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YRR AE R B AR, 0 Tk A A BT 5 32 B4
HE S N BE RN 2 S HE KR 6 e i
DUKAE LR B ST ) o 25 B
AR Cu®* 0 il B — Je 52 4 15 Yt AR
AR SC A FSCE B4 0K 8 AR AR IR 00 ol B A ) 7
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1.1 SBRHEREGS

IR ( Myriophyllum verticillatum ) F 5 T 1
TR R 2 A Ll S b, K T A #4533 60 H
TR SR & T S hr b 4% 5 °C/min 1 H%
FHE 2 450 CHefb 2 h, R HGHFER 100 H AR
e, % B AR fE. T IMEREAE Y xid N
HW450,

fif & H B0 (# =, DR.E) Bl 1 000
mg/L B B AW . i 434k CuCl, - 2H,0
(E 254 ) Bl 1 000 mg/L Cu®* %457
1.2 LWH%
1.2.1  BA—y5 e it

B 100 mL — 5 4 B (14 0 H el Cu®* H—75
Pl TR S, inid 1 HW450, 395 pH,
7E25 °C 180 r/min Z&5/4 T THERSE IR H IR —
FERFA]E B2 mL R, 1 0. 22 wm 43k B8
AR S I 5 B W B Cu® " MRE L B %R R AR
5] B 4 TR 5 L pHL ORI AR ) o A5 0 4t oAy B PR 2R AR
AT E HWAS0 1% B 5 H Bl Cu® ™ 2%
IR RIS 3 AT
1.2.2 A 75 Y ft 525

WH 5.25.50.75 mg/L 4 NEHRE(Cu®)
WeREZH , AR 4 BN 0.1.5.25 .50 mg/L Cu®*
(ECH ) PR pH O S, DMEIE Cu® " A H gy
R LBRF, 100 mL &2 4575 340 F1 0. 05 g
HW450 IR & 5 B TR MM, 76 25 €180
r/min Z5 4 FEERE IR iR 48 h, B2 mL it
W, 0,22 pum B S 8RR B AR B I I e R H R
(=K Cu®* ) WFE,
1.2.3 o AP A B 25 14 5 3

MR T 1A B — 35 YL W B 52 35 I B2 B Vs e
N S B 235 5 0 BOK 0 H g % Cu® ™ 2 B R A4 R
BE R pH HWA50 £ hn | Cu® " ¥ BE Ry 5% i [K]
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FL il HHE A B C, HH L ERREM Cu® Bk
KM RAE ,iC R Y, f1Y, . 4218 Box-Behnken 52
Wit 3 &R 3 KFSLE, sk 1, R
BV BAREIN 100 mL, FEH Bk 25 mg/L, 7E
25 °C 180 r/min 54 F FIEEFEIR T 4R 48 h,
J2 mL 3, 0. 22 wm Bk yB 50t yE 76 R fS
) I (Bl Cu® ) MR

®1 IBWEARSKFER

Tab.1 Factors and levels of experiment

IKE Level
-1 0 1
A V5 pH Solution pH 4 5 6
B.HW450 ¢ HW450 addition /g 0.03  0.05 0.07
C.Cu** e g Cu?* concentration /(mg/L) 10 20 30

2 Factor

1.3 KEMNE

e H R A 2 2 IR O R H TR A 00 5 55
RO @35 R (IESR B IR ) I & (H A, B
HE) o Cu iR R EE A7 A I WOBOG S 2
SE (L5, EATE D) o
1.4 HiEARE

150 L BRAR () FIAE W B ( Q) mT ]
AR BAICR , TR

,,:C"C_Cexloo (1)
C,-C) -V
R )

iy AR LR, % 5 Q J A=W m et
mg/g; Co SRRV Y Wk FE , me/L; €, Ry W T
AT TG G R, me/ L VO IR AR R, Lym,
MNP T g

