Licl
c 30 2500 Biacharge] 100 f T = T % 4 ¥ @t °
26 DD -l:]-l‘é:nsa'qe 90 'S:gl
5] —si ~ o, g ' )
< —si@sio, 56.8% ICE e g0 S P N(dQ/dV)
S 0] —si@uisio, [~ 432%loss £ o | £ :
s E w8
g 33.5% loss’ P 5 '
. g ; ) O
% 5 0.9% loss % o ® 5 ’
g g 100 50 3 _ Naphthalene (NP)
510 5 873 /
N & “3F g '
05 . B = .
30 =
e
0.0 o 20 5 /
0 1000 2000 3000 4000 Sio 0.20 0.33 0.50 0.67 0.80 1.00 o /
’ et LifSi ratio B ;
Electrode Specific Capacity (mA-h-g™) 5 3.3-DMBP
_ 3 5//1
° ! . SIOJC Microparticies - [] Li' E
S
. P4 .
J 4,4'-DMBP
/, '
” Centrifugation Heating 2-MBP
——) — B~
e
AV 3,3 4,4 P
-
LiBp-THF+Si0,/C LiBp+Si0_/C LiBp-Si0 /C Lo N T W
0.0 0.2 04 06 08 10
Voltage (V vs Li/Li*)

2 aM-Li-Si0 5 T 2R ER ™ b.Si@ Li,Si0, AR T 2R &R ™ ;c.Si.Si@ Si0 f Si@ Li,Sio, Hk 1
0.3 A/g FRMIRTE IR ST AL IIZR ™ s d AR IR LY SO (B IR FE 0 i 28 5 1 ORI R
e.LiBp TUHAL Si0/C T 2R DY (.25 WORFBAEAT DI CV ML K SO BB sy du s il 2
Fig.2 a.Schematic picture of the synthesis process of M-Li-Si0'® ;b.Schematic diagram of the Si@ Li,Si0,

preparation route ! ;c.Initial cycle charge/discharge curves of Si,Si@ Si0, ,and Si@ Li,SiO, electrodes at

0.3 A/g"®);d.First charge-discharge capacity and first Coulomb efficiency of SiO with different Si/O ratio

[30] |
9’

e.Schematic illustration of the synthesis process for LiBp-SiO/C! ;£.CV curves of naphthalene, BP

and BP derivatives,and the differential capacitance curve of SiO anode

[33,34]



55 45 45 5 W)

Wt 55 IR 1 F M e B AR TR T 5 0 123

M R X Li-Bp/THF X5 T (1 Sio/C A4 Rk ik 17
TR AL, 0 5 A VR A S B A 25 A, TR
RSN AE L T SEL B, [RIHFE Si0/C N A IE B
T Li,Sio, 485 T Si0/C I3 IR R 4
SERME SRR E T, Bk 2 B AL AT ] P A
R , TR) A o8 T 65 e A B AT 2 5 L A I A
rfsENE, PRI E 4 B 5 Sio/C
Bt A 1% 3% 5% 7% 9% B v Sio/C
BB A BT 75. 6% 2 = 3 78. 0% . 82. 5%
87.3% .89. 0% .90. 0% .,

Nap . Bp il 5 55 5 #1178 HLIR ) A 3148 J5E e 7
e, XF Si0 FERALfE i AL TR R Ry
Xof A J5E R 57 X b 2 TAR AR G B2 W), Zhang 450
i/ Li-Nap(0.35 V vs Li/Li*) \Li-Bp(0.33 V vs
Li/Li*) Li-FIr (0. 18 V vs Li/Li") 25 A 6] 34 J7 H,
D)4 B AR A HLIEF), % Si0/Gr L I3 30 75 B
b, TR AL SCRIUT Li-Flr>Li-Bp>Li-Nap , 45 5 %
RN [ 8 D FEL A5 f74) 8R4 5] 2 32 i 0 4 )
T B4 DA R A7 AR, TR T 7 e () sk e, e
AR BB

WOAH ) A7 TR A B AT B 1 S B 34 5
AL F A0 7] 79 3 D L A 5k 8 v, 464 TR
ABT FURFE MR R TH R AN B 19 SEL B, X1
ORGP RE MR T A B . 38 % i FH A ALk
e/ VNGB 95 S Y By =17 LT 215
HOR I LA (CANIET 2F Jr 7 ) | IR B AR A e
FREE , Hh 7E R T S I 22 A B T R Y
AR FE AR TR Y R s RE 2 R SET BEE Y
BB b TR A il — e R R
), AFAE R B TR AN B M | O R B MR
o PR TR A Y e A, T A TR AL A 1
X HE A TR Ak ) P AT BRI SEBRAE

2 BEmEL

LA ZE TR AL, o D P TS L 5 325 5 A/ 0 e i
5o TR SRR BT RS 5 R R e
Sl AT PR, 5 Ak o A BRI, L9 45 B
AR R P i Az pA) 8 o e HE AT TIURLAL AR
FEHE U AL AT [ B9 BB E A, R 5K

Ji R
4.4Li + ¢-Si=——1Li, ,Si (1)
IR ;
c-Si + 4.4L1 ++ 4.4e” — Li, 4,Si (2)
AASLNL ;

4.4Li - 4.4e” —> 4. 4Li" (3)

AG = —nEF ~— 4.4 x 0.1 x 96 500 = — 42 kJ/mol (4)

HLrh L AG Hy SRR B AT E R E kR R F
FE R EAIN0.1V,

G M AEFE FHAR AR IR L S R R M 5
HLPE, Yao %5177 S F el [ 425000 Si 40K B0RE
FHEAL A B3 03E (GONRs) |, Q& 3a fis, 4
JER B E 4 ik GONRs PHAR UEAT iRk, BEE AL )5
AT BER I T8 A5 e v RE AR R RE

(R4 I 55 PHARORA ok L 12 AR A A 1)
T AR B AL R . Meng 2518 75
R 4 B AN BH AR = [E] s i — 1> F B2 o 22 ( RBL) 2R
PET AR R B R (& 3b BTAR ), RBL S £ AL
SER R HLAT 55 i A S R B T L i
V£, RBL Z25R A 254 R (4 5 5 AR b ) 1) 422
fldss i B Otk T ARG AP WS RBL X
Si0, FERAL, , fi=F H b B U PR AR R Hh R TR b
(1) 79. 4% 4= %) 89. 2% .,

SR X AP AEER G 5 FHAR =2 18] 5 A K L BH )2
W BRI SR T it A HIE 2 (ELE X Lit Y
PSR TEA K A R # Ak, A
BT RO, ST AL B A1, Wang 450
X rh)E A B RO T T o R
TERRE S Si-Gr PR Z [A)4di A rh Rl 22 vt J2 (1BL)
BT Lt A4 A YA N 3c fis, XA
41 000 mA -h/g FIHRF L (Si/Gr-1000 ) 42 fih 5
1.2.3.4 h JF ERFEARRE 308 84.3% .
99. 6% . 116. 7% 135. 4% , 3457 ff) PR Ak i 72 1 45
AL B RS AR REAS BB R A T (R 3d
Fi7R) o

h Y 2R i TR AL B A i Ok
PRACFREE IR BN AT A i B Si PHAR
M i, Kim 260058 o s AR R ik 1t
PERGU N 4 B B 28 R (Si-Gr) FHAR R T, 45
Pl FOCURR R A JEE B H N T TR Y 38 A M SR
A5 2 L R R AR RIOR T 88. 6%, AR JZ Y
DURERE 435 2.3.4 4.7 5.4 wm B, & 805
Wk 94. 5% 98% 102% F11 103. 6% .

