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Microwave-assisted preparation of fluorescent carbon nitride nanopar-
ticles and their application in the detection of free chlorine

LIN Xiuchun'*** TAO Aojia®  XUE Meihua® LU Shikong’®
WENG Yuhui® WENG Wen®
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University, College of Chemistry, Chemical Engineering and Environment, Zhangzhou, 363000, China)

Abstract Fluorescent carbon nitride nanoparticles (CNNPs) were prepared from citric acid and
melamine by a facile microwave-assisted solvothermal method at moderate reaction temperature
(220 °C). The obtained CNNPs were characterized by multiple analytical techniques. Free dissolved
chlorine can quench the fluorescence of the CNNPs with excellent sensitivity and selectivity. The
quenching speed was rather quick (less than 1 min), selective response experiments and interference
experiments showed that this determination method had excellent sensitivity and selectivity. The
linear response range of free chlorine was from 0 to 80 pmol-L™". The limit of detection was as low as
0.22 pumol-L™". We conclude that this method is applicable to detect free chlorine in real water
samples.

Keywords carbon nitride nanoparticles, fluorescent quenching, free chlorine, melamine, citric

acid.
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UTARR, DA BHAAESCHEAL | AR IR TH T B A0, e ra s F AT e KR SFVF 240
SCRA)T R R RS A 32 G TE . SOCHURBRM AR SR BT A0 ARk . DR G NI, B
KA A1 S T B DL R S RRL S R T R B TR, SO RSN
] 5 RIS By 2 e R .

RACHR S — PP AR A B AN AR, HETE 2 TR 0 KRB 4 . 15 54 2 B A i
AR Y, — e Ao R e AV T e R R A (o = SRR, U RSO ) 75, BT A A AR
0 H AR K22 | A CPERESS S5 AL IARR, S 7 REIY 56 14 A Bk AN KRR A ik
TR N N 32 B ORI 2 T A DGR L Liu 48U R A DL 2 BUR R A ik T
o B AR A B 2 5 ALY, G5 L R ARG HoO, R A HE . Zhang 5507 SR AIK $45 ik i 46 H
A G A AR T AL P BE Y B B AL B 9 R I A B A Ny 99K i i il S T AR W& . A=)
A IR B A I A R DA™ . Qiao APV HGH 1B % A7 A AL IR U KR A 5 1D 125, T
Tt AL ERN B RS (R I Zheng S5 4RI T RETE R ALBRA K J B0 TRTAE 5 LS HAE £ F AR
Hh Z2 B T5 R A [T AR A€ IR A 1 P SR 1 B 7 5 R A AN R 25 B9 AL B A KA L, e
LR BUE AR A T X T A

A (CL) , WML (HCIO) MK SRR 25 1~ (Cl107) B AT 5 S A1, 5 AR 2K A 7R 2557 7K rh i fig
Cl. HCIO FiI CLO™F b A5 S oAy 1 75 S8 . 10 88 S A K b B B e 38 AN e vy, S 0 R K v ) 25
ARAT oL U B S E 7 1 GG IR G2 1LY FE @R AR ROBTERY . B T EERERT | WO (iR |
TR BE ST W 45 RAS B AR IEHRA FLAL A, AR AT A A A I SRR L BRI 22 | A Tk
OB IR P 2 2 A i, T K T L A7 ASOR R (R 0 18 SR 2 5 v AR L

ASHIFFE IS 0 5 140 0 ol B e 700 A, A A T AR — R U Ay i K A o 5 D' AR Bl 40 K bR
(CNNPs), LA CNNPs S5 EHR E1 8 57 0] Ui 28 S A 5 B0 5 J7 12, JF F T LS KR v e 8 S Y 2

1 MRLE 7 (Materials and methods)

1.1 35

— K ERFEIR(CA) . = RE M AMER IS R4 brali, W A 1 [ 254k 25 BR A 7 (R D 5 B R
Z=7, v, W A BT T Tl 2y 7 (P ) ;5 8 4K e i Milli-Q % 48 (Millipore, Bedford, MA, 32
) il 5 LA R 3 A A B 4R, e it — 2P ali AR Rl (A
1.2 CNNPs (114

R 6 B — A TRl i B R AR T 46 CNINPs. B 1.5 g CA 433l Fl 1.5 0.75., 0.5, 0.3 g — R E:
F 30 mL KA, A 10 mL JHER, 78 1200 r-min™ AIRE I BERESAE R, B AW B TH0% A g (Anton
Paar Monowave 300, LA 7E 220 °C NI 15 min, 2N 8 i JJ AR FETE 2.32 MPa. S 58 iU
RVEAE A SR H B 200, WA UTRED. K UTREW H IE O e st vk, mrilfeaatizk i, L4 5000 r-min™
230 30 min DARR 25 KIWORL 4. X0 749 53 30l i 45 24 : CNNPs-1, CNNPs-2, CNNPs-3, CNNPs-5.
1.3 FRAE

