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Enzyme-crosslinked mud snail protein/Ca’** flocculant for
treatment of high turbidity wastewater
MAO Shao-hui', BAI Bo"** , HU Na®, WANG Hong-lun®
(1.The Ministry of Education’s Key Laboratory of Subsurface Hydrology and Ecological Effect in Arid Region,
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Abstract: A large molecular weight enzyme-crosslinked mud snail protein/Ca* flocculant ( TGase-Msp/Ca™ ) is
prepared through double cross-linking with transglutaminase (TGase) and calcium with mud snail protein (Msp) as raw
materials , and its structure is characterized by FT-IR, Zeta, SEM-EDS. The influences of TGase-Msp/Ca> on the
flocculation performance of kaolin suspensions are investigated.It is verified that Ca®* content influences the flocculation
performance of TGase-Msp/Ca™ . As Ca™ content is 0.2 mol - L™", TGase-Msp/Ca® has good bridging and charge
neutralization ability ,which makes it exhibit excellent flocculation performance and generate a small sludge volume.The
removal rate of turbidity reaches 99. 89% and the volume fraction of sludge is 28 mL-L™" when pH is 6 and the dosage of
TGase-Msp/Ca”" is 1. 25 mL.In addition, TGase-Msp/Ca** has a wide flocculation range.The removal rate of turbidity can
exceed 97% in the range of pH 2—12.Meanwhile , the floc particle size of TGase-Msp/Ca’* reaches 18 um with a settling
rate of 2. 21 mm-L™".

Key words:mud snail protein; crosslinking; flocculant; high turbidity wastewater

1 IR A 3 A7 A TR 1 R A A St
AR R R K A R R I AR A
TREIFY) , KRB ZE R W AR IR A 25
ROE MRS SRR R AR RT3 A
EHE SCR 2 SR s )™ 12 38 T e e BE PR K Ak
FR ARG BEE R 4 R TE WL R BN R
HLA LR 4 1 2R BE) 0 AR — E R L 1 K
TS YR YR BELARH T 2

AW HE BRI TR IR G RE HAE Wi
Peby SRR 2 CIEY . A T H KT

RO N B A Y BB R I Z — . 2004
AF Akira Suzuki %50 & B SEAL XS SRR L HAA
BERCR . IR0 —Fh AR S, HE R &84 2 1 o
i AR B 60% , 3 HAMNE S A F 8 ST R,
DRI ] AR by 2 P R e ok R AR T, R
SR TS A R 0 2 BRI A L+ s ),
AR TREERN M AEH . 8 T s IRIZ sG>k
TR WM ( TGase ) 5 XUAZ B 2 W i) £ T 52 B IR
WIEE 1/ Ca” 2 BEH ( TGase —Msp/Ca> ) ' XUAZ Bk
SN AT L TGase—Msp/Ca™ W4 F i i, 2 UEAF

%5 B H#A.2021-05-24 ; & B H #1:2022-03-05

HEEWE . KL R e @i AR 55 7% £ 100 % 4 92 Bh3 H (300102291403 ) ; B PG 4 A SRR IEREOF 5111 % Bh30 5 (2021SF-497)
EERN . BOME(1997-) 5 W55 A4, E2 N FHRIDIREA B AT 5E T4E, 1642567105@ qq.com; (i (1972-) , 5, Wi+, #82, Wi+
S, FENFHGKRE S YR & KN S, 8RB &R A baibochina@ 163.com,,



2022 %F 58

HAEH . R, Ca™ EH2 5 TGase—Msp/Ca™ F 1 [
TEH fap B, {2 2 Hfar o RAE L, DA B e 2R
PERE

R M A L ST UE kR BT IR W R
(Msp) . i i TGase 5 X 32 Bk J2 B il % TGase —
Msp/Ca® 8657, 37 FIH FT-IR .SEM-EDS | Zeta i,
PEXT AT RAE . Amle £ BRI S5 T 2B H
it Ca” MR WK pH  DURERS AIX) TGase—Msp/ Ca®*
ZUEEMERE S JEIE Y T s YRR R DA R
PR R RE .

