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Corrosion inhibition and quantum chemistry studies of
K,L-SAMs for carbon steel in CO,-saturated oilfield water
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Abstract: The self-assembled monolayers (SAMs) were prepared on the surface of 20# carbon steel by using
2-[(4-sulfonic potassium phenyl imino) methylene] phenoxyacetic acid potassium salt (K,L) as corrosion inhibitor, and
the best self-assembled time of the SAMs on the surface of carbon steel was investigated by electrochemical methods.
The inhibition behavior of the K,L-SAMs with the carbon steel in CO,-saturated oilfield water was studied by
electrochemical test technology and surface analysis technique. The frontier orbitals, Mulliken charges and molecular
electrostatic potential of the corrosion inhibitor were analyzed by the density functional theory. The results show that the
corrosion inhibitor can form stable and compact corrosion SAM on the surface of carbon steel after 3 h immersion in the
aqueous solution of the corrosion inhibitor. The processes of cathodic reduction are restrained by the steady K,L-SAMs
on the surface of carbon steel, and the highest inhibition efficiency is 87.55%. The adsorption behavior of the K,L-SAMs
on the carbon steel surface follows the Langmuir adsorption isotherm, and the adsorption mechanism is typically
chemical adsorption. Quantum chemistry calculation results show that carboxyl is mainly active area of the adsorption of
K,L molecule, which can interact with Fe atoms on the carbon steel surface by the stable coordination bonds.

Key words: carbon steel; self-assembled monolayer; Schiff base; electrochemical test; inhibition mechanism; quantum
chemistry calculation
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Table 1 Chemical composition of 20# carbon steel (mass

fraction, %)

C Mn Si S P
0.17-0.24  0.35-0.65 0.17-0.37 <0.05 <0.04
Ni Cr Cu Fe
<0.25 <0.25 <0.25 Bal.

B FE K (LA™ 23S FR 70 g NaCl. 6 g
CaCl,» 4 gMgCl,. 0.58 g Na,SO, #1 0.48 ¢ NaHCOs,
HZE KR ERES 1L, BA CO, EHf, RS
A1 CO, B4 F 7K

1X#%: CHIS600D Y Hifh 2% T AEs: (AL RS R
RHEABR A E 24E57); JEOL. TSM-6380LV 3 Hi, 1 &
T (H AT F 4 77); XSAMS00 % L REE 1 43 HT
L7 AE T (DL E Kratos 24 7] E77).

1.2 BRENERAYFIACIRAD B B LR H&

Z [ GB10124—88 FISCHR[9], e diil (LA
HLAR) MK IR 6004, 1 000#. 1 S00#F 2 000#7K BE 4K
BB AR AR G B, AT H A S A o5 A OG- B
[0, BN P A s F 28 /KB A 10 min,
MTEK CREDh, FRZEAKISEE, A MR R
TAEM, TAEM R 20 mm X 12 mm, . ASciik
PRI R R A e e v B 2 T o B K P & AL SRR
SO ERE R T PR TSI SEEE S N PR
SZ bR MERF L B 0.5 mmol/L [ 2RI, 5 7
Ab BRAF I AN A N S R A e v, SR 2 2
LT I I R N B2 B I N s R W Q1 T2
%I KoL-SAMs.

1.3 BEmik

HAL 25 A AE CHIS60D Hifk 2 TAEuh FikAT, S
IR AR R, ARSI R A 1k
AR, AR A B AR, AN H IR A 2L
WK, s WA AR E S5 TR IR, ARk M 4 T
FIHEHE A 0.001 V/so ZEHBeR 51 A N =12, —
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Lo 12, X100 %o 30 10 h28 (R T bl 3 5
Lo A L AZE G IR (RIS ok LA o AC U BEL L B0
SE F TS Rl 100 kHz~0.01 Hz, 135 S8 E A 5 mV.,
BRI AR N =(Ra— RS VR4 X 100%, i
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Hgnf A 320 FLBEL o K AR BRI N T R 22 Tl 7 4 2
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T R A7 i ) 0 AR AR A — I T ), AR
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1.4 FHEBFREMENE

SEM 141 52 46 Fir HRE it e (R 0 B2 PR e 4 2k
Hl &, W KN 10 mm X 10 mm. AN HE 7%
% 1.2 AT, 4530 CF, K ARAZEAILE 0.5 mmol/L
(G2 h AT 412 3 h AR J9 38 A T
K 48 h J5E, WURSTOKOmYE. BT, Wi
JEOL.TSM—6380LV 14 H1 1 i Tl B WL 42 R I T 3
T B R 20 KV