F1H TEM(FEI Tecnai G2 F20) 7381 CNNPs #4 k9 & 1 JE 5%, 1 FH Bruker DAVINCI D8 ADVANCE
T SO 5 X 526407 5 (XRD) Y%, ) 1 Thermo ESCALAB 250X1 22 3 i i % ¥ 1 % 1% 4% ( Thermo
Fisher) Jlll i& X §F4£& G H FHE1% (XPS), ] H Magna-IR 750 {8 B 048 #5221 #8 (FT-IR ) Y6 3% 1% ( Nicolet) ]
& FT-IR &3, FIH UV-2550 43565612 11 (Shimadzu) ] % 48 #h-R] WL (UV-Vis) 3%, FF Cary Eclipse
PL 4366 T (Varian) I 5E 56 660, 4 Vario ELTT JTE /3 #71{X (Elementar, Germany ) il & 70 2 ZH i,
L4 w7 RNE

PLBRIR ZE T 05 1, 38 i LR B4 28 Y638 B (PL) 145 CNNPs (95 F 77 % . 4 e 28 7 VA i AE
0.1 mol-L™" i iR v, J K 4K A5 (1 CNNPs i fff 76 # 4li K v (=1.33), Jr M W 5% B AR ¢ #E 0.1 LA T .
CNNPs (377 Z8 i LR 7 F =

I A
Q=0rgX—X

2
AR I
L™ AR
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K, Q WiEF =3, LB ZEHRIE, n IERIITE 3, A WG, Tk R BmS . kS
TAEB R P 350 nm T 8T 2K 0.577, 0.1 mol- L™ WL VA W FIB 4l /K 09477 567 2634 4 1.33.
1.5 RS S0 CNNPs BRHR D EHE K

SEIG A, CNNPs-5 % B9 B2 0 2.5 pg-mL™'. £ CNNPs-5 3% 0T 50 umol L™ A 7 SR £,
I 72 VR AE 0—60 min PN Y 5665 B 254k, I F CNNPs-5 75 T E AR I 30 pmol- L™ 4 Y 58 1R 4k AR 7%
IR SRR AN B, 28 G50 B AE pH 4—10 o B N AR 4k, 43550 R F ORI Fo. T 25 S0 v B Ao ) 5 56 o, A
CNNPs-5 3 T 20 ME I 0. 2. 4. 6. 8. 10, 15, 30, 50, 60, 70, 80, 90, 100 pmol-L™" Ay ¥k S Ik 44, il
FE 425 nm Wb R ST IR EE, MR 3 A8 An i I 225 HL U (LOD=3Sd/s) i1 Kl FR (LOD) .
1.6 THESLE

BB WA BRSC G, FEBERRME i b SC 30 Hh R 16 Fh S+, f14E C10™, CI'. ClO; . CIO; . Br . BrO;.
NO;. NO;, HPO? | PO}, SO: ., SO} . Ca**, Ag'. Cu*"fll Pb*, #E 4 100 pmol-L™", 433l il A%] CNNPs-5
KW, IF 0 5k 425 nm A 19 5 2w Ry . Hrh 9 S TS N A 2 R B i A ER, Cattl AgT. Cu? R
PO> RN 43 )2 CaCly. AgNO;. CuCl, Fl Pb(NO,),. 1655 — % BT 5280 71, 100 pmol-L™" ) CIO™
WA 300 pmol- L' 1Y 3R B F A CNNPs-5 KW P, ARG I8 B B W AR v BREH, 4315
SR I i
1.7 SEBRAE A

SRAERFNL B 2 6y A SRAKKE S, HORIKFE S A ZAL B, 7800 3 FhoAS [a] v B 0 3t 8 S0, 32
IR T3 3 % T 5 Ui 2 SRR B A AN, I AR X o ok 25

