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Abstract

The copper pollution problem is becoming more and more serious in our country, which urgently
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needs environmental and efficient remediation methods to deal with it. Although the Enzyme In-
duced Carbonate Precipitation (EICP) technology has gained significant attention in the field of
heavy metal remediation as a novel bioremediation technique, research on the remediation of spe-
cific heavy metal contaminants such as copper and cadmium are still deficient. A series of experi-
mental studies were conducted in this paper utilizing EICP technology to remediate Cu?* contami-
nated solution. The remediation efficiency of EICP on Cu?* contaminated solution was investigated
through remediation indicators, including pH value, Cu?* removal ratio, CaZ* precipitation ratio, and
total precipitation amount. Additionally, the influence of factors such as the initial Cu2* concentra-
tion in the contaminated solution, calcium chloride concentration, volume of urease extract, and
remediation duration on the remediation efficiency was analyzed. The results indicate that under
certain conditions, the Cu?* removal ratio from contaminated solutions by EICP can reach a maxi-
mum value of 40.03%. Lowering the initial Cu?+* concentration, increasing the volume of urease ex-
tract, moderately enhancing the calcium chloride concentration, and controlling the remediation
duration facilitate the remediation reaction of copper ion pollution. Specifically, the optimal reme-
diation and better economy are found with the combination of 600 mg/L initial Cu?* concentration
in the contaminated solution, 20 mL urease extract, 1.6 mol/L calcium chloride concentration, and
12 hours remediation duration.

Keywords

Heavy Metal Pollution, EICP, Copper Pollution, Heavy Metal Remediation, Influence Factors

Copyright © 2024 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 518

Ak, M. T RESEATAR THOERRE, BRI I IR TS A L
Fry BRIV EEA NS E 2GR . FaR [ R H 25 5 3 BRI R K 52 I R TE g.
HBERBMESCNEERKT 5g9/em’ &8, & WMNESECRBHEHPD). #(Cd). £ (Zn). #1(Cu). K
(Hg). #R(NDEE[1]. Horr, 45 e 3 SoRIEAMA B RAA M. MUbkiliE . &Ein 1% . w5,
I 20 4R 3 A T IR A F 81.0 mglkg [2], AR E ST A AT BHEM BRG], B
gt 7AES RGN BRI S AREE ) . BB PER N E TR AME S B AR, K
B AV BN NG IE 2™ EaH BRI SRR [4]. Bk, A ZER B 25 i it %o 4§75 G il
TR E S P .

EEXTASWTIN RN AR RO N OK B RIS 4, DA M EH AR FEA B EH AR, WHBEH
ARUKAEYMEE AR =K REWEEEH RTINS T H ARG Az HE R85, (A EEHEA
TEE TREE R ARG G EA TR RS 6h S [5]: AR AR A . i
RGN [6] . BEAE VAR TR AR PN E, FIHEYEEEAR KA H 45 JE7 15 48 Ok
N bR TR ) — T T 3 e P T AR AR B AE )15 5 B R 2R 1TUE (Microbially Induced
Carbonate Precipitation, MICP)+i ARG 75 F Ak BR #2313 (Enzyme Induced Carbonate Precipitation, EICP)
FORBEZ N . MICP H1 EICP K 5545 J& 25 1 H Al VA S B A AN P VA A UK IR 2h 45 5 A 46 [ 7], il AR
EEJRBE TR, MmN LN, B GR. [F5E. RS A[8]. MICP F1 EICP fEWgilid R
RO RIS OH M COS, 5&JEME F4&TEUUE, AT TR 0[9]. a2 [10]. Kbk EE
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[11]. V5% EE[12]% H ). Achal Z8[1316 ™~ IREETE 5 445 e LR A, K I MICP HARM 4SS 11
ZBRAFATLLIA S 83%. VFIEARSE[14]E AR 74 tH, MICP BRMAM  Cd?*. Pb2*. Zn?* 1 Cré*i]
EBRFE S HINTIES] 95%. 84%. 5%FH 98%. T HT{EZE[15]K A MICP AbHEEY5 4L, IS Pb2 LERFE 1A
97%. /& MICP BIREMZ EEBISRBE FEEIE RIFHE, EfsESEE T, Flin cu®
e DAY O G 2 F AT 1A 2% B8 [16] . Duarte-Nass [17]f# ] MICP X} Cu V54T E, K Cu £k
RAUN 10%. MICP ish P Xt 4 B8 v 1 RO AR S B oR P2 f, X6 25 4 S B PRI 32 68 022, AN BR ) T %4 AR
TEFFEMRE SRR PR E. EICP 2R MY EYFE IS HEIREEE T B8 R E e, #e
% TR A P B FIPA S EOR MR 1), BRIt BA R A BRI 58 A B R AT 5¢[18]. 47 RAE[191fEH EICP
REEARTT Gelb Lrp ZnZ &g, A DARRIR 2R 10T X e 347 . it 92 R S5 [20]9F J& EICP BX & AR R1IEH
By e AR AR, JE I B PR AR RS B A M ICIE B EICP BoR WA U {4 . SR ILA 1A
KT I B EICP BRI HlT5 e R Ab 3, — e fE ¥ FFHRS T EICP HARTEH & @B = A1 &
=P

