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ABSTRACT: To explore the corrosion inhibition performance of bis-imidazoline (PMA) and 2-mercaptoethanol (MAT) in a
CO,/0, environment, infrared spectroscopy, weight loss method, electrochemical measurement technology (impedance
spectroscopy and polarization curve) and scanning electron microscope were used to evaluate the inhibition behavior of PMA
and MAT on the corrosion of carbon steel. Through quantum chemical calculations and molecular dynamics simulation, the
active sites of PMA and MAT are analyzed. The results show that the maximum corrosion inhibition rate is 66.47% when PMA
is 100 mg/L in a CO,/O, environment. As the concentration of MAT increases, the corrosion rate decreases, and the corrosion
inhibition efficiency increases. MAT with a concentration of 40 mg/L shows the best corrosion inhibition rate (70.38%), and the
electrochemical results are consistent with the weight loss results. Electrochemical tests show that PMA is a mixed corrosion
inhibitor, after the addition of MAT, the corrosion inhibition efficiency increases. In the presence of the combined PMA and MAT
inhibitor, the corrosion of carbon steel is mainly controlled by the charge transfer process. From the SEM image, corrosion is
obviously suppressed after adding PMA and MAT inhibitor. Combined with quantum chemical calculations and molecular
dynamics simulation, the active sites of PMA are on the imidazoline rings, while the active sites of MAT are mainly on the
sulfur atoms. The corrosion inhibition mechanism is due to that protective film first formed on the surface of the carbon steel,
however, the protective film may have defects. After adding MAT, its smaller molecular size can fill the defects in the film, and
the active site S atoms are adsorbed on the metal surface to make the film more compact and thus increasing the inhibition
efficiency. Due to its strong adsorption capacity and hydrophobic properties, PMA has a good corrosion inhibition effect in CO,/O,
environment, and has a good synergistic effect with 2-mercaptoethanol, which can more effectively inhibit the corrosion process.
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Tab.1 Chemical composition 45# steel
wt%

C Si Mn S Cr Ni Cu P Fe
0.19 0.25 0.52 0.015 0.25 0.30 0.25 0.005 Bal.

®2 EUMMERKKS
Tab.2 Components of simulated formation water
g/L

NaCl CaCl, MgCl, Na,S04 NaHCO;

20.57 1.34 0.31 0.04 1.11
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WATIRAL R, VB 6~8 ho B SERUE , BR
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Fig.1 The molecular structure of PMA and MAT
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COy/0, Yt , Al FH A FA M I SR B 4 A W h
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WA, BN 1 em®, 7ESZKET, F 400, 800,
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AR PRSI , 3363 em ! 4b —OH I LA J% 2875 cm™!
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Fig.2 FT-IR spectrum of PMA and MAT

22 RERRE

PMA KH5 MAT &5 )2 245 5 W&
30 & 3 AN, 25 AL TE R = 3K 1.194 mm/a,
XRHTCEMAN N, FEFEZ TmENE MR, A
PMA J&, BRAIAIZZMZBE PMA ¥R B A3 7,
4 PMA [ R 100 mg/L I, 208 Ky 66.47%.
¥ 100 mg/L PMA 5R[EHKEE 1) MAT #4761, &
BRRE MAT ¥R BE RN, JE ol R R LN, 78 MAT
SR BE g 40 mg/L i, SR RIA A B 70.62%.
RELEREY, PMA BEIEA BANH CO./0, 1, 5
MAT A K47/ RVE -

m  Blank
500 e 25mglL
A 50 mﬁ
¢ 75m
400 100 mg/L
,E Fitting
5300 [
e
N 200
100
0 / 1 1 1 L
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Z'N(Q - cm?)
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x3 KEXBHER

Tab.3 The results of weight loss measurements

Corrosion inhibitor ~ ¢/(mg-L™")  v/(mm-a™) n/%

Blank 0 1.194
25 0.477 60.03
50 0.441 63.07

PMA
75 0.413 65.39
100 0.400 66.47
10 0.379 68.26
20 0.366 69.34
100 mg/L PMA+MAT

40 0.350 70.62
60 0.353 70.38

2.3 TimMLESER

TE 7 COL/O, BYFEI B 2 /K FR I PMA K H & T
SRR A T BB IS 25 S UL 30 ATJE, SZ i RE
SNt tOEAE T S NER Y iy N LB R R €Sy e
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&1 4 Sy Ak 28 i BE AT 3 1) A5 3500 B L IR [
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CPE F AN I 3 4 S TEHEE R, WLE
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Fig.3 Nyquist diagrams of 45# steel in simulated formation aqueous solution with different concentrations of corrosion inhibitor
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Fig.4 Equivalent circuit (a) for the blank group and (b) for the group with inhibitor
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Tab.4 The fitting results of EIS

Corrosion inhibitor ¢/(mg-L™") R/(Q-cm?) Yo/(x10*Q " em2s™) n; RJ(Q-cm?) Yo/(x10*Q " -em2s™) ny