Kim 2504 0B 4 297 15 PH R 20 5% nid 1%, 1A
s FL Y R L A A 2 o T R R B (AN & 3e BT
AR PR SRR Si0 (C-Si0, ) ZH % i i
FESI L BH A A T 9 i SRR Ak i B R, TR b
30 min J5 HIR AR AR5 8 1369.3,
1 443.6 mA-h/g,100 PG AR FF RN 74. 3%,



124 fb22i% %] CHEMICAL REAGENTS

545 B 5 W

AATTIR 2 T H A2 AR A 1) Rl A AR A PR
SRy A P R ST | R R 2R R
S BL

TR I 1 BH AR AR 2 T EL A 488 e 1) S N
PETESREINT 2555 FURR , 3 i 7 i Ak il
b o SR E Y, Wang 21 8 el & T ik
B Si0 25 O igER (& 3f iR ) | b2 a4k
J Pk — 20 AL B4 AL ( Thermal passivation ) , #
Wb PRER AL B BR 7 SR A Li, Si SokE I Li [
SiO WHEBHEAS  IAEfOhI T /Y Li, O, i iR 4k
Je PR AT R R 2 SRR e M B PRk Bl fk
J BB AE IR EE 10% ~20% 23 S P iCE 48 h s
B EA 99. 2% B H IR FEAR %, 1 000 IR1E I J5
FARRRERN 89. 8% , 4 T T Al B Mk AL 1 1
U, N 3¢ iR,

PR 1S T Y YA A B R A X T (F R

TR IR AL S I G e
— I TR KRR, R AR 2ok, BARAIRE
Xof FL AR AERREAT 1R B (LR TR A7 7R U AL R A
SRR T A 2] WFTE Bl e R
5 IR Z )3 A P TR AR A 2% vh )= s T
PRAR A AR B RO, O TR A
HLTERAL I TR S U R
P8 TR EA S 1 S0 A ] 4 ) A AR L 7 3
5 T RE AN T AU G S I A T AR A
B TRLER T EL U A i s S 2H 2R 1 r % | A
FORMHRED , R iR 5 24l BEAS 1 Rk AR R
fEiE

3 AR IR
WFFEN SR i 5 5 Jm A B R, 7w i
KAG RN A T S B AR BORL (L, Si)

a

Silicon (
+0 v
—
Ulirasonic mixing O¢

Chemical
splitting
Si-PDDA e Lit e

+ Q. & :
1% D —
Electrostatic - :

Li* insertion

adsorption

Deposited lithium metal
: Process | Process Il

" Electrochemical
deposition

Li-IBL

SN

RBL requlated Prelithiation L fo

Prelithiation Li{ efjLi ife]
Anode

d Capacity/(mAh-g™)

s
<
g
=
=
=
2
s 90
e ——Si/G-1000  =e—1h
e Li* e Lit e E 2h 3h
l §~ ——4h = Li foil-15 min
< s Pre—Si/G—650 st Pre-Si/G-450
80 L L

0 50 100 150 200
Cycle number

. Exposed Li,Si Li.Si
£

Li,0 L

1,0 passivation
layer
©
Li metal Electrolyte Heating tube

$-$i0 @RF Hp-Si0@RF Hp-Si0.@C  Hp_5i0 @C anode Flectrochemical Thormal passivation ASE~HP~SI0,
¥ pre-lithiation @C anode

B3 aSi/GONRs &M T2 R s b R Al A Ak s B (1) 1 RBL 95 A TR AL A2 (7)) o
P TR PR R B CY e Li-IBL il A B e (ks Fom s s R AT IS AR TF] Si/ G BRI
ZRARERDY e X C-Si0 M AL2E FURLAL K nT REAY L AL T 2R B S £ Hp-Si0, @ C il % T 2R E ™
g FHURL ] % ASP-HP-Si0, @ C FHH = 25 & 1+
Fig.3 a.Schematic illustration of Si/GONRs synthesis process'*”! ; b.Illustration of Li-ion and electron transfer in

the direct contact prelithiation process (up) and RBL-regulated prelithiation process (down) ™ ;c.Schematic illustration

of the Li-IBL preparation and its direct prelithiation process'® ;d.Capacity retention values of various Si/G anodes
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before and after the prelithiation process'®’ ;e.Graphical illustration of prelithiation process of ¢-SiO, electrode and

[41

its scalable roll-to-roll process scheme*') ;f.Schematic illustration of the preparation procedure of Hp-Si0, @ chy

g.Schematic diagram of the large-scale roll-to-roll preparation of ASP-Hp-Si0,@ C anode'*”’
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Fig.4 a.Three approaches to stabilize reactive Li,Si NPs!**;b.Capacity retention rate of different protective layers

after 6 h storage in different air humidity'*’

Magnetron sputtering **’ ; d. Discharge/charge curves of the first three and the 100th cycles of the SiO-LSE film

;¢.Principle Diagram and Mechanism of SiO-LSE prepared by RF
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e.Cycle performance of SiO-LSE and SiO anodes and surface morphology of SEM*
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Preparation of Anode Materials Derived CoFe-MOFs Supported by Pyromellitic Acid and Study on the Performance of
Lithium Ions Batteries GENG Qing-shuai, WANG Li-ying" , HOU Ya-ping ( School of Chemical Engineering, Inner Mongolia
University of Technology , Hohhot 010051, China)

Abstract : The organic bimetallic cobalt iron metal framework (CoFe-MOFs-C) was prepared by a one-step hydrothermal method
using pyromellitic acid, cobalt nitrate, ferric chloride and activated carbon.The metal oxide coated carbon (M-CoFe-C) was ob-
tained by raising the temperature to 500 °C at a rate of 5 C/min under argon gas conditions, holding for 2 h, naturally cooling,
and was characterized by infrared spectroscopy,XRD,scanning electron microscopy,XPS and Raman spectroscopy.The composite
material was cobalt iron oxide tightly coated with a layer of carbon.As lithium ion anode material , the carbon layer improves the
electron transport speed on the electrode surface ,and inhibits the volume expansion of the active material during charging and dis-
charging, so it has good cycle stability.The research showed that at the current density of 200 mA/g,the reversible capacity at the
100th cycle can reach 668.2 mA-h/g.

Key words : pyromellitic acid ;metal organic framework ; derivative materials ; lithium ions battery ; anode material
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Synthesis of a Schiff Base Fluorescent Probe and Its Selective Detection of Trivalent Metallic Tons NIE Mei'> | TANG Jing-
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Abstract: A’ Cr’* Fe’ Ce’* have important effects on the environment and organisms , fluorescent probes that can simultane-
ously detect these four trivalent metal ions are rare.A fluorescent probe I was synthesized by Schiff base condensation of 2-amin-
oanthracene with biphenyl-4-carboxaldehyde , which had been carefully characterized by 'HNMR , HRMS and elemental analysis.
The experimental results of spectroscopic analysis showed that probe I has a high fluorescence response to trivalent metals AI’** |
Cr’* Fe*and Ce™ in THF/H,0( V(THF) :V(H,0)=1:1).The probe I was highly selective and rapid response to trivalent i-
ons over other metal ions or anions and had a strong anti-interference ability.The optimum range of probe [ was pH 5~9.Based
on high resolution mass spectrometry detection , ultraviolet detection and theoretical calculation results,probe I proposed decom-
position into 2-aminoanthracene and emit fluorescence after interaction with the trivalent metal. Further, the fluorescent probe |
was loaded on the test strip to successfully detect the trivalent metal.

