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Corrosion Inhibition Performance of amino acids Corrosion Inhibition

Investigated by Theoretical Methods

You Long (Physics)
Directed by Associate Prof. Zhang Jun

Abstract

Corrosion prevention is of great importance for industrial application of materials.
Among numerous corrosion prevention measures, corrosion inhibitor, bearing advantages of
economy, high-efficiency, and wide-applicability, has been applied in various fields, such as
petroleum extraction and refining, iron and steel, electric power, and construction, etc. In
recent years, with the recognition of environmental protection, development of new effective
and environmental friendly corrosion inhibitors has drawn more attention. Amino acid
compounds are highly biodegradable, low cost and large scale source, and thus raise much
concern. In this paper, the inhibition mechanism of systeine, valine and alanine amino acids
was investigated by combination of weight loss measurement, quantum chemical method and
molecular dynamics simulation method for carbon steel in hydrochloric acid. The
experimental results showed that the inhibition efficiency of these three compounds followed
the order of cysteine>valine>alanine. The quantum chemical method demonstrated that the
highest occupied molecular orbital (HOMO) was mainly located on the amino group, while
the lowest unoccupied molecular orbital (LUMO) was distributed on the carboxyl group.
These orbital distributions indicated that amino acids would adsorb onto metal surface stably
through forming coordinate bonds and feed-back bonds. Molecular dynamics simulation
showed that three compounds indeed adsorbed on the metal surface, and the monolayer
formed on the metal surface could inhibit the diffusion of corrosive species from liquid phase
to metal surface, which followed the order of cysteine>valine>alanine. Based above study, the
corrosion inhibitor theory for hydrochloric acid corrosion could be complemented, and the
validity and operability could be confirmed to investigate inhibition mechanism by
combination of experimental method and molecular modeling method.

Key words: Amino acid, corrosion inhibitor, weight loss, quantum chemical method,

molecular dynamics simulation
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A G- 5

V, =—= (3-1)

p——FTBCHI R 5, gf em’s

W —— P e i S R i 2 B %
AR AN (3-2) 5.

Vi =N -p=Vo - py) py (3-2)
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MK, om’y

e Vo
P —— i FAKIHRE, g/ em’s
32.6 BEBRSBERREREMARNE SR

(D Wrbrid: s =R E Ol G, BER g R fLE, If
MR g, JFRRH UG FrEid s TR,

(2) ME LA PG B ORISR RIS 2 Il 41

(3) ARYEARE T J7 HKAR F R MR F20em’, LA HII RGBS N 2% 4%,
W BN A ORI KA, T AU I FA IR, A0 s 25 38 Hh PR R i 2 o o U 5 Wi
JEJEIHA o

W ¥l imd:, 4, 2RI A G2 R £ P 04T TR
H, PRUEE T R T S IR, A0SR SN AR I TA]

(5) RV ETE R, )W IR R, S R B I AR R4l sk . IS
Wl S RIHK e, PR ERIRIYE: SURIRLEL, [R50 e T3 g4t b
e NI To/K Qg Frvkide, TR IS 15 I8 4R F.

(6) WA FRaL: JE T N T-H20min /5 FR e, R§#1220.0001g.

3.2.7 BUMEMITE

a R A (3-3) T

V, = — (3-3)
A - At
Arfe Vi—— B R, g/(m?h);
At—— NI TE], s
Am,—— R R, g
A ——R R, mm?,
b W R MR IE AN (3-4) iHE:
A =(L-a+a-b+b-L)-2 (3-4)

A L—lAF K, mm;
a—iﬁﬁﬁ’ mm;
b )l/it)él‘ %y mmo.

c PR IERZ A (3-5) T

14
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vV, +V,

V= (3-5)
2
A T RRAUEATRET A IR, g/ b,
Vo VA Bk AL 2 B S R, g/(m? h).

FE[R]— S50 AT N, NAEPIUCFAT S0, TS SN S P i e =S
R (10 J55 Dl R N, AN INZR kA o
d GemdeRtz 3 (3-6) 15
I1=V0__V><100 (3-6)
Vo

P p—ZMEE, %;
V, — RN B PR %, g/(m? h);
V — A B TR R i, g/(m? h)s
33 KWAE

(1) SR, H BT IKFI36%~38% [ £h R TIL IS %o I AR IRV, F BT LY
A3 NS IR ERD AR B, AN IR PRI bt 7)o DA S o 0 ol U 5% T 2 kPR ) S AR VAR

(2) P& AR &, TEmAEREE N SURBUR A, T2
PRIl WAL R X S ik ) (R 22 b v BB 1 R

(3) FiC il 55 5% ER BRI P& AR AT Y (K NaOH¥E W, I T IE SR 2 ), S22 e,
A R T 182 o) 2 Tl 39 1) 2 e P R 1) 5

