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Abstract
The corrosion inhibition performance of py
and i ts guaternary ammoni um salts) and sul f

and mercaptoethanol) with diffemaéntamedaB. bat

wt . % NacCcCl solution was investigated by weigh
el ectrochemical i mpedance spectroscopy and
synergistic corrosion inhibition mechanism of
theoretical calcul ation and simul ati on. T h e
compound with | arger volume has the priority
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the molecules of sulfur-containing compounds
A dense adsorption film would be for med w h
compounds are added at a proper mole ratio.
Keywor@aesrrrosion inhibitor; Synergistic effect
Theoretical calculation

1. I ntroducti on

Carbon dioxgé¢arer sCiCon is a serious problem
pi pelines causing unacceptable electrochemic:
in oil and gas production and transmission [ ]
injection of inhibitors is an economical and
[ 5, 6] . I n general, corrosion inhibitors for
organic compounds contain unsaturated bond or
form coordination bonds with empty orbits of
surface to protect metal material [7719].

The corrosion inhibitor of single compound
steel tubing and casing for oil production b
The devel opment of inhibitors mixture with
economical and effective way for increasing
amount of wusage and diversifying the applica
[10]. Many researchers have noticed the syner
bet ween organic and inorganic compounds [ 11
organics [ 16, 17] However, the synergistic
compl ex, whi ch highly depend on t he compou
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derivatives as one of the important <cl asses
used in medical industry and some | iteratur es
as corrosion inhibitors having desirable eff
the special structure of those compounds to
and theoretical studies by guantum <chemical

i nhibition effect could be owing to the hetert

23] . However, it has emarn gloynmeeen dthudined hien
compounds such | ike thiourea and mercaptoet h
carbon steel determined by concentration and
the dosage <cost i mit its further applicati
effective corrosion inhibitors mixtures if t

effect between pyridine derivatives and sul f

been systematic investigated to the best of o
More i mportant, the classical adsorption
which had the synergistic effect, considerin

inhibitor molecule with strong bonding prefe

by the way of erect or tilted arrangement, a
the void to form a coherent hydrophobic film
medium [ 27, 28]. At present , although this

accepted, the real adsorption configuration
di fficult to be confirmed by the in-situ mi
l evel . Many researchers have used mol ecul ar
of adsorption configuration, but a |l arge nui

vacuum environment and many of them only sim

single molecule. The molecule dynamic simula
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(in aqueous solution, mol ecul ar concentratio
are reported very rarely [297T31]. However ,
vol um@, mall ecul es and the interaction betwee:l
mol ecul es have important influences on the
mol ecul ar dynamics simulation of the corrosi
H:O mol ecul e, corrosion i nhibitor composi ti
addressed.

I n t his paper, a derivative of pyridine,
guaternary ammonium salts (4-PQ), and sul fu
t hiourea (TU) and mercaptoethanol (TZ) were ¢
CQ-saturated 3.5 wt. % NacCl solution by weight

(OoCP) , el ectrochemical i mpedance spectroscofr
and scanning electron microscopy (SEM). The
based on t he el ectrochemical resul ts analy
calculation and mol ecul ar dynamics (MD) si mul
2. Experi ment al
2.1 Materials

The molecular structures of 4- MP, 4 - PQ, TU
are shown in Fig. 1. 4-PQ was synthesized by
benzyl chloride at 110AC for 4 hours.

Test specimen used in this study was Q235
(wt. %) :C O0.16, Si 0. 30, Mn 0. 53, P 0.015, S
medium was 3.5 wt. % NaCcCl solution, which precg

dei oni zed water.


http://dx.doi.org/10.20944/preprints201811.0333.v1
http://dx.doi.org/10.3390/molecules23123270

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2018 d0i:10.20944/preprints201811.0333.v1

S
HO
)'k ~" g
H,>N NH,
TU TZ
CH;4
= 0 \
) e, / N\
g Cl 4h ___Jor
N
4-MP Benzyl chloride 4-PQ

Fig. Méal ecul ar structures of TU, TZ, 4 - MP, 4

guaternizati on.