R/(Q-cm?) 5p/%

Blank 7.21 6.02 0.82  108.30
25 7.84 0.02 090 7.98 2.30 0.63 339.6 63.10
PMA 50 7.55 0.03 1.00  9.72 3.56 0.63 498.6 74.87
75 6.41 0.28 0.90 12.74 2.81 0.71 5084 7535
100 7.83 0.07 0.93  6.91 1.58 0.74 5202  75.91
10 8.31 0.02 1.00  14.49 2.33 0.65 590.5 78.78
100 mg/L 20 6.75 0.08 097 6.62 2.56 0.75 6054  79.30
PMA+MAT 40 6.71 0.63 0.79 18.66 1.61 0.78  763.7 83.59
60 6.70 0.85 0.78 15.76 1.60 0.78 7442  83.16

Ji , e ReELRT R fERIAHEA, IHICHZE AR L — PMA
5 o X U] PMA TERRAN 2 I i— 2 PR3P R , MAT
1T/ oA KT BE A A R e i n) O B B0, AA
HAFR DR o SR TIE LA 1 B R R S
RE LRI EEANTT

HL, -0.76 V(vs. SCE), JIAH— PMA J5, HAL[H
EN S, A 100 mg/L PMA 1) H & 7 K
~0.699 V(vs. SCE)o AU INZZ b 351 (1) J&§ okt vl 375 585 By
1.231 mm/a, fIIA PMA J&, JEihe s g/, fn
A 100 mg/L PMA A3 F % %2 0.297 mm/a, B

B PMA AT LA CO»/O, JE 1l . {HJZ, 25 LA 1Y B
WAz O, W9 Wt B 4A ], M ERLE ) PMA ) 0 A
ST ) BB B I o ot 2 A2 T % b 391 9k B P 38, 2%
MRS ETE, A 40 mg/L MAT B}, A3 K%
R Sk 85.60%, AkLEiE R, ZRihAR %A I W

2.4 MRALHZ

R ity 7 5 2 et 0] A R 3 S22 K P A A A i £
5 F7R o R IETEIRIMBETE X WA M 2t A7 104
GERIA 5. 4R IR 5 ISR 5 IR, A AL FE b

-03 -02
—— Blank ——100 mg/L PMA+10 mg/L MAT
_04 —25mgLPMA ~0.3 | —— 100 mg/L PMA+20 mg/L MAT
“[ —— 50 mg/L PMA ——100 mg/L PMA+40 mg/L MAT
—— 75 mg/L PMA Y/ —0.4 | — 100 mg/L PMA+60 mg/L MAT
051 100 mg/L PMA
2 ; Z 05}
@ -0.6F @
@ & 06}
g -0.7} g
> >
g = 0.7t
08} ozl
09T ) -09}
_1 .0 1 1 1 1 1 _l .0 1 1 1 1
-8 —6 —4 ) 0 -8 -6 —4 -2 0
1g[J/(A - cm™?)] 1g[J/(A - cm™?)]
a PMA b PMA+MAT

Bl 5 AS#ITE S [V B G2 T R) A AR A0, L 27K v A A A il 2
Fig.5 Polarization curves of 45# steel in simulated formation water with different concentrations of corrosion inhibitor (a) PMA
and (b) PMA+MAT
*5 PMAMEBEMFIMLMEUEESR

Tab.5 Parameters obtained from Tafel extrapolation methods

Corrosion inhibitor ¢/(mg-L™") b,/(mV-decade™) b/(mV-decade™) J/(A-em?)  Ey/V Corrosion rate/(mm-a') 5p/%
Blank 123.7 363.1 104.92 —-0.760 1.231

25 85.3 478.5 39.99 —0.655 0.469 61.88

PMA 50 82.7 3323 28.63 —0.666 0.336 72.72

75 77.9 345.6 25.55 —0.644 0.300 75.65

100 73.5 318.5 25.35 -0.699 0.297 75.84

10 56.7 301.2 15.81 -0.617 0.185 84.93

100 mg/L 20 56.3 210.7 16.09 —0.645 0.189 84.66

PMA+MAT 40 39.1 291.7 15.11 -0.619 0.177 85.60

60 38.9 290.9 15.21 -0.637 0.178 85.51
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R S 1) P o 2 3

2.5 FREEHESNT

454 PR TH AR IADE S A0 1 6 s o Bl 6a Ak
TN BRI FE T AE COL/0, JEM T AR T E 5T,
HRMEHIAZAL, JE =Y HE ph s Bk s £,
KT Bl R R AE TR 7 CO, ik

b 100 mg/L PMA

S FeCOs 5729, (HAE O, fFTEMITEOL T, &4&
i Fe O3 S8 Bk . 5y T4 1 B b ™=, 2R 1H1 1 )65
= IR AR, CIUEE I Ay i ) 55 2 T 42 ik
g itk — 2R s HOAE 6d nTLIE H, R ngih
KU IR BE H A PMA M 5 e 2 R S, I
= SRR Z M2 E AN E% . FR, InA K BLgE i
e, 2R 1 AR A JE IR, FE ph SRR 2K
JE b L B B S) S i ) o AR T TR Bk
B, MAZEEMAG, MR, 53k
EEE%, W PMA 5 MAT 8BS 2% sk R A
I, REAEINH] COLO, JE T,