1.5 X Gieet B FaEE NIk

A B S BB EEAE 0.5 mmol/L KoL 2%
AKEAT, 3h FBGHH R E LB TRt 24
ROEVE. BT, RER IR A 7E XSAMSB00
Z VRER M 7 B Rei A BT, BL AL K, o
WORIE(1 486.6 €V), X JGHETE 12 kV. 15 mA %&AF T
TAE, HrEEAE A 2X107 Pa, K] FAT J53t,
WA Cu 2p3n(932.67 eV). Ag 3ds»(368.30 eV)All
Au 4175(84.00 eV)FRFEREATAL I, MRS 5 BEFH TS Gumik
C 1s(284.8 eV)IZ I, iifE E,=50 eV,
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HA 2R, S R ) 53 FRIG SR T W BFF PR 2 59
ML RIS, B AR A RTBROK 2 BH e A P Fog el
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H AL BT 3. 14 244 6. 12 hifgdek, JF H#
ANFA AR PR FALREN R R 3 h AR AR
elf, BRIk H 87.55%, X R Ko L-SAMs X 4N
TEMIFT CO, IRk FH KA i AT B P il A
o BbAh, BA%E TS JH8 SAMSs BRI F 1R JE il g
AEARS T2 B R RS ik A 2 R AR B K 5 RS
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Fig. 2 Polarization curves of carbon steel with SAMs of

corrosion inhibitor K,L at different times
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Table 2 Electrochemical corrosion parameters of carbon steel
with SAMs of corrosion inhibitor K,L at 25 C for different

times
t/h ¢COH/V Icorr/l«l-A ba/mV bc/mV }7/‘%
0 —0.072 747.60 154.6 105.1 -

1 —0.771 99.98 105.0 165.8 86.63
3 —0.708 93.05 148.8 138.0 87.55

6 —0.850 115.00 143.9 173.4 84.63
12 —-0.703 145.30 149.9 184.5 80.57
24 —-0.785 110.41 136.3 188.7 85.23

2.2 REHE—mAI &N

# 3 P Eil N AL AN AR Rl A 0.5
mmol/L KoL 7K (1) Fi A —F (8] 2k o b 1] 3 w7 400,
75 F 41%¢ 45 min DLAT, AL SURI RS, 1X R
I FAE AR IE D W T B 78, Fd1%E 45
min J5 AV EEATR BIRE RS, BEIIBREN R T
SEAEI G 5y
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Fig. 3 Potential—time(¢—7) curve for carbon steel electrode
in assembling K,L-SAMs
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Wl 4 TR 23 U FLR FAE 0.5 mmol/L KoL 7K
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K,L-SAMs 224t 5155 1 RS AR

FHR S0 B s WA S s, AT IRk 2 240
W 3. Horfre R i TAEHUARAIZ: L OBl 2 1] R
HBH; CPE A AHAL A IC s Re IARALHIFH

M 3 A4 I BE R ARAEAN K, A i
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Fig. 4 Electrochemical impedance diagrams of carbon steel in
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oilfield water for carbon steel with K,L-SAMs and naked

carbon steel electrode at different temperatures
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Fig. 5 Equivalent circuit for metal—solution interface
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Table 3 Electrochemical corrosion parameters of carbon steel in oilfield water medium for carbon steel with K,L-SAMs and naked

carbon steel electrode at different temperatures

Compound Temperature/'C Ry/(Q-em®) R /(Q-cm?) CPE-T/(uF-cm %) CPE-P/(pF-cm ) /%
40 2.23 73.34 0.26 68.24 -
50 1.82 69.78 0.25 69.98 -
Blank 60 1.47 51.94 0.23 67.63 -
70 1.18 31.69 0.33 64.93 -
80 1.28 14.42 0.11 75.48 -
40 0.79 317.90 0.18 73.75 76.93
50 1.86 162.30 0.23 73.62 57.01
K,L 60 1.51 81.86 0.15 74.59 36.55
70 1.92 81.57 0.16 73.29 61.15
80 1.48 58.00 0.25 66.53 75.14

-Z"I(Q -cm?)

0 20 40 60 80
Z'(Q +cm?)
6 A1 TR 1 A B AT ARSI FH K AL
B ERAINAS
Fig. 6 Electrochemical impedance diagrams of carbon steel in

100 120 140

simulated oilfield water for carbon steel with raw material films

o4 RRANR N2 2R JEURE Sy BRIl R K AR A R BT
28
Table 4 Electrochemical impedance parameters of carbon

steel in oilfield water for carbon steel with raw material films

Rs/ R/ CPE-T/ CPE-P/
Compound ) ) o o %
(Q-cm’) (Qem”) (uF-em”) (pF-em )
Blank 1.30 106.60 0.50 62.12 -
LO 2.26 117.00 0.18 65.30 8.89
L1 3.03 131.10 0.16 70.50 18.69

25 XStk B FREIE ST

FIH X 2ot i1 fE 1% (XPS)IF 7T /84 2 T B
I b A2 AL, P 8 BT AN 7E KoL 22 ko)
JKEH A 3 h SRR TE XPS fEiE &, JT i XPS i
¥J 1 XPS Peak-Fit 4.1 {45155

