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Abstract

1-dodecyl/tetrdecyl/hexadecyl-3-(4-hydroxybut-2-hnpyridinium bromides (namely M-n) were synthesizand their
inhibition capacity for X70 steel in 5 M HCI invégated by weight loss test, electrochemical metlautbsurface analysis
technics. The results showed that M-n could effittieprotect X70 steel from corrosion with an eifiscy of 99% at 4QM
and 60uM in 5 M HCI solution. The inhibitory efficiency veaalmost unchanged at 30-6M for M-n at a concentration of
40 uM. Surface morphology analysis evidenced the ptvedilm of M-n on X70 steel surface. The adsooptiof M-n
obeyed the Langmuir adsorption isotherm. And it wapontaneous, exothermic and entropy drivinggesc
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1. Introduction

Corrosion of metal apparatus becomes a seriousgondbh many fields, causing a significant econoloss [1,2].
Thus anticorrosive reagents are generally requiredstrain the acid erosion of metallic materi8lsme organic
compounds have been found to be effective corrasibiitors for many metals and alloys in acidicdien
[3,4]. Most of the well-known acid inhibitors areganic compounds containing N, O or S hetero atwittslone
pair electrons and aromatic rings witkelectrons [5-10]. The primary step in organic males protecting metal
is the adsorption of the organic inhibitors [11,1Rhaled and Hackerman [13] pointed out that theoggation
process depended on the physical and chemical piep®f inhibitor molecule, which was related teet
electronic density of donor atoms and the possitddc effects. In addition, the interaction betwéee lone pair
electrons and electrons in the inhibitor molecules and the dtaftof the metal surface atoms may also be the
crucial factor during adsorption [14].

It is well known that cationic surfactants are viydesed as effective corrosion inhibitors and amdrobials due
to their remarkable ability to improve the propestdf the surface or interface [15]. For this reasonumber of
research have focused on synthesis and anticoer@gplication of quaternary ammonium salts [1671¢4.
protective effect of cetyl pyridinium chloride/brase (CPC/CPB) for carbon steel has been conduct@®%o
HCI and the anticorrosion rate of CPB is 92% at\ af the inhibitor and 25 °C [20]. Cetylpyridiniuchloride
retards the corrosion of mild steel in 1 M HCI medi[21]. The inhibition efficiency of CPC is 98.86#6th
1x10* M of CPC at 45 °C, it increases with raising tenapere in 25-45 °C and declined with further insiag
temperature.

Acetylenic alcohols have been regarded as effeatitieorrosive agent for ferrous metals in acidisoh at high
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temperature [22-25]. The anticorrosive performawic2-butyn-1-ol (2B), 3-butyn-1-ol (3B), 3-pentynrel (3P)
and 4-penyn-1-ol (4P) for iron has been investigate 1 M HCI by Tafel extrapolation method, linear
polarization resistance and EIS [26]. The resefgal that the highest inhibition efficiency is P4% at 16 M of
4P and in the order of 4P>3B>3P>2B. The inhibifregformance of propargyl alcohol on the corrosibmid
steel has been conducted in 15% HCI at 30 °C abd@ by weight loss and electrochemical methods [Pie
inhibition efficiency of propargyl alcohol is 100&fhd 99% at 30 °C and 105 respectively, at a concentration of
107 mM.

The foregoing states obviously that alkyl pyridmiand acetylenic alcohols possess good anticoeability,
and particularly, propargyl alcohols exhibit evestter inhibition efficacy at high temperature imosig acid
solution. So, in the present work, we intend to bima the structure units of alkyl pridinium and tenic
alcohol into a new kind of inhibitor, 3-(4-hydroxyts2-ynyl) alkylpyridinium bromide, and to see ffiet
intramolecular synergism of the two structure megtould enhance the anticorrosion of the inhibito

2. Material and Methods

2.1. Materials and apparatus

3-Chlormethylpyridine (99%), propargyl alcohol (98%odium hydride (99%), and bromoalkane (C12-B9%)
were all supplied by Chengdu Kelong Company, Chilareagents were used without further purificatiexcept
propargyl alcohol that was distilled before useuk®&r-400 NMR spectrometer (Germany), Nicolet-6700R-
spectrometer (Nicolet, USA), D/IMAXUltima IV X-rayiffraction, UV-3600 (Shimadzu, Japan), JSM-6510nsdag
electron microscopy (Japan) and X-ray photoelecsfmactroscopy (XPS) were employed to confirm thectire of
M-n or to character the surface morphology of #sdd samples. CHI 660D (CH Instruments, USA) wsesl dor
electrochemical measurement.