Key words :2-aminoanthracene ; Schiff base ; fluorescent probe ;trivalent metal ions ;strips test
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Fig.1 Synthesis route of probe [
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Fig.2 a.Fluorescence spectra of probe I (50 pmol/L)
upon addition of different ions ( 100 pmol/L) ;
b.Absorbance of probe I (20 pmol/L) upon addition
of different ions (40 pwmol/L) ;c.Photograph of probe 1
(50 wmol/L) in the presence of different ions
(100 pmol/L) taken under UV light
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Fig.3 Fluorescence response of probe 1 to Cr’*(a),

Ce’*(b) ,Fe** (¢) Al (d) with competition ions
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Fig.4 Change in fluorescence intensity of probe I

measured in the absence and presence of trivalent metals
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Fig.5 Response time spectrum of probe I (50 pmol/L)
to M** (100 wmol/L)
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Fig.6 Photo of the test strips loaded with probe I
under UV lamp (254 nm) after unfolding in
different ionic solutions
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2-aminoanthracene and biphenyl-4-carboxaldehyde
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Fig.8 Spiral rail coupling analysis of 2-aminoanthracene,

biphenyl-4-carboxaldehyde and probe |
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Fig.9 Proposed reaction mechanism of probe I with M
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Preparation of Magnetic Polypyrrole Based Material and Its Adsorption Characteristics for Cr( VI) in Textile
Wastewater TAO Ye™',ZHOU Wen-tao®( 1.Chongqing College of Finance and Economics, Chongging 402100, China;2.School of
Chemistry and Chemical Engineering, Chongqing University , Chongqing 400044 , China)

Abstract ; Nitrogen-rich polymer ( PPy) was firstly prepared by in-situ oxidation polymerization and then amphoteric adsorbent CN
@ Co, Fe, was successfully prepared from PPy precursor and magnetic metal powder.Morphology and structure of the synthesized
adsorbent were characterized by scanning electron microscopy ( SEM) ,infrared spectroscopy (IR) ,X-ray diffractometer ( XRD)
and transmission electron microscope( TEM).Its adsorption properties for Cr( VI) in textile printing and dyeing wastewater were
systematically investigated.The test results showed that the prepared nano adsorbent had a hexagonal structure with a particle size
of about 150 nm. Saturated magnetization was about 49. 1 emu/g.It had good adsorption capacity for Cr( VI).Removal rate of
Cr( VI) could reach 99. 48% after 1 h adsorption under the conditions that the amount of adsorbent was 4 mg/L,pH 1.7 and the
initial concentration of Cr( VI') was 200 mg/L,and the removal rate could still be maintained at 83. 41% after three regenerations.
The adsorption kinetics followed the quasi first order kinetic model.The adsorption isotherm showed that the adsorption law con-
forms to the Freundlich isotherm adsorption model, indicating that the adsorption was a multi-layer heterogeneous adsorption.

Key words : adsorption ; magnetic polypyrrole group ;thermodynamics ;adsorption kinetics; Cr( VI)
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[, WSR2 B, FEm A R g | 2% JE - a0 U sl
SRR DA R L SR s B . Ak A T
P AR TSI A BB EH S bt Bty p
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Fl Co(NO,),-6H,0 F P R & ol 2 1110 E
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g, by o I BHFE A T it CN@ CogFe, LAY Cr( VD)
§ik,meg/g; Co 1 C, W M) 6 RN I ¢ B F Y B , /L m
B35 CN@ Co, Fe, HIIBTHE, mg; V R IERUARRL, mL; Re 2 Cr( VI)
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TR T % o B0 5 0 B JF i R W B R 5
Cr( VL) Z [B] (4 AH AR FH DA B 14 i , LR 2
kU .
Langmuir 45 I I FATRS SRR X ANT

4. = 4. K.C./(1 +k,C,) (3)
Freundlich 2815 f #2400 °F .
q. = K€ 1/n (4)

g, MR RIS B R WM me/g; €. W B ik 357

Hr I TR IR B, mg/ L Ky 5 Ky 4390 Langmuir 1 Freundlich
LR BT R BOAR G R B 1/n W B DT R A AR B B i DR

BIFFE I BRI Cr (VL) B R 3l 07 2 R

53 R — R B ) BRI 4% 5l )~ AR Y

X S K AT RN o AR Y ) 3R 3k A =

(5) = (6) Fimn .
log(Q, = 0,) = logQ,  ht/(2.303) (5)
t/Q, = 1/(kQZ) +t/Q, (6)

KA Q, KW, me/g; 0, A ¢ IFEIILRH &, me/g50 A
WRE BH R TR 5 & g -8 B3 45
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TEAREs Y, RIHE R EN, B 2c.2d 4300 BoR
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WESR AT R A 2501
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Fig.2 a,b.SEM images for Co,Fe, ;
¢,d.CN@ Co,Fe, ;e ~h.Mapping images of CN@ Co, Fe,

R2 BRI AT AR S AT R

Tab.2 Analysis of relative content of elements in adsorbent

Element Wt/ % AV %
CK 60. 18 68. 62
NK 29.76 29. 01
CoL 3.15 0.73
FeL. 6.90 1. 64
Matrix Correction ZAF
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Fig.3 FT-IR of different materials

2.1.3 M CN@ Co,Fe, ) XRD iz
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Fig.4 XRD of different materials
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Fig.5 TEM images of CN@ Co,Fe,
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Fig.6 Magnetic analysis image of different materials
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2.2.1 pHIH
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[E6] 2 W BRI FEE SRy 25 °C, W R E) > 1, TR 5510
09 2 mg/L Cr( V) WA U TE 9 200 mg/L, HefE
TEAR S/ pH Ju N 4T (1. 78 ~7. 60) M, pH
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Fig.7 pH influence to adsorption capacity
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pH {H T 2 Fh 5% AR B9 W B A i BEAS 8], HCrO, A
CrO; YW I FH BB 43 531 = 2.5~ 0. 6 keal/mol
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ARSI I ] 2 W BRI EE R 25 °C, WS s ] Ay
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8o MIEIFF T LAFE Y, R 56 23 Bfi o VR 86 7] %) ) o 44
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Fig.8 Effect of adsorbent dosage on adsorption

capacity and removal rate
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Fig.9 Regeneration adsorption performance of adsorbent
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Fig.10 Simulation results of adsorption kinetics
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Fig.11 Adsorption isotherm
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C MW T i L TR BB e vl B B ] pH fEXS Cr( VD) BT A B952 00, 4387 T PANI@ H/AA X Cr( VD) 19IR
FMAT ASAE, 25K n(FEME) :n( T ZFR) = 5:20F , PANI@ H/AA SR A5 AW BRI, Hixek Ce( VI B BT R 4%
4 Langmuer H53F 2 FME Z 902 Jp 2 RHRARL . XF Cr( VD) IR AT S 2 2R A8 24 ORI h i —N"=1E 8 T LA i vk
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Adsorption Behavior of Adipic/sulfuric Acid Doped Polyaniline for Cr ( VI) CAl Yu-qing', ZHANG Dong-xue' , ZHOU
Jiao' ,ZHOU Jin-kang ™" ,KONG Chui-can' ,LI Yu-bo' ,LIU Ying-ke*(1.College of Chemistry and materials , Guizhou Normal Uni-
versity , Guiyang 550018, China ;2.Guiyang Shendi Chemical Co.,Ltd.,Guiyang 550018, China)

Abstract : In order to study the adsorption behavior of adipic acid doped polyaniline on potassium dichromate solution , adipic acid
doped polyaniline was prepared by oxidative polymerization using aniline as raw materials, apic acid/sulfuric acid doped polyani-
line (PANI@ H/AA) was synthesized by chemical oxidation polymerization by using adipic acid ( AA) and sulfuric acid as
mixed dopants.The Flourier transform infrared spectroscopy ( FT-IR) ,scanning electron microscope (SEM) and EDS were used to
determine that AA was effectively doped on PANI structure was formed.The effects of aniline/adipic acid molar ratio,initial con-
centration of adsorbent ,adsorption time and pH on Cr( VI) adsorption behavior were investigated. The characteristics of the ad-
sorption behavior of adipic acid doped polyaniline (PANI@ H/AA) on potassium dichromate solution was investigated, and the
relevant mechanism were analyzed.The results showed that when the molar ratio of aniline to adipic acid was 5:2,the PANI@ H/
AA showed outstanding adsorption effect. The adsorption behavior of Cr( VI) was consistent with the Langmuer monolayer and sec-
ond-order kinetic adsorption model.The adsorption behavior of Cr( VI) was mainly due to the doping of —N™== positive ions in
polyaniline and the electrostatic attraction of proton-induced imino to HCrO; and Cr,03 under acidic conditions. PANI@ H/AA
can effectively remove Cr( VI) from wastewater and had a good reuse performance.