7 RABAILURE T KLI-SAMSs BRAN A 7Eh IH7K A
H1JE 1k 48 h JE ) SEM {5

Fig. 7 SEM images of carbon steel without SAMs (a) and
with K,L-SAMs (b) after corrosion for 48 h in oilfield water

medium

8 HIRAN R I A C 1s XPS 3 HUBL T PN,
KIS T 284.814 eV Kb, 3X Bl 43 1+
1) C—C. C=C Rl C—H BT K10 IR
T-288.233 eV &b, XV LUHJE A SR CH,—O.
C=N 8 LRI C=0 F1 C—O #{ C J& 1. H4N
KM O 1s XPS #EHpAT 3 AN 25 1 AN AR m g
(R kAT LAY JE A OF(530.025 eV), 31X E L AN
THI AR 257 (Fe™ ) B 42 8 B ALl Fe, 051 ViU
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Fig. 8 XPS energy spectra of C 1s (a), O 1s
(b), N 1s (¢), S 2p (d) and Fe 2p (e) for
carbon steel after 3 h immersion period in

water with 0.5 mmol/L K,L

A2 R A AE B o SRR CE RN R TR N 1s XPS #5467 T
399.482 eV AL AR T C—N 8RN R
T (=N—4 P, AL S2p XPS il Ay T
162.200 V(S 2ps ) Ab [P I J& TR 2 S J5i T2 i)
U, BRANZRTH ) Fe 2p XPS i Al LI H 5 1 AN
WEA7T 710.850 eV(Fe 2psp)ik, XA HITERKEN & 1M
T (P /P B s ke e U . 25 2 A ik
724.020 eV(Fe 2p1) 4 Fe' b & s,

2.6 WMHITA
KT W KoL AR R IR W 474, T 30 °C
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NIE TN LE S A AN R KoL G2t
CO, JH K MR AL ik Bl SEihFml ik BER I, 2%
AR R, RO PR RN 2 1T 14 22 Tl ) 23 P
BEZ G065 B D2 T 23 5B EA 3 T T J 2 e S
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EEAE F A LGz bR, W] LA A LA < J e 1 7
#IE 0 SF TR no ¥ 6 73RN Langmuir,
Frumkin. Temkin F Freundluich WY 25350, 259k
L Langmuir W 45 20 SEER 25 RANG R GF. s
O LSBT GAIIRE ¢ Z IR )15 &/
Langmuir W Bt 55 6 X R o8 A 0/(1-0)=Ke, K A
Langmuir W ff-FH# 50 BL e '—c FROLE 9), &
W c0 ' —c BATRAFINEIE LR, LRI R N
0.999 55, FRIAGUUA(EIREN R LT Langmuir
WAL, MRS I RERT A, BN 22 7 1
RZ15YE 1.041 DR, 52590 1 =2

1.6

R=0.999 55
c67'=1.040 58¢+0.026 37
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Fig. 9 Fitting curve of corrosion data for carbon steel

electrode according to Langmuir thermodynamic kinetic model

HZPE T T c67'=1.040 58¢+0.026 37 K15 H 2k #k
PE 1/K g5 - H Kog=(1/55.5)exp[(—- AG® )/(RT)] X R
K BEIRSARTERL, T 3240 ) VA5 B0 B4y
WL Kaas N 3.792 X 10% L/mol, W B brifk 75 A bt B H fig
AG® Jj—36.70 ki/mol, JEEEAMIGULE, IR 7
Sy B BIRRAR T, I HLLAA 2 by 32100,
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[, kRt Sh i S EIT L E, R
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KoL 1 5 55 4 Ja R A0 U s I 1T o) <6 Jeg ke 38 9 A
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BTS2 A 2 — 20

W NS AN 71 HOMO i il
F—AM0FH LUMO HuEdiT s KR A S ES
JERU . KL 10 ATRLEH, 76 KoL Ji R85 111
HOMO K", KoL HLTEBESAMELN A LR R I
b, WL R, BEWIARAR SR IR B S
PEX IR 25 5 & s i S PuE b+, LUMO 1
TR ATAE—C=N—IEFNHIA L, Ui X 2L 1
(R BEAE R WISk, o B4 e S A BAE
P 2 L S (L F 7 )2 s A7
PP B R PRI X5, B Ay o 4252 1 Ay P A7 P Ay X3,
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Fig. 10 Frontier molecular orbital density distribution of K,L
molecule: (a) HOMO; (b) LUMO
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SRS P S N SV 7151 7 D@ VA o AR
Mulliken®" 7 23 4 75 B3LYP/6-31G* 7KV _EiH5E (A
K1), ME 1R RTELE R, 7F KL iR %
frs it sl i 2, P8Ik E1-0.625, ik fi o
AR AR EE AR . LR ER T P i
FEJE T B, 22Hh-0.583, —0.518 F1-0.489; %415
G JEAHIEIN, X LR AR ) SR ) s PR A
T P R 7 [ P e, DRI, T IR 3Rk G ok 1) 43
TG, TR L BT R 1A R 2 1 I
7 (1.186), TR B4 SR 1= AR K I 5 | i A AL
e RE g, Dk, KoL ZEihinl oy 1R FE sl
PR R X, X S AT o A AT A R

(-Qz)
% (0.292)
X )

ar %
g 2)
(8,195)
-G
« 5
b) b
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