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AL A Bh BRI R — s A 45 T BRIUAREREE (700, 750, 800, 850 °C) HUBEMMEMAT 2%, FFILT X eepebt ity 1
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A EEYIRILBRESF U, DL HLPO, b2 AiE AR LA RIS S LA P 3R, BGEAEY s PRE5 Y
HL A AR . WSS B, 28 H PO, etEa A nasi s AT & P BREH, Hais T T
(PO™) HIMBNEE ST o SR, HREISCT HPO, S scfb/a AL P LA Po> iy A% RS P BB 2 v A HH
. J3—Ji1f, H,PO, FALIHE AR BEBEF AT THE S g A o & 5 . AL S k2R Hof B 55
M, fEmAbAET, HPO, TEAEYII P 351 A B sy A LBREE = %6 B P B RESS A A SCEE b IR
MRS A — R R TAL B 7, BB | NSRRI, RERSSCIERiR G . AR, s R
HR, BT, TR AT B S B ARG BB RIS — D i A BOR T DA S T v B i
RERTFIZZALBRAEE Y IR A A AN ) A, SEINTRIREE S E Y R e 8 428 Po™ I HL Ak~
FEMAERE

Mt AWFFELIARFT AR, H PO, AR s (e Bl HyPO, 1Gfb—2E Akl a8 4= ) e s
FEAL AL, BRI T A RAGEEE T & PR BEAD BRI REFIBLE] o SE XA Y e A A A )
SEA RN AR IPERE A, BRRAIRITRAGIREE X HE A 25 AL B H,PO, IRk A I R ZEFRAAE . L
TR, FLBREE . & P EREHIZSRsEm, JEiE— DAt G B I ERE R sE R AL . 2OKAA B T
B 2 LB H,PO, 12— Al hil & AR AL RN, ok G PR A AL A A5 TR FH
PEULEE S AR RIS R A D R RN EE Ak 2 A B STk A A o S A i 1 B R
ik
1 #R5ERE
1.1 R FIRALEE

FRFFSRIE T3 ; Wk (H,PO,) . SLEN (KCI) ¥h40Hrat; BN (K [Fe(CN) ], =99.5%) ; LR
(CH,COOH, =99.5%) .

FEAL AR LR ALY (3H-2000PM2, -3 BRAR]) 5 Ak TR (CHIG60E,
RS BRA T 5 EHEMASELTIMN Y (Scientific Nicolet iS5, FEEFEER KRHEAT) 3 X St
HLT-AEISY (Scientific K-Alpha, JEEZEER KRHEAF]) 45,

1.2 #RFPRMRIASIE

WG AR B oK U e kil 100 B, FREX 10 g %f#T 35.28 g H,PO, % 200 g /K
H, A ZE 4R 20 min, PRIEFRIAIRE . B 2 h FEFEFES 1R, & 12h )5, 1F 150 C BFEH TR
24 h, HAEHE 100 mL-min™' N, H1L4 5 °C-min™" FHEZERAIREE (700, 750, 800, 850 °C) {4 2 h, ¥
HPAGM R, LB TRE MG EZEIERE P B TE 4 MR AR 5Bl 6r 4 4 CS700, CS750.,
CS800 F1 CS850.,

1.3 &I RREEARATHIS

TRALPRIE, K EAR 3 mm BRI (GCE) RUHIRIARE 1.0, 0.3 F1 0.05 um 1) ALO, FCKITERE K
i A TBE . AR YRR, R FHIOK CBEM 2B FoK B A T 2~3 min, KACHUS
A FE AR AE B PECR 5.0 mmol- L™ K,[Fe(CN),] A1 1 mol-L™' KCUFWh, sl fEMMR 2 (CV; FIXTE N
—0.1~0.6 V; N 50 mV-s™'; i 8 ) M THILSAARN, EHEREE 2 WIEHRAZ 222 65~70 mV, H
Wats, fEfEEH.