Key words : adipic acid ; dopeing ; polyaniline ; adsorption ; Cr( VI )
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SEMINESE : O R/ BRIRIB A RIS Cr( VD) BT 149

SERY O R B R IR I A B IR S
FHHLR , 52 A 1544 ROR 4 74 7] BE B 470
ARG 7 A W AL BRI G P S A A7 A, a3t
TN 1 SRR e R i) W PR i

DAZER A RO, O R B IR A 1B 4457,
AR G RN, BF R A RN AR T2
R/ TR IR B 42 B 4 (PANI@ H/AA) | SR FHLT 4
L4 B B B EDS AT 3RAF ; 76 A i R %
5T O IR R i B 2R KO B R Y 5
M), 368 o W o S 625 58 T R A Tk B R R B [
M pH 550 T 22280, #8957 T PANI@ H/AA
14 B AL

1 XWEH
1.1 FEER G

TENSOR?2 ZUfe HL i 21 #1543 LS12320XR
RUGRA O R BEAL (TR A & e A R A A
ZEISS sigma 500 7 HL 49 4 B B8 (95 [ 28 F] A
F]) ;752N BUSEAM-AT UL 43S0 BE v (A RHY
PN FABRA T ) 3 SHA-C B KA fE IR 4R 1% %8 (11
IR A BRAFD) .

AR (KA AL T A R AR 5 i iR
B (ERINAR TAHRAR) ; & /R ( L
IRALES ) s HoARTR 2 R 4t
1.2 RARRHIS

#4100 mL (1 mol/L) MFRIF W B T A =N
250 mL FIBERRR A 11. 4 g(0.05 mol) i Bz
B PR R AR B8 R IR AW, R —
FEEIR AA A 50% 7K ¥ i L i B 100 mL
IR

W 2518 250 mL I BRI W 0 4+
T b B HEK KA 3 ) IR R R A A
Siig A, P REIELN 5 °C A 3R AA IR
4.65 g(0.05 mol ) H A3 1 R B M4, P 10 1,
TN B K 0 5 B R B A T, £ 30 min T 5E
165 CIIRIE T RN 4 hyid g, oK ZEEDE 2R
LA AL, 250K RS W 4 08 Tk
60 C H=5 T4, 15 3 MR/ AA A B R ARN
PANI@ H/AA
1.3 RS

Frit 0. 02 ¢ PANI@ H/AA WEFfEAA KT 100 mL
HEIZ T A 20 mL ¥&EE24 10~100 mg/L Cr( V1)
W, 25 CF , FE/K VTR TELAIR 37 25 41 5 W B —
SENFIE], PR 4 ARG, #E 10 min, B2

W, FSCHR[ 25 T 5 e Cr (VL) e B2, A K

(1) (2) T H IR () FRERE () o B 58

W T 8 A9 G W R R o s ) R B pHL A PR 2R X

PANI@ H/AA W RE B 52, LA K H: 5 52
PERE

n = [(ey = ¢,)/cy] x 100% (D)

qg=1[(cy—¢,)xV]/m (2)

Khen MR, %; co, ¢, 573 B BT )5 0 B

Cr( VI) B IR BE , me/ L V W SRR AR, Ly g W &, me/ g,

2 #ER5i1E
2.1 RIRMGHIRE

2.1.1  RIEMNLLINERS
AA BB IRMRE S PANI@ H/AA W5 iR

JE LA ERENE 1 Fis

TN

~ T mee L\
VAl WHE 1650
3497
1587- 792
1496 [ N

513

I/a.u.

4000 3500 3000 2500 2000 1500 1000 500

v/em™!

1 PANI@ H/AA WIS LA A
Fig.1 Infrared spectra before and after adsorption
of PANI@ H/AA

A 1 A W, PANI@ H/AA 75 W B BT 00 [
Je PIET AT 2 L W BRF0ge A A A TR
FE 513,792 em™ Ab R BFg Sy — IR PR A C—H 1T
N IR A C—H AN PR3 ;1 152 em™ 4k
R AR R RS F 8) A R R AR IR AL 5 1 296 em ™' Ak
R AR 5 ORI E A I B p-mr SEHERT , C—N
SRR AP I, LA 4 B Sl 0% ) = RS B, T
W A5 5 1 496 em ™' Ab X 10 iR = 45 #) N=
Q=N(Q MEEI) M4t h; 1 630 ecm™ Abj&
N—H B IEIR ST, 1 650 em™ 40Ky C=0 AY%:
H4iPR30;3 240 em™ Sy OH MR 78
1100~1 650 em™ Z[H], Wz fff Cr( VI) J§ N—H,
C=0 &5 ) W Wi e 5 3 #0A7 — 38 B9 980 551 , W] g S
W RFE Cr( VL) Jo {2 % BE R AR, X 54
FRAE TR Y E—N= | N J§ 7 [ R A
TFAL SR B, = 4 v SR i %) 1 R A BT L
o IEHEAE I 4T85 o iR 4B R T b, AT v
TR R B E T — 2, DL E WO 0 1 7 AR A
ACUESE AA B4 IF R A T R
2.1.2  BREESRAEMIEIHT

MIEL 2 AT LA i W B2 1 52 30 R Ok
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AR, BIRA R AR A>T, VA A ™ > ik
]3RS | AR R Bk 5 W B I
WUk SR AR A RS, X & PANI@ H/AA B T4
R A AT B B R Cr (VD) JE i
PSS XA TORL W 5 | VR FHIEAIG , e T ok i)
RIENG , FECBRARTI N,

a. W[ i PANI@ H/AA ;b. W25 PANI@ H/AA
2 PANI@ H/AA AYANIFE S
Fig.2 Appearance of PANI@ H/AA

2.1.3  BRERANN EDS

PANI@ H/AA Wt Cr( VI) HiJ5 B9 EDS &,
WE 3 Fra, MWIE 3 iTLUE Y AT PANI@
H/AA 85Fp EZH BT C N, O JC & FRIE I,
W RIS, C N O ¥ — 5 REAK, BT Cr R#1E
I 5Bl PANI@ H/AA X} Cr (VD) 45— 5E B W% Bff
YER . & I0E T 50n R 1 s, W&k 1

C

a

cps

E/keV

cps

0 Cr
~

0 2 4 6 & 10
E/keV
a. W BT 5 b R R A
3 PANI@ H/AA Wt 5 A9 EDS 434
Fig.3 EDS diagram of PANI@ H/AA before and

after adsorption

AL S, W R RT PANI@ H/AA 25899 C N, O %
TR R 56.51% 22. 36% 1 21. 13% , Wit
J5,C N, O Y J5T & 40 805wl B ARl 54.71% |
21.92%H1 20. 85% , Cr [ BTt 70 4L, i5 5] 2. 52%,
K ICRAERBTET B o B A2 4k, Ui PANI@
H/AA 724 TR TN
£R1  WHHIE PANI@ H/AA LR 5 &

Tab.1 Element content of PANI@ H/AA resin before and

after adsorption

PANI@ H/AA Elment Content/ %
C 56.51
. N 22.36
Before adsorption 0 2113
Total 100
C 54.71
N 21.92
After adsorption 0 20. 85
Cr 2.52
Total 100
2.2 AN BAEORNW AT
2.2.1 ARG PR