2 EER 58 (Results and discussion)

2.1 CNNPs [ FRAELE R

A5 il £ (1Y) CNNPs £ & XRD 35 E W E 1(a) i, ifLUE H, 2R S i i 5 i e 27.5°, 5
A1 B EALBR A SRS — 202, R RIIHI 4 T CNNPs. FHge i oK, il 4 i CNNPs 7K
Haofm, BIAERE HoAth 3 F4 i CNNPs #18F (CNNPs-1, CNNPs-2, CNNPs-3), CNNPs-5 [{/K & Pt Ja4t
PEH CNNPs-5 YEiE—20 FRAE AL 5. CNNPs-5 BIFHOUIE S5 FUR A2 20 A an &l 1(b)—(d) ir7n: CNNPs-5
HEBRIEAL T3 HLAT B I 0 A% 25 8, TAS A% 25000 0.281 nm, 547 B AH AR 19 (002 ) & T —27; BEAL
W% TEM BT~ CNNPs-5 B8R 50 AMRCRAR KN, 453 ioskite E 23 A 7E 4.0—6.0 nm (LA,
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Bl 1 CNNPs f) XRD(a)3[El, CNNPs-5 f#) TEM(b) . HRTEM(¢) B X143 (d)
Fig.1 The XRD pattern (a) of the CNNPs, TEM (b) and HRTEM (c) images and the size distribution (d) of the CNNPs-5
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CNNPs-5 ft] XPS 7% K] ([8] 2a) 1£ 285.4, 398.4, 531.3 eV &b 3 N0, A 53 )7 J& F C-1s. N-1s Al
O-15.C-1s YGIETT 43t g 284.53 ., 285.38, 287.95., 288.52 eV AbAY 4 (K] 2b), FHIFELE 4 FhIEHY 1y
. sp® C=C 5y sp’ C—C, C—N 8, C—O, sp> C=N, C=0. N-1s J:ii% i) 73 it 2 W 7775 3 Foh 25 10 A4 280 fgk
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Fig.2 The XPS (a) and the corresponding C-1s (b) and N-1s (c) spectra of the CNNP-5
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Fig.3 The IR spectrum (a), UV-Vis and photoluminescence spectrum (b), and excitation-dependent emission spectrum (c) of
the CNNPs-5. The two illustrations in (b) were photos taken under daylight (left) and 365 nm ultraviolet light (right).
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AN AT LG (5] 3b) /s A 7E — A~ L 335 nm A A0 B RFAE I, W1 IE PR 2% TR A R & 1
AR, WY ZE A 2 550 nm. R MK 6 s (] 3¢) fom, Bl % K FE 310—350 nm 3 Bl 9384 K,
KB R FEAREARN AR ; BRI K AE 350—390 nm Y N3 K, & BT 425 nm 088 & 460 nm.
Wit T84 2 K G K, I R B S KR U /0N, AE 340 nm AR JEK T, 425 nm Ab i) LB R 5 K 5T
g, 55 AR AR 1) UV-vis TSCRFIEA AT . i R IR 25 T S IR, 11545 CNNPs-5 i i 77 %
7 15.1 %. CNNPs-5 7 365 nm 548G T s 22 3 (12O (K] 3b, 4 ED).

JCR AT A R RV, 724 o0 A R (5T i 40 0 B 33.11 % BBk, 38.46 % AL, 4.15 % 1Y Z 1
24.28 % WY 4. AT LLF H, CNNPs-5 & A 3 & 108 MR, B b /2 B8 AR 0 3 IK, & &0 &0 B e (an
FRILFN L) v e T A B A AR LT I I S, X B RE A ) B R K . Messina 48P
AR ARG K S IR T 58 R T I HL T2, ATIA A B S BT AR A5 (1) CNNPs-5 2h B e 1 &1k ik
LB AR

IR FRAESE S4B, ARG G BT HA SO FE A BRAE T L Iy L A B AT B A
Hem, A B0 32 1 S B Tl AR X A, SR T — i K V8 1k SR Ak e 40 DK~ 1) T B 1% B R ) 4
R A FACHR A 2548, [R]B) 22 10 4= & BB RE AT T T 90K A0 BRI 1 7K 5 4.

2.2 BOGTIE

P ARAF A CNNPs-5 H T3 25 A 09k, 25 A 14l 4a iR, 78 425 nm AL, 547 1 min P, 50 pmol L™
WA TR BNV T CNNPs-5 1Y 28 6 5 B 1 K 224 86%. 1632 T 3K 1 60 min PN, 2 ) i i 2 A R 15
R . i a5 R R W, Ui B O i i 45 19 CNINPs 1Y 28 06 08 AR 7 a0 3t , w3 3 o i 2 S 1 e i
W 5E .

1000: a b —=—Without chlorine(/,) os
[ s 1250 —°— With chlorine(+) ggz \4\.;
5 800 . - *oh) Sosp T \
= = 1000 :
> 2 -
g 600 g
§ S 750
] L
S o0 =500
= [y
200 - ——— . . . 250
0 1 1 N T I T Y N T | olu L L1 1 L L1 1 1 1 L
0 10 20 30 40 50 60 3 45 6 7 8 910 1112 13 14
{/min pH

4 ORI[A NI E] (a) A pH(b) 254 CNNPs-5 X3 25 5 19 5¢ G0 1

Fig.4 Fluorescence response of CNNPs-5 to free chlorine under different reaction time (a) and pH (b) conditions

