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Abstract In order to solve the problems of low specific surface area and high electron-hole

recombination rate of polymeric carbon nitride (CN) material, the biochar/carbon nitride composite
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(BCE/CN) was prepared by in-situ calcination of waste Enteromorpha prolifera and applied for
catalytic degradation of triazine herbicides. Iron present in Enteromorpha prolifera effectively
enhances CN’s absorption and utilization of visible light. The simultaneous degradation efficiencies
of BCE/CN for simazine, atrazine, simetryne and ametryn improved 43.0%, 22.5%, 31.0% and
66.7%, respectively, within one hour. High angle annular dark field scanning TEM verified the
presence of Fe single atom and nanocluster in BCE/CN catalyst, which were coordinated with N of
CN substrate. Results of quenching experiments emphasized the prominent role of h', and the joint
contribution from 'O, and -OH during degradation process. In addition, the effects of catalyst dosage,
initial concentration of herbicide, reaction temperature and pH value on the degradation process were
systematically studied, and the catalytic activity of BCE/CN was evaluated in actual environmental
water matrices. This study provides a new method for the efficient degradation of triazine herbicides,
and a new perspective for the reuse of waste biomass.

Keywords carbon nitride, herbicide, photocatalytic degradation, mechanism, Enteromorpha

prolifera.

SRR N A | AR R R R B RS A P R A i L, B
PR FROR L R AR S5 28 AR, FE e R ER M 0 B RRAE 35 Jo L DU P R R R AR R
KBREFIREYE R, A5 WA, BLAN, KPR H 2 5 0 A5 (A 5 3R BE Tk L3R bE v,
T X Sl BB A RN A B 5 . R I, R T AR A T R L i A R SR R R
2%, LAVSAR H AT BT IR 7 A R RS,

AR, LURA BALIRIIK A B R ZE Rl 0 G A R B , B H T 2 Rl R B8 15 e W i i Bt 9,
A BACHR R —FEr B SRR, BT A U P Bk 2R AR . T U 1N A5 2 H AR A
SRR A AR 14 1 FH AT 32 216 3502 7 - L~ F1 4 6 8 R LL 2R 1T AR/ NP AS 28 H (Rl R Y BR 1, 4B 4B 4%
ST R A A AR AL I RE A R AR 2 — 10, 3 2o 7 Bl AR g A e ] i R R A AR 1 HL R
T AR,

SERETEFEE, MBINER, S8 AR AH 528 B A B A S
(Enteromorpha prolifera) J& 1 2R} KRV GRE, I AF R AE IR [ B B2 AR g Vg 0 R B9 0, 5| R W IR 42
WA TO g, (H R i B0 S IR 32 b T AR /K A A0, X LA 2 A W s AN RS ), 5 224 T 455
Ab A 2 fiff AR AR BE AN 1 W A R R T A 0.2%wt—0.5%wt, 7E<H FEE Y E IR o HEA
B—, BRI S RA E LRSS &, 7T LASE IS 2% % 37 A4 9 E R FE R B A,

A5 R R il B - 2 W 2R A 4 T W B AR W R IR AR 2 G A EHBCE/CN), IR T 2 & 44
EXT P F A 4 R RN = RS R B G AL R AR AR, R X S ZO T RETE (XPS) . & M B
1% 373 - 4 44 3% 59 fl 7 8. 305 (HAADF-STEM) %5 R AE FBL, B &2 &k Fe MBS RGBS, R4S
I A AR AR 5 L BB A0 U v B . s 7 e BE A pH AN = R Bk 500 B it ORI 45
TP R I 08, X A A LA AT VR B, Sy = BRI o A 50 B8 5 4 96 TR 5 A ) o PR R
HET BSOS

1 i%\%ﬁﬁj\(Experimental section )

11 Bk

IR SRR EN . BRI T 24 4E AL 2 R A FR A Rl G I T 72 1 Merck 23 w5 HHFRIA T Sigma-
aldrich 28 w5 BUALAR | BUT B BREE . XTORER I T 1 22 se MR AR AL B A BR 23 W) 5 79 F5 bR 4 i
PH R AR UE S L 35 IO bR IE 5L ) T {5 [E Dr. Ehrenstofer 23 )5 35 25 HUbR v 5 ) T Bl /R IE R A PR A #].
B A F A8 NEKE (2022 4E 8 ).