{#iFf] SPSS, Origin 9, Design Expert 8. 05 4b¥H
Bl 2l h 2w 7 T U5 KT 2253 H

2 R0

2.1 B—SYRHHRNERERMm
2,11 W R [A] 5

760 ~48 h [ HW450 % 2 sk Cu®* [k
Bt 2= bR R Bt B ] A5 AL A 1 7,48 h Cu®* KBR
KR 100% , 5 H B BREN 85.35% o Al 43R
R W B B B L % 18 W R o B3 A S A B B
HW450 it Cu® " fy b Wiz i B B¢ 7 bk 4 L e e e
30 min PN 2R IR 87 % ; SR WL B B s 49 6
h SR B B, 22 BRE R 100% , HWA450 X
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Ji R AR SR PR K R R Cu® (I B RERF ST 781

R g P S I B B B 2 oA 1 h W R R AR T
HW450 XiF Cu®* it b 3o W i 1 2% 18 1% BfF By BE 4%
£, HE] 36 h A FLAE-Ar
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EERE
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Fig.1 Effect of time on removal rate

2.1.2 PIGRHREE )R

HWA450 X 79775 Y2 1y W B ot 52 900 46 vk B2 A2 Ak
SN 25 (P <0.05) , Q& 2 B, A= o i) i
TS A A B S I B . e Cu® R R
A Ak 2 TR Ay 8 ok S BRI 0 5 X %) R A o
SR, v BE (> 100 mg/ L) 5 A5 ) fie W
SR ETRRE , AW BT AL e 3] R B A R
Ao HWA50 Xif Cu®* 1 H i A d5 A % B - 51
>4 98.16 F170.04 mg/¢g,
2.1.3  HhG pH By5ZA

WE 3 Fos, T Cu* 78 pH > 7 B2 A

~ 100 - ) )

20 7 W& Adsorption eapacity

E" —— EBEFE Removal rate 100

< 80 -

) /H\f\* 80 g
e 60 % 5
£ 5 60 g
= © <

§ 40 HE

3 40 2

£ &
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Fig.2 Effect of initial pollutant concentration

0

on adsorption capacity

Cu(OH), JLiE, R Co® " IF pH JEFE N 2 ~6,
B B pH JEE R 3 ~ 11, AILLE Y, Cu® 1)
AR 52 pH 22 AR (P <0.01) . Fifidg pH
(B3GR, A W B B Cu® ™ 25 PR B S B 34
KIGW/N#a S, pH = 5 By W B 8508 5 4, B
Cu’ " F:fR# - 100% \HW450 1% [ &4 50 mg/g.
Bl pH 38K, 0 H I AR W e W oA o B SR 3R 4
B G I/, (B AP IR B 48 Cu®" /(P <0.05)
pH =5 I 2 H s £ FR %0 85.35% . HW450 W[t
N 42.68 mg/g, KERBCRRA o

100 [0 "kff&E Adsorption capacity
~ [—— ZBRE Removal rate
G, . X 1100
A——2 A
£ 8o} *
> 180 §
A= P 2
I § 60| 130 &
s g %T@
= g 40 {40 7%
8 3
8 ~
§ 20 120
=2
0 0
2 3 4 b 6
pH
(b) Cu*

B3 pH xR RER 7200
Fig.3 Effect of pH on adsorption

2,14 MR A R
Wi 4 Brow, Bl B0 5 58 i, 55 B A
Cu™ " (i 22 B % S W) S8, 1 i 4 0 A8 2% , fee )i
#THaE (P <0.05), HW450 5 hiH 5 0.05 g

i, Cu®* RFRRE K 100% , B0 H i 25k % 0 fin s
BN 0.09 g B, FH B EBRFE N 90.4%
HW450 W5 55 ) & 30 A Bifi A= 40 e 145 o+ 79 344
T FEAER , FLI AR RN, et TAE .
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2.2 SEATERMERPEHBERE Co' HEE
FIn1ER

Bl Sa N AT5 YRR Cu® ™ ¥ B X 0 H
ZBRIRIGFE M, Cu ™ Y B X A2 A 7K Mk o s | g 25
BRI FZ I 22 (P <0.05) , Cu®™ Xt K BR = H g
A —E RV, S S BR3RBE Cu® i 1
MK, & 5b i H e BT Cu® ™ KRR
M, e R 3 o A2 5 K Ak e Cu®* R BR  5 1
BEVERFE(P >0.05) , il B Y 5 H B (v
JEI Cu® 25 R 38 4 B okl 4, L v v 1