1 SCIEEy

1.1 #RENEE

WL AASE el RS ) 244 e AR 107 Ak A AL
By, RIEAEF A R w477 bR, KT & 5
KA TA B A A s e+ R & R T
AT BEIR AN BRI A T, g Ak Tl el X
AP A BB , A AR T e AR R AT IR ST
A=

SCIENTZ-10ND ¥ i T 1 4L ; DF - 101 4 #45X
PEIR NP PERS s TB— 1A BURE S1 458 £1- 8% ;752 INESA
LA - WL AT 6 T JCI04 UKL T A ; PHST -
3F pH iT;Zetasizer Nano ZSE %! Zeta B/ 1% ; Nicolet
18 B AR 0 21 A8 56 3% 4 ; Hitachi S—4800 %I 1 4 H
T,
1.2 BUFE/MSIERIIRE

WU Bk A0 SE AT B HE R LS 2, 5 IR A e
FE-45C R IR T 1 24 h IEWFEE iR R, By oK e IR
2.5%(W/V) 43 B7E 0. 01 mol/L & NaOH I,
7E 40°C T BHPE 40 min, B0 B ANEY G H
0. 1 mol/L HCI % VRS2 O 1 pH I8 2 4.3, B0
B3 Msp! ' BERIIANSEVE VBT BB A 1
4% (W/V) INERBR A% 3 h, B0 Z R ANIEY, 78
115°C T445 CaCl,, LA EDTA i 210 & CaCl, %
IR

FNEE  BBREXIRWIES/ Ca

BEMA

- z BRI
/ o

b L TGase
===

TREFIG IR SRS EKEIHE - 151 -

1.3 EXERIZUIEE/Ca” BBFIMH &

Msp % 8 10% (W/ V) 73 HLAE 100 mL 0. 1 mol/L
IR BN 2% WA W (pH = 7. 2) W, SR G TN TGase
ZR N 0.025% I 1E 40°C F ZA8 BN
JW 1 h & 76 4 000 r/min R .0 S min, HEE T
IKIEVE 3 IR, 4 CaCl, ¥ WIN A ZE R B Wi 2 11 28 o7
TAHRIE 7E 40°CLRIR 2 h S r= I Bk TGase—Msp/
Ca® VR VR TIRJE VE R RAEAE 5L
1.4 ZEFIHRLE

FIFH Nicolet {8 LM AR 2T FM A 3F 38 1 KBr
FER 2% R EE RN AT L AN 73 M1 s FI Zetasizer
Nano ZSE % Zeta HL AN %22 5E5 HLEREIE T 40T 5
FIIH Hitachi S—4800 Y474 1+ I 7358 M L B 1Y
X T2k HL - BT ASOT 22 B 500 2% TR S5 R 0 3R 4 1tk
175317
1.5 ZEEXW

SR HH e U - A2 VR S BN Y SRR B . AE
F K 0.4 g =08 A HUFE 100 mL Y 281K
H BEE 10 min SRAEH 24220, H 0.1 mol/L Y
ERFRFN 0. 1 mol/L 1Y & A AL AN 75 VUK 2 P V] 22
s pH , SR J5 B T it 14 228 7 A e 08 B
W, S Lh 400 r/min P 3 FE 4 min, SR 5 7E
100 r/min 124 10 min, fJ5 5HE 20 min, BRI T
2 em ABF_EVE W T 550 nm AL A OB, DU
SR e+ B VR IR AR R B ARk
R,

C=(1-A4,/4,) x 100% (1)
Horr. € Pk BRI A, X IR A BRI
HIW TGRS A, S 83EE R O RE

2 HR5iTiE
2.1 EEXBRIBMIE B/ Ca™ EEFIHH &
TGase—Msp/Ca® I & WAL AN A 1 FiR, ¥

Msp Fil CaCl, $EHU5 , 7E TGase IAEH T Msp 43+
[F1) 118 2 TR B e 1A 2 IV ke ik s I JE ol Tt i B,

/7 0 \\
! I
/)
,/'| P.—(CH,),—C—NH, + H,N—(CH,),—P, |
|
P2 : l TGase i
| (”) ]Il |
< !
I el ). e b (] AR
S [ Ty e )
s | Il |
s -0 9" |
> J\ _________ L

K1 TGase—Msp/Ca™ th & i J& 2



- 152 - FAX AL L

Msp 342 A ELAT = 4 IR 25 44 114 52 B W i £
1 (TGase-Msp) , 4 = T TGase—Msp 43 F i
. RIGTE Ca"EH T , TGase—Msp i ) COO—
5 Ca¥ B BB e 3| TGase—Msp/Ca2+ . Ca¥ ik —
AZHK TGase—Msp , FF-3J ] HF T () R FL 5% 3k #2105
T TGase—Msp/Ca™ % [ (1) 1E HLfof 5 &, T A5 RE i
Fi I8 Ca™ W FE 439 LA TGase—Msp/Ca’ —0. 1 TGase—
Msp/Ca>* -0. 15  TGase—Msp/Ca’* —0. 2 TGase—Msp/
Ca™-0.3 £/,
2.2 EZBXIRMFE B/ Ca™ RRFIMRE
2.2.1 FT-IR 4 #F