i

1t 43 %

3

3902 578

1.2 BCH/CN {114

WFE R AR5 8 1A DR K s A2 e 22 T8 2% 5, 4k i FH 25 5 K R4 3 Uk, 9T 40 °C B AE TR T 146
(FD-115, f[E] BINDER) /1 4 24 h, T4 J5 WFBE o i 25 F . MEBRARE 5.0 g TS AHF & MR & T A
AR IR 4 (KSL-1200X-M, & B ) Hr, 400 °C fin#k 2 h, I =8, WETE RO K, frich
BCE. % 10.0 g IR & T M & H B b, 555 & T S b, 550 °C i 4 h, WA 2 50005, IR s ik
FAAN AR, Fric 4 CNLKE CN M BCE DL FE 2:1 F84HRA T 50 mL 258 1K, #8760 min, .02
i LIE W, WERIR AW, 40 °C T8 12 h, SR BHER AR, TR D IRY 150 °C ik 2 h, KR EH
# L BCE/CN.
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B RV B2 B (MC600, 12 [F LAUDA) #5175 (20 + 1) °C. S HR T, & 604 2 76 B 5 Ab 58 F 20 min,
DL 380 - WP . 25T G BB, 6 AR I RS EBORE, R R BURE 524 700 L, 2o S 2 T4 60 T A £
TEFERE /NN, TR 4 B bR R R0 A0 v B R R OB A €65 2R 45 (Waters, 92 [F) it 25 1 BiF it i
(AB SCIEX, &) &, gekttly 2 pL. SR ZHE A1 0.1% FFRK IS TR M i sh Al BEAT A6 B BRI, B 557
GER SOMR R REAE B 1 AN ER 3 W, BOFMEER, T BbsfE 24 HR 258 R
Microsoft Excel 2019 #£1734& #i1E, Origin 2018 47 £ Ab HAE &
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Table 1 Molecular structure and MS/MS parameters of four investigated herbicides

R 2Ry kBT TET EREHEN  REAEREV
Herbicide Structure Precursor ions Product ions DP CE
Cl
[LEE2E N)\N 132.0% 85 25

Simazine | )\ 202.1 103.9 70 34
/\N G N PN
H H
cl

FE A 174.1* 70 24

)\
N N
Atrazine | )\ 216.0 104.0 70 40
/\ /
N N
g
i RE N)\ 124.2% 73 26

AN
Simetryn )|\ )\ 2141 96.0 60 31
/\N = ]}\{/\
H
~

N
S

%K1 *

F5 Kif 2280 186.0 73 26

N)\N
Ametryn )|\ 95.9 90 33
PN =
N N

*E MBS F X Quantitative ion pair.

2 ZEE 54718 (Results and discussion)
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1139 XRS5 LR o RAC RS 5 P RS = R I3 300 B4 mT DL DI P A 1 E S5 AL ) 3903

(@) [~ (b)
CN CN
3 3
L BCE 3| vor
,5 - A - E
N 1s
0 1s Cls
BCE/CN BCE/CN
L L L L L L | 1 L 1 1 1 1 |
10 20 30 40 50 60 70 80 1200 1000 800 600 400 200
20/(°) Binding energy/eV
[ ()N 1s B
© . BN (d) Fe 2p
FHEN Pyrrole N Pyridine N
CN Graphite N s/
= =
< <
s E BCE
5 | BCE g
E o H W12 32
Fe—N
BCE/CN 4 BCE/CN
i " I | L . . \ . . \ ]
404 402 400 398 396 740 735 730 725 720 715 710 705
Binding energy/eV Binding energy/eV

B 1 CN, BCE fil BCE/CN [ XRD [ (a), XPS 43 (b) Fl N 1s 43 ¥¥ii% (¢); (d) BCE #1 BCE/CN 1 Fe 2p /543 ¥tk
Fig.1 XRD patterns (a), XPS survey spectra (b) and High-resolution XPS spectra (¢) of N 1s for CN, BCE and BCE/CN;
(d) High-resolution XPS spectra of Fe 2p for BCE and BCE/CN