Cu* 2 85 FF BB

2.3 ARz EfE 4L HW450 IR B EH Bifn Cu®* &
EREES
2.3.1 [l J5

M 7 TR A A R B 25 S 25 SR T 2 B o

iz F] Design Expert 8. 05 4K {4- X} 52 56 4 5 1
130307 A5 = A2 A5 2 oo U J7 72 (4
A3 FAA4):

uz+V
Cu?* concentration/ (mg/L)

OoAZ1 05N 25 @ 50

§100 ?
+ rH
£ g0 Y
A
%é 60
% 2
o 40
i
S 20
=
>
o 0
2 5 25 50 75
B BIRE
Glyphosate concentration/ (mg/L)

(a) HF B H BE AR W

The effect of Cu®* on glyphosate

Y, (%) =89.54 +2.894 +12.96B +3.21C +
0.644B + 0. 13AC + 0. 31BC -
2.554* =8.17B* -0.31C? (3)
Y,(%) =99.71 —0.234 +8. 52B - 0. 54C —
0.4AB + 0. 47AC - 0. 13BC -
5.86A4> —8.35B% —1.85C" (4)

O WM& Adsorption capacity/(Cu?")

T & Adsorption capacity/(Glyphosate)
—— E[&#Removal rate/(Cu?)

—— EB#ERemoval rate/(Glyphosate)

200
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Fig.4 Effect of biochar dosage on adsorption
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(b) BEH XS 47 iR 5
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5 EHRBE Cu’ WHEE N
Fig.5 The interaction between glyphosate and Cu®*

2.3.2 BEMLEE

SR LA R A B X L T S
Bro 323 FNZR 4 J3 500 by i o7 T 1) 75 22 53 B FRT A 7
FESrHT . AEXT Y, RO B RBRFEA Y, Cu®* LB
(A 1 1T 43 B TR, BB F AR A3 O DRy 295. 14
119.03, P {H#S/INF 0. 000 1, 358 BE 6 A4~ 4 750 5 5L
AR B EE. HERE R H0.998 7,
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0.993 5, % A 5 R % Ry, 0. 998 2.0.985 2,
P30 1, R WA 99.87% 1y Y, Wi Ji A8 A6 AN
99.35% 1 Y, M) W A% Ak AT DL R R, 99. 82% F11
98. 52% 1 i & e A HY epm] DLy S it R, 1
BREANRG A M, L5 BRI 28R A i) A O
o Y, R Y, BERURE % B 4303 42. 293 .29. 790,
R T 4, RIS % A m . E5 R



5 3 Ji R AR SR PR K R R Cu® (I B RERF ST 783

By 0.98% \1.09% /T 30% KWL S A IR AR R0 , Ik 26 05 BEA T Bl
Wi A RAE WG REAR G S, LTI .