2.2 Weight |l oss measur ement

The carbon steel sheet of 40mml13mmli2mm w
sandpaper (grade 280, 500, 1000) gradually,
anhydrous ethanol, and then dried with a col
anal ytical bal ance with sensitivity of NOo. 1
corrosion solution containing withfdifferent
0.5 hours and then saturated with carbon di
bubbling carbon di oXi dfeorf o7r2 Oh c5urhso urAsf taetr 6 0aN
sampl e, i mmersed in the acid bath for a shor
then cleaned, dried and re-weighed accurately

The corr &€8i canndr aitnehi(bil Ei aver ef fciad icaimay ed f r c

foll owing equation:

an
CrRT (1)
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| gSBCRany 100 % (2)

wherw i® the average weiSgihs tlhoes ss amp Iteh raeree a

is the I mméRsarm@®Rnatriemet,he corrosion rate wit
i nhi bitors, respectivel y.
2.3 Electrochemical measur ement experiments
Al t he el ectrochemical mea€ar e melretsst wer e
el ectrochemical wor kstation (Wuhan Corrtest
received and output experiment al data by <col
(Ver #Mmibs) .study, a conventional t ArCee el ectrc
the working electrode (WE) is a cylindrical

machine processing and the Teéep ossaetdurtadg £td arad a
el ectrode (SCE) was used as reference electr
bridge, a platinum plate with a certain arec
Before each experiment, the work electrode w
1000, 2000) , dried with a cold drier after r
The three electrode system was ©placed in th
solution, pfuompe@. 5N hours to remove oxygen, tr
steady flowrofiglC®ut the experi ment with and
in the solution.

Firstly, the open <circuit potenti al was m
potenti al during i mmer sing 2 hour s. El ectr
measurements are performed after the open ci.
from 0.01 Hz to 100 kHz at stable OCP wit
potentiodynamic polarization curves were cond

mV to +400 mV (vs. OCP)!Thtt soamosiabe ©obhhilbi
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effic4d ey Was calcul ated from potentiodynami

means of the following equations, respectivel
—lcordaany gi 0

dP_ |corr(0(|;f00A) (3)

qZ:—RfF;:F:; {7100 % (4)

wheltg& r@Rdonepresents corrosion current densi
the absencelcoodaiRpmhs tha ndosr sf,or corrosion currer
tot al resistance of different inhibitor syste

To study the order of adsorption in synergi
were performed for differentatsequenoval cf oddd
mi nutes under a potenti al range from 1T10 mV
0.2 avt s1 0 inmtneurt \easl
2.4 Surface analysis

The carbon steel sheets of 40@nsmaltludrnamilie2dnm we
3.5 wt. % NacCl sol ut i%mmo |lwilt hnoiuxte da nidn hwiibtiht o2risl Oo

TU (or TZ) which the mol ar ratio is 3:1 at 6

water, dried with a cold drier and then teste
2.5 Computational det ai | s

The MO06-2x hybrid functional met hod wer e
structure of the inhibitor and calculate the
Gaussian 09 software package. The relevant (

ener gi es Eouivp LMD HOWO (enerBJy gqdpo(te chemic
hardndess electrochemi cal e ptortgemd g datei vl unyb e(r of
el ectronN)t,r aen sefcetrr o(pyp i fldarciftouri nidretxi i t or s wer €

Mol ecul ar mechani cs simulation was perfor
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Materi al s Studi o 8.1 software. The Geometry

optimize the geometry of five combinations ¢

mol ar rati os in the water - Fe (1 1 0) sur
COMPASS, maki ng t he entire system <configur
optimization algorithm was selected included
21 1%0kcal / mol and the maximum number of opti mi

mol ecul ar dynamics ( MD) simulation wusing th

i nteraction between five combinations and Fe

i 127.3 jIwli2toh 5pejr)i odic boundary conditions to
of the interface devoid of any arbitrary bou
was selected, and the Andersen thermostat was
K. The initial vel ocity of each particle wa:

di stribution and the Newton's equation of m
Verl et al gorithm. The van der waal s inter a

calculated by the Atom Based method and the

di stance, respectively.
3. Results and discussion
3.1 Weight |l oss measurements
The corrosion inhibition effect of 4-MP, 4

di fferent mo14anro I r/aLt ifoosr aQ2 82blt 1s0t ®@ted d | . TOwWt . %
solution were studied by weight | oss test at
Table 1 and Fig. 2.4%nlodblLe 41 MPhadwsL2ti4taR Q 2H al D
poor inhibition effect, while single TU or TZ
concentration, and the inhibition efficiency

there 1is no distinct di fference between the
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Fig. 2, it i ndicates t hat t he synergistic

compounds are betTlkhe tBE®noft haehe ot ompdMPnded i

mu c h hi gher than the sum of t he | E% of i nd
maxi mum values of | E% reach 89.3% and 93. 1%
TZ or TU are all 3:1. For the synergistic s
compounds, the value of |l E% is reduced with
compounds increased.