(4) FEEEEAT, HEE TKMB6%~38%1 T BRI 10% 1) Hh BV, 7 FThd
VBT A3 T IS TR 2 1) = b G2 7R G ) o AN P e e A R Tl R R e AR R

(5) 3472, 3SR . PARIFE10%I1 SRRV, TR AR e 22 b v
RE )50 o

(6) fEEMMAMET, H 23 FKRA136%~38%1 ER MR HC i 15% [ SRR, 7EV I

BN B =R IR, 5 LA ESURAT LR, BIRIR IRV BN s SRR 2% 1h
TR S Pk BE 5 o
(7) LR UL EPATEE R, I HrhBa D s S Pk BE IR 50

15
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3.4 FR51%i8

3.4.1 RN A 5%H B RS
3.4.1.1 Gl BT =P R iR S vl 1 BE 11 52

fEEW (25°C) T, Bo-tfy 400ml i 5050k 5% IR, 43l N 0.1mol/L,
0.01mol/L ] L-¥ &%, 0.1mol/L, 0.01mol/L [ L-#i%#, 0.1mol/L, 0.01mol/L f{]
L-INZR . S B 25 4% BENAEIRKA, IR HER L) A3 A0 EE N ROV 888, FFaR
i, 24 ANIEECHIR R . B BRI R PR i R TR WXL, TR
20min, HUHFRE, FIH 3.2.6 T AR EE:

31 FRTEURIARRE FRZmBE

Table3-1 The inhibition efficient in different concentration

SRR L- ez iR L-451 %8 1R L-N &R
W E C/mol/L 0.1 0.01 0.1 0.01 0.1 0.01

SR 1B /% 90.76 8447  58.05 16.90  23.77 7.55

SIS AR, AR ST DUE AN I il R R AN B R AR A, B
SRR P (R 15 n 7= A R SRR KB D o T LR INN [R]85 P (R G2 bR B i L= bk 2
PR TR P AN e = 2R s b, I L-30a R IRz, In L-INER IR I %

M 3-1 PRTLAE , T LI RO B, L-9z ik, L-
W25 2o JFH, 0.1mol/L (1) L-F- Bt 2l A IR I 22 s % =ik 90.76%. 1 HLFE 2%
TR RE (G0, S SR A N5 . DS A A R B TR S I, S AR 1 2 T (B R
DI85, WA ok 4 e 2 1T 2 b ) T A B T B R TR, B SR 2 AR
E7 =3Il NT (TR SRS e 7

AL, FEIX SRR R AR e LR, KN 0.0mol/L. T
0.lmol/L A1 0.01mol/L Iz HAZE AR K, A 5L 5 — 1 SEE Ik HIW
0.01mol/L.
3.4.1.2 PSRN L2 e 2l R 22 il R 22 1l 1k e 110 5% i

FETE KA H 23 A E SRR FE R 5%, SR EEh 0.01mol/L, #FEHR 25°C, 45°C
F155°C [P JBEhSEgs, IFIAIA 12he &5 3R 3-2,

SRR ORI BRI T SR, (HJEAE 45°C. 55°C BHN A B K<
A, IF Hus s e A i T B skt

16



AR (A Al 247 18 5L

WA 3-2 TTLARI IR 1, 2RISR MR i, AR I ERRRUR LI A 1 T, 28
PR B R T R Mo SETTLATT I, BRIV ARUIR 5 P B S T
S, LR LA H 9 L0 LR R R A . IR, SRR 2.«

%32 0.0LmolL i) LK BERF IR T2k 5 i

Table3-2 inhibition efficient and corrosion speed of systeine in different temperature

T/°C IE/%  VNene/10%g/(mm*h)  V,4a/10°g/(mm®.h)
25 84.47 6.92205 1.0747
45 62.43 31.8360 11.9613
55 51.31 40.1643 19.5571

KIE R L2 2l MR AE A3 HA THI TR PR 2 — MBS R, T s, B s id i
SRR E AR ARG . I BT, T N R [, 7 s RO =K AT
TEF, AL RAKAR . S b L (0 R bR, U BH S R 7e e 44 1 I bt i il 1k
%
3.4.1.3 =T, FRIRENT L Mol e 25 ) g2 vh I BE 1) 5

fEE (25°C) K, BCiil 2 4 400ml HIBEIE 5 5% £h % IR B AH X M) NaOH #
o M 0.01mol/L ¥ L-2F- W 2d BRI Z2 7], INFal A 24h. &5 R4 F & 3-3,