Fx2 MRCEEITRER

Tab.2 Response surface design and results

e AR pH B HW450 ikt C:Cu® " Y fiE Yy RH LR Y, Cu®* RBRER
No. Solution pH HW450 addition /g Cu** concentration /(mg/L) Glyphosate removal rate /% Cu?* removal rate /%
1 4 0.03 20 64.19 77.91
2 4 0.05 10 79.64 93.22
3 4 0.05 30 86.97 90.76
4 4 0.07 20 88.64 94.05
5 5 0.03 10 65.70 80.33
6 5 0.03 30 70.31 79.96
7 5 0.05 20 89.52 99.45
8 5 0.05 20 89.53 99.78
9 5 0.05 20 89.68 100. 00
10 5 0.05 20 89.50 99.32
11 5 0.05 20 89.48 100. 00
12 5 0.07 10 91.18 99.34
13 5 0.07 30 97.04 98.44
14 6 0.03 20 67.70 77.76
15 6 0.05 10 86.12 92.32
16 6 0.05 30 93.99 91.73
17 6 0.07 20 94.73 92.32
x3I AESW
Tab.3 Variance analysis
Y,/ % Y,/ %
5H Ttem ¥R AmE . FrR AmE .
Sum of squares df Sum of squares df
7 Model 1 817.56 9 295.14  <0.0001* " 1 075.47 9 119.03  <0.000 1" "
A 66.70 1 97.48 <0.0001"" 0.41 1 0.41 0.543 3
B 1343.95 1 1964.12  <0.000 1"~ 581.23 1 578.99  <0.000 1" "
C 82.37 1 120.38 <0.000 1"~ 2.33 1 2.32 0.171 2
AB 1.66 1 2.43 0.162 8 0.62 1 0.62 0.456 3
AC 0.073 1 0.11 0.7537 0.87 1 0.87 0.3818
BC 0.39 1 0.57 0.474 6 0.070 1 0.070  0.799 0
A? 27.43 1 40.08 0.000 4"~ 144.34 1 143.78  <0.000 1 **
B2 281.37 1 411.22  <0.000 1 ** 293.22 1 292.08 <0.0001"*
c? 0.40 1 0.59 0.467 4 14.37 1 14.32 0.0069 ™"~
5% 7 Residual 4.79 7 7.03 7
ST Lack of fit 4.76 3 251.29  <0.000 1" " 6.63 3 22.52 0.0057*""
2% 2% Pure error 0.025 4 0.39 4
SR 22 Total error 1 822.35 16 1 082.50 16

T o« FRZERMEFE(P<0.01) , « FIREREH(P<0.05)
Notes; #* # indicates that the difference is extremely significant (P <0.01), and * indicates a significant difference (P <0.05)

x4 WEESN 2.3.3 HBHEEZHAEHZ MW
Tab.4 Credibility analysis F3HM A B.CIHF {3200 =4 H Z X}

B Ry B O AP REVEIEMEE AN, SR Y, S
Y, 0.9987 0.998 2 0.994 7 0.98 42.293 j&l@%%*ﬂ Y2 Cu2+ %F}ﬁ$?ﬁ“@jﬁd\ﬁl§%*ﬁlﬁ],i@ﬂﬂ
Y, 0.9935 0.9852 0.901 4 1.09 29.790
B:HW450 # 04 > C.Cu®* ¥k JE > A pH,
[ 7 — R R R AN AR PR
FRy o L T 734 R AR L 6 B
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MIE 6 Hral LUE 7RO T P, 5 H B
(L BRAREEH HWAS0 4503 s s 3 1
GRS RN EOR ; B pH SN /Mg
JEE I S8 I VR Fs B Cu™ " i B2 8 K T 22 19 4
Mo A5 R O A, 7552503 [ N HW450 £
O A SRR R B B Cu’ T R BR B
& HW450 B E NI, 75 pH [A]fA Hh {E

AR A pHTE 0 B P 185 4 75 25 R 2 e 1
JEE 5 7E 10 ~30 mg/L 3k B FE I X Cu® ™ A 25
PR N WL LA 5T Cu®* &
PRk i, HW450 F1 pH 1) 28 H.9% W 3% ; pH F
Cu® " e BE M A2 B VR4 22, B A X Cu® ™ 5 p %

SN

6 WA 53 4T E

Fig.6 Response surface analysis diagram

2.3.4 O AR AR R R 2% A B i
ARG o F JE A5 1, 24 pH oy 5. 21,
HW450 4% fn &4 0. 06 g, Cu’" ¥ JiF 3 27. 23
mg/ LIS, AT DAAS 3 B i R BR300 97. 44 %
Cu®* Fe R BBRER 100% o Ry 55 iEALL A A6 7 () v

F&@M;ﬁﬁﬂnm% SAEPEAT B AE 525
W 3 AT, IS4G G A B H I & Cu®”

%%Ko%?ﬁ%w%5ﬁﬁﬁﬁﬁﬁ¢ﬁﬁ
TR Cu® " A S BR BRSO E A 22 R K
UERAZE I 5 SEPRAHAT . A6 3 2 S50 op T IR A