Tabl e Cdrrosi on rate and i nhibition efficier

measur ement of Q235 steel wi b-hs adiufr fag reedn t3 .i5n d

wt . % NaCl solution at 60AC.

| nhi bitors 2Ah) CR (gl B ( %)

bl ank 0. 345 -

4 - MP 0.341 1.4
4-PQ 0. 335 2.7
TU 0.078 77.5

TZ 0.076 77.6
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0.4
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0.0511
0.0464 i .
0.0229
0
Blank 1:3 1:1 3:1 5:1
Molar ratios
0.4
(b) 4 893 ]
: 87. ; 86.3 190
3 79.4 81.2 1
- 0.3018 x v l
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01+ 0.0968 0886 0.0904
S 0.0621 0.0758 0.0693
HSH 0.0380 0413
0.0 0
Blank 1=5 1:1 3:1
Molar ratios
Fig. Cdrrosion rat e and i nhibition ef ficien
measurement of Q235 steel with different mol e

4-MP (4-PQ@)¢dadtZuinat&€d 3.5 wt. % NaCl solution a

3.2 Open circuit potenti al monitoring
The open <circuit potenti al measur ement i s

potentiodynamic polarization and i mpedance m
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the results are shown in Fig. 3. Fi g. 3(a) s
single 4-PQ, TZ and different mo lzar ratios
saturated 3.5 wt. % NacCl solutions for 2 hour
composite inhibitors of 4-PQ and TU. I n i nhik
of the metal, the potenti al is always more
(t=0s) . In the presence of di fferent mol ar r
positive value, because inhibitors adsorb on
potenti al reaches a steady valwue, and it is |
t he met al corrosion is protected by inhibitoa
single TU or TZ, the steady-state values of (
closed to single TU or TZ curve. This progre
with the proportion of 4-PQ increasing, i's ¢

ratios of 4-PQ and TU or TZ are 1:1 and 5:1
potential can reach the most positive value.
a synergistic effect between 4-PQ and TU or

best effect of 4-PQ and TU or TZ.

(2)

-0.66
4-PQ 3:1
§ -0.68 .
;; . —— 1:1
> 070} 1:5
» "l 1-3
-0.72 | o sl
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-0.66 |
= -0.68
Q

7

g L
> -0.70
5q)

-0.72 |

0 3000 6000
1(s)
Fig.va&r.iation of the open circuit potenti al v

steel>sat €COated 3.5 wt. % NacCl solution at 60
i nhibitor 4-PQ or TZ, and different molar ra

4-PQ or TU, and different mol ar ratios of 4-F

3.3 Potentiodynamic polarizati on

I n order to further assess the synergist.i
containing compounds, potentiodynamic pol ari z
Q235 steel wi t h*omuot! /aln di nwhiitbhi tIr1s0O at- di fferent
staturated 3.5 wt.% NacCl solutions at 6 0AC
potentiodynamic pol arization curves of bl anl
di fferent corrosiomMfhenhibitt ogs ,reses pesctoifvetdly

curves are shown in Table 2 and 3, respective
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Fig.Pelarization curyessataffraQ2d5 3sbealt . Pon NEOI

with or without different mole ratios of 4-PC(C

Fig. P&dlLarization curyessataffraQ2d5 3sbeaelt . Pon NEOI

with or without different mole ratios of 4-PC
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TabRd&ol arization parametesrazs uoht ®2383. 5t awel %i
solution with or without di fferent mol e rati

and at 60AC.

I nhibibst om¥) d ( MV)Eco( V) lcol OA Rc m- ( %)

Bl ank 70 557 -0.726 136. 7

TZ 193 379 -0. 717 59. 3 S
4-PQ 80 412 -0.75616.2 114.6

105 6 3 173 -0.713 56. 5 58. ¢
103 8 2 181 -0.725 90. 9 33. ¢
101 95 177 -0.710 50. 3 6 3. ¢
301 60 107 -0.703 28. 4 79. :
501 110 165 -0.711 48. 2 6 4.