£33 AAMRBET, L-EREROEHBE

Table3-3 Inhibition efficient of cysteine in different temperature

JES A 5%HCI NaOH
1E/% 84.47 30.79

M 3-3 AT LR, ERRPESME T, L-2 b2 R 22 bl 1 22 il 2 SR 2 0 S 1) LA
BRMESE R L. T LR 7 N, S A6 L7, 1 HAN e R P3R5 rp 2 i
A LA, AKREEE G, EOER S THRANR K1, WM RN, H ok
FEUTRIAN R, TR el LLEAT o MAEmPES T, R IGRITEAN 3R T 1 W bt e 0 22,
G
3.42 JETHITEA 10%B0 B R

3.4.2.1 FIRT, SERFA X = b ol A e 22 b P e PR s )
fEE (25°C) T, Bi-tAn 400ml FiiE 72808 10%1 SR RE I, 43 imA 0.2mol/L,
0.1mol/L, 0.01mol/L, 0.001mol/L ] L-¥Bta MR 22 5); 0.2mol/L, 0.1mol/L, 0.01mol/L,

17
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0.001mol/L [ L-8i 5 MR 221157 0.2mol/L, 0.1mol/L, 0.01mol/L, 0.001mol/L ] L-/A%4
FROZ A B [ N AR BN KW, FENGERS LF I A3 B FE NIRRT, TFURTE
i, 24 /NSRBI BRIAE R PR i VR TR WXL, 5T
20min, HUHFRE, SRS, AR L5 BRI 3.2.6 T A TS5 R
N 3-4, MRPEER 3-4 BEE S R T AR B EOW EDE A 3-2 PR .

SEIG R, AR AT DU B AN INZZ il R0 R v AN B A KR AR, T
HE 5% sh BRI [REHE 2 o B2 IR A FEE PR 398 I ™ A PR AR skl o i HLAE
N TRV SR B SRR, I L e 2R vl b A b= 2R =t b, I L4
MR, I L-NE R IR % . ARG B AS B T B4k . i HAEM RIE S
BRRERR, AmEmAmEL, HUoRm L-IWsRK, i L-40siRm, mnL-
Ve 2 R 1) A 2>

R34 FR T ARG MFIEE T K =R S ) 0 5 ko

Table3-4 Inhibition efficient of 3 amino acids in different concentration

T I Y JE/C/mol/L TN TE %

0.2 79.39
0.1 88.36

L_\/ /= A
R 0.01 79.19
0.001 2538
0.2 50.42
0.1 52.47

LG5
IR 0.01 35.14
0.001 16.36
0.2 16.00
0.1 22.80

L-INZ R
A 2R 001 21.23
0.001 -6.67

M 32 el AE H, AHFEREE T L- D2 R RO B, L-4 IR IX L, L-
W25 7. JFH, 0.1mol/L 1) L-F b A 4N S e B IX 2 T L-F bt
M5 1 H 5 S, NUEATHIAIN H 7 1] DL Fe 23 I3 M 1 2 THITC 5400 1 W B 810 i 2 1
SRS R BE A P R B, PR L= DR SR IR 2 il R L L AR A P R e o BB Tl R 5 11
s, SRR IR . DA B AR E IR N, SR < A 1 1 B e ) B
NI AE A 6 ok <5 B 2 101 9 ok 700 ol A RS 402 kR M6 PR 78 i TG n, - 4 2 e B 3 A 0 22 )2
JBE, - AT A L G2 AL 4 v o
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BIEAIRY (R B

QD—- == Cystainy .

| == ygline -.__.__.__,__-l-—""- -'_‘—u-___‘_‘_‘-_
20 ] L

Alanine

Inhibition efficiency
& 2
o\

a0
20

10 1% 70 25 20 26 40
Coancentration af the inhibitormaliL

Bl 3-2 =P EEMRG M K52 ph A % B HL IR B R4k ih 42

Fig3-2 The relationship between inhibition efficient of 3 amino acids and concentration

(L it 2 ok ) <o 2 78 =i 2 ) 1 T VB B SR ) PR 1 P 1A Rl R 2 Do ) e
A2, NGIARN R, BIAEAE Ope 24 0<Ow I, 5222 IR B AR 32 22 PR 35t <3 Jes 3 i
RISV 20 00w I, SN SR 4k R PR 14 3 2 DA 22 A2 B - 1) A AR AR
PRIUCAFERRAEIN S, A BE 0.1mol/L et e 55— J71HI, HH T2 BERR 42 b 77 ok 2 TH s
PEA, AEDRAIR IS CMC Ul AR EE) VU, A ARIAER], #id CMC 1
P83 T FSME P 1o 552 o e 2 W R (130 4 2 BN S R RE 7 TR T (R dEiP
RO P B R/ A S A AR ORI, i AN S R LR B e Bt A I R KT
[FRV