2.2. Synthesis of M-n

M-n was synthesized according to the following pahare (Fig. 1).

| = Cl
- X =
OH NaH If?& ONa N H,O
Ll s
—— a—
THF reflux
| e — C,Hy,.1Br fj/
= CH.CN reflux =
N 3 NS
| Br
CnH2n+'1
n=12 1416

Figurel: The preparation of N-alkyl-3-(4-hydroxybut-2-yngyridinium bromide.

2.2.1. Preparation of 3-(4-hydroxybut-2-ynyl) pyridine
Sodium hydride (0.15 mol) and THF (50 ml) wererstirunder nitrogen gas at room temperature toigetf rair in
the solution. Then propargyl alcoh@.12 mol) was slowly added into the solution atidred for 3h. And then
2-chloromethylpyridine (0.1 mol) was added and thixture was agitated for 24 h. Excess NaH was siowl
decomposed by water and the solution was extrdmtdeb,O at least 3 times. The organic layer was isolatatithe
residue was passed through a silica gel colummdjeeim ether/ethyl acetate = 20/1) aftesEbeing evaporated.
3-(4-hydroxybut-2-ynyl) pyridine was obtained withyield of 70%, and the structure confirmed'byNMR (the
spectra in Figures S1 and 2).

'H NMR (400MHz,DM SO, TMS) &: 8.60(s, 1H), 8.57-8.56(d, 1KHz4 H), 7.71-7.69(m, 1H), 7.31-7.26(m, 1H),
4.63(s, 2H), 4.22-4.21(d, 2H=1.6 Hz ), 2.50-2.49 (t, 1HJ,;= J,=2.4 Hz). *C NMR (100MHz, DM SO) &: 149.33,
149.31, 136.03, 133.49, 123.90, 80.377.95, 68.79, 57.57

2.2.2. Preparation of M-n

3-(4-hydroxybut-2-ynyl) pyridine (0.02 mol) and bromo dodecane/ tetradecane/ hexadecane (0.04veod
mixed in acetonitrile and refluxed for 48 h at XD under stirring. After the solvent being evacuatee, solid was
washed with petroleum ether and passed througlica gel column (dichloromethane/methanol=25/1)eRBe&llow
powder was collected and the structure was confir(ttee spectra in Figures S3-S14).
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M-12: Yield: 41%. mp: 30-31°C*H NMR (400M Hz,CDCl3, TMS,ppm) 8: 9.44-9.43(d, 1H,J=5.2 H;), 9.28(s,
1H), 8.48-8.46(d, 1HJ=7.6H,), 8.13-8.09(t, 1HJ;=7.6H; ,J,=6.4H;), 4.95-4.91(t, 4HJ=7.6 Hy, J,=9.2 Hy),
4.37-4.36(d, 2HJ=4 Hy), 2.55-2.54(t, 1HJ;=J,=2.4 Hy), 2.06-2.01(m, 2H), 1.36-1.22(m, 18H), 0.88-0.85,
J3=3,=6.8H,). °C NMR (100MHz,CDCl;) 8: 143.99, 143.26, 142.63, 139.86, 127.93, 78.28,8/66.99, 62.20,
58.78, 31.82, 31.78, 29.46, 29.38, 29.23, 29.20285.99, 22.56, 14.06T-IR (KBr,cm™): 3427, 3045, 2925,
2854, 2110, 1635, 1570, 1512, 1462, 1362, 13241, 1@D3 crit. GC-M S (m/z): 316.2548 [M-BIT".

M-14: Yield: 51%. mp: 40-45.*H NMR (400MHz, CDCls, TMS, ppm) 8: 9.41-9.40(d, 1HJ=5.6 H;), 9.26(s,
1H), 8.47-8.45 (d, 1H)=8 Hy), 8.12-8.08(t, 1H1=7.6 H; ,J,=6.4 Hy), 4.96-4.92(t, 4HJ,;=7.6 Hy, J,=8.4 Hy),
4.38-4.37(d, 2HJ=4 Hy), 2.56-2.55(t, 1HJ;=J,=2.4 H;), 2.07-2.00(m, 2H), 1.35-1.23(m, 22H), 0.89- 0t83d,
Ji=6.8, 3,=7.2H,). *C NMR (100MHz, CDCl3) &: 143.93, 143.21, 142.63, 139.89, 127.88, 78.25,97656.98,
62.24, 58.79, 31.80, 29.56, 29.53, 29.52, 29.4BRP9.24, 28.94, 25.99, 22.57, 14.BT-IR (KBr, cm™): 3445,
3045, 2916, 2850, 2105, 1649, 1570, 1502, 146641887, 1105 cih GC-M S (m/2): 344.2968 [M-BI]".