HIRANIRTE EICP BAS 15 Je B E AR R 2R, ARSCLL Cut 5 G vt i 0t 4, 1 EICP
FARBE Cu? 5 Yela, Wit pH E. CuMBE R, Ca ViR, KBIUEESE, #IT EICP HAX
CuP 5 YS B SR, ot CuPWIRIREE . SR IREEHRIGRARL. BN RIZERREME R
BRI, RITER T EICP BRI i e 8 5.

2. M 55%
2.1, RIEHR

ARG BRSO 5 TR R EEIUIRE, BRI G, PEH O AGE . IRER S BOR 1
IR © WG E 30%01 LR E A = SR AFE Y 110 TR G @ KRGHERET
W 3% FENL E, BL 1000 r/min B EEBERE 30 mins O i HE G PR G E R E T 4 CRIUKFEH ¥ 5 12 h;
@ i R B0, LL4°C. 10000 r/min 250 10 min, HUES O G 3R15H0 IS W RN A IR BFSR BOR [21],
JIR S 1 15.07 mM/min.

BERE FEHERERFE R R GBS K& &L, W E E 2GRS RE R A,
=PRI 2 b AR T o PR R AN AT VRS T RIS R E VB S, VB I R SRk OH R COZ i Ca?*.
TOKEFAHH TEE CusE il Cu?tis Bl AR 2 P R B i BB e I Rk FEAE L B 1K
HI CuCl-2H20 [l 44, FECiil S fE Cus Bl SRJEH Mk B Cut VAl 518 S %A RRLL 1:1 3 5)RA
H145 B Cu2+is YL«

22. WEHR

YT EICP HJ MMLER, 356 3 BHR TCI5 Yl P ) CuZ WGk B . S5 IR AT . IREGIR BB, &
HIF A1 S H06 EICP 185 Cu2tis YLl SR . T K iRk B (Cu IRk B . IREIRIE . SAbASIR
FE)SBI NS RAE Cu2Hys G IR FE o Horh Cu* I aG IR B e AR BE (&% Ak P 12138) (CJ/T340-2016) [22]
HHE SR SR BOR BRIV BbriE) 2], 2 EERIER 1. 2. 3. 4 B1ENWILRTS Y4l 1) Cu?t
WEE, [FIB BXCIAR R BE N O A e ZH . A2 EmSEl 53 A E 1 hy 3h, 6hy 9h, 12h. 24h, 48h, JLHE4
A e PRERIRE G E N 2 mol/L, EALESIKEEL 0.8 mol/L. 1.2mol/L. 1.6 mol/L. 2.0mol/L. R4 4E
—XKH 20mL 1] CuP 54, IRESTRHGEIAT 20538 5mL. 10mL. 15mL. 20mL. HAARFREE 70
E
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Table 1. Experimental scheme for EICP remediation of Cu?* contaminated solution
5z 1. EICP 28 Cu*iSHRINI TR

S CUT¥IgHi I MREESRHORMAAR  SALESIRE  JRERIRE  Cuisiuliim BRI

(mg/L) (mL) (mol/L) (mol/L) (mL) (h)
UsCaos-2 5
U10Cao.s-2 10

1800 0.2\61.22\ 2 20 24
U1sCao.s-2 15 N
U20Cao.s-2 20

1. 3. 6.

U20CUo-24 0. 600, 1200, 20 2 2 20 9. 12.