Hil# 1 GCE I, FREX 50 mg ¥yKad 200 Hfi, # A 2 mL Jo/K LBEAT 0.5 mL 0.5% 1Y Nafion K
A 20 min JEIRASY— . RUEREOR . BRI 2.5 uL A5 EOR I A1 R T A48 19 GCE &
W, HRETEALE 40 C T4 P EAL 15 min, 5% 4 &1 GCE: CS700/GCE. CS750/GCE.,
CS800/GCE #1 CS850/GCE.,

1.4 PHRMERERIE

FHEREBATERE S AE 77.3 K N N, IRFHBERN i ; d#id BET. BJH A1 HK BHSTHE AN
FERIAR (Spep) « LR (V) « TELIAER (V) FIPEEIFLES (D) 5 7EAIXSE ST (p/py) 9 0.95 I, 8
FUARFR (V) 5 FVE B IHARELT AN EE MY (FTIR) A1 X SHEGH TREIEY (XPS) /M s b RE2 1 B fE
PR
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1.5 EFELR

FELRTH TR . A2z s R 4 R FE B RHB A GCE 4y = R & F, LA 5.0 mmol-L™
K;[Fe(CN),] A1 0.1 mol-L™" KCIIRAWRAE MM, it CV FEHXE-0.1~0.6 Vi HHRECH 6 K5
HH R 0.1 v-s™") FEEfb2ABHPTRE (BIS; #I4h . S58CFEER 1.4, 0 V; HBAIEER 4 mV; HRIEH 50 mV;
Jik$EHR 0.016 7 s) #F THLALAER .
1.6 {&IRERARINEE

PEH] 0.2 moL-L™" (4 2 -1t M2 B (HAC-NaAC) 1y Fo Al v, T A W] ¥k B2 6 B2 1) PO* I TR (1~
1000 ug- L") 5 RAIBHIMIA 2200 Bkip iRk 24k (ASDPV) it HFRMHTIHEA TR, RV H e i i SR AS e
PIA L, RS RRREIIIR ;. Y 25 ug L' PO IR T ASDPV R, SiEfZRasnEE T, HEl
LR S Ve Y 7 e

2 HR5TH

2.1 IEFERAIRIED N, IRBRMIZRAE

K10 4 FPRRFF SRR N, Wb 25 260 DFT 4 4LIK. HIE 1(a) BT, 16 p/p,<0.01 BEIE
X, WRBARLR 2R T, R ARALY, Hodh CS800 Sl & . 24 p/p,>0.3 I, WRABHEEE T
T H4 RS, SERfAAErPS L. PRI 2 0B H PO, 1A B THAR M i AL or ity . k2
XF H & B CS800 HLAT F v 1 L i AR (1 338.57 m2g ) AIALIATH (049 mL-g™) , H V. 5 HEik
(51.60%) (5 1) , XARTHAPAG G R e i BT s 1A R A S B AR AT i Rt e 4 21

10y Lo

2]

(=3

(=}
1

—1~CS700 —— CS700
700 - —@—CS750 —@— CS750
—/\—CS800 0.8 —/—CS800
_ 600 - ——CS850 —w— CS850
o 500 - £ASC T 0.6 19
5 500 . o
- IR
§ 300 = A
2004 0.2 & X
100 0 "
04 06 08 1.0 12 0 4 8 12 16 20
AEXFEF1(plp,) L% mm
(a) N, WUBE FH45 R £k (b) DFT4:1L

El1 CS700. CS750. CS800 1 CS850 &Y N, WRAHIZFRrhZAN DFT £7L.957h
Fig. 1 N, adsorption-desorption isotherms and DFT total pore distribution of CS700, CS750, CS800 and CS850
AN, 4 TR R EEFLEE (D) 0T 2.85~4.32 nm ZJA] (B 1(b)) , %5 N, ISR/ Al —
o Hrh LR ALEAL T 3.04~4.09 nm,  TTZE LA # T A AE R S idFL (<0.7 nm) FIRR AL
(>0.7 nm) , HAFFLAR53504 0.44 nm A1 0.98 nm, 55—, D M 700 °C %] 800 °C AW FFE, Xnlfigfe
H,PO, TEm il PP R G R uIREL, SEULAEEZED . IR EEYRZL A2 850 °C i D fidgm, w]

R RFRMBEFLIEAHE

Table 1 Pore size characteristics of cotton stalk carbon materials

BRPRE WY (m* g BALABY (mL-gh)  PAABY (mLg)  MALARY (mL-gh)  BALALRAABY % T3 /am

CS700 1153.74 1.25 1.22 0.42 33.60 4.32
CS750 1238.36 1.02 0.97 0.45 44.10 3.31
CS800 1338.57 0.95 0.88 0.49 51.60 2.85

CS850 909.09 0.75 0.71 0.33 44.00 3.30
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REFH T AL R A MRS P IR TR, s rhof L A AL
2.2 FRFEMEE FTIR 24

BRI AR, HPO, B AL AW e R B B2 AL . /] 2 R 4 R FF AR
FTIR [&i¥. 7EWREHETERY 3 434 cm™' AR O-H EHAHHHRS), 0 H,PO, IH LB LY hR AT
TERFEFIY BRI SRR DY 76 1 634 em ™' ZEXFR R HEE C=0 F[H 8 C=C FSFHFIRGEM N IRS, KWL
H,PO, HUHE G s B2 1 5 S R TR A p 4
s, ZERKZY 1587 A1 1 070 em ™' Ab A SEAE 4 AT
HEF C-0-C. C-O MR hZEHRsI Al P-O JLA
FIRARIRZNI . £E 1 171 em™ A ATRIKIE R C-O
(C-0-C) ZEHA Ry fgrtiRah!" 5 P=0 FEHI Ry
PRzl U8, TAE 983 em bR IE FERIE T C-
O-P FLHAI i RN, XK P IR FAEAY ik
B FEES C M O R Tags. SHER
BEAREE, B AL IR E A 800 C HF, 7E 1 070,
1171 om™" AbWE S B g 358, B2 e AL B
T P-O 1 P=0 FFIC B AE 4, BE L
J+2 850 C Bf, C=0. P==0 Fl P-O Ft A&
PEGHIEE . XL G R R b iR
HREAR M, LRSSz 4%
2.3 FRFRARIEY XPS 54

FIF XPS Y FREREXT A= Wk R CR ARSI ST T, WK 3(a) s, 4 btk
f£ Cls, Ols Fl P2p W%, UiBAZE HLPO, Bfb)5, P IuHE Mg uslmttklh, B sefbiETHE 2 800 C
BF, Cls Eris (83.01%) (£ 2) , WXL Ols . XRMEETE C-O Wi, lE L84
#, AT PEFHAEm TR, 1E P2p M HEEIE LG T C-O-P ( (134.0£0.3) eV) . C-P-O
((133.1£0.3) eV) Fl C;-P-O ((132.2+0.3) V) P93 M (5] 3(b)) o YmALIREETE 800 °C B C,-P-O KM

PE/em™
2 CS700. CS750. CS800 #1 CS850 A FTIR RhZk[E]
Fig.2 FTIR curves of CS700, CS750, CS800 and CS850

Cls

ols CS700 C-O-P_ CS700
; 63.31% ~~~ C-P-O
2 29.72%
C,-P-0
P2p W //6.97%
Gls ols CS750 PO Cs750
.~ 28.63%
C,-P-0
-7 11.45%
P2p i T — — —
915 CS800
Ols
P2p ML\,\/\—
Cls CS850 C-0-P _ CS850
Ols 5491% ~~
P2p PJ*I/\;\\/\—
0 200 400 600 800 1000 1200 1400 138 136 134 132 130 128
ghA eV 4hiatie/eV
(a) XPSHliE (b) P2ps3i Al

B3 CS700. CS750. CS800 F1 CS850 #Y XPS El&Fn P2p SEHIAE
Fig. 3 XPS spectra and P2p spectrum of CS700, CS750, CS800 and CS850



559 1A

RWIGES - i 2 A D AR IR 51— 20 e AL ] 8 I ME AT ASL I 1

3083

e (29.00%) (£ 2) , KULZEE A BT3RS
WL C,-P-0 454, #iJx C-O-P il C-P-O FEHA]

=2 (CS700. CS750. CS800 F1 CS850 RYFRME ETFLLA!

Table 2  Surface atomic ratio of CS700, CS750,

o RIS, SXTTRE AR R L AN 4 CS800 and CS830 ”
s EREL gl JR Y Fr s, B8 SCHkP IER C- Fi EF CS700 CS750 CS800 CS850
P # e C-O-P 77 C-O #1 P-O e etk s, 18 Cls 70.14 65.28 83.01 72.00
i N T R E B C,-P B, 1R C-O- Ols 2331 27.32 13.39 22.41
P il C-P-O Z:HA7E 800 °C #44k°ky C,-P-O FHA P2p 6.55 7.40 3.60 5.59
WA IR LRSS 55 850 °C 1, Cy-P-O BEMI 3 ikl pep C-0-P 63.31 59.92 46.10 54.91
i, XATReR m A AR S EOZFE A T i cp-0 0.2 2863 2490 243
N TG Tk PSRRI LR, PO 697 1145 2900 20386

RATRDT T RAFF L RL & P LA A0 i AL A
WE 4 Fos, HPO, BB ASIEIARFFAEDITIBIK . IME . 45 A5 R P AW g e i v >, Bk
M5, C-O-Pfl C-P-O KM [n] C,-P-O FEF WAL n] 4 AN &S, 18 1. MiE RILIRE EAE
800 °C, C-O-P %5fy If¥)-OH FLF 528 FiY H 580K 7, MEERGEIES C-P-0, H | P-O 4t
WL CO KUK, BZHE7E N C,-P-0, &4% 2. C-P-O 25K -OH KeF S48 FiY H 4588k
3T, EHE C,-P-O FEMHEAS IR T E 850 °C I, MR C,-P-O JEH KL, P tERRSY C-O-
P [, JERL T Co-P-O 1 C-O-P FEH R E A4

- H
Qg, L \ .
! Ndf
O YT }
_ﬂ)_(‘) CO-PO(OH), , !
0 P{zo )
| i
(CO),-PO ]
JHICL |5

(C0),-PO(OH)
C-O-PGHIMEL)

C-P-OGH¥EL)

0 e o

0 OP”
T R,
O on H(éO)C-PO(Qﬁ) M

Jo(] Clon
*CORR cporomy, TP O
oSNl s Vou

w2

700 C

(C0),C-PO

N

\
(CO)C,-PH20H C,-PO(OH)

C-P-OSHIED)

4 DWHEREFREERE
Fig. 4 Evolution route of functional groups containing phosphorus

2.4 WFPRMEEIBR L ERERIE

5 %F 4 FAT BT T HASETEPERAE DTN, 4nET 5(a) BT/R,CS800 HAT figsik YU HL YT
(148.7 pA) , Bil] CS800 HLAL AIETERRAF . AP, IR 5 AL A IE P LT AR EAR DS, Sl X b
4 PPy E AL AR LT AR, S50 B CS800 FE Ak iim T LT AR K (20.71) (K 5(a)) , #E—2AIESE
BRI R S . 7ESBLAY EIS b, Sl AR N AL TR (R, . TERAIX.
HERPRXTR. Warburg BHHT (Z,) o W1E S(b)EIS fizs, CS800 ¥Ry iR HAtH N (R=106) , UiHIH T
JO7 ST L i d A A AR, CS800 XS RIRPREHIL T 1, RUIH Z fvly, AU 19 HoH
i, XGRS AR TP LR
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rea ratio: —a—CS700
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06 % i
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=0.2 0 0.2 0.4 0.6 0 2000 4000 6000 8000 10000
Potential/V Z'/Q
(a) CVEAE (b) EISTIZ

5 CS700. CS750. CS800 F1 CS850 {9 CV BhZLFN EIS Btk
Fig. 5 CV curves and EIS curves of CS700,CS750,CS800 and CS850

2.5 SRETEREAEIIA T o cs0
4 PR FT MR B S RE ) 3 B S R T 70 —e—Cs750 530
SEEREFIMMETA X BIA P YIRASLAT LA 60 o conn £
BebPRFETIE, SRR, RIRHE TSI AE <50 ;
BRI, SRt BRRRIA R, % w0
A B BITFE R G B T P A RS S e 0 2R S,
SIEE T EERE T . HPO, 1EN P BIEAIE
EIDNREALH, 1 800 °C T C,-P-O 3I 5478 i S
THUBERTIR BTG, R EARE e et == S aaalip)
THEZHEEAL . B 6/l ASDPV B T I YA

4 FRRFFR AR Po* A2 LI e, 45 IR A
B 4 FRARFT R AG Vi e b G B IR A Tt i . P
CS800 H i i fe ot (38.11 pA) , XUt E

Bl 6 CS700. CS750. CS800. CS850 1 GCE 7t
500 pg-L™' Pb*, pH A 3.6 i HAC-NaAC
R ASDPV UKLk

3 _P- H 27 L - 2+ 1k 2 A Gk
) C;-P-0 %%ﬁTﬁﬂ“ﬁﬁ LCRIEICE Siva Fig. 6 ASDPYV test curves of CS700, CS750, CS800, CS850
I T P R LR R . T CS850 Y Cs-P- and GCE in 500 pg-L "' Pb* HAC-NaAC buffer
O FEFHRD, X AR A F A R i AR 1 5 solution with pH 3.6

WL, CS800/GCE HAHAEM Po> i fb AfLikRE. NI, #EFf CS800/GCE 1ENGLH b AL, i
A PE R RSIAL IR
2.6 (EREERZMTEE SR

L CS800/GCE M5 x4, FIH ASDPVIFAFIRERAE (1~1 000 pg-L ") 1) P> P4 T2, 0
Kl 7(a), BEF PO> UFEAGEIE , AIIGIEE ORI . XANRIYE P> i (I B I (L T4l R BR
P> R S F I E AT B 2GR . 2 POY IRV 1~100 pg- L7 B, HAUAZM 1R y=0.028
31x+1.293 36 (v MUWEHLIE pA, x A PO HIE pg L), R2 K 0.970 51; 4 Po> ¥k J& 5 8 100~1 000
ng LI, HAUSLME TN 1y=0.009 95x+2.663 80 (v MIEHLHL nA, x 4 PO*IKIFE ng- L"), R* N 0.983 75
(K1 7(b)) o ULHH CS800/GCEX} Pb* HAA R R IFE il . tbhh, FHHLSKMFRARZE 1.38 pg L™ (S/N=3) ,
T EZARE A BB ) PO FAPEHIBRIE 0.01 mg L, etk B A0S CIRH/KK Bbrife ) 27 5L
R T 5
2.7 (EREESMEEM BN REM TN

J T HAIE CS800/GCE (AL ERE, YTHERME . EIME . BEt: Ayr ek ik, R
—SCH R R 25 g L7 A PORVAMR, HFFTIESE 6 Yk ASDPV ML, 45H R IN 6 YRS WA L 7 AR AR R i
2% (RSD) 4 3.8% (4] 8(a)) , KUMLIRARTHLNERL; U, RIS 6 #2 CS800/GCE #4T ASDPV Il
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140,
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3300
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s 2 . \
EX 50 2 gol |
2 % =30 S 80 ‘1‘
= = 9o
@ 60 g o0 11 . y=0.009 95x+2.663 80
2—|
40 ol R*=0.983 75
I :y=0.028 31x+1.293 36
208 20K R=0.970 51
" " " " " 0 " 1 " 1 " 1 " 1 " 1 " 1
“12 . . . . . 0 200 400 600 800 1000 1200
W (pg L)
(a) ZeAEAar i £k (b) WL L AEFL A 2k

7 CS800/GCE M ANELREHEEM P> 8% « pH A 4 MIELMEAMIhE: SIS RIERII AR
Fig. 7 The linear detection curves of CS800/GCE with pH 4 in Pb*'solution with different concentration gradients and the
fitting curves of peak current value

12345

Current/pA
Current/pA

10 . . . . . .
-2 -10 -08 -06 —04 02 0
Potential/V Potential/V
(a) RPN (b) FIPEM K

-1.0 -08 -06 -04 02 0

8 [El—3X CS800/GCE ¥HREH 25 pg-L™' B Pb*AKEI ASDPV X phz 554 CS800/GCE XHKREH 25 pg L™ 4
Pb*" &%) ASDPV X Bhzk
Fig. 8 The ASDPV test curves of the same CS800/GCE for Pb*'solution with a concentration of 25 pg-L™" and the ASDPV test
curves of multiple CS800/GCE for Pb**solution with a concentration of 25 ug-L™'

iR, R RIERTE RSD 4 5.7% (B 8(b)) , RINLEBSFEA L RAEIMME; RelF— it E TR
17 14 d, EBRLERTGREMIGEHTE RSD R 7.3%, RUTZAGEG A RIARGEE. Lok, dReRBuzimkEK
BEEHAIA 100 5 HEATRE TP 7 Nat, K. Mg®". CI', NO,, CS800/GCE ill4h i /R, Pb*igH
I AL, B CS800/GCE HA i T4t FiRICIRE R CS800/GCE ML AT
X} Po> BREIAN AT EA A B TV 7

3 #ig

1) LR 2 BB IR — A Al As T A S EE R L RS . R R IR &
C,-P-O IGYEN ARFF el . Hirp, CS800 HRmiA ik 1338.57 m> g ', flfLELHBi[HEE 50% . C,-P-O 3
A s 29.00% .

2) FH# CS700, CS750 F1 CS850, CS800 A Fiem A FEAL2ATH AR FHALHH (R, , HLFAZ
B, X Pb? EAERE SR, ATHNTHEEE K C-P-O FEHA B G A s AL A A LBREEHE

3) il #& 1) CS800 LR r Al RAFUE Ry . et Mt T-Hetns, EHX Po* Kol Z M7 H 98 (1~100 pg L™
F1100~1 000 ug L") , ZRHEAHCREL R? 34>0.97, KUFRIRE 1.38 pg' Lo
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Preparation of highly active lead detection sensor through ultrasound-assisted
phosphoric acid impregnation and one-step carbonization

SONG Mingnan, SHEN Yifeng, LI Kunquan”

College of Engineering, Nanjing Agricultural University, Nanjing 210031, China
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Abstract  The development of biochar electrodes with high activity and low cost is essential for the
construction of high-performance lead detection sensors. A series of phosphorus-modified cotton stalk carbons
at different temperatures (700, 750, 800, 850 ©°C) were prepared through ultrasonic cavitation-assisted
phosphoric acid impregnation and one-step carbonization method using cotton stalk biomass as raw material,
and a lead detection sensor was constructed based on these carbon materials. Using N, absorption-desorption,
Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, cyclic voltammetry, electrochemical
impedance spectroscopy and anode stripping differential pulse voltammetry and other modern characterization
and testing techniques, the structure-activity relationship between pore size distribution, chemical structure, high
active phosphorus functional groups and electrochemical sensing properties of cotton stalk carbon electrodes at
different temperatures was investigated. The results showed that cotton stalk carbon (CS800) prepared at 800°C
possessed higher specific surface area (1 338.57 m*-g"'), more abundant micropore/mesopore structure as well as
C;-P-O groups. The combination of these unique advantages gived the CS800 electrode a higher electrochemical
activity, the lowest electron transfer resistance (R,), and a stronger Pb*‘accommodation capability. At
Pb*"concentrations of 1~100 ug-L™" and 100~1 000 pg-L™', the peak current of CS800 appeared a good linear
relationship with Pb*‘concentration. The linear correlation coefficients R* were all up to 0.97, and the detection
limit sensitivity was as low as 1.38 pg-L™". Furthermore, excellent repeatability, reproducibility, consistency and
anti-interference performance were shown, which indicated that the prepared cotton stalk carbon electrode had
great application potential for Pb*"detection. The results of this research not only shed light on the preparation
and performance optimization of biochar electrodes, but also offer technical support for the monitoring and
analysis of heavy metals.

Keywords cotton stalk carbon material; ultrasonic cavitation; phosphoric acid impregnation; pyrolytic
carbonization; lead detection sensor
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