Tabl €eoBarization parametesras uobht Q2383. 5t wel %i
solution with or without di fferent mol e rati

at 60AC.

I nhi bibd ¢ M¥)d ( MV)Ecol V) leco OA AR m- ( %)

bl ank 70 557 -0.726 136. 7

TU 193 379 -0.71449. 4 69. 2

4-PQ 80 412 -0.75616.2 114.6

105 6 8 188 -0.710 68.423. 4

103 67 206 -0.711 63.530. 2

101 73 172 -0.705 79.28. 3

301 79 159 -0.703 85.20. 5

501 82 169 -0.701 82.234.1

As shown in Fig. 4, comparing €Eoybl ank sol
val ues of Q235 steel moves towards posi tive

inhi bited with added 4-PQ and TZ at mol ar r
i mplicating inhibitor s eadasradr ba noorditch ed i mestod lut gt
steel and suppress cat hbldercefroerdeyctt men o muao

i nhi bitors of 4-PQ and TZ are t he mi xed-ty
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suppressed the anodTablperotessndiofatceosrrosi nos

o
()

nslioky val ues of 1:1, 3:1 and 5:1 have a mor
and individual i nhibitor. Especially, the hic

the mol ar Howewverj swBeth. t he mol ar rati o of 4 -

the inhibition efficiency is better than add
al one. Therefore, 4-PQ needs to add a certai.l
the composite inhibitors.

From Fig. 5 and Table 3, the polarization

similar to the milkuturtthefswynePrQgiasntd cTZ,nhi bit
better than 4-PQ and TZ. Various of cathodic

the shape of anodic curves changes greatly.

i nhi bitor s. These can be divided into three |
first {06 menve OCP), and this process shows
t he met al surface and hinders the metal di s s

region (100~150mv vs OCP) has a slow growth

adsorption process of inhibitddds0mw v&e met a
OCP) coincides with the bl ank, i ndicating tha
t he met al surface. The highest inhibition ef

21 1Omol / L, and the inhibition efficiency of s
49. 4% respectively. Thus it can be seen addi
good synergistic eff ecstatwirtah edd- BQ 5f omt . Q2 3Nz Gl n

The synergistic corrosion inhibition effect
mol ar ratios in the following order: 3:1 > 5

Al t hough the values of | E% are different by
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obtained by polarization test show a good agr
3.4 Electrochemical i mpedance spectroscopy me
The effect of t he mi xture of 4-PQ and sul

Nyqui st and Bode plxodgat droat endi | . 55 tvete.l % i Nha Q3 O

60AC are presented in Fig. 6. As seen from
i mmersed in different mole ratios all/l have a
the real axis at high frequency range, it is
el ectrode surface, the uneven distribution of
of the inhibitors on the surface of carbon si

appearance of capacitive semicircles as obser
charge-transfer reacti oAs anabdloaudb |l ien | Riygr €@
di amet er of 1f @r itshd emisx tt hraen df: 54- PQ and T2Z,
small er than the diameter of TZ alone, which

domi nated by TZ and the synergistic effect w

main proportion. Then, the diameter increase:
PQ increased. As seen by Fig. 6(b), the curv
mol ar ratios is the same as mixed with T2Z, b

mi xture of 4-PQ and TZ. Notabl vy, the di amet e

mol ar ratio of 4-PQ and TZ (or TU) is 3:1.
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Fi g.Nyquist (a), (b) and (c) sdtdyr aBtoadce .l 0t vt

NaCl solution with or without di fferent mo | €
compounds or individual inhibitor at 60AC.
The absolute value of the impedance increa

compared with the blank solution in Bode pl


http://dx.doi.org/10.20944/preprints201811.0333.v1
http://dx.doi.org/10.3390/molecules23123270

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2018 d0i:10.20944/preprints201811.0333.v1