1800. 2400 4. 48

E: U R TR IRBEHEIORAAR, Ca KH FHEREMFIKE, Cu RE TRRREMKE; LL UsCaos-2 A,
ARERIRBESEPGRAARA N 5 mL, &AL IIRE /3309 0.8 1.2. 1.6 Fl 2 mol/L f¥12H

23. REDE

EICP HARMBE Cut 5l T EAFEL T BT O &k 50 mL &0 w5 IR Em), &k 1
B E AR IRBE IR BB Cu5 Y, BT B OB YRGB E, @ #IBE&HH G S
W5 pH . CuPHkE . Ca? R ERSVTIE BRI SE, pH B H F£F pH 11(pH808); Cu* ik JEF1 Ca?*
R A FH TR PRI 6 Y6 B H(AA-6880) I 5E[16]; B IRFEMI R SESG, bR BIGW, W B0 MITHE K
BT 65CHA T, T HEEE AT ERRE B OE AUTE R i Em).
2.4, RIEIEFR

KH pH . CuP"EE K (6) Ca?* PLIE K ()« B ITIE B (m)F R I 45 br £ 1B B AT I RUR[16],

B ET T
Cufz i =
S= G~ (1)
Oy
KQ)H: 6K CuPBE R, RIR o BEHT CuPIRE; o FNBEEG Cu?RIE.
Ca2+?’ﬁii>?§:
ﬂo B ﬁl
E=——" 2
B
K@)H: e Ak Ca?PligH; L, RNBER Ca? ik f, R REHE G Ca2 kL.
SUTIE R :
m=m, —m, @3

AE)H: mRELVUER; m AARBEEHT R LEMYIERFTE; moAREOEII TR,
3. GREHH
3.1. Cu” ¥Ia TR BE XS B AR AV FNE
B 1 RIR 75 G CuP HIERIR EEXS pH . Cut B3, Ca? PiiE RN DUE R M. hT Rk
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WA BERR TR, T TOK BERME HLIR MR MR R . Rt BERATR pH (SIS Y Cu?
WG B 38 KT /N Pl 1(a) B, 1B R AT pH (E AT 3.3~4.8 Z 1A, 1B H 5 pH (HFATE 4.8~7.0
20, BAEEEERN pH EEEERHE ST &, BEan bt X Em TR b R E KT
OH-, [AIlf Cu* il Ca?* Pl KB LE & MYLIE, EmmtEsin. % Cu* MIaIRENTH R, CutBE =%
WA, 24 CuWILAIRE A 600 m/L I, CuBHE 3, NIk 36.96%; A 1200 mg/L, Cu?*&
HRN 33.10%; HARPAN CuHBERILT 20%, V15 ILIE 1(b). HULRTAL, 48 HIda R B 3 75t
CU B AT W R (I HIVE T, IR EERE, Cu B AR, 2 itth, d P 1(c) el 1(d)mT %0, #I4h Cu?
WP, Ca?r i 3 L R DliE BAK . /R4 B e R R, AR R DT £ 2 h RS Ve 549 & 1
[ S5 DL . R Cu?* S 4 B AN ER (1R (KT P 384T — @ I BV [23], 75 5 [IREE R 3%, M fib] 1 4 55
BRGNP T S, EIRBTEHE A, 2495 Y9l Cu WIdHIR FERARET G 25 T Cu?is Juill
IIFES=

11 100
~0-0h - e 24h
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= Then. 4
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Figure 1. Effect of initial Cu?* concentration on the remediation effect

Bl 1. Cu*#IaKE I E S M REFNE

3.2. |UEREFHESHRAF M
2 JER T EAESIR N pH . CuBE K. Ca¥ JliE BAAYEERIF M. & 2 al &, &
HIGHIRN pH (EREE S5 W RS A8 KR, X E 2R B E S A 57 Tk B 2 955 S 301
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BiE %

ik 2(b)Fs, B SACESIREZ IR, Cut B AR RIUEHT LI iass, H L5y 2 mol/L
R AR, 4 40.03%. BEAE G FIRZIOTE G, A MBRIRES TIIE B 38T, T SE A A T4 25
THEESBR. R, [P ETH RN S 7 UE R 2OFUE S, KRR BT IRE KRR E R
AR, R A A RS TR AABRIRAR 25 S T e, I Ca?* Jve R FEAR,  BISUILES 1%
R EAR . LR 1] 2()~(d) WA, UG IR BE (3G N2 BEARAR B8 T2 R R IR L, T AR 1 3 1A
MR MR . IR EH R CuME R AR Ca? PIE R SR, 12 Fr B AT BLIZHL 1.6 mol/L 5
WAGHE ,  PRAIE SN W) IR S SRR PR TR IR 2 v ) 28 T To B B R RCR, BB R A .
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Figure 2. Effect of calcium chloride concentration on the remediation effect