TE 25 °CF, B 20 mL AR EE RS Cr( VD) %
L, MA 0. 020 g WERAARE, %35 W R 4 h, #R5T %

100 — 100
. _/. 499
L0 T R
o 60F >><1 - 17T g
= - b 196 =
B 40 o 195 =
= e
= 20k _/ 4194
i - 493
1 1 1 1 1 1 1 1 1 1 92
10 20 30 40 50 60 70 80 90 100 110
YR BE /(mg - L)
0.08F b
0.07}
= 0.06F
-
T 005t
= 004
¢
S 0031 y=0.0085x + 0.0165
= 00| R*=0.9966
O %3 4 5 ¢ 7
C./(mg-L-"
5.0 f(mg17)
[+
45t .
4of
™
Tasp
30} y=0.6583x + 3.523
2|
a5l R?=0.9205
20757005 00 05 10 15 20

InC,

a.PANI@ H/AA W B W B3 s b. Langmuir 85 #HZE
c.Freundlich 1814 [t £k
El4 PANI@ H/AA XF Cr( VI) A 55 R WL B
Fig.4 Isothermal adsorption of Cr( VI) by PANI@ H/AA
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RREARA AR T AS [ v B2 1) Ce ( VL) 3 W 04 W BEE A
PANI@ H/AA HYWFEPERERE Cr( VI) B0 4R ok B2 A2
fEtas, W 4 P, i 4a AP0, Ce (VD) B0 45
U EAE 10 ~ 100 mg/L 7 FlZE LI} PANI@
H/AA B W B0 i 5 i 38 ) 0 T 5 A i s o
RN R TE 10~50 mg/L 2 6] F R,
PR HEE DA 50 me/ L i, R 46. 57 mg/g,
B R AR R AE 97.33% LA I, Z 05, W BiE R P
K&, BTLLLTE 50 me/L iR 47 5 e 5%

AT ZEE B ALEL, 430 PL Langmuir 5535 5
F2£(3) Al Freundlich 45 75 72 (4) X 05 B 4540 2t
PG Y A S8R 2 iR,

c/q. = V(Kign) +c./q. (3)
Ing, = InK; + (1/n)Ine, (4)
2, g, 73900 R W BRSSO R 5, mg/ g5 K
Ky 53790124 Langmuir , Freundlich W b1 f# 25 % %45 n 4 Freundli-
ch W BFH# 5K
x2 Langmuir , Freundlich W B AR 4L
Tab.2 Langmuir and Freundlich adsorption model fitting

Mondl Langmuir Freundlich
q./ e K, 0./ e N K,
(mg-g™") (mg-g™")

46.57 0.9966 0.52 54. 05
MIE 4 F15% 2 A] 1, Langmuir W 455780 40 &
BTN €. /q.=0.018 5C_+0. 016 5, #H KR
R K% 0.996 6,48 (] 4b) |, AR 0 F
h 54.05 mg/g, 33w SEME 46. 57 mg/g, Ui i%
W B AR Cr (VL) B W BfF 3 72 32224 Langmuir
R oA TR 4 il ) 2507 2 B . 1T Freundlich
J7H N Ing, =0. 658 3InC,+3. 523 AHFXRER® K
0.920 5, 5K (&l 4c) o q,, K, ATHHULG T RE R Y
MR RS2, WK, R 0.52, 7F 0<K, <1
DX i), FEHH R A 2 W BRE 2 52 0 — 5 1) ) B
M4 7] W, PANI@ H/AA %} Cr( V1) Wit 38
SRR ZE W R R T R RGBT A W R AR
2.2.2 Wl i
ZFiR T, 7E 100 mL #EJEH H, & 0. 020 ¢
Y PANI@ H/AA , i A 20 mL(50 mg/L) Y Cr( VI)
VES TR, H153% W R AN T) frg i i) I i 00 456 7 B W'
JE 1SR B S SR RO i R 3 ) AR A 3
mE s fra, K Sa ", 240 R E A
120 min B, W [ & 3K 3] 46. 84 mg/g, W Ff 2y
97.42% , SEERFRI, WL R] R 120 min Hs W i}
BRI, DAE—RNE 2] gl o 2 AR wig
BRI TR RS I E Sb 5c, B8
=k 3 Wi,

0.9205 1.52 37.4

BTN RG4S . O R/ BRI 22 B REXT Cr( VD) W RFAT A 151
In(q, —¢,) =1Ing, -kt (5)
/q, = 1/(kyq7) +1/q, (6)

g, q, 73 50 g U BP0 R0 02 SR ESF U g B W
mg/g;t AW s ] ,min;ky ,k, AR HE— S E G B R
#,min™" \mg/ (g-min) ,

47.5

470
o 46.5

a

/_/ \/"\_/.

0 30 60 90 120 150 180 210 240
t/min

log(g,/q,)

-04}
-08}

y=0.0087x + 0.7588 &
-12F Ra_8434

-1.6 ) ) ) ) ) ) ) -
0 30 60 90 120 150 180 210 240
t/min

y=0.0215x + 0.0172
R?=0.9989

(t/g,)/(min - mg-g™")

S = N W A W
T T T T T T

0 50 100 150 200 250
t/min
a. W Bt e B2 B TR AR AR 22 5 b v — sl Jp #0525
cfEZ BN S A ik
B 5 PANI@ H/AA XF Cr( VI) YW BH 30 72
Fig.5 Adsorption kinetics of Cr( VI) by PANI@ H/AA

M 5b 5S¢ FIZ& 3 AIH, s 12 A Y
SR — R, HAIA 7R, Y =0.021 5x-
0.017 2, M A KU (R*=0.998 9) , HH B 1
FW g, K 46. 51 mg/g 552 I W Fff 2 46. 84
mg/g LT, W S k. 0<k, <1 N 15 W
B2 PANI@ H/AA Xt Cr( VI) B 8% B 1k 7 58 24
B Sy 2k B AR B B AT A 32
B0 851 22 T R ) IO P ST 2 S 5 R R o I
W EE RS, T2 B 3= SRR

£3 WHBERA S

Tab.3 Fitting parameters of adsorption kinetics

HE— 3 1% W s 1%
0,/  y=-0.008 7x+0.758 8 y=0.021 5x+0.017 2
(mgs ¢/ q./ ky/

_]) kl/ 2 -1 2
8 (mg: - R (mg- (mgeg™'+ R
1 min O 2
g ) g) min~" )

46.84 2.14 -0.0087 0.8434 46.51 0.0269 0.9989
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2.2.3  pH BN FAAT A 0 52 Rl
7t 100 mL HEIEJHH, A 20 mL (50 mg/L)
19 Cr( VD) %W, FH B IR 5 20 /K /5 2 pH 1. 5~
6.5,88)5, IMA 0.02 g [ #1k PANI@ H/AA,
PR W B 120 min, HI AL AN 6 I
49.0
~ 48,5}

2 a8.0F
0

Emsh - \
@ 470} \
¥ 65|

46.0

1 2 3 4 5 6 7

B 6 pH X Cr( VI) W ZRCR RS2 IR
Fig.6 Effect of pH on adsorption of Cr( VI)

& 6 T %0, 76 pH 1.5~4. 5, W fif 5 | TF
%, 2 pH 4.5 I, Cr (VD) W Fff 35 31 48. 39
mg/g, W REH] 99. 19% , 1F pH>4. 5 5 W fif
Pk R, pH<4.5 BF, M8 T8 T & 35 7
A TE R, DN Zeta HLALAZ AL AT UESE , Cr( V) DA
HCrO, 1 Cr,07 & 7 XA 7E, I 7 &
K,Cr,0, MR B TR FR

K,Cr,0, + H* + H,0 — KOH + HCrO] + Cr,03"