Simultaneousl| vy, phase angle plot were obseryv
and Bode plots. Fig. 7 shows an equivalent ci
and an equivalent circuit di agram of t wo ti
solution containing mixed cRrgtosndsn fiorhi bhec
solutionRreéesi shancéaar geR rrepmefsemtrse 4dihet aresa ,s
the protective inhibitoCPdiamdE roe prreas eonnt Q2 3
constant phase el ement of double |l ayer and coc
respectively [11, 35, 36]. The extracted par ame
4 and Tabl e 54 alidearveal aialscYplfatde dn fa®s mf ol | ows
[ 37, 38]
# © ¢Q

wheYerepresents the€PHwmgnst udhe dfregbency af

maxi mum value of the imaginary component of
deviation parameter in regard to the phase sh
Fig. The equivalent <circuit used to model t he

steely, sat COated 3.5 wt. % NacCcCl solution cont ai
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and

The

mi xtur e

4-PQ and

vaRuaerRd af e

compared

ma X i

containi

mum when

t hi ckness

reduced to

PQ

and

TU

i mpli es t

substances.

containi

ng

h e

Al

ng

h e

t he

compounds

bl ank

increased

content of

d0i:10.20944/preprints201811.0333.v1

wi t h

4-PQ makes

the double | ayer is
mini mum due to the
better performance
corrosion i nhibitors
I above results

sul fur-containing

con

he addition

sRIRRtHR®O Nr e dFauhrachet he t h

he p

i ncreased

compounds. On t hCe iondieaa theasn dt, h ath et

t

adsorption
and inhibit
for med con
reveal t he

proport

depends on mol ar

nh

Tabl eEdui val ent circuit parameters and
EI'S measurements 2odatQRr3abt esdt e3e.I5 iwit .Q©O Na Cl
without different mole ratios of 4-PQ and

s Ry Cai R -

I nhi bitors Nt Nd |

(aArntqaAcnt g Apn( e FHcm (eFA cm (aqipm %)

Bl ank 2.58 - 151- 7115. 9. 80 151.

TZ 2. 26 . 68 330K..6/8 73.9918 336. 4

4 - PQ 2.23 .97 109.79.878 5. 59DQ .78 198.

1:5 2.12 . 95 2@.58 9474 . 1106..701 226.

1:3 2.09 . 34 1898494 . AAA.17 & 190.

1:1 2. 43 . 02 307.76 ®6 7 . 3400..735 378.

3:1 2. 03 .50 41M.18 46 4 . 4103..698 493.

i bi

SO

TZ

23.

32.

20.

59.

69.
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5:1 2. 28 1.76 410.0 24.7 0. 66 73.

Tabl eEgui val ent circuit parameters and inhibi
EI'S measurements odatQPlr3abt esdt ex.I5 iwit .Q©O Na Cl S0

without different mole ratios of 4-PQ and TU

Rs Rs Re t C Cai Ry -
Il nhi bitors N Ng |
(aMp g gAerheFP cm (eFPA cm (qAL m( %)

Bl ank 2.58 - - 151-7115. 9. 80 151. 70 -
TU 2.03 1.54 3D3.7257. @0.. 86 324. 74 53.
4-PQ 2.23 0.97 098885. 50907.89 199. 67 23.
1:5 2. 47 1. 47 363.89.946.0. 790.8a84. 97

1:3 2. 23 2.56 D4 F997. 606.47. & 352. 46 56 .
1:1 2. 28 1. 77 DODP266. 405.70 601. 37 74.
3:1 2. 44 2.66 ®7H082. 501.72 882. 26 8 2.
5:1 2.04 1.66 705.97.9%5@ . 201828 761. 16 80.

3.5 Synergistic mechanism

I n order to further study the synergistic r
t hlei near pol arization resistance method was
pol arization resistance analysis (calcul ated

and without 4-PQ and TU in different additio

8(a), curve 1 and 4 are blank solution and a
for comparing, respectivel y. Curve 2 is addi
are closed to curve 1 and increase slowly, t

PQ at t=2400 s, the OCP curve sharp rises. C
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near to curve 4 at the beginning. However, a
are stabilized at the close-set “4pmosli/tLi ons an

mi xed inhibitors of 4-PQ and TU with 3:1 in t

Fig. OBP measurements and polarization resist
open circuit potenti al and (b) values of pol

and TU in different addition of sequence. Cu
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bl ank and addi ng corrosion i nhibitors mi xt u
beginning, respectivel y. Curve 2 represents
PQ at the time of 40th minutes. Curve 3 repr

adding TU at the time of 40th minutes.

The resistdhcectucuesent polarization measu
3:1 with different addition sequence are sho
val ue of pol amizatfi drher eenirgtossnoen (i nhi bitors
min remained c¢é&nsdurnitn g( 7t8be qtA@@snf,r oand hies c | ¢
i mpedance test results [39]. In the first 40
thRe i s | ower than the mRxed @eddi ogi emnighlei Bi tP
makes up three’*malarterd a@mdd2d¢dA@&m TU is added
40th minute, Jwhishh fttlreal csureveg ofmmedi at el y. Ul
val ue is consistent with the curve of additd.i

handR bhea quafmel/ bfs2hgDe TUZi sanglt dthleen at

added another Rnhinkbreased-BQbithend is | ower
situbhtioeveals the concentration of TU is toc
on the met al surface after preferenti al addi

compound with adding 4-PQ which accumul ated ¢

cannot fildl the active site to form a dense
much | ower than mixtures. Al of above result
on the synergistic effect of composite inhibi

3.6 Scanning electron microscopy characteri za
Fig. 9 presents photographs of the <corros

i mmer si ons aitnur@® e d 3.5 wt. % Na@ ismluhbheéon fo
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absence and presence of the optimum mole rat
and (b) are blank solutions and added singl e
are the mixture of 4-PQ and sulfur-containin

can be seen that homogeneous corroded area a

the Dblank solution (without corrosion inhibi
The surface of the sample i mmersed in solut.i
uni for m, the corrosion degree is slowed down

i nhibitors of 4-PQ and sulfur-containing col
formed a compact protective film on the sul

corrosion of carbon steel in this medi um.

Fig. T®e corrosion morphology of Q235 steel o]
saturated solution for 72h‘méb)LwéitBRQuUt (Chnhwi

21 1Omol / L 4-PQ and TZnmotl /3: ¥,- P(Qd)anwi tTHU 2lt1 ®: 1
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3.7 Quantum chemical cal cul ati on

Quantum chemical calculation is a wuseful
adsorption of corrosion inhibitor molecul es
bet ween mol ecul es. The parameters from quant
to describe the gl obal reaction activity
occupied molecul ar orbital (HOMO) , | owe st
't i s easier to gi Eeovel ecteasisnwhéRbbowenothese
oE.umoi ndicates the energy decreases to accept

The frontier mol ecul e orbital density di
compounds (4-MP) and its quaternary ammoni
containing compounds (TU and T2) are shown
di stribution of the frontl ne orbit i s ma i
containing nitrogen and t he sul fur at om.
parameters of these inhibitors are shown i
ener gy ddgEf flee EBvwweea Fdvoand t he dedreaase oinhe
i ncrease in the afdnrn vioyr of nElrielhictiTouvs, s tdtde.
smal |l est and the next is 4-PQ, i nditcating
coincides with the actual experimental resul

d0i:10.20944/preprints201811.0333.v1
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Fig. Sthematic
derivatives and

H, white).

Tabl eCa&l.cul at ed

containing compounds.

representation

sul fur-containing

guantum chemical

d0i:10.20944/preprints201811.0333.v1

of HOMO and L UMC(

compounds

i ndi ces of

Il nhi bBiéM@r ELumo B d w G €

4 - MP -8.648 0.069 8 . 4. 358 2.111
4 - PQ -8.1238. 1-201. 0041.406 1 . 032 0. 362 4 .
TU -7.255 -0.110 7.146 3.573 1.898
TZ -8.079 0.279 8. 358 4. 179 1.820

3.8 Molecular dynamics

simul ati on
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Mol ecul ar dynamics simulations of the adsor
mi xture on Fe (1 1 0) surface wunder differen
MD simulation further proves the adsorption
i nhibitors at different mol ar ratios on met al
reveals that the total number is 12 with th
respectivel y. Some corrosion inhibitors are
are adsorbed on the Fe (1 1TB® 8utfagen-at
containing heterocyclic of 4-PQ provides the
bonds with empty orbitals of iron, and fl at &
The N and S atoms in the TU structure also pl

It can be seen from the coverage degree of
i nhibitors mixture with molar ratio of 3:1 ceé
i's the minimumadoiveirage.t he adsorption stabi
mol ecul es is studied by the adsorption energ
The higher absolute value of the adsorption
i nhibitors is more stable on the met al sur f a
i nhibitor mol ecul es have the Esdstpandher syner
calculated as follows [43, 44]:

Bads o plEti ootnd u r f a c e B onlhui thii aro rEstosiou tuitano n

wheEetdrs the total energy of the simulation
together with the adsorbed inhibitor molecul
Esurface+ssitu@ainnds f or the total energy of t he s
Einhibitord+Soifuhien t ot al energy of thd syt em wi th
designated as the total energy of the solutio
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Fig. Si1de views of the | owest energy adsoroptd.i
with different molar ratios (a) 1:5, (b) 1: 3

calculated by MD simulations.