Cu’* ERRRIFE 95% L) b, RLEZ LM P H
RN Cu®* A5 Yk IR B8 SRR B0

RS RALURB SR IIE

Tab.5 Verification of optimized adsorption conditions

- R 2R Cu”* EFRR
h"’? N 24
Glyphosate removal Cu
NO.
rate /% removal rate /%
1 96. 17 99.67
2 97.46 98.98
3 98.03 100
SEX{E Average value 97.22 +1.05 99.55 +0.57
B {H Theoretical value 97.44 100
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3 e

3.1 BREETENE—TLYRMIENIMm
ARSI o AT Cu® ) 25 bk 3R el S B
Je 8, SCIG 3 A W e T A a5 R 22 TR I o R
J3£ 95 ey a] DASRGH IR B o il RS 2
Yy B S 108/ o VR R A AT, VR I 3k A
Go MAEWIRIBBNRAAE T S KWL LR, W
5B HPIRAS
@%WﬁWMEﬁwWﬁwm«igﬁlﬁ
m@f%ﬁ JL A A5 T T R K Bl 3
Y S AV R INE S 2, B B 5y T
Cu®* 554 Wy o5 A S5 A vk S fn , W6 A A 2R
%ﬁ%ﬁ@ﬁuﬁ%iwﬁm#A” B
BLEELRI S, TV G ) S T 6, e 5 728 A0 AN T
51 LR B AR Ak, ARSI H HWA450 X Cu®* Al
B Bt R KR B 4t 430y 98. 16 1 70. 04 mg/ g,
Cu® " B H i o8 75 5 T I 2
FSIRWILG pH BB W 5 YL W0 A BE L A o
FMAAT R ORI E BN E
FEEE 5 A P T W TS Y 5. Y pH 3t
JNEEH R Cu fFAE e G e &, HoOK R HY i



5 3 Ji R AR SR PR K R R Cu® (I B RERF ST 785

Wy AL RE R s, R IE R 5 C’
AT ) W A . B pH BN, AR Pk
FEHE AT H Y G’ S8, BAS
AR A W W A VA O — TR
pH 4.5 JFaf s ! b 7 pH < 4.5
pH >7 IX[a] P, B H gl iy v v ey 20 1) Sk I H A %
TS H &2 OH™ AR, N A AESE 4 8+
PR T MRS B 22 . SRR i pH R 5, Ab
F4.5~7 K|, 5 G BIE s R, HITasE %
ITE pH =4 B 2o P A7 AR 2B ) ok 5 H Bt W Y A
K, Al BRI 2 24 b 3 AR ) e 3R T R AT A2 Ak
S SV AT o

A R A5 0 e 8 A 4 A5 H BB R Cu® T
LR ER IR PR SRy 35 e B A W) ), A 0 e g 4
AT 2258 B 30036 1 0 g i e
W2 e Cu® IR, (HS 2 T —
FEAERT, 25 BRI AR 2% sk AN AR, — J5 1l 2 A ol
AWt B 5 HARSE R L 2 N R T 3R oA 8L
FLBR AN A5 55— 7 T2 2R 48 N G % B o . 4
BRABR . HH TV WO N AR AR W A% e v
T, R LA 4 e v R R S VR TS e T 1) S BR
ACHIR o FE SRR F B BB 2 5 1 1 Be
SERER AW A A T st v AR i ¥ G 1) P Joi R
B E TS
3.2 HW450 St ESWM R hEHB R Cu®”
IRt Bt

N HWAS0 W 25 H R A Cu®* B — 35 e ] 1
B, 5 R L, HWA50 X Cu®* [ 1 [ i 2%
R R B R, Cu® i X B R TS Y e R
MR FEVE T AT BB HW450 % Cu® " (g fiHPERE
FOH R, R Cu® B 5 1 S W M,
KRN E 8 S FIC S, FE A Y R F T
TN R —Cu® " — 8 H S5 H, Co® 23] T
“CopaET VEREUY L TULIA 2200 S 0 b A0 H gk e
KEHRT RSN = o R Z5W, ER WM
REEH G R, X GALR LR —5,
O XF HWA450 1% BfF Cu®* 52 M 55/, A5 78
Cu® " I e J3E A s o 88 0 o e 2 7 A A
DRR i v R B B i, & Cu? T S 4
WAL . BREESEY R I Cu™ TR YD B A ik
F P AR B ) Cu®* BEAR 0 S G0 V0 B W T, T
VR T SO R o £ PR AT, 1 45 SR 5 AR S e
SN, i — Bk TR 4w B 5 AR