K,Cr,0, + OH™ + H,0 — KOH + HCrO}
10

=
T T

ZetaHL i /mV
b
) |

B 7 A pH F PANI@ H/AA %A Zeta F(7Z51K
Fig.7 Zeta potential changes on PANI@ H/AA

surface at different pH values

IEEE AR HCrO; | Cr, 027 ELAG 5 B H 1%
SIWER [RIE FERRPE 5T, Cr( VD) SR Ak FL A
=, PANI @ H/AA I /9 3 22 JE AT 4 308 It o
Cr( )™, & 7 v pH<4. 5 I, Zeta H {7 K TE{H,
LI A R A i S, T Co (VD) B 5B A R
FRLA, pH 78 1.5 ~ 4.5 I 0 B &5 28 7 38 i, 24
pH>4. 5 J5 , W h OH™ B8, 7 1b ik 55 , #1 k)
REEREZ R AM, 5K 7 1 Zeta AL —
P, PANI@ H/AA 5 Cr fHEHEF, Cr(VI) FE
LI CrOT JE A7 AE, H A A B S AR i B
K5 cr07 MEHER,OH 5 CrO Se4 AR T

BEOL AR, T LA 00 S8R B R R R
2.2.4  AA BAAXT WY 5
[ EHL 4. 65 ¢ ARRE, LA n(ARE) :n(AA)=5:
0.5:1.5:2.5:3.5:45 1 PANI@ H/AA , % BUH 7=
il 0.02 g %t 20 mL(50 mg/L) K,Cr,0, ¥R #HAT
MR, 7 i B2 MR R R SRR A 3 4
Fi7s o AA B4 P UG RHR
BIR = [[(AN RBARAEN - BRI AR /
(AA/ BRIRIBIRIEANE) ] * 100%
Ta AA FHE UL
Tab.4 Effect of AA dosage on the adsorption capacity
PRI e B/ % WMt/ (mg-g™') WK/ %

5:0 5.85 — 18.51 37.02
5:1 6.51 10. 14 39.24 78.48
5:2 7.15 18.18 49.58 99. 16
5:3 8.12 27.96 44.21 88.24
5:4 8.54 31.50 40.03 80. 06

TE B LR n(ORIE) sn(AA) .

ﬁ@g@g’@g@g“

KER
e WeaWet
Bk '

AR O

HS0, RS0, HS0,

a.5:0
0 0
HQMNSQH '
IO D
1,50,
b.5:1
o} 0 0
HOWQH H((;WOH
AT P Q:
Vgt = Nyt N
c.5:2
HO—0
OWO
HO OH
2P Q: H0%_ Hso,
AL )N PN
d.5:3 0
HO.0
OWO =
HO OH 3
2 P q: = HO™0
AP A
e.5:4 0

B8 AA BRI i pLIE
Fig.8 Adsorption mechanism by AA doped polyaniline
W 4 T n( ) tn(AA)= 5:0% 514,
PANI@ H/AA 7= 5 Fl AA 872 R 21t
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PO 5:0% 5205 At , W ny s el 5
2R HEIMENE X AA 5 H,S0, fEAESE R iB 210
FLL B ORI A W R R B R T 4R
PN, YR A LR 5 20 W R R A v s )
99. 16% , Z J M 2 BT Mk s X AT HE 2 AA &
F R SHPERE I B 22 IR . AA B
R R L5 R Bl 45 2= 3 i A8 4k, 7T B 21
T — R IEIB L BIARTE FXUR BL R B 42 Y SR E
S5, N 8 BT/, AT REIRIE 25 46 X SR A i (A1 2R el
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K R R R BN o-F & VEF B

R, Fahan ", B, B
(VEBHEL T 2B R8s TRE 54k 2240, T & FH  471023)

WE BT o- WA (a-Glu) HEALIRY) 2-0-a-D-NE I 25 5 25 - L-BU IR AR ( AA2G) KA FIER 4K AL T ( AgNPs ) 1Efik
YK 5 (CNDs ) R JEAAE SRR JES T —Fh T B S A S 6 i 5 T o-Glu W MR RIN . o-Glu fiEfk AA2G
KA A BT BRI SR AU IR IR (AA) s Ag™ 3B AT B AH B/ FI B %5 78 CNDs 321A1, J9% AA SR JR7E CNDs R 4L
I AgNPs , [F]F i1 T =% Z [ (e e LR BE RS RS RN, CNDs IS GHE K DCIE R IR 5 o-Clu (3G A 54, itk
A% o-Glu 76 MEHEAT E BRI, RSB0 45 T, Kl @-Glu AIZRPETERE N 0. 1~2 U/mL il 2.5~6 U/mL, K H} R
(S/N=3)40.018 U/mL, # WA AMAEYIEEX a-Clu K0 JCH 8148, % 2 CHRE M BE B R, 7558 24 e b B
HERHIRHIES , N5 o-Glu HHICERE I 5IRY7 H 4L T 3Ig SLat

KBRIA : o HIATWE TG s BRAAOK s POCIRED ARGKRLF 5 B AL AR B

FESES 065 XERFRIRAE A X ELRS0258-3283(2023)05-0155-07

DOI ; 10.13822/j.cnki. hxsj.2023.0029

Efficient Detection of a-Glucosidase Activity Based on the Carbon Nanodots Fluorescent Probes ZHAO Dan ,HUANG Jing-
jing " ,WANG Yan-min ,MA Xiao ( College of Environmental Engineering and Chemistry, Luoyang Institute of Science and Technol-
ogy , Luoyang 471023, China)

Abstract : By using a-Glucosidase (a-Glu)-catalyzed hydrolysis of 2-0-a-D-Glucopyranyl-L-ascorbic acid ( AA2G) and in-situ
growth of silver nanoparticles on the surface of carbon nanodots (CNDs) ,a simple yet efficient fluorescent probe has heen de-
signed for the detection of a-Glu activity.a-Glu can catalyze the hydrolysis of AA2G to produce ascorbic acid ( AA) with high re-
ducibility.Silver ions could be attached to the surface of CNDs through electrostatic interaction and could be reduced to AgNPs,
which in situ grow on the surface of CNDs.Simultaneously, the fluorescence resonance energy transfer from CNDs ( donor) to
AgNPs (acceptor) could lead to obvious fluorescence quenching of CNDs and the quenching degree was related to a-Glu activity,
and thus a-Glu activity can be quantitatively detected.Under optimized conditions, the developed method showed a good linear re-
lationship in the activity range of 0. 1 ~2 and 2. 5~6 U/mL,and provided an inspiring detection limit as low as 0. 018 U/mL.Oth-
er proteins and enzymes had no obvious interference with a-Glu detection, indicating good selectivity for a-Glu activity detection,
which demonstrates great potential in complex samples.Such an approach can provide a theoretical basis for the diagnosis and
treatment of a-Glu-related diseases.

Key words : a-Glucosidase ; carbon nanodots ; fluorescent probe ;silver nanoparticles ;in-situ growth
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Glu) S&—Fh/ N I K 40 Mo 1 RS 445 5 il , 76 AR eHE B :2023-01-17; 48 B % B #1:2023-02-21

IKACE I Ak A vl 3 R R S S AR AT BEETE [ FREL %54 VB H (22104046 ) ; 1] 5
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ik A kD kT R AR
PRALRE S T ek O A SR, HL ARk
FEM 2 B AL R 1 BT R e B
B SR B AR s L R AE a-Glu 16k A —Fh g
158 10 7 i B B R ARG  BE 4 1 22 S5 Bk
A RS B A BT O ik PR R 1) A B i R
B AR T AR AR | TRT SR LA B v i R
FEZHT a-Glu IETER A HAGI, DL
(NS S RN O s S RN i 8 4 I O )
T S IRAKEET S S PO, B4
KT —RG I a-Glu 368438 7 ik, [HZ,
PR T AR RSB BB, H AT B3R
T A BT, T AT A Kb R 4 A st TR A
ST REI, BRI T AR SEBRAG I i i — 2
N B, Bt B | R A SRR ET A AR
a-Glu {GPERTE LT,

VR —FloBr B S GRAL L, BRAA K £ ( CNDs )
HABHEM et s 2Ot 7% AP
MU e Ak 2 A WL R A )32 1 R
FHRGSE ) R R erERE, F R T £
RPN vk T T 45 I AU, i R i
Bl PR (ALP) > JBEER F1BE (Try) ' R0 2t
OB K i ( ACKE ) 4 2% 4R 17, 3£ T CNDs #6591
a-Glu 76 PR 7 L B A Hi3E . BL Ak, R FHAR 9 K
BT ( AgNPs) JIURR A 2R P 0 DL R 358 v A T O 2R
B, T LIESR CNDs 9 XGRIH TIF 2 8 1
AWV B BRT DNA %5 558 H AR (46
W AESE T AgNPs BYRS E PEER 2% B A
Gy KA BRI T e —2P N, i CNDs A
AR CPERE , 38 7T LU R 42 8 98 Kk
FARKRRERY , B, 7E CNDs i 50 4
K AgNPs B JEA A AT a-Glu 1§ PEAR EA —2
Pk .

ARCFFRERR (CA ) T2 B &R ( Cys) 1E R
IR B, FIH — S kgl T HA K G
PIEHY CNDs, FEx HoOt# e it A7 T8 98, #F
PURILAR (AA) I8 B Ag™ 7E CNDs £ [ J5 A A2 B
AgNPs HI3EFE LA 2-0-a-D - i 38 25 B8 L -L-40 0
MR (AA2G) MR, LI T X a-Glu JE P
R, 7 2% 9 R AR s, R A

1 LEHY
1.1 FEER S
UV-1000 I Ah-1] WA e BT ( il e Je

PR BRA T ) 5 FS-5 #6466 B i (3 =
& TR .

a-Glu AA2G( IR AEYRHE A R A ) 5
Cys AA FHFRER . CA  ALP 82 I W R i ( ACP) |
Try %5 B A AL EE (GOx) | B & FIE (Pep) . L FE
JEBE R G ( ACKE ) F14F 1L 7% M 8 1 ( BSA) (L igkiT
L T AACRHE R A B2 ) 5 T GR35 R 400
afi, SCERHZKCAREAK (FBHAN 18.2 MQ-em) .
1.2 LRIk
1.2.1 CNDs (4

CNDs 3 53— 3% CA Fl Cys 171412,
FREL1.00 g CA F10.30 g Cys # T 50 mL Bepfrh
RE YIS E G A RS Az 240 C %
BAIR G W RERETE 2 min PUIEI# N TS ORI, I
F 10 min N7 oA @A NG, LR
CNDs, fil%& i CNDs JH 15 mL # 4 K & fi, =
TR T AkLEHEFE 10 min, I FHAER 20150 500 1
BETAEIENT 24 h, 1321 CNDs IFWAE 4 C KA
A7
1.2.2  AA HJERSHT

FE—FRIELETIMA 110 wL(20 mmol/L)
Ag" 100 wL AS[A] e BE /Y AA %I DL & 740 pL
(20 mmol/L ,pH 7.4) [#) PBS Z& i, B¢ J5 i
A 50 pL(1/2000) CNDs i##, 3 FIFE 5 min
JEFATHEIN , ORI A, =340 nm, H A
ASTREESEREY N 2.5 nm,
1.2.3  o-Glu {HPERYIE

ml— &4 1.5 mL &0 A 640 pL
(20 mmol/L,pH 7.4) PBS 2%t W F1 100 pL
(10 mmol/L) AA2G ¥, ZJG A 100 wL A [F]
WL a-Glu W IRAEI51E T 37 COKIBIR N
5E 30 min, BEJE, MBS LETMA 110 pL
(20 mmol/L) Ag" 1 50 pL(1/2000) CNDs ¥k ,
TR 5 min J5 0 E 7E 340 nm A IHEAE T
BRI

2 #R5ite
2.1 CNDs BERE

T 2R A0 A DRSO3 A EE 1S X CNDs
G PR B AT R AE, WA 1a FT7R, CNDs 7E
350 nm AL R A S AMRAE I LI, I T 240 nm
A —A /NI R BE WZ IS UEE , 240 nm Ak Y 14 X6F 7
T C=C W) m—n " BKiT , B I A B 5 2086t KL= A
WK, TR ARG K B ™= A il PR ERAT
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£ 350 nm AbAT %R P RRAE I | BEAS 7 A iR F A 8
6, 4lifb)E i CNDs ZKIEIRFE H AR R
35 A TRAA , 7E 365 nm S24MT RS R &5 158
U OO (CINE 1a FiR) . 7B R
7R, CNDs 119 55 K A& 4 i e Kk K
H124 340 420 nm({1Z&2.3) . WA 1b iR, b
Wk DK BB CNDs %2 506 60 7 8 2R % A=
WAL, UL CNDs B9 % 5147 0 A R KA
A
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AP V. 2 1B A

Fig.1 a.UV-Vis absorption spectrum,fluorescence
excitation and emission spectra of CNDs(The inset shows
the photograph of the CNDs under visible light (left) and

365 nm UV light (right) ) ;b.Fluorescence emission

spectra of CNDs under different excitation wavelengths

T Bk CNDs B £8P, W€ T pH | NaCl
DL % Tk B I ) X CNDs 2¢O 8 52 1k B4 5% i,
CNDs Rl A BRI I MEILF T RER], pH (H
S35 L T R A A7 AR A | 3 T 5 g 5%
FeRk G, LW EAT pH 3~ 12 BWEHE N
CNDs 7£ 340 nm & N 28000 B, L g 25 3 an
B2 s, i 2a s, FERR ST (pH 3 ~
5),CNDs 5 EoR B LSS, pH Eoh 6~ 12 HY3E
LN, o i, LA & A B i A8 4k, DA
CNDs £ H PR e 2548~ BA By i oeoefae
M, BRMESME T, CNDs 2 ifi 19 E RE H1 22 18] 0 &
SRVE R & SO R AR R SR i 4514
™, B BE M A 2 BT b A 2l H e Ty £

CNDs 3/ BORAS , oM o8 i 8 . &l
2b Fi7Rs , 7E A ] e NaCl FEAE ) 4548 F, CNDs
(25 LT K & A28 4k, B CNDs 78 A [
W EE ) NaCl W h A B s e e o, R ER
FeRZ N W 1, BLAh, CNDs ZE R IR 25K
ZAFFRAT 3 A A HAMNIAK SRS RS I, TEH
YLvE, H o tsm B B AL (K 2¢), XA
CNDs #k— 3 T a-Glu iGPERIK IS E T R
LSREOE- SN
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NaCl ¥ (b) LR 3 4~ H 9k E T (c)
Fig.2 Fluorescence stability of the CNDs solution

under different pH values (a) ,various concentrations
of NaCl aqueous solution (b) and at ambient

conditions for 3 months (c)

2.2 a-Glu (ARIIHLEE

3a i /8 T 3T CNDs 2% 1 R A7 A i
AgNPs Kl a-Glu (R BRI, AgNPs G R
B, LA AT LT XA 4 B 0 R W ACHT 5
REVE RF 2 9O A B FRAE VAR K 50) 48 SCiik [ 30 ]
H, DL AA VBRI JFR AT LUE ) AgNPs, a-Glu
FEAERT 1l AA2G K7 AN, KRR TPIMA
Ag"Fll CNDs Ji , AA iR Ag" 7 CNDs 21 5 v A4
B AgNPs , [ IR K CNDs BY5EE, AA [ FE
K ,CNDs B KRR BE s . [812 JIE ) AA2G
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B, AA 7 A R T a-Glu B, CNDs
BT CHE RFEE 5 o-Glu B ¥R BE B YA G, AT
SEILT X a-Glu By E =R