Msp , TGase—Msp Fl TGase—Msp/Ca’" ) FT-IR
WG E 2 pros, mE 2 Pl LA 1600 ~
1700 em™ EWERE 1 A7 A9MEE, 1 550~1 510 em™
SR iz T Al B IR AT U | 3ok BERR 2 B 1 o )RR IR AL
5 Msp ) FT-IR 35 EIAH L, A2 5 B FE it S A
RKHIATR, B 5 TGase—Msp Fl TGase—Msp/Ca™ 7£
1535 cm™' #1659 em™' 47 2 A B3R A MRS | 53-31)
SEBENE R N—H 1925 iR S Al C=0 4k
gy, X 72 T A Ik M i 52 K S e 1 ek T i
K Msp R, B LASZIBRER R i v A S iR r Tt
e A R IR0 IR 1659 em ™ Ab YA FE
5 COO—FI Ca™ JE AL T B 754 56, HRAE
1075 ecm ' A1 1 140 em™ HBL 2 /580 AY W i | 298
F C—O0 W43, X 5 Msp 5 TGase [ AH B AE
FIA G, /NGRS ARG SE B A 5 i 2 LR R
I3 B AR TR SR XSS R AL
HBULHT Msp Db & Az T 3CHR IR,

WotEE

i\
1535
500 1000 1500 2000 2500 3000 3500 4000
BB /em!

1—Msp ;2—TGase—Msp ; 3—TGase—Msp/ Ca>*

K2 Msp . TGase—Msp #1 TGase—Msp/Ca’ Hy
A

2.2.2 SEM-EDS 247

Msp .\ TGase —Msp £l TGase — Msp/Ca”* ) SEM —
EDS SR Hr &5 R AN 3 B, i 3 el DL
Msp HIFRAEAR LG G50 |, T TGase—Msp
Hl TGase—Msp/Ca® FHIEHi 5 Msp AH L 2B B
) = AERLRE 2 LG5, PR R B IZ R B2 IR

FENBEBESH

A—BRES, R TR T REEGRN R LR R,
BN Y5 G R B B 2 [ R AL 2%, DT 42 =
T BRI B R ) ARV E R . T TGase—Msp
Fl TGase —Msp/Ca™ ELA5 B - fy L EEMERE . [H AT X
Sl T REIE o A R, BRI S5 TGase —Msp I
TGase—Msp/Ca™ ) N 0 Jit it /0 BUEAL , X2 H
TACHR BN A& A= TE Msp B 22002 Fl A% = iR ik 5k 2
[i1) , P e S A9 T2 15 B TGase—Msp Hl TGase —Msp/
Ca® HY 2L T 3 BURAR, BT L N JT 3R Y BT 23 4R
B UER Msp RURLENAEIK 1 H TGase—Msp/Ca™
R THER Ca TRIE, KT TGase—Msp/Ca™
T Ca™ IWFEFE,

(b) TGase—Msp [} SEM [&]

s

®

$s

0 2 4 6 8 10 12
WHERE1510 cis26$570.000 keV

(d)Msp Y EDS figi

HE4 A3
o ®
)
el |
0 2 4 6 8 10 12 0 2 4 6 8 10 12
WEF1510 cis)6470.000 keV MWHEFE1510 cis)t470.000 keV

(e)TGase—Msp A EDS GEit
K3 Msp.TGase—Msp ,TGase—Msp/Ca’* t
SEM H jr #1 EDS i i

() TGase—Msp/ Ca* i EDS fiti%

2.2.3  Zeta WAL AT

ZRBEFR 1 2 THT H, AR R M R ) B R M RE
Msp . TGase—Msp il TGase—Msp/Ca”* 7EA[A] pH )
Zeta U UNE 4 Fros, I 4 A]H1, Msp , TGase —
Msp Fl TGase—Msp/Ca** ] Zeta LA Bl pH AY3E N
SRS X g2 th T TR 7 BE AT AR R
1M H., 228 J5 B9 TGase—Msp HA HEAKAY Zeta HLA
G N L AN WA LI 22 IS S SIS PSE SR 2 (5]
TF A 18 SRR, SR 52 H T i 14 Il 2