Tabl eThfe out put obtained from MD simul ations

TU with different mol ar rati os.
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4 - PQI TWot al

Esurface+sBinutiibont 0rs4EsschIu1ttiicn)mEadsopt ion

1:5 -41105. 7 -39365. 3 -8953. 9 - 7E
1:3 -40974. 3 -39389 -8823.87 - 75
1:1 -40556. 2 -39237. 3 -8347. 31 -7
3:1 -39985. 6 -38771. 2 -7734. 12 -7
5:1 -39856. 7 -38861. 6 -7606. 54 -7
The resul ts of 4-PQ and TU with di fferent
presented i n t he Tabl e 7. TEA & optaibe € 1 of ;
3:1>5:1>1:1>1:5>1:3, which indicates that t h
influence on the synergistic effect of <corro:
ratio between the TU and 4-PQ molecul es, t hi
stronger and the inhibitors film is denser o
PQ increasing, bring about itheselkastf roaynmnemhnhgi s
view of 5: 1, the adsorption points of TU ar e
continued to rise. The number of adsorbed mol
voids appear easily to cause the | ow adsor pt
i nhibition effect deteriorates. The synergi si
is that the 4-PQ with a | arger molecul ar str
adsorption sites completely to form a dense
result is mutually verified with the experim
adsorbed molecules are not regularly arrange
qguite different from the classic adsorption n


http://dx.doi.org/10.20944/preprints201811.0333.v1
http://dx.doi.org/10.3390/molecules23123270

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2018

Fig. Cbhcentration profile

of height with corrosion

d0i:10.20944/preprints201811.0333.v1

or water mol ecul

nhi bitors at di ffer

I n order to quantitatively describe the

di fferent mol ar rati os,

the absence and presence

first concentration profile
2.6 | from the iron surface.
di stribution is the | argest,

TU mol ecules occupy acti
surface entirely and water

ratio of 3:1, the peak of

has narrower peak shape

concentration
corrosion inhi

peak value of

Obviousl vy, under
foll owed by 1:
sites but small
mol ecul es enter
water mol ecul e conc

than ot her rati os
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shows that 4-PQ and TU have a high coverage

surface, which hinders the adsorption of wat
effect. Rat her , the number of | arge mol ecul a
increasing |l ead to appear the voids under t}
mol ecul e cannot be filled and the water mo |
concentration profile of water molecules in

surface appears a trough wi t h addi tion of

especially the concentration value of water
ratio of 3: 1. 't indicates that the mixed inft
remove water molecules away from the met al S
from surface, the difference of reducing for
mol ecul es indicates the mixed inhibitors act:
adsorbed on the metal surface within a range
4. Conclusions

(U)n thesaC@rated 3.5 wt. % NacCcCl solution, the

or 4-PQ is poor, but the corrosion inhibit
using the mixed corrosion i nhi*bnottdrs witt h d
indicates there is a significant synergi st
sul fur-containing compounds (TZ or TU) [
Furthermore, t he mi x e d corrosion i nhibitor
process of carbon steel corrosion.

(2Mhe corrosion inhibition performance of t he

on the molar ratio between two mixed compou
order: 3:1 > 5:1 > 1:1 > 1:5 > 1:3 (4-PQ: T

1: 5, the corrosion inhibition behavior of t
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to the single TZ or TU, because the big amt
decreased the chance of 4-PQ molecul e acc
synergistic corrosion i nhibition effect b
compounds increases with the increase of t
corrosion inhibitors, but the corrosion inh
ratio reaches 3: 1.

(3Mhe mechanism of synergistic effects of the
by electrochemical measurements, theoretica
| arge-volume pyridine derivatives compound
on the met al surface, while the smal/l sul fu
in vacancies. The two molecules are in plan
a dense protective film can be formed when
rati o, performing good corrosion resistance
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