FT BT AT AT, LR T AN EA
FIDEG I N O, 25 SR A& 3b FraR, 340 nm
WKL T, CNDs 7F 420 nm At ELA TR 5% 2580
(k1) CNDs FyZCIGIELE A Ag™ 1 ( 14k
1) J5 (2R 2) JEAR—20, B H MY Ag” 5 CNDs
WA EEMA EAER, 7 CNDs-Ag" & Z 5l
A AA2G 5% a-Glu B, 1A R 996 TL T B AT el
AF(HHZk 3 1 4), HAA W CNDs-Ag" 1k & H [] it
A AA2G Fl a-Glu, IR R 5650 E A 2 R4
FRREAL (M 5) , X2 H T a-Glu LR
AA2G KSR AE I AA BERSIA IR Ag” 2B B AgNPs,
MIZEK CNDs %G, LM IR R Ag™ F#
TERS, o] Bl A CNDs %W i A AA2G | a-Glu
5 AA2G 5 o-Glu MR GHEW (4 6.7 F18),
T ZR B9 G5E BE FIEAIR Y CNDs 1% Y658 JLF-
BAT X1, Ui B X 2249 5T Fl CNDs 22 [H) e A7 B8
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2 ghE e iy
0 OH ;ﬁﬁ?-‘ AR
- HO
HO 0.0 —— S
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Fig.3 a.Schematic illustration of fluorescent detection
of a-Glu activity ;b.Fluorescence emission

spectra of different solutions
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Fig.4 a.Zeta potential of CNDs dispersed in buffer
solution (pH 7.4) ;b.Fluorescence spectra of the
prepared CNDs and UV-Vis absorption spectrum
of AgNPs
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W, 7E AA WEZEH 4~ 40 pmol/L T HI N,
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Fig.5 a.Fluorescence emission spectra of the proposed
sensing system toward different concentrations of AA;
b.Plots of (F,—F)/F, as a function of the concentrations
of AA
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detection of the proposed system

2.5 JrkmsrMrERE

TERAEL R 21T, %% CNDs-Ag" (£ IR K R
(LM BB R R 45 R 7 iR, B a-
Glu WM 0 U/mL 34| 15 U/mL, KA 2 78
420 nm Ab 1458 G50 FE B REAK (B 7a) |, 5EIEHE
KT (Fy—F)/F, Z&H#N, 7 a-Glu 35 PEH
8 U/mL T VI (Bl 7b), XEH THE a-
Glu TG PE 1S K, AA2G K 7= A 1 AA 35 7 3
Jn, AR AgNPs 12 N, 5 CNDs Z [H] 1)



160 & snvil

CHEMICAL REAGENTS

5545 B 5 )

FRET %00 2 Wi 3 5k, BLAM, £ 0.1~2.2.5~6

U/mL WIERIN, (F,-F)/F, 5 a-Glu 37 2 8]

BRI TR, LT R0 R (Fy-F)/

F,=0.018 05+0.0.255 9¢,,, F (F,-F)/F, =

0.358 5+0. 081 96 ¢, , fi i R4 0.018 U/mL,

5 SCHRARIE 1Y o-Glu 3G PERG DN 7 A8 L, A 07 7%
BAMYBE TR R (E 1),

700000 5

600000

= 500000

= 400000

= 300000

200000 /
100000 (N"H

0 U-mL!

A/nm

g ¢ @

0.8}
(F,~F)/F,=0.3585+0.08196c,
0.6 R?=0.993

02 (F,-F)/F,=0.01805+0.2559,
R*=0.992

1 1 1
0 2 4 6 8 10 12 14 16
¢, o./(U-mLY)

a-Glu’

B 7 a AFRWER a-Glu fE1ERHE A 2 1
PENCRIOCHE ;b DOHEK AT (Fy-F)/F, 5
a-Glu EZ H R B RER

Fig.7 a.Fluorescence emission spectra of the

proposed sensing system toward different concentrations
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Optimization of n-Butyl Alcohol-Hydrochloric Acid Method for Determination of Proanthocyanidins in Peanut Testa HE
Xiao-yong ™" ,WANG Xuan™" ,GUO Nan-nan"" ,SHANG Xue-ke'( a.College of Food Science and Engineering,b.Zhengzhou City
Food Safety Rapid Test Key Laboratory,Zhengzhou University of Science and Technology ,Zhengzhou 450064 , China)
Abstract : Using peanut red coat as raw material and proanthocyanidin content as index, the content of proanthocyanidins in peanut
testa was determined by optimized n-butyl alcohol-hydrochloric acid method.The effects of liquid feed ratio,oven temperature and
oven time on the content of procyanidins were determined by a single factor test.Using response surface software ,based on single
factor, three factor and three level response surface tests were designed,and the test results were analyzed.The results showed that
the factors affecting the proanthocyanidins content in peanut testa were liquid-material ratio>oven temperature>holding time. Ac-
cording to the actual test situation,the optimum conditions of the optimized n-butyl alcohol-hydrochloric acid method were material
ratio liquid 65:1 (mL/g) ,oven temperature 90 °C and oven time 60 min.Under these conditions, proanthocyanidins reached a
maximum content of 135. 003 mg/g.The standard addition recovery of this method was 97. 48% to 98. 78% ,and the relative stand-
ard deviation was 0. 4% ~ 1. 1%.The optimized n-butanol-hydrochloric acid method has high accuracy and precision, which can
provide reference for the optimization of method of determination procyanidins content.

Key words: peanut testa ; procyanidins ; n-butyl alcohol-hydrochloric acid method ; method optimization
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Fig.4 Effects of different oven temperatures on

proanthocyanidins content in peanut red coat
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Tab.2 Response surface test design and data table

Lo R MURIEEE,  fRRETR, RAEH RS/
i
(mL-g™) C min (mg-g™")
1 70 100 50 126.72
2 60 80 60 126. 47
3 50 100 50 111. 60
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Tab.3 Analysis of variance of response surface test

KR SEIIE AW BJr FE PH

FLAY 1569.41 9 174.38 46.31 (;;g?cznlt)
AR 523.10 1 523.10 138.93  <0.000 1
B-LARIRE  102.82 1 102.82  27.31 0.001 2
C-PR IR 8] 46.61 1 46.61 12.38 0.009 7
AB 4.00 1 4.00 1.06 0.3370
AC 2.84 1 2.8 0.75 0.414 0
BC 3.20 1 3.20  0.85 0.3870
A2 756.47 1 756.47 200.90  <0.000 1
B2 79.72 1 79.72 21.17 0.002 5
C2 7.27 1 7.27  1.93 0.207 3
i 26.36 7 3.77

AT 15.03 3 501 1.77 (nmoééiilﬁzam)
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FW BE . N3 AT LIE N, EARGRE

(C), R R R X AL T 2R & 5 1R —
AR LR,
2.2.2  AZHW R AT

AR N 2 0] /Y 22 5 AE R A 3D i 1 1 &
HAERmARWIE 5~ K 7, & EmL IR AT LA 1
PR R Z (R 58 BAE R 5 0 3, an SR DR 42
IETIEE W 2R BT P R 3R Z [RAS 8 2 5 J
RN

B: BRI/ C

T

50 55 60 65 70
A: BB/ (mL-g)

a.3D M ;b 4 2
5 WORHL SRR IR X AL TE R &R 1
3D i 5 2R 2
Fig.5 3D surface diagram and contour line of the effect
of liquid material ratio and oven temperature on

procyanidin content
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Tab.4 Determination results of samples

Regh BB R TR/ (mg-g™") Jn AR A
G 1 2 3 R/ % WP/ %
A 131.91 130. 62 134. 50 97. 48 1.1
B 116.39 117.69 117.69 98.78 0.4

3 #ig
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