FEAEERATL, 0.001mol/L ) L-NZ MR MIZE AR A S, B L-A 2N
TN RS R

100

a0 4

20

Inhibition efficiency/%

70 1 )

T T T T T T T
25 an ki 40 45 a0 55 1] Gid

Temperaturei®c

Bl 3-3  L-FREEmRE K52 th3s % iR B 324k i 2

Fig3-3 The relationship between inhibition efficient of cysteine and temperature
AL, R SRR A AR SR L2 R, SR 0.1mol/L. fELLR
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Ry S KA E R BT ER S
3.4.2.2 B RO L~ Dz B 27 kR 22 1l R B ) 5

FETE KA B R BRI T 0 08 10%, 2RISR 0.1mol/L (1) L-2F- 2l iR
ZERhF, WSS 25°C, 35°C, 45°C, 55°C, 65°C (A A hscs, J6 st ia] k 12hs,
SEIG T AFAN P 8 kR S SR I R 3R 345

SER R R R I AR N T A, (AR A B KRN E, I B
JEMITE i, AR AIEORZ , WRIRI B AR R Ok Z , Wl AR g T Sak

% 3-5 7E0.1mol/L Ky L-ERERTEA FEE N HEmMmAE

Table3-5 Inhibition efficient of 0.1mol/L cysteine in different temperature

T/°C 1E/% Vione/10°%g/mm*h  V,44/10 °g/mm*h
25 88.36 18.6704 2.1736
35 85.17 22.9413 3.4032
45 80.27 48.2022 9.5111
55 72.24 86.0070 23.8741
65 68.75 132.0505 44.1938

] =m=HMane
120 4 _-_E'E,I"Steil'l'!,l'
—. 100
= ]
'/

Temperatu rei

B 3-4  L-FREa RS il i ke R B R 2 A i 2
Fig3-4 The relationship between corrosion speed of cysteine and temperature
MIEL 3-4 W DRI O, FERT RS2 bRk e, AR ERIRIR L I 464 1, 22
TR BRI T iy B R AER 3-4 el LUE Y, BRGNS R S5
RISE AN MG N, AR U, ol R AR 248, IR T i 21 40°C I, T
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TR (R AR A N, A R LA T S0 EE AR N 22 Tt R R AR A 18 9 2% T 2 )R] R 8K
HV 2 SR AE PR . (HE R, 2RI IR . IE P L-2F PR R AE A3 4N
A AR B — NSRRI o W AN, R o e A< e A T IR By ks
I HAREET v, 3 s AR o

I, el SRR KAAAE N AEAE S KAl . SEBCR IR EE I R B, 13 ]
G ST R VRIS R B S, (HAEBURN — i B B N A € NPT AE T .
3423 FLT, ETRRBLERT L- Db 2 R 97 i 28 bl v RE 1) S i)

FEER (25°C) 1, LAl 2 43 400ml (U555 55 10% 14 &k 1 (¥ 1 S5 AR B2 NaOH ¥
o A 0.1mol/L ) L—F-Weed BRI vl I IR) 4 24h. SRV 45 R U1K 3-6:

®3-6 ARBRBET, L-EMERMEMmME
Table3-6 Inhibition efficient of systeine in different solutions

JE5 A 5 10%HCl NaOH
1E/% 88.36 30.17

M 3-6 AT DATG th, FERRPEAPE T Lo WS s o 122 o L 2 1) e
PP Ao BT LR DRERA T N, S HOO T, 10 FLAN7ERRIE R 8 21
WIERAT, KA, RS T HNR AL T, W,  HOL
SEE BT, TR o DA AT
343 EEREMT, 15%HEEX = MEhTE ML I

£37 T 0.1mol/L ()= A HAIZES F AT T KBk

Table3-7 Inhibition efficient of 3 amino acids at 0.1mol/L in different HCI concentration

521 rl| gt ERIR R U Y% SR/ %
5 90.76
L-- 2 g 10 88.36
15 83.04
5 58.05
L-Z 2 R 10 52.47
15 33.26
5 23.77
L- N2 % 10 22.80
15 15.73
R T, Behl 4 43 400ml B 15% ) TR, 433 n N 0.1mol/L ] L-2f- Bt 2 1% ,
L-42 M, L-IWZM: WDy 24h. 45RE86 0 PR 3-7.
SEECEEW G, SRR B E A AR T, R AN R AR B T gk, Ingg b
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RI=ANBEAR R, N L= JDE 2 1 (0 e ik

M 3-5 il DU Bl SRR IR 2 IR, = Pl SR R G T 1) 2 P SR A
FEPR/N o L2 WU R G P AR 9N EE B/ s AR ) BRI JEE T, = Fh 2 SE IR bl
L- B IR I SR e K, L4 IR e 8RR, L-IN IR ISR el

100

1 .—___‘______—_—
o 4 | "= Cuwsteiny !
= —=— aline
= Alanine
o ]
=
i
o B0 +
L\_..: H
Q *
- ]
o
=R
E | q
20
T

5 ' 10 ' 15
concentration of HC /%
Bl 3-5 = BRI A E kR R bl EE R R 7 B 2R
Fig3-5 The relationship between inhibition efficient of 3 amino acids and HCI concentration
HI T B $h R B R, VP IR R OR, 2R RR 42 1l g2 AR 2
TEANIN RIS —J2 /372, 2 HOWRBERERRS, FERP )2 I B R Ty sk, SN
RHEALN H W2, Rk, S2mbkaeRC. X =Mammt, L2t
MR G, UM EPURTE LERLLY,  AE— € IR VE Ve Bl N AR R B 22 P e
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FIE 5 RELHE AT LEE T 57 22 th 1% 8 8O 22 M BY 4 F R L
41 5l35

R A AN 58 PR P 8 ) % Tl R 8 b P 3 B AT R s IR KT SR, IE S 2 2 ) ) 5 R0 U
NIRRT e 22 ) o 7 ot BT B2 . IRZAERT, 3 AJFIRM T 2k
MR 52, JF Hazsh g RARH A, (HSsb M e LRSI, H ATl seae Jy v A
R T EREAFAEVE 2 R RFIAN AL , I AN BE 48 7= PSSR B2 1 22 Th 1 5% i PR U S L
H,

THERMEEAR CEFETH NV ARD R IR, REAE T UAE (R K
S, R R T LS BRI T VEAN B4 S R Bk A R B A T
(¥ HOMO, LUMO, charge, Fukui %524, HIHELEH0RRFNIA 53 11K SN A%
Yo R DFT TR R, DFT ke R Uk O 2 Hss T Y2k
WATUEI R, DFT J735 Al LU0 181734 22 Tk 70 R PR AR A, 32 17 W0 01 1) S B
TV, B AT Bl S e e

A E R B AE VB 0 180 ) B T, ORISR R E X 3 e FH s IR
CEPEZIR, @R ZEIR) SrhtEREmsEm R . 2R & 7k, it
H3 M EIERI AR (ITPUBREES) MR MNIGTES % (Fukui $850, i1l
TR BONEIE N s SR MR S NVE PR TS S, 1 o BRI X 42 TR 43 S5 R PR s i
e Ja it Ry 78 1IN T, WIEGTGER5) 15 Fe SR PR R 2 ) 2 7
VSR eSS HE o SR AT SR AT SN LBLITL R 45 R, A S SR MR 02 T A ) SR LB
42 1T EHT
421 EFUFEITE

ARFEFFAMS 4,05/ (FDmol BT %346 4 TR, FATTH TDFT )y
s AR E TN T GGA/PBEM VAN 3P LI 4 AT A M A . XUEE 34
DNP/KV- L, A 25 R T ARG, % It o e i 2 it R 43 i) A ol REAT R B, W8
K BEE Fine. RTS8 F A RARAL, TSRS LT AR, FEvh 545 B i
P, RILBAT R, T A S AR X ok T AR (K 2 1, 13 30 K $d
ATHCEL, B Jm R 2 It 70 73 RS 1k
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VYT IR X 7 Tl R 2 il R 1) 5%

422 DFRNHFEER

SHFAN R, BATRAFe e 38 R 1 Aoy, Feff St b —3442940Fe, 7K
73 Flamino acids 7347450 FTAS, THERAL K/ 42.06nm X 2.06nm X 4.17nm. T
BIFUA I B BIE T aFelit o BATRIA “Hamst” Ji¥p, XBRET N E TMS 4.054F
XA TR A TR R R RR R AL, AR, AR R
LW 4y F 5 ) S B R MS B [f) Discover U H SE 1. TR R I T=298K,,
Andersen " ME L P A R IO . ERDHLF 2RI, IXEEH T IVIARIS FPRES v
Victe B AT T O A (T S 1 |8 g VA < (ol N e S RV - AP RA 3 A R Th e
BT RE. VUL R AN PES AR HAE FI SR Charge Group /73AP it 48, R=1.2nm, #7iE
B ANy TR AR F e L2 3 V38 B8 FEE A 5 5 AT R IE o B b i [0 Kb 1,
B[R] 4 Ins,  41000stepic sk— AR R HULAE B JrATHE 3 7EPentium IVIFHAL
E5E R

43 FR5118

431 REEMREFHLFITE

(a) (b) (c)