G5 G ICER ST, L UIH AR BT B TR RIS, & I BCE/CN AL FIBR & A AL k. FSb, A7
FERRTTER, 3 5 SO E M & AR ik b s ST R AR — B S —20 R XPS S A& T R Al
BT 1b Sk 3 FhATRHY XPS 4xiB R, LA, BRAE 3 Fhoe R o 32, (EE R LI 30 2k 0 28 A0 A 0, it
Mk ICE ST REEE. W 1c fras, MR CN A N Is =43 FEiE H, 78 398.6. 400.2, 401.0 eV b
3 AN FEREAENE, 43 BRI IE N g N AL A& NU. 5 BCE &2 45, BCE/CN 7 399.6 eV i & Hi Bl
Fe—N 45AF U6, A A1 P A9 Fe 55 N JC 2 W e (7 80, — 25 40 #F BCE #1 BCE/CN H Fe 2p = 5 #F
ik, 7E 712.6 eV 1 725.9 eV AR WL ) B A FEAE I, FRUGIE BT R BIAETE, (HAIXT & s %, 5 XPS 4
TR BT A R — B S5 G FEHR A 45 B TR R B 6 (ICP-OES) 43 #r i) 1, BCE/CN H kT R 1) 7 it
1 1.01%wt.

SR FH3E 51 B 7 U8 (TEMD) SRAE MR SO 3. Qi8] 2a 7R, #4kF CN 2/ 2454, B N6
P2 AL, [ 2b Hha] LU B, MR BCE H AN KL EURL A R 248, HERR A B % MR E & )5 (K 2¢), 1]
WLZE 5] BCE PURL M & 75 CN K E. HH TAEE A PR AU 2 Fe (1 F0RL, PRt A w5 £ PR 0E 1 47 -
F1H535 5 7 5358 (HAADF-STEM) i — 25 Wil Fe AOAE#EIE 2. WAl 2d FIf/i, Fe 762 A F BRI
Y1510 A, By BORE R v, LASA R R A SR X4 A 78 ON L 1.

© s

@k . B

50 nm fe i 0 nm 3 n,

& 2 CN(a), BCE(b) 1 BCE/CN(c)#J TEM K; (d) BCE/CN /) HAADF-STEM
Fig.2 TEM images of CN (a), BCE (b) and BCE/CN (c); (d) HAADF-STEM image of BCE/CN
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Table 2 The Sggr, pore volume and average pore diameter of the prepared samples

R R A (m>g™) FLIAEFY (m*g ™) SFHLAE/mm
Sample SBET Pore volumes Average pore diameters

CN 85.26 0.37 15.59

BCE 5.39 0.022 16.74
BCE/CN 109.29 0.39 17.03

2 AR 26T (18] 3) KB, S G 4 iy e 22 I A 0 55 , X R DB EUE 128 /U
AR T, AR TR RS SR M TSR, o T st A e R DG AR AT PR,

CN

Intensity/a.u.

BCE/CN

1 1 1 1 L ]
400 450 500 550 600 650 700
Wavelength/nm

B3 CN Ml BCE/CN (56 i
Fig.3 The photoluminescence spectra of CN and BCE/CN

2.2 PERMEAL IR = 25 B R A PR

G300 L H 3 b HAE T UL G BESRE T X 4 i B A R R 00 O fE Ak R AR R Rl 4 i, BCE &
4 P R LTI B VE . 1 BEC/CN 5 CN M EL, X U303 | 55 25 | 7 g fN 55 K i 4 Fh =&
BREFIAY 1 h BRI BT 43.0%. 22.5%. 31.0% H1 66.7%. 1E 1 h G R 52 W 3 FErf, ON X 76 2 3L Y
Wi it % R 37.3%, 1l BEC/CN X 7Y 35t (%) [ fi% 5 $2 =5 % 80.3%( 4] 4a) . BEC/CN 7E 1 h /A AJ 5% )
54.0% 11455 25 HERE AR (18] 4b) . {157 2 1Y 2, BEC/CN X P4 B 5 F1 38 I 2 B0 W o B B 2803, U oi
10 min B AT 5230 76 594 91.7% B R R (1] 4c), 20 min PN A] 52 B35 K 5 (1) 4 M i (1 4d) . CN 5
BCE M ¥ E &5, R L 3R 1 BURFLAR B A 50, RIS BT Fe A A, BEC/CN Bt g #4551 2
Ft, HOGEUE F-45 7 B ROCR W 41 5, 3k SE 345 R T AL RCR A HE 7T

(a)P§ ¥4 Simazine (b)3% 2t Atrazine
1.0 - 1.0+
08 0.8
- 0.6 _ 06F
E\ dark = dark
04 r 04+
—=—CN —=—CN
02k —e—BCE 02k —e— BCE
—~— BCE/CN —a— BCE/CN
0 C 1 1 1 1 1 L 1 1 1 1 0 C 1 1 1 1 1 L 1 1 1 ]
-20 -10 0 10 20 30 40 50 60 -20 -10 0 10 20 30 40 50 60

t/min t/min
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() PHH i+ Simetryne (d)Z5 K i Ametryn
10 10
0.8 0.8
_ 06 06
> B CN
041 —=—CN 04r —*— BCE
*~BCE —— BCE/CN
02 F ——BCE/CN 021

| or ]

1I0 2I0 30 40 50 62) —I20 —IIO IO I10 20 ;0 4IO SIO 6I0
t/min t/min
B4 AEEAFIN () PEIE, (b) 35K, (o) PHEEAN(d) 75 K5 I B AR a5 R
Fig.4 The photocatalytic efficiency for (a) simazine, (b) atrazine, (c) simetryne and (d) ametryn via different catalysts

UEAR, JETF 4 FPBR AR 0 T A5 T A (38 1), 35 205 PUESFEAH L, 2549 rhisg n— > B 3, o
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s I e 550 P f 0 s 32 B, 0 T SR A3 T AR X 1P A P e R R 5 91, 54 v (A
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FHETT, DRI & A B F L0V 500504, 6 SO T LS BEC/CON &2 A& R RE P G & B4 TE i B e
LB LS, A7 TR F i A% 320, X B A B SR R

FEBL IR I, SEEOPE I E AR PR FR], REGEMSE T BEC/CN # B (0.1—0.5 g- L"), P HEA)
A B (0.05—1.0 mg L"), KWK R IR (5—30 °C) M pH {H (3—9) X R ff i #2 59 52 i . 1 4] 5a
i, e H A A5 A R A T4 T, Bl BEC/CN B4 REFH & A0 386 i, v 35 00 R 25 B R iz A0 3 T Y
BEC/CN A R0 0.1 g L B}, VIS E AR R N 45.3%, 24 BEC/CN HEIEINE 0.5 ¢ L', PHEEAY &
fiff B 2 HE N 2 83.0%. [AIET & 3K, >4 BEC/CN H itk 0.3 gL' B, P L 1 h B R 2 2035 5 80.3%,
RRAkSE 36 I A 2 0.5 g L, VYIS A RR M RALARTE 2.7%. DRI, 3o 8 438 o e £ 0] FH S £ G ik sk
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TR 5—30(% 1) °C. JNIE] Sc mIHT, S i B2 ) TR0, P A5 o o ik 12 oy 550536 8 v 1) I o ik B T LA
TR 22 P9 B A% e R 2, 28 7 412 2F VG 2 L i) A R HCL T NaOH 181715 %5 W1 pH (E Y Bl 7E 5—9
Z[8], b3 BEC/CN B4R X 76 ¥ HE R R 69 A8 k. W&l 5d fir, e R PE3F 85 o, BEC/CN X P 3 L Ay
R g SR T . MR R pH (B 3 B, PEID I 1 h PNAIRE R IT 1A E] 95.0%. MK R pH (A 2 5L (pH=
9), PHHLHE | h FEAR3E TR 2 72.5%. 1 R BRAK I (9728 Ak n] R XSS B3k 1270 20 A B 14 o fL R B R fie fb A
RH SR I M AR S [ B 2 S 5 R N AR 2R N M R 10 7 A TS R, 2 TS T AR A R ),

1 L 1
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0.10 X \ 010k
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Temperature/'C oH