M-16: Yield: 61%. mp: 35-36. 'H NMR (400MHz, CDCls, TMS, ppm) &: 9.39-9.38(d, 1HJ=6 H,), 9.23(s,
1H), 8.48-8.46 (d, 1HJ=8 H,), 8.13-8.10(t, 1H =8 H; ,J,=6 H,), 4.93- 4.90(t, 4H,J,=8.8 H , J,=6 H,),
4.37-4.36(d, 2HJ=2.4 Hy), 2.56-2.55(t, 1H};=J,=2.4 H;), 2.04-2.00(m, 2H), 1.33-1.22(m, 26H), 0.88-0.8%3H,
J3=3,=6.8 Hy). °C NMR (100MHz, CDCl3) &: 144.03, 143.33, 142.64, 139.82, 127.99, 78.34 4{®1.02, 62.15,
58.75, 31.79, 29.58, 29.56, 29.53, 29.48, 29.4®L29.23, 28.95, 25.98, 22.56, 13.89-IR (KBr, cm™): 3435,
3018, 2918, 2850, 21121637, 1505, 1467, 1363, 1329, 1118'cBC-MS (m/z): 372.3272 [M-BI]".

2.3. Pretreatment of X70 Coupons and Electrodes

The X70 steel sheets and the electrodes (from €kina Southwest Oil & Gasfield Company) were usedafl the

experiments and the elemental compositions showalite 1. Prior to each experiment, the specimesre &wbraded
successively with different emery papers (grad€’-2600) until a glittering surface was obtained, and theshed
with tri-distilled water, degreased with acetonged and stored in a desiccator.

Table 1: Chemical composition of X70 steel sample
Element C Si Mn P S Y Nb Ti Mo Fe

Weight(%) 0.16 045 170 002 001 006 0.05 0.06.350 97.14

2.4. \\eight |oss measurements

Weight loss measurement was carriedinugonical flask containing 100 mL of 5 M HCI wik40 uM of M-n. The
polished rectangular specimens (3.0 cm x 1.5 cn>ci) were weighed accurately and immersed irctheosive
solution for 3 h at 30-6C . The specimens were tieemoved from the solution, washed thoroughly wdigtilled
water, dried and weighed again. The mean valueedfh loss in three identical experiments was usechlculate
the corrosion rate’) and inhibition efficiency#%) of M-n by the following equation [28]:

Aw
r=—- 1)
st
whereAw is the weight loss of the X70 steel sheet in #st, ¢ is the total area of the X70 steel sheet tisdthe
immersion time. The inhibition efficiency and thegidee of surface coverag® (vere calculated according to the

following formulas [29]:
n%=2""x100% @
r.0
r,—r
rO
wherergandr are the corrosion rate in the absence and presétice inhibitor, respectively.

8=

©)

2.5. Electrochemical measurements

Electrochemical experiments were performed in aventional three-electrode cell assembled with af Xféel rod
with a geometric area of 0.25 &as the working electrode, a platinum foil of 1°cas the counter electrode and
saturated calomel electrode as the reference etkectm CHI 660D.

2.5.1 Tafel polarization curves
Tafel polarization of X70 naked and covered withnMvas measured over a potential of +250 to -250 wait¥d
respect to the open circuit potential at a scam 0&0.5 mV &. The linear segments of the cathodic and the anodi
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Tafel curves were extrapolated to the point of regetion to obtain the corrosion potentiil.f) and corrosion

current densityl(or). The inhibition rate is calculated k. values using the following relation [30]:
| 0

=1
n% = ——=Lx100% (4)
corr
where 12 and | are the corrosion current density without and M, respectively.
The inhibition efficiency£gr) may be also obtained according to the followiggation [31]:
_ po
/7R% = H (5)
R

where R and R, are the polarization resistance of the naked X#&lsand the electrode covered by M-n,
respectively.

2.5.2. Electrochemical impedance spectra

EIS measurement was done in a frequency range @kHa to 0.01 Hz with amplitude of 5 mV at opencuait
potential using six points per decade. The measmtsnwere automatically recorded by computer progralhe
percentage of inhibition is calculated accordinghi following equation [32]:

_po
n% = % x 100% ©6)

where R} and R, are the charge transfer resistance of the naked $(2él electrode and the inhibited one,
respectively.