& 4b Bn T RAEBREE R, A pH {E X} CNNPs-5 5 6 i N A 5200 . 6 3% A 1S A BT,
CNNPs-5 150080 BEFE 4—10 19 pH i [l N LA R AR, (AR5 v (pH=3) sl 4 K1 (pH>10)
AT B0 B AR TR B WA TE RSO0, ZOGHE pH (878 Tk Y i 3555 JC i B S B0 AR AL, (H AR 1A
JE R i 5 G CNINPs-5 98 G R K AR E HUAE Bl ME A o b o o 2 3% . pH {E255% 1 HCI1O, C10 #1 Cl, 2
] f1 A S, 7F R 1 2 55 BV T (pH=3—9) 1, Ui 12 S 3222 R HCIO; 7E 5 Bl 1 V5 W (pH>9) H , JiE
BEEFELL ClO I AFERY. HCIO B A ALRE J1 HL Clo 58, PRI AR AL PT B2 U K ) F2 2R A 3
T SO SG, 2 A JrvA A T R S A AR

T PEAl CNNPs-5 0 7 Ui 25 S0 2 W B, 6T T AN X BR S 58 (pH=7.0) . Hb 3 56 o iy S
553 G N 100 pmol L 5 AE Wy FIEAEE %5 UIAH G 1 8 7, SCIR 45 R an &l 5a s, ZEA ClO 5L T
ARSI B S A R, T HA B A S e AT 2SN T AR D) — A TR, 4 CLO R B PR e
I SIS F A CNNPs-5 7K %5 I A SE 30 25 A0 15 Sb(Z 68 2% ), AU I T4 2 F B V8 TR R X BE 41 (
o 2%, B 5b). SLEG R B, HA AR B 7 X ClO A K 52 i v] L Z2 0. 33 9 4 X RS 36 6 B, BT o1 4% 1)
CNNP-5 X} ClO™HA7 i B e M
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Fig.5 The selective response (a), interference experiment (b), concentration response (c), and linerar
relation of CNNPs-5 towards CIO™

JLF DL L CNNPs-5 B9 220 K 4521, KA [R5 iy CLOTHRin 1] CNNPs-5 /K i, B ClOTik
JERBE TN, 50 BE RIS, B Sc B, 7F 0—80 pumol-L™' B35 FI N, 256 5 ClO Wk JE 2 [ 47
TE R ZEE O AR (R=0.9936) . [8] 5d /R S N5 Fpk 2 CIOTJ= CNNPs-5 1956 K Gk R4k 3 4%
Bt 22 MU (LOD=3Sd-s ) T4 I R (LOD) 2y 0.22 pmol-L™". 436 1 frR, Frakifs i LOD %A H]
HAZ G B 2P0 il B 5, mRs ) R AR 2 1. R HIZ 0 A 5 ik X C1O 88 1 HAT H (i e 4
R . ARFHER A B0 CNNPs-5 Xt C1O #2551 — K.

R 1 AFITERN ClORYPERE L

Table 1 Comparison of performance of detecting ClO™ by different methods

Ak A4 B Nanomaterials 2 MEVE Fl/(umol- L") Linear range KRR/ (umol-L™")LOD SV ikReferences

CNNP 0—80 0.22 AT A

Probe TIM 0—180 0.49 [23]
PBS/MeCN 0—5 1.30 [36]
CQDs 0—60 0.15 [37]
DEACB 020 0.74 [38]

POC 0—20 0.89 [39]

APBN 0—36 0.47 [40]
CLN-Cdots 3.24—-216 2.88 [41]

2.3 SEBRp H

H Sk KRR ST R AT M BAL BB LT, B AR RN B ClO 3 1, 8 ] Lk ik i e ir. &5
Rz 2 R, WA E R AL 2 0 B R KRR &b e 8 T 29 006 B2 43 531 1,12, 1.09 pmol L, #
b B RN 96.3%—107.5%, AXF bR 22 (RSD)/INT 3.70%(n=3), 22 W11% J7 12238 I T R AR K RE A
ARG
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T2 FORIKHE dh iy B A

Table 2 Determination of free chlorine in tap water samples

R IS/ (umol-L ™) JVE/(umol- L) FESE/(umol - L) [/ % AR 22/ %

Samples Added Total found Found Recovery RSD
0.1 1.21 96.3 3.40

1 0.5 1.62 1.12 100.6 3.10
1.0 2.10 97.6 1.61

0.1 1.20 107.5 2.70

2 0.5 1.61 1.09 103.4 3.70
1.0 2.06 96.8 2.05

3 458 (Conclusion)

ABIE G SL T — b 7 B AR ARl B 0 P, T v ) SO BE TR, R AT AR R R — SR AU
TEMR A 5 i 2 3R A5 56 BAL RN K A1 K (CNNPs) , FIr il #5 #9 CNNPs HAT Hh 4 1y 5O & 777 %
(15.1%) , fa] i Al b B AT B 128 1 I00 58 7 rp i o8 SRR B8 207 i fag 1 L DR | RO ELIABE ALy, Ik
S5 H @R IS R — 2, n] TR S Pk i o B T e S
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