B 4-1 3 FEER N BE HHPIEHOMO)M 0.02 a.uFEHEEE:
(@)FMER; (b)FEK; CONER

N B A IR 3P S IR 22 W) o TR BIE (M 2 e, RSOV T e A > THOE
fEE (Bhnomo) FIERARA HH T HHUIERRE (ELumo)s EnomoBHBK, FRIK AN
HLF IR SRRSO BE LT BE T B s Bromo BB/, R IR AESEAZ IR M I,
TR T RE I o EEsR . dsiR . e IRZE T 70T B Enomo VT 45 R 73
5l h-5.3684 eV -5.4360 eV. -5.4813 eV, UL VIR IR T RE ) ok, WEIRIK
2, WRRKZ; WA, ELomoB 55 4: -1.3630eV. -1.2572eV. -1.1741 eV, £
PR MR IR IEZ BT RIS - BEBRAER ARSI e & 55 fe
A ERE R 2, T ARAE S T K R NP P Enomo B ELumo MU AT LATH 545
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PR AR 2RI AR EE 72 R 4.0054 eV, 4.1788 eV, 4.3072 eV,
FCHU S S, DRIy 1 (R 4 R S I R TR AR, < 3 T TS B 2 W R £
TE PEIR I AL 22, S PE e Rl B AIC.

(a) (b) (0
& 4-2 3 MEERNBRRZHE(LUMO)N 0.02 auFHEMER: (ERER; OFRR; R
%
Fig4-2 LUMO isosurfaces with a value of 0.02 a.u. for three amino acids molecules:(a) Cysteine;
(b) Valine; (c) Alanine

G Ja) I N EAAAE ZE R I B T 3 P 1 (0 S AR RO A AN R O TR
ANIWTFEGR LB, A28 1 fift 731 (1R B N 1 B0 2 PR 0 W R (IR B P Jd
T R IR PEIRSY o« Fukui R0 FR B 407 IR i BRI S5 7 s 0B, Fukui B3
f(r)sE SN

N (4-1)

BT B2 40D, FukuiR f (1) 227 4
t7(F)=a (N+1)-a (N) (42
f(r)=a (N)-q (N-1) (4.3)

FAZSEHL R NV AR B AT TR, ZIRECR R0 T & R 15 /45 W TR I ik
59, HEUEBOK, /45 FRe g, K4-10 HEARHE
R 41 FEBREHFIES R FIH Fukui F83

Table4-1 Fukui index for some atom of three amino acids molecular

2 h ) Atom f f
L ci3) 0.011 0.216
N(@4) 0.123 0.043
0(5) 0.085 0.213
0(6) 0.029 0.132
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VYT IR X 7 Tl R 2 il R 1) 5%

S(11) 0.459 0.091
C@3) 0.011 0.236
N@) 0.380 0.045
LA = A
AR 0(5) 0.085 0.231
0(6) 0.029 0.133
c@3) 0.000 0.230
o N(@4) 0.347 0.040
=R
0(5) 0.060 0.240
0(6) 0.020 0.140

ML T T LA, PEUERR I LA R 2 U N(4) 57 R e 2 R 1) s 5
S(IDET F, SADET Lk FaEk 0.459, 3 Fior7 N@)JRF L CHRE 70 0.123,
0.380. 0.347. Pt SO T b FHREEEA =7 7k, HE S T5h,
NPT €M B TR )T, %0 T RAPIAN RN EAL, HOLes H7 A8 ik
S RN 2 IR AT 1A SO N E AL B N(4) 7, Sl IR 4t Fe 8 ) B T 2 IR i ot
fHUER KA R T E TN RIE O(5)s O6) S FHI CR)ET I, &ALl W I N3k
Perbtee 3 BT 00 FEUEZERIAKR, BB B FREDEEAAM . 2R w721
VHEEEER, 3 Ok I R (R R G A e W R SR> N R, X 5 S A5 R e )

I
= o

432 R EBREMT S ERREMNHEEER

WA A, RTLAR R, =R eI R O R 1) B S PR A - B s Ak
1N RFRRIEE B O Ji7. miBHuB it 4 REW, NJRTFAES AL T, 10
R TR AFENR T o MU SCRRIR I, SUBEIR 7 1 TR AN [ BRI RV b 25 IRt AN [+ 11
OTER . R, TR E S S, 20 B N R PAS TERUR Tk
(%) NH; M 7Emteslrh, i Tsih s & O | 1, BA EMH AL S OH 45,
JER COOJER . Mk, ANSCLANZ LR X R TE A £, ALV VR R B o 28 1k 71) 431
g lioEATR

ER o TR RE AR S R S B B VEA OCHN, 74 A R AT A 2 s
HEMSeR N R § 4-3 WD, EaR. SiaR. WK 175 Fe(001)
PP R PR A o T, 3 PRI oy T I Z S 7R Fe 11, 1X 5 Fukui #5454
I 2 FE— 3. N T B n LR, R REBPS, 3 PR o1
1F Fe K1 ERA W BT, Bn T sk se i .

s =
AN 7 Sl T i
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Figd-3 Adsorption configurations of cysteine, valine, alanine in liquid
T2HHT 3P TR RERIZEE N 575 Fe MR TR, MFEpn]
W, Rl =2 F (W IR T AE BRI W 1 15 Fe ST 1 EE 29 B2/ T O T 55 Fe SR 25,
X ULAFERRIE ST, RN o+ 55 4 S 2 R 45 4 LR R % PR a R Bk S Ji
F¥E Fe J 74 0.184 nm, 437 N JR7F Fe R T4 0.187 nm, JLAH/NTE4IER
(0.188 nm) FMHNZMR (0.190 nm), UYiW:WziRS Fe RIME &z l, HUOh
M, WEMREZ: WA, NJRT5 Fe i1 BB A 8 K ArHER K 0.198 nm, 1M 3 Ff
FHEERP N JR T Fe Ji 7RI 24T 0.187 nm~0.190 nm, & WIZE 4> 1Al i@ ik
N 575 Fe JoU 7R BRI BE,  AIMIAE Fe #1f0 B AEAL A .
®4-2 WHEe. R 5SBRRAERNSI-FEME

Table4-2 The statistical analysis of adsorption energy and atom surface distance

B E.a(FR 1)/ Eqq(Bil 1)/ d(F& 7 )/mm d(Bgk)/mm
2R
(kJ-mol™) (kJ-mol™) N(4) S(11)  N®4) S(11)
= R 169.79 153.24 0.184 0.184  0.187  0.184
AR 139.95 131.44 0.185 0.188
N R 107.97 98.58 0.187 0.190

SRy 1 5 < R AR 1 2 5 i A e LR PR RE A R bR . IR RN
25 am S f FLAR AADL, W REROR, Sl o 178 G AR T (KR Pl Re e, S g
B o AN FIRBRIEF R, 3 FPa S 1R 50 15 Fe RIAMIW N BEWIZR 2 Pror . M Hidls
wLUAIWT, W RE ) 958 O 2 LR IR S > N 2R . B T S A R B, Pt
IR AR NEIR I SNAEPE IR IAR 5 5B RE I T S vl DA Y, R
7 IR RN RO, W REOR, R AR T (1 4 ke e, DRI S e RS«
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TRF AR AR A ER IR Y BUR BRIE . WA 7y TG el e I
Hrb s, N DBELLA R Jm R, IXFERAT LU R 5 i /e T

SIS TURIL, S SRR G R ] il B A 2B £ 1 T A < s 1T 8 AR ) AT
Feor 51, REAT R LRSS o i 1) < R T 15, DR R < e S g ot (B R BROR
AL BRG], AT Se iR RIS AN e s G2 P RE (O PEANS o DK, B TSP
PEVEREMISE mAAR SC BB K 58 3, MDBLUEOAR IR W A WF R 2R s P i) — Fhas A1
T LR, wIdR s EXEDOWEARI 215 )7l i . Dok, B AMITFEN 61 RH]
MDA S FE MR G2 P A I SR P L BT e TR T o AR, B T iF 2 A iE

{ER FHMID 5 32 N2 ot RS0 1 J35 AnkoRE 3™ B A1 BE R L 2 LB T R S 1) A 3R
HARIE o

A LA e IR OE DA AT TN 5, RHIMDEAU R 53, W IL LB BEA T 0T
IREMDE 5L, WFSEA R A T ~F B RS rn i i) B AR B R fE
JE ORE 55 2 bR R AR ELATE FH DA R R bR 1 7R g2 iR s b (R BOR B R G o i ol
RLAE G PRI b 7 BRI B 0 S iR, A A T 2 R 2 o T s bl 1
AT R, SRR LR

52 MD itEET

R EE TR S P A B (A 0, SCrhakdE T 3R ok 7 (H,0 H3O™ CIKAIF 9T HAE 22
PRI AT, TR S 1T R o B4R B — AN Tl JTORE 1 A1 1004
B IR 7 TR e MR 43 0425, 35, 45, 55, 65 HRIKSE, KA Axiain asit
L. Vdw 3R HUAR EL/E I ] Charge Group /7014, R=1.0 nm. 140 2
=1 fs, DIL2 nsfHERE, AHBEG— Tstepfit th I 5 AN — U HER M TEAN(E B . ikt
R THRAIR I A, BTN 500 ps Z G THEREAYEA T, fERZ4 800 ps I 1545
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Figs-1 Simulation model of particle diffusion in corrosion inhibitor membranes

(a): H,0; (b): H;O"; (c):CI
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Figs-2 The relation curve between temperature and inhibition efficiency

FE10% SR I, i A& R BT JBE 7K JBE D 0. Tmol/L )~ JHE 2 PR AE A [l ik
JER R Q2358 IZZ PR RE, - DE IR AEAN [ B2 22t an I 5-2 s .- | &I ]
W, BEURLRE T v o e 2 R R D D R IR B, R 25 °C I B iR K, TIA
88.36%, Wh/E K65 CHILEUI SN, K61.64%. Fi4b, (RSB RIL, PREEH K
i JE R R R ; 25, 35, 45CIR B O B aR T, R ) B FeCly,
55, 65°CIEM BT, Ry ) 32 A FeCls.
5.3.2 ZMHIEET MD #EHl

DR o> TR R B RN B R AR, TR URRE IR R R, B A H
SRR BN B b R ) 3 J R I BRI PSR, Ak Bkl s s i/ o B B4y
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Fig5-3 The relation between temperature and diffusion coefficient of corrosion particles in
cysteine membrane

AT RAUAR R 20 - B s Ay AR AR T AOAEAE, 55T 0 Tl ks 56 A R
&N G b B AN R B8 ) e e, XA nE R 5678 (Mean square
displacement, fiFXMSD) KK7R. He TR IS, nTLUR MR AEAR R B /0T
Bhe i B, My sRs. RSk, SR 7y ROT 2 s ke, Kk
Z WU DA R AR A BORE§ AR SRR (R IE S AR AT DL, SO TR Bt
A7 TS I RCGR BRI 5 D EH G 2R 5k A5«

MSD:<|Ri(t)—Ri(O)|2> (5-1)
1. d 2
D=€1§EEZ<|Ri(t)— R,(0) > (5-2)
N A BRZE I, 5 a R BT RO R
D=m/6 (5-3)

Forf, R (t) B TR AR IR, R, (0) 85N To0k: TR0 %1 (Rl
2D IRLE, maMSDIIZ RN, SR T Hp R A

53 Sy AR R R IR ok T 7 2 D R R R R 9 BB M, R T T L
Ble (1) BEEHREIOTEE, 3 FOR FIO BORBGE WK, SIS L B i
KEAS T8 6 3 1) 4 0 T B0 RS WSS, () R T, 3 AR T4 SR %
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Figh-4 The relation between temperature and FFV of corrosion inhibitor membrane
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FFV =
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FEVIREMEAZ — AL o RN TR R, FFVAZ B0 sizelf M. 3
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1] 5-4 24 370 Ji fduobs 1 /R 22 it AR RS e 1 1 ER AR o BB B TR A A 2. R AT U,
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Fig5-5 The relationship between temperature and interaction energy
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S, BN RRT SR MR A B S EARSE R F R RIRE TR MR T 5
FRMS TR NNEREKARN, FFV ERMEREORARE. £8 54 &%

P, MTRERMATRE RENASATLUER FFV f{EEX, IHTCNIERER
PSR, HISEMZERMERRE. AMTEMNAERE, RSBEMATZEMEEE
FAEZhRECIERIEEEERME, R 14%H25CT, 3 MEMAF5EMTIEZE
BEMERARURZARTTIERYE. 2R ERXER S B IRESRELER L
KM, vaw HEMERFIEEEARES, AR HESEEND 10%, MEEEBAEERY
5 90%; XWeLRZiR coulomb FAE(ER R EETTE . XWAMMBERET AT AKS FIHL
R K THEME T

F®5-1 25°CTT R Ok G2l B A AE LA A

Table5-1 The interaction energy between corrosion particles and inhibitor membranes

Etotal
Particle Etota/(kJ-mol™)
Evaw/(kd'mol™)  Ecoutoms/(kJ-mol™)
H,0 -84.5392 -8.6720 -75.8672
N
H;0 -473.5621 -49.7226 -423 8395
Cr -516.3214 -53.4745 -462.8469

5.3.2.4 RV A9 R

BT AESE AR (K O — R R 2R 1 g i FEY, By A B b S 1 2%
TR o7 B5 05 o I8 3, K N ok R B R T O R, R BT R
FHIER] . BIS-0 0 AR, IR 7 B BRBHIMSDII 2. KI5-67F o,
MSD i 28 2 5 Bl 8 T R K o TR R RPR T, nIR R R R B
AR BEEREMT G, LAY RS0 0.0022, 0.0042. 0.0045. 0.0058.
0.0098x10” m*/s. WILAF Y, B LI TEe, bR aig o TAEZ I h B9 HOR B0
WA, B HORE ) B G 5 .
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Fig5-6 The MSD curve of self-diffusion of cysteine in different temperature
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