2.6. Morphology characterization of X70 steel naked and inhibited

After immersion in 5M HCI without and with differeroncentration of M-16 at 3@ for 6 h, the specimens
were removed out of the solution, cleaned as destrin Section 2.4. The topography and energy hispe
spectroscopy of the naked or inhibited X70 stedbse were evaluated by SEM with electron beamggnef 20 kV
and diameter of 1Qm. The corrosion product was examined by X-rayraiffion with Cu Ka radiation€1.54 A)
at 40 kV and 20 mA. The angle rang#)(®f 20° - 90° was recorded at the scan rate ofrdid°with 0.02° step.
Surface analysis was also performed on a KratosM-880 (UK) spectrometer with a monochromated Alkaay
source. Survey spectra were recorded for the sanmpléne kinetic energy range of 0-1000 eV by MGtep while
high resolution scan with 0.1 eV step was conduotext the regions of interest: C1s, O1s, N1s andg-e

3. Resultsand Discussion

3.1 The evaluation of the inhibition of M-n for X70

3.1.1 Weight |oss measurement

Figure 2 shows the variation of the inhibition efincy with M-n concentration at 30-60 by gravimetric
measurement. The inhibition efficiency for X70 gsgith augmenting the concentration of M-n and Isneith
elevating the temperatures. The alkyl chain lengtftuences the anticorrosive ability of M-n at lawe
concentration range, the inhibitive efficacy of Matreases with lengthening the hydrophobic chaitin
molecules. For instance, it is 39% for M-12, 53% Nb14 and 90% for M-16 at @M of M-n, respectively.
However, the effect of alkyl chain seems less pooeed at higher concentration. For instance, thiition
efficiency is beyond 95% for all M-n at 40/ and 30C .

Comparing with cetyl pyridinium bromide (92% inhibn efficiency at 25 °C in 20% HCI at 5 mM
inhibitor)[20] and propargy! alcohol (100% at 30 fitC15% HCI at 107 mM inhibitor)[27], we found thisl-16
exhibited superior anticorrosive efficacy. For a&sfig the same inhibition efficiency, the dosagdvie16 is 2
orders of magnitude less than that of CPB and 8rsrdf magnitude less than that of propargyl alt@rmring
the nature of the steel. The results confirm thatibtramolecular synergism of the two anticorresinoieties,
acetylenic alcohol and N-alkylpyridinium, promotdsn with a much better anticorrosive ability.
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Figure 2: Weight loss results of X70 steel corrosion in 5 Kgltand 0-4QuM of M-n at 30-60C1.

Figure 3 presents the inhibition efficiency of M-4§ a function of immersion time. It is apparestt #huring the
initial 48 h, the inhibition rates rise with incetag the immersion time, which is due to an inceessthe
surface coverage with time. Inhibition efficiensydenerally lower in short exposure times, whictansethat

the adsorption of the organic inhibitor is gradwald time dependent, a characteristic feature of the
chemiadsorption process [33].

100 4

1%

90 | —— 10pM
—a—20pM
—o— 30pM
—— 40pM

80 T T T T T T T T T T T
20 40 60 80 100 120
t ()
Figure 3: Dependence of inhibition efficiency of M-16 on iraraion time in 5 M HCI at 3.

It declines a little (<1%) with further immersiorhen the concentration of M-16 is less tharul However,
the inhibition efficiency almost levels out in thole immersion time when the concentration of Mid@bove
20 uM. This phenomenon could be explained by the hylobp interaction between alkyl chains of M-16
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adsorbed on X70 steel surface, resulting in a cotepaprotective layer. When M-16 is added into dlcel
solution, it absorbs quickly onto X70 steel surfé@eetard the acid corrosion. With prolonging thenersion
time, desorption of M-16 could result in decreasingibition efficiency because of lower concentatiof
M-16. However, the protective film formed by M-16ud be very compact on X70 steel surface at high
concentration and the alkyl chains in the molecuoileght intertwine each other, which hinders theodgson of
M-n. Therefore the anticorrosion rates almost nadinthe same with prolonging the immersion timéigher
concentrations.

3.1.2. Potentiodynamic polarization measurement

Figure 4 illustrates the anodic and the cathodlanmation plots recorded on X70 steel electrodd M HCI in
the absence and presence of different concentsatibM-n at 30 °C. The obtained electrochemicabpeaters
are tabulated in Table 2. Inspecting the data teweat corrosion current density declines while ithibition
rate rises with increment of M-n concentrationse Bmodic curves of the inhibited X70 in the acitugons
shifted to the direction of current reduction, whiuggested that the M-n could suppress the amedation. If
the change irE.,, value QