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Abstract

To address the problems of high toxicity and poor biodegradability of traditional corrosion inhibitors,
nitrogen-doped carbon quantum dots (N-CDs) were prepared by hydrothermal method using chili
straw as carbon source and urea as nitrogen source in this paper. The corrosion inhibition perfor-
mance and mechanism of N-CDs on Q235 carbon steel in 0.5 M H2S04 solution were investigated. Char-
acterizations, including Fourier transform infrared spectroscopy, electrochemical measurements,
scanning electron microscopy and adsorption isotherm analysis, were adopted. The results show that
N-CDs are rich in active functional groups such as hydroxyl, carboxyl and C-N, which can spontaneously
form a monolayer adsorption film on the surface of carbon steel. The adsorption belongs to physical-
chemical mixed adsorption and conforms to the Langmuir adsorption isotherm model. The inhibitor
is a mixed-type inhibitor, and its inhibition efficiency increases with the increase in concentration.
The optimal concentration is 200 mg/L, with the inhibition efficiency reaching 97.2% at 298 K. The
increase in temperature weakens the adsorption stability and slightly reduces the inhibition effi-
ciency, but high-concentration N-CDs still maintain good protection at 308 K. SEM images reveal that
the carbon steel surface with inhibitor is smooth without obvious corrosion, while the blank sample
suffers from severe corrosion and peeling. The N-CDs prepared in this study are green, efficient and
low-cost, providing a new strategy for high-value utilization of agricultural waste and corrosion pro-
tection of carbon steel in acidic environments.
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Figure 1. Schematic diagram of the preparation of nitrogen-doped carbon quantum dot corrosion inhibitor
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Figure 2. FT-IR spectrum of nitrogen-doped carbon quantum dots
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Figure 3. Open circuit potential plots of carbon steel electrodes immersed in acidic medium without and with nitrogen-doped
carbon quantum dots at different temperatures: (a) 298 K; (b) 303 K; (c) 308 K
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Figure 4. Tafel polarization curves of carbon steel electrodes immersed in acidic medium without and with nitrogen-doped carbon
quantum dots at different temperatures: (a) 298 K; (b) 303 K; (c) 308 K
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Table 1. Polarization fitting parameters of N-CDs at different concentrations and temperatures

F 1. NEIRE TAREIKE N-CDs BIRUEIESH

T C E. beorr R, Be Pa 0
(K) (mg/L) (mV) (nA/cm?) (MPY) (mV/dec) (mV/dec) 1 (%)
0 —454.4 23922 1093.2 —156.0 154.6

25 —482.6 1882.2 860.2 -166.3 134.7 213
298 50 —473.5 1199.5 548.2 —157.8 96.8 49.9
100 —476.3 454.9 207.9 -126.3 72.1 81.0
200 —441.4 66.2 30.3 -131.5 37.7 97.2
0 —385.9 9162.2 4187.1 -179.8 178.0
25 —428.8 1786.5 816.4 —-154.6 1214 80.5
303 50 —450.8 1016.2 464.4 -137.0 89.3 88.9
100 —479.9 574.1 262.4 —-125.2 74.1 93.7
200 —442.0 203.2 92.9 -97.9 66.2 97.7
0 —398.2 9397.2 4294.5 -167.4 178.2
25 —402.7 8851.2 4044.9 -176.3 181.1 5.8
308 50 —418.0 1235.9 564.8 —-183.5 193.2 86.8
100 —452.5 527.2 240.9 -131.8 51.6 943
200 —427.9 375.8 171.7 -118.2 58.9 96.0
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Figure 5. Electrochemical impedance spectroscopy (EIS) plots of carbon steel electrodes immersed in acidic medium without
and with nitrogen-doped carbon quantum dots at different temperatures: (a) 298 K; (b) 303 K; (c) 308 K
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Table 2. EIS fitting data of nitrogen-doped carbon quantum dots at different concentrations and temperatures

2. FEIBE TARIRERIZRLE TR EIS BIAKIE

T G Rs Yocflf(’),ﬁ a R, C, L RL n

X) (mgL™h)  (Qcm?) (Qstcm?) (Qem?)  (uFem?) (Qem®)  (Qem?) (%)
Blank 1.999 1628 0.64 3.15 864.4 11 29.36

25 1.918 336.6 0.91 11.68 268.8 52.13 5197  73.0

298 50 2.044 260.3 0.92 16.53 203.9 128.6 1082 809

100 2.444 284.6 0.91 25.82 214.6 311.8 1586 878

200 2.224 149.9 0.88 181.8 73.7 1449 1456 983
Blank 1.91 1594 0.48 1.35 1148.8 1.576 10.56

25 1.983 3096 0.64 1.81 22223 1.184 6.927 250

303 50 2.784 553.7 0.89 18.98 384.8 11.51 76.86  92.9

100 1.765 359.3 0.87 27.1 219.4 123.5 1984 950

200 1.896 656.4 0.78 82.9 161.9 77.12 4652  98.1
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Blank 1.579 3761 0.32 1.41 1806.7 0.7844 7.103
25 1.902 1929 0.44 2.26 1434.5 1.705 8.14 37.6
308 50 1.878 1006 0.94 5.85 898.7 10.77 26.29 75.9
100 1.884 606.1 0.88 20.73 400.8 64.14 421.4 93.2
200 1.939 521.3 0.85 32.11 278.2 387.8 245.8 95.6
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Figure 6. Equivalent circuits used for fitting electrochemical impedance spectroscopy: (a) 0.5 M H.SOa solution; (b) 0.5 M
H2SOs4 solution containing 200 mg/L N-CDs
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Figure 7. Thermodynamic adsorption isotherm of nitrogen-doped carbon quantum dots on the surface of Q235 carbon steel
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Figure 8. Surfaces of Q235 carbon steel under different experimental conditions
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AT BB IRBEET 15 (d) (o)« (DARAINGR, NALEIXEE, WTULE M dingzihim i se i
R R, 298 K I AUOR B IR N T80 TE W B 8 Rz, 303 K I UH BRI AR U v, n
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TRIRA5E M, 308 K I B (R AT B i EJC K ARGk 5 2R3, Ui N-CDs I £E i SN R T 1
JIIE SEBUER W PRI, A RSBELRR JE PA  55  Aefih, J 5 S JE i S s TS I i 0 ) 2%
X AR AL PR P R P T v S AR RN R, 298 KB HR BT S 24 S T o S5 RS S e ), 303 KRR JRLAR X
PSS W ECE R 55, 308 KON B HIU™ BT FARRIVE 5 2R i, SR e e iR

I AT, e A TR i, BT v B e R g o, FL e 2 o) AL DR 22 e P2 T v e B — 5 e

B EREmS AT T F, (HAE 308 K MIRESRRHLE Z G, Fem bR ke T U2 Q235 BRANEIRIES
A Sp e BT B B T pa i N TR G S K ARV 72 N ()l e o

4. &5ig

AT TC CLBAABAREAT N BRIR « PR 2RI, SR K I & BB 8Bk T mU(N-CDs), 52 1E I Q235
BRAALE 0.5 M HoSOu ¥ T HH Y R (G2 k), LR & 5 & SRR BE ML, e i I B 0E S H 2
BRGNS BEIREE T B IR T, 200 me/L NERALIREZ, 298 K IHZIKEE
R R e, AT I AR B SR T T R W B S, BELWT S oo o 5 S AR SR v AT AP T, A
I 11 40 T 0 ST AW 5 88 15 B AR S B o R P 2 B 35 S M L R P R e, iR 9 R B AR E I . PRz i
M, A N-CDs 3{RA — & MR IE M. 298 K B N-CDs 7ERN L 1R FHFF & Langmuir 5
SRR, W RE IR, HONERIEAT RE - SR AR . SEM TSRS BOWIESE , N-CDs
A R e N AE R TR P B B, R B A A, AR T AR M PR SR e A AR $i2 f
THrERAE.

=
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