EAT5YR 4 JE B T 5 5 bl A W ok R

SR EIATT R & R e b sl RO A K =
T A W R A R et A W g 9
Yy T O S T (A D RIS, £ DAL S
1T A8 S 60 R S M B 22, i 3 3245
IEACHERE Cd " Il £ bR 4 o 1538 5256 1 I
Mo AR BTS2 56 7 58 1 EL AR ICMEL 1 i 7 T 49
BT B 645 325 3 ] Pl PR s o7 [l 05 5
PIA B R Az u 8P 2K X B — 95
WIZ FFRSCRE 0 2 W) LA B A2 A 75 e R 2 v g A
Cu®* AR S & pH \HWA50 it Cu®*
JE = R RIS e K BRI B E R,
M VT 004 i B o e DM B 45 R R pH =521
HW450 #fi14 =0.06 g, Cu’" Y F =27. 23 mg/
L, H BRI LT, 4006 45 5 5 SE PR B 45 SR 2=
SN AR T E B R Co’t B AR R YT
Vi b — 2% e
3.3 HW450 R =X

IR B R F o U8 T K AR ), AR AR
BT HE 450 CTR aRAR 2 h S i s A 4 e
PEREOU S, B0 il 26 N4 P 2545 22 Fif
MY TE 500 °C T il 45 2 Wy e, AR SO &
FEY I e AR B SR e AR ] B G, 5 A
AR R e A W o il 4 REREAR o 3 1 B 7 o 1D
VRS A W AT AR A R S R B S
IR AT Cu®* [ 25 B 3 0 1k 92. 4% AL L By
WA FHFERZS 6% o FH 6T UL A= 9 o 416 34 ) FH 2%
5, BEFRAR AR P AR

HWA450 [5 0 B BB A0 57 ARG L 2% (2 38
TR A5, T KIS YA TR, 9 5 Tl 3 i
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Study on the adsorption properties of glyphosate and Cu’’ in water by
biochar derived from Myriophyllum verticillatum

ZHOU Ling, PENG Ziran, ZHOU Lili, DAI Zhi, ZHANG Muyuan, LIU Hongsheng
(College of Marine Ecology and Environment, Shanghai Ocean University, Shanghat 201306, China)

Abstract: To eliminate the influence of herbicides and heavy metals on the growth stress factors of submerged
plants in the process of ecological restoration, glyphosate and copper were selected as targets. The harvested
Myriophyllum verticillatum 1.. was carbonized at 450 °C for 2 hours to make biochar (HW450). The effect of
HW450 on the adsorption effect of glyphosate, copper and other single pollutants in water under pH value,
biochar dosage and other experimental conditions was studied. The interaction between glyphosate and copper
in composite polluted water was investigated, and the optimal adsorption conditions of HW450 for glyphosate
and copper composite pollution were optimized by response surface method. The results showed that the
removal rate of copper and glyphosate increased with time from fast to slow and reached a balance after 48
hours. In the adsorption saturation range of biochar, the removal rate increased with the increase of solution
concentration. In a suitable pH range, the removal rate of glyphosate and copper increased first and then
decreased, and copper changed significantly compared with glyphosate. Increasing the amount of biochar can
improve the removal rate of glyphosate and copper. In compound pollution, copper can promote the adsorption
of glyphosate by HW450. The high concentration of glyphosate can inhibit the adsorption of low concentration
of Cu®*, and the removal rate of high concentration of Cu’" was less affected by the concentration of
glyphosate. The response surface showed that the influence of the three factors on the removal rate was ranked
as follows; HW450 dosage > Cu’" concentration >pH value. Under the conditions of pH = 5.21, HW450
dosage = 0.06 g, Cu’" concentration = 27.32 mg/L,the optimal adsorption effect of composite pollution
can be obtained; the removal rate of glyphosate was 97.44% , and that of Cu®* was 100% .

Key words: Myriophyllum verticillatum ; biochar; glyphosate; copper; response surface
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