2022 %F 58

TGase—Msp %3 Jit 1 70 B AR, T T 20 H: Zeta
HLAL R, UEBH Msp B9 D3 Bk, 15 Msp Fl
TGase—Msp # kb, TGase —Msp/Ca™ EL A B i %) 1F Ha,
5, Ca* NMES 5T Msp A, 1 H 2 T
TGase—Msp/Ca™ 2 [ it 1F H fof 5T 54350

301

1—Msp ;2—TGase—Msp ; 3—TGase—Msp/Ca**

K 4 Msp. TGase—Msp TGase—Msp/Ca’* ]
Zeta LA

2.3 ZEEMERE
2.3.1 RENAFAREARG 0

pH iy 6 B, 22 EE 5 FH 5 XF Msp , TGase—Msp Fl
TGase—Msp/Ca™ —0. 15 #E LFRARFZMmANE 5 o
o M S Rl LA L BEE 2R 5E) 5 p 3, ik
JERBRFRE RS BT N REERES, X2 R EE
FRHTEEAS FE I B MORL 5 2R B0 2 1] A9V AN 2
DA | % 225k , 10024 P b fie R ) i i, 2 ()2 BELA
HEEMSFHRLEERMBERE, X Msp, TGase -
Msp HI TGase—Msp/Caz+ -0.15 &4 ml 2 1.75,
1..50 mL A1 1. 50 ml i, 358 25 B 4k 2 f5 R AEL, 50
51 A 80. 827% . 87. 463% Fl1 99. 733%,, i B i i
TGase 2 BRI #E = T TGase—Msp Fl TGase—Msp/
Ca™~0. 15 Y ZREEVERE, X2 i1 T SR SN a5 1
SF i R T TGase—Msp Fl TGase—Msp/Ca® -
0. 15 MM HE/EH ., TGase—Msp/Caz+—0. 15 fE A
Ca™ J7 , BRBEPEREE— 2D $E T}, FR i 3 25 B 35k 2]
99.733% ,iX 2T Ca® #215 T TGase—Msp/Ca™ [
TE L A O3, SR T LA AR 2P Y

100

80
60 F

s 3
2

M R ERH %

20

1
02 0.4 0.6 0.8 1.0 12 1.4 1.6 1.8 2.0
L¥E0 i /mL

0

1—Msp ;2—TGase—Msp ; 3—TGase—Msp/ Ca**

B 5 BB RE A B A0 R

E/IMESE . BFREIRIIED/ Ca™ BEFINIRSRE R KEVHAR <153 -

FETE TAEAE T BRI, DA o AR B8 25 B 32 7 T
Kk, TGase—Msp/Ca™ BN 5
2.3.2 Ca’ R BATERAR M0

Ca® Vi BEXT ZLEERCR I m G 6 s, el &l
6 T, Fifi 5 22 B0 10 15 i 2 8 50 1) ek B2 2 B
RIS ETHE TR ZEARTE Y 2 EER
R MR R BRR A Ca™ VR EE RIS E i, i
0.2 mol/L JE i BE L BRARRFFAL . X2 N HAR
F Ca™ Y B2 A JEE L[] BN 96 JEL 7 v R0 L R 4 4R
FH DT 25085 22 1 BRBEAMCR R s p B i, Bl
& Ca® VR BE 3G AT LAIK 3 B AT (4 H A i f B2 AT 4
VEFT, ITIA 3 i i b BE 5B, RN @AY Ca™
WP 2377 A i A IE HL AT, 5 BUS T WS E TR
IRZR B RUR DL Ca™ MR 0.2 mol/L 1Y
TGase—Msp/Ca™ —0. 2 #A7JF LA PERE I

100+

80

60

40

TEE JBRAE /%

20

0

02 0.4 06 08 1.0 12 14 1.6 1.8 2.0
LEHR & /mL
1—TGase—Msp/Ca®* 0. 1 ;2—TGase—Msp/Ca’* -0. 15;
3—TGase—Msp/Ca>* ~0. 2;4—TGase~Msp/Ca** -0. 3
B 6 Ca™ K& X % %M ok 09 %o
2.3.3 & pH s E B R
W pH X 2R BEVERE R SZ AN 7 s, A
7 AT LAE L, A pH B, S AR B Msp,
TGase—Msp i TGase—Msp/Caz+—0. 2 P R A
W R, H Msp T RERIE R G, 3k 5 H AR A
HEYIMKER, Y pH A 4.0 BF, Msp HYMUE PR
IEFHEK, 4 95. 455% ;pH A 2. 0 B}, TGase—Msp ik
B K, 4 98. 431% , T TGase—Msp/Ca>* —0. 2 ik %]
WK, N 99.893%, I3 HFF pH 2 ~ 12 7 LIk %