Surface

Cross-sectional

C

Cl

Fe
e 0

¢ 100 mg/L PMA+40 mg/L MAT

Bl 6 BRAY 2 T A AT 5
Fig.6 Surface and cross-sectional morphology of carbon steel: (a) blank group; (b) 100 mg/L PMA; (c) 100 mg/L PMA+40 mg/L MAT

26 EFULFITE
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Optimized structure of PMA

Optimized structure of MAT

I ATRBE A, WK 7. BT RTZUE MIS
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Kl 7 PMA 1 MAT TR TE 53 A
Fig.7 frontier molecular orbit distribution of PMA and MAT
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Tab.6 Quantum chemistry calculation parameters

Molecular Enomo/eV Erumo/eV AE/eV Total energy/(kJ ~mol'l)
PMA -5.725 0.548 6.273 605.261
MAT —6.747 0.117 6.864 662.230

ME 7 WA S, PMA BIRTLETE 32550 A 78 bRk
WkER [, 3 H HOMO 5 LUMO 23 %] G4 —m), F-%
JE I 7ET HOMO 5 HOMO-1. LUMO 5 LUMO+1
R R HE, A RE RS AHIE, I HOMO-1 |
LUMO+1 BB W43 A 78 55—, 35680 PMA Ay 3= 220
BEFASE A5 AE S R IR R BR | T 45 B /K 3 A G S Bk
MAT #J HOMO #ii8 E 2 7E S i+ L, Uil MAT
2 3 1 P O BT A5 S DRI B 4 SR T T
B Enowmo (EEE S, 25 HLT-RE JI#kR , Epgwmo (EERAK,
SRS FRYBE SR, NILAE #/, HArFH)
SZERETE . PMA Fil MAT IIAE 73518 6.273 eV
F1 6.864 eV, ULEH I EH A RAF R PERE, H PMA
B L PRPEDL T MAT, 38 16 P67 o5 0% bR 7 4 g 3 im
T RS AR A, BH Lk JE ek i e A

2.7 SFHNFEEU

& 8 Jy PMA ZEili)H PMA 5 MAT & it 54> 1
RIS o DB 8 PRI, WK s bk % ok 751) 88 3 DK na
IR R TE 4 T e T, B S 4 Jm R 2 — E A B
B, IR, iInA MAT J&, PMA 4> FIEA A
AAE T MAT 43 FU g e @R, 4568 7

@0000°0°0°000 00000 °0°

TR BRI FERE,, B— PMA 28 (5] A 42 Fid 22 1ok
I B % B RE 43511 M—189 keal/mol F1 - 205 keal/mol,
FE B G2 iR i W B BE R T B — PMA 20l
W o 750 2% ok 5510 A 7 4 S % T T S o A6, n S
Z PG R =2 B HLAT P [RIVE AT, D0 AT LA 9% b ) A B
B0 o A LR R R AT LABHLAS 45 R R S 8 A
i, 2 b B ) T LA g % o R R R A A ) B
Wy B 4 @ R m P, Rk, 28 i s B KN g
S PR RIERE, TR FFV R RAEZE i i i
2 gl

FFV= Vfree

free TV occupy

K s Vivee 27 J8 TP F50RE BE 0% 38 2 1Y) FL B 4
T Viocoupy 2715 JE TP 00U TG 12538 2 B FLBR R A . FFV
EBE /DN, 8 i URE ] LA ) FLIRTER 2D, R i Rl
WERGT o ASHIF 5T £ E0KE HCOS A1 O, 4 i fiuks 8
fhZEMmF A FFV, HCO;#1 O, fYJ Van der Waals
(Vdw) 24243514 0.1835 nm Al 0.0152 nm!**2),
He 7 Al BEE R PR3, B B IARRE B
N, BEJESEMFIEER) FEV {EHE /N, 1L 22 07
JEEEE 3%

x100% (6)

a PMA

b PMA+MAT

K8 PMA 5 MAT 4> 8h J1 240
Fig.8 Molecular dynamics simulation of PMA and MAT

xRT FHFRMEEFZEMFR FFV EER
Tab.7 The results of adsorption energy and
FFV value of the inhibitor film

Adsorption FEV/%
System -1 -
energy/(kcal-mol™") 0, HCO;
PMA ~189 412 4.5
PMA+MAT 205 39.0 3.4
2.8 HIESH

1E CO,/0, it e, CO, T A2 A HyCOs

H'. CO; %W, %&RINH:

COx(g) 7 COxag) (N
CO2(agTH200) > H2CO03ag) ®)
H;CO03(9) > HCO3aH (ag) ©)
HCO3 2y H' (20+CO3 (aq) (10)
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