2. [MEREXHMEEHRAIF M

3.3. IRESIREUAFRAIHES MR T

VRIME IRBESR IR AT pH (E . Cut BE %, Ca?* Yl F MM TTIE RIS E 3 s, Curysys
WONTEYE, IREGRBGREE P, SOMA I IRBEEBGRARER K, R EER pH (EEr b, s
3(@) AT . AP R 5E B A R T BB S U0 S B I g5 [24], ik, BREESEEURIAF I INE A
FI T T RME AR, RS 18 5 R 0 A IREH BOR AR R nmi$2 7, Wl 3(b)Fr. ¥k
FESE AR 5 mL 3 IN% 20 mL i, Cu?* B ZM 21.83%FE T+ 5 40.03%. ALK, Ca? Pl Z i
DUV Y B IR A PR DR AR 3 2 M K. i T4 3 7 I8 S 2 32 BR SR A 25 7 B 5 I D0 E [ e BA
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LRI A SR IR RITUE (18], PRI R T B2 AR08 o S A ) T [ 2 9 S PO 128 7, BRAIRIS B i Cu®*
IREE, Semis R h i T RE R R SR bR, IREESREGACY 20 mL i, KA EICP 2R A& T

MBS R T LT
32 100
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3.1 B -f ° 80
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Figure 3. Effect of the volume of urease extract on the remediation effect

3. IRESR BRI FASHE S RIF N

3.4. 2 EREXEEBRAF M

LIRS pH E Cu?MBR F., Ca?Plie RALRYIEE MM UK 4 Fion. HIE 4(a), K 4(b)AT %1,
BEAE SIS TN, 75 4900 pH AT CutHB E R 1y 2L et BT R IE#i e . Ll cu?y)
BIREEY 1200 mg/L 9, 1E 0~12h RSIETHF B, Cut B AP IRTH 2 31.54%. 12h J& [ BMiZHii
Gz, 1F 24h B CuMEE Zik 3] 33.10% 5 A TH20E, 48h B 1) Cus"EE 2 34.19%. [ 4(c) AT 4(d)
HHFT IR Ca2*PTiE FAATTIE RIS pH H . Cut B = KRS A [E, Ca? JiiE KA
DUiE BB SR R i, Ca?*PJlie RAE 12 h Ja K wie, 24~48 h MR IZHifaE . SNA]
W, MRBEEA RS 0TGRS IR TH R A K AR PR 3 A AR AR AR s B IO IEAT A T (R
SN () 7= A 2 Bl B A IR B (P 1, AT PRI BN IR R . 255 B B TifE bR, 16 12 h J5 BB E RN
ViRREEEAT, (H CuP B A Ca?* PUIE R G KO A R 18, T LUEHEL 12 h A il & B = [,
REIUTS B UF B AR
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Figure 4. Effect of restoration time on remediation effect
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ACHZE EICP HARBE Cub s Yeliiiis S 8CRIEAT TIRIC, T T CuPIMAREE . SR .
TRB SRR AR, B I 1) 25 LR 200 AR B S RO IR, Rt T

1) EICP $iAR BI85 Cut s il 11, & LI hiie = RN M40, 1558 % Tk 40.03%.

2) MRS JUBVIRATREE . BN IRBESR SRR st 16 5 I 1) 2 — i PR EEE L T DA A 55 2 7 )
1T &GRSR B TR B A, (I — e VRS AT BRI Cu B 58 e I T s
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£y 1.6 mol/L. &SR IA A 12 h i, KA EICP BRI S M8 115 Y s S RCR 4T, 25 B4R

E ST H
2023 WL Z0E JT R FEEE A RIS R N4 T H (Q20231611) ;Wb H AR E G H
(2022CFA011); i1t BRI E 410 H (2023AFD214) .
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