8

3

ThEERBRHE /%
5 3 8

[\
(=3
T

(=]

1 1 1 1

2 4 6 8 10 12
pH

1—Msp ;2—TGase—Msp ; 3—TGase—Msp/Ca”* -0. 2

B 7 9 pH xR B G Y



- 154 - LA AL T

97.0%L) |, N, TGase — Msp/Ca™ - 0.2 # Lt F
Msp Fll TGase—Msp ELA T 55 1Y 5 2% 22 &6 0 il , HLig
eI PR Y LS 30 55 19 2R EERICR, X AT LA 2D
B TERRPER S A I 1, X2 Bl TGase~Msp
TGase—Msp/Ca™ —0. 2 1Y = 43+ T fE 3 o 1 W B
FAE R, DNITT4R &5 T 0k 458 T 19 2R BE PR BE, TGase
-Msp/Ca® -0.2 HF Ca’ WA —25 42 T} Ha o vp
FI M, T RAT B 5 1Y s A% 2R B
2.3.4 LR A B BCR G R

DURREI [0 T SLBERCR RS2 QP 8 s .
8 Hnl LIA Y, B & DLUE I (B3 0, Msp . TGase -
Msp £l TGase—Msp/Ca® —0. 2 /)1 B £ B R Ao s
18 IRIGIZEASSE o X JE RO BR R FA—2 KR
I EAAT R R PR T/ NUR T A B A, T L
2L N F B R AAERT 10 min, 7£ 10 min B, Msp
J TGase—Msp ,TGase—Msp/Ca’ —0. 2 A B B %
53 535 B 75.639% | 81.531% 1 97.228%, i W]
TGase—Msp/Ca™ —0. 2 7] LLFT 0 g 3o B IR /K i A e
P, SN T Y H TR FURE | AT i 2 38R O [ A1
Tl E KA B A

100} 3
L 2
§ 80 1
% 60}
%
a0}
=
ﬁ 20_
0 2 4 6 8 10
B} /8] /min

1—Msp ;2—TGase—Msp ; 3—TGase—Msp/Ca>* -0. 2

B8 LM B B X T % B R W ¥
2.3.5 FRARR

A1 L s 277 (4.0 /L) Fif= A g 2

PRARBUR 15 PR BUHE A5, X AR 22 8E R 4E 1. 50 mL
B 7 A SR BRI TR GY, 25 R ISk 1
Fis . HR 1A LA, Msp 77 2R 1975 IR AR B4
AN X R R 2R AR B ORI T A Bl 5 42 DT
i S T TGase—Msp Fﬁiﬁ‘]{%/}%ﬁ§$ﬂﬂjﬁﬁ%
R H B HAE T, X F TGase—Msp/Ca® | H
AHXF Msp M TGase—Msp ;=4 B /Nag 5 PR AR, {H Bifi
H Ca” WREERYIG I, 7= A 135 AR R 2 1 ln . 3%
JEh Ca® B AFE T T H A b R BB HE A, A
T S I 1) S 254 (o B Y Ca™ VR B 2%
P A b T AT, S S0 A T A DT B i e
RBT

FENBEBESH

*1 AEZEEFMTZRER

— 15 IERY — 15T
(mL-L7") (mL-L7")
Msp 32 TGase—Msp-0. 15 28
TGase—Msp 42 TGase—Msp—0. 2 28
TGase—Msp=0. 1 26 TGase—Msp-0. 3 32

2.3.6 LMW XA RN EIZ ST

FIH JCI04 TURLTTRE AT 38 5 T vE P vk s
T Msp.TGase—Msp I TGase—Msp/Ca>* -0. 2 B ITIF
AR APRAR 0, 45 R I 9 R 2 s,
Ko il LLE i, Msp . TGase —Msp il TGase — Msp/
Ca® ~0. 2 JE LAY ZL A 1 SR FR BT d de ) 486 A, K
JE O8I TH P ROIRAS . AR Hideshi Seki %' 2
B, BT i 2R A L W) 4R LR AR 3 Msp
TGase—Msp il TGase—Msp/Ca** —0. 2 ) ZL{RIT R
B4 1.2.1.33 mm/s A1 2. 21 mm/s, AL Msp
F1 TGase—Msp , 4 TGase—Msp/Ca” —0. 2 ZbF 5 f) 22
RUIRREE e, W] TGase—Msp/Ca’ —0. 2 TEHN
AR 73 B 07 T B AT L AN AR S K AR Y
(EAM) , Hi FUTRE 3 B, TGase—Msp/Ca™ —0. 2 11y
R AR, IR BT 25 5 5 75 e W UL 8 SR TP AL
ENENE NIRRT 30 € SR = e s i N} TR 6

|
1{

1
100200 300400500 600700 8009001000
ULRERTE] /s

1—F 4 4 ;2—Msp ;3—TGase—Msp ;4—TGase—Msp/Ca®* - 0. 2
K9 Msp.TGase-Msp 7 TGase—Msp/Ca* -0. 2
I P i 2
& 2 Msp.TGase-Msp #1 TGase—Msp/Ca’** 0. 2
ERETNEENEZEST

Msp TGase—Msp

TGase—Msp/Ca*" —0. 2

BRI, ELL, BRI, T, BIERRAR, EA/

wm % m % pm %

9 9.09 13 18.42 18 18.92
10 15. 15 14 13. 15 19 13.51
11 12.12 15 10. 52 20 10. 81
12 9.09 16 7.89 21 8. 11
13 9.09 17 7.89 22 8. 11




2022 5 B

842.7 nm, 3 2 7] Hl, & i Msp. TGase — Msp Fl
TGase—Msp/Ca”™ -0. 2 ZEEJ5 , ¥ A 24K 2R A%
SEIFE 10,13 wm A1 18 wm 4, F£ B TGase -
Msp/Ca™ - 0.2 Ff JE 1 1) 22 R R=F K F Msp A
TGase—Msp, [FI, TGase—Msp/Ca’ —0. 2 L EEJF 1
ST LS PR RS BB AR IS &R, 15 20 Y b
THW, I BA LTS R 2R BETERE
2.3.7 KR4y SEM o4t

Msp . TGase—Msp Fll TGase—Msp/Ca™ 0.2 2 #E
JEIE R B SEM 2328 R I8l 10 fros ., i [
10 Pl DUA Y, B i OB A e 0 2 B0 HR R X 701
BRAS . M2 2RBE | SR 5 B B IR S5 48, R
KL T BB B AR R, 2R R R AR
H IR HES ) 0K 1% oL AR B RE 7 2R, 7
AFRM = e %, Forf Msp JE B 2468/ H L
B X R Msp TR EOL T BUR VA5 .
1M H. TGase—Msp il TGase—Msp/Ca* —0. 2 JE WL 2
PRI, 3k 5 BARRLAR 53 A0 A 45 R — 34

100 pm [

(a) i 450k

(¢) TGase—Msp B2k

B 10 B LM B & 4 L BUR Msp \TGase—Msp |
TGase—Msp/Ca™ —0. 2 7 i % K #9 SEM K

2.3.8 @b L EFIRN Zeta WAZYAHT

2% TGase—Msp/Ca”* —0. 2 ZL¥ERT 5 =8 + &7
W Zeta WAL AR ARG BLANIAT 11 778 i 11 vp]
IE Y, ZH W Zeta WLAZFEE pH BRI T B, H.
U B pH 2~ 12 ROFEIRI AR R S i X 2 S
e I - O ZH ORI R A Z5 A A OG0 b R S5 4 e
Si—O PHTHIAJZ Il Al—0 J\TE A2 232 B HES , R 1
ARG PESE A 270 S O™, R LAl & 4 T L fuf >, 48
i TGase—Msp/Ca™* —0. 2 2§ B I5 R E Zeta
ML, VR i, B SR B B rh R A T H

EMNESE  BBREKIZIED/ Ca™ REFILIESREEKHAR - 155 -

P AIERT, 1.25 mL TGase—Msp/Ca2+—0. 2 E
20 min B}, 2 EE S L IE W B, £ TGase -
Msp/Ca™ =0. 2 358 T R U719 2LBEROR

30
20+
10 2 (-\_\_‘\
0

-10
=20
-30
-40
-50
-60

¢/mV

T T T T
—

- i

- r

_ /

1— i o 2— 2R BE)E 1 LW
B 11 TGase—Msp/Ca™ —0.2 L %7l Ja 5 +
BT Zeta WAL

(1) R TGase #5 XA BE ) i il £ T TGase —
Msp/Ca” 225, FT-1R . SEM—-EDS | Zeta {37 53 ¥t
iERH T TGase — Msp/Ca2+ B R T A Rk , H TGase -
Msp/Ca® 82 5 77 B A7 HLAS 19 38 1 F1F 5 1 2 L
4t

(2) TGase—Msp/ Ca™ PR H: K 43 ot 2 F1 4 1 1E
FL T EL A G R0 I BT e 4 P R v i b R
I, TGase—Msp/ Ca™ HAT I R I 22 BEMERE .