5 BEC/CN Jili(a) . PGHSHEIR L (b) . SN FEE (o) Al pH (i (d) % P B T i A 0% 1) 521
Fig.5 Effects of BEC/CN dosage (a), concentration of simazine (b), reaction temperature (¢) and pH value (d) on the

simazine degradation efficiency and the corresponding degradation rate constant
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B T A B0y BITHAER . An1&l 6a Frz, 50 BEZAH LL, M A7 KI, TBA 1 FFA BYAS L
T 3 o8P P A3 ) AR AT G v KL X G R e o 410 o e B 8, 1 b IR SR AH 4.7%, Y
TBA Fll FFA AR BLAR R 5, B A% AN 80.3% T2 68.4% H1 59.0%. LA L Z5 R R W] h7EVH 3 O fiE
PR figp ik 7 P R4 D E MEVE T, -OH #1110, 1 — @ R JE B2 SR SOz, STRRARHRF bt > 10, >
“OH. Y4 p-BQ A S AR R 5, VG FL R B A 55 %0 RE AL AH LU T 18.3%. £ o BT e e e B 450 1
Yy Fh ok, 455 17K & pH E R0 25 28, ¥ i vEW Rl A UM 2 5 o g B IR g X (1) —(5) . 1 5%,
BEC/CN #HBHE AT WL BT, AR OBl + vz 7O (1), Ho s 5 50000 ] A -0, (58
2), -0y #E—2B WS AL] 10, (50 3), hiid il 4846 K 7 42 -OH (X 4) . YR R A B W BT AR, BRA
AE H 2 5V B H S AL R, 6 23 -OH iy 7= A= 2 B (5K 4), i — 2D BRI A AL 808, -0, Bk =
THFEME, Wb T2 558460, 1 WO (X 3), [ 21 bl LIS 5P g (X 5), [0, 1
D 3 T A L T AE (2 2), FETTRAAIR 1 H -8 JCE A R, i T AL SR AR . 45 B 18T 5d 94
RO, IR R A RRYE I, h 4 Ak A4 -OH it B s 2 Bl (X 4), WM S A E 20 b HiES
55 VY PR i, O R AR s TR BRI

—@) — (b)
10 = 1.0 S——f——pg
0.8 0.81 ) f\\ - »
_ o6t _ o6 LS
S = '\, ~
S < s \ ¥ ~
041 04l  dar T~
Pure water
02 021 Tap water
—4— Lake water
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L ! 1 1 1 I I I | I I I 1 1 1 1 I |
-20 -10 0 10 20 30 40 50 60 -20 -10 0 10 20 30 40 50 60
{/min t/min

6 AR FEHN (a) FIERF K LT (b) X BEC/CN [ fiff P 3 R 9 72 0

Fig.6 Effect of scavengers (a) and water matrices (b) on the degradation efficiency of simazine over BEC/CN
BEC/CN #E} + L —h'+e” (D
0,+e"—-0; (2

'O;+h+—>102 (3)
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h*+H,0—-OH+H* (4)

h*/'0,/ - OH+ PUFYEE — [EfF 1) (5

2.4 PREEAKIE R

FEA R FRBE K U5 P PF i BEC/CN ML B AL PE R, G135 FOR/K . WK A K. o | ROk B
] A MV B 2% B AR B RF 9T T 52 36 %8 (120°46'E, 36°14'N) , W1 K BUE 75 5 4 b K 2% % [l P 0T 7 18
(120°41'E, 36°33'N), g /KM A & &4 & AN EK % (120°48'E, 36°10'N). 4n[&l 6b 7w, VI HTE oK
K H A I A SRS 2 BT K R A R AR R 25 S A, 4 A 77.1% T 80.3%. E T K HR B B iR R A
54.2%, 5MKAH LG, TR 10.7%. FREEK B & A 2 447 8 T R HLRSE, nl e — e FEEE I H
AN [E] 5 A

3 458 (Conclusion)

ARWFFEEE T IR F W& AW, 145 T —Fh BEC/CN A& 98 K416, JEIPH T AHkE0S 76 H 45 4 Fh
AR = W B B3 A ] LA R R BE. A H XPS, HAADF-STEM, PL il BET %70 #r FBL, X b
BHOWIE S5 T 2R A BT R G RAE, UESC He 3 AR | FLAARFR G Inofn o] WL e 17 14 5k 45 L R4 T+ T
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