(3) Ca® HREXT TGase—Msp/Ca™ ) EERHUCRA
BN, Ca™ WA 0. 2 mol/L B LA 99. 89% )t Fi
ZBRF, HEA BN VA28 ml/L) ; Ca™ ¥k
JEHERE 0.2 mol/L i it B 25 B A8 B AR AR (H V5 ¢
RBE R,

(4) TGase—Msp/Ca* #{ L. Msp Fl TGase—Msp H
AR T RCR BRSO &, HEAA S
A pH B LR EETEE . TGase—Msp/Ca™ -0.2 7E pH
6 BhiEA 1,25 mL i EE JBR A 99. 89%,
JHTE pH 2~ 12 Ju B NAREE 97% L L [l TGase—
Msp/Ca™ —0. 2 HA B KK LAKAE (18 wm ) I
PP (2. 21 mm/s) .

(5) TGase —Msp/ Ca™ 22 HE 7 23 (0 5 2 A= vl
Rafiee , 303 R T SRS, Ay v ok B I /K b PR it
TR,

S 0k

[1] Feng L, Zheng H, Gao B, et al. Fabricating an anionic
polyacrylamide ( APAM) with an anionic block structure for high
turbidity water separation and purification [ J ]. RSC Advances,
2017,7(46) :28918-28930.



- 156 -

(2]

(3]

[4

s

(5]

(6]

(7]

(8]

(9]

[10]

[11]

(8]

[9]

[10]

(11]

[12]

Ferasat Z ,Panahi R, Mokhtarani B.Natural polymer matrix as safe
flocculant to remove turbidity from kaolin suspension ; Performance
and governing mechanism [ J ]. Journal of Environmental Manage-
ment,2020,255(11) :109939.1-.10.

Teh C Y,Budiman P M,Shak K P Y et al.Recent advancement of
coagulation-flocculation and its application in wastewater treatment
[J].Industrial & Engineering Chemistry Research,2016,55(16) .
4363-4389.

Chao H J,Zhang X, Wang W, et al.Evaluation of carboxymethylpul-
lulan-AICI-3 as a coagulant for water treatment: A case study with
kaolin[ J].Water Environment Research,2020,92(2) :302-309.
Lee C S,Robinson J,Chong M F.A review on application of floccu-
lants in wastewater treatment|[ J |.Process Safety and Environmental
Protection,2014,92(6) :489-508.

Wei H,Gao B, Ren J,et al.Coagulation/flocculation in dewatering
of sludge ; A review[ J ].Water Research,2018,143(15) ;608—-631.
Sun P, Tian Q Y,Zhao M G, et al. Aluminum-induced ethylene pro-
duction is associated with inhibition of root elongation in Lotus ja-
ponicus L[ J].Plant & Cell Physiology,2007,48(8) ;1229-1235.
Liu Z,Lu X, Xie J, et al.Synthesis of a novel tunable lignin-based
star copolymer and its flocculation performance in the treatment of
kaolin suspension [ J ]. Separation and Purification Technology,
2019,210(8) :355-363.

Huang W,Yang G, Liu Y, et al.Preparation of cellulose-base am-
photeric flocculant and its application in the treatment of wastewater
[J].Carbohydrate Polymers,2019,215(7) ;:179-188.

Seki H,Suzuki A.Flocculation of diatomite by methylated egg albu-
min[ J].Journal of Colloid and Interface Science,2003,263(1):
42-46.

Xia S H, Wang Z, Xu S Y. Characteristics of Bellamya purificata
snail foot protein and enzymatic hydrolysates[ J |.Food Chemistry,
2007,101(3) :1188-1196.

(E#% 149 W)

Je Ay e B S BRI K PR AL U AR B AR b BEEN LR KBS D]
B I, 2013,

Castro C S, Guerreiro M C, Oliveira L. C A, et al. Iron oxide
dispersed over activated carbon:Support influence on the oxidation
of the model molecule methylene blue [ J]. Applied Catalysis A:
General ,2009,367 ;:53-58.

Fu F,Cheng Z,Dionysiou D D, et al.Fe/Al bimetallic particles for
the fast and highly efficient removal of Cr( VI) over a wide pH
range ; Performance and mechanism[ J].Journal of Hazardous Mate-
rials,2015,298:261-269.

Gao C,Yu W,Zhu Y, et al.Preparation of porous silicate supported
micro-nano zero-valent iron from copper slag and used as persulfate
activator for removing organic contaminants, Science of the Total
Environment,2021,754.142131.

JiZ Y,Zhao M Y,Zhao Y Y, et al.Lithium extraction process on
spinel-type LiMn, 0, and characterization based on the hydrolysis of

sodium persulfate[ J ].Solid State Ionics,2017,301:116-124.

LA AL T

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[13]

[14]

[15]

[16]

[17]

[18]

FENBEBESH

Liang X,Ma C,Yan X, et al.Structure,, rheology and functionality of
whey protein emulsion gels: Effects of double cross-linking with
transglutaminase and calcium ions [ J ].Food Hydrocolloids, 2020,
102:1055-1069.

Garnjanagoonchorn W, Changpuak A.Preparation and partial char-
acterization of eggshell calcium chloride[ J ] .International Journal of
Food Properties,2007,10(3) :497-503.

Wu X, Liu Y, Liu A, et al. Improved thermal-stability and
mechanical properties of type I collagen by crosslinking with
casein, keratin and soy protein isolate using transglutaminase[ J].
International Journal of Biological Macromolecules,2017,98.292~
301.

Liimatainen H, Sirvio J, Sundman O, et al.Use of nanoparticular and
soluble anionic celluloses in coagulation-flocculation treatment of
kaolin suspension[ J].Water Research,2012,46(7) :2159-2166.
Ying W, Donghai W, Xiuzhi Susan S.Effect of esterification on soy
protein adhesive performance[ J].2005,349(3) :713-719.

Chua S C,Show P L, Chong F K, et al.Lentil waste as novel natural
coagulant for agricultural wastewater treatment [ J]. Water Science
and Technology : A Journal of the International Association on Water
Pollution Research,2020,82(9) :1833-1847.

Liu X,Seki H,Maruyama H.Flocculation of kaolin and kanto loam
by methylated soy protein[ J].Separation and Purification Technolo-
2y,2012,93(3) :1-7.

Liu Y,Zheng H,An Y ,et al.Ultrasound-assisted synthesis of the 8-
cyclodextrin based cationic polymeric flocculants and evaluation of
flocculation performance ; Role of B-cyclodextrin[ J].Separation and
Purification Technology,2019,228.11573-11575.

Nasim T,Pal A, Bandyopadhyay A.Flocculation of aqueous kaolin
suspension using a biodegradable flocculant system of poly ( vinyl
alcohol ) -Acacia nilotica gum blends [ J]. Applied Clay Science,
2018,152:83-92.1

Li R,Kong J,Liu H,et al.Removal of indomethacin using UV-Vis/
peroxydisulfate ; Kinetics, toxicity , and transformation pathways[ J].
Chemical Engineering Journal,2018,331:809-817.

WHAKLL, Ze 0, B IR 6 14 R 358 A6 5 M 5 L IR 0 IR 7K Ak B AR
[J].244%04L T ,2015,44:2018-2020.

Ike I A, Linden K G,Orbell J D, et al.Critical review of the science
and sustainability of persulphate advanced oxidation processes[ J].
Chemical Engineering Journal ,2018,338:651-669.

Zhang W ,Li X, Yang Q, et al.Pretreatment of landfill leachate in
near-neutral pH condition by persulfate activated Fe-C micro-elec-
trolysis system[ J ].Chemosphere,2019,216:749-756.

Kong F, Zhang Y, Wang H, et al. Removal of Cr ( VI) from
wastewater by artificial zeolite spheres loaded with nano Fe-Al bi-
metallic oxide in constructed wetland [ J ]. Chemosphere, 2020,
257.127224.

Cai M,Zhang Y ,Dong C et al.Dionysiou,Z.Wei, Manganese doped
iron-carbon composite for synergistic persulfate activation:
Reactivity , stability ,and mechanism[ J].Journal of Hazardous Mate-

rials,2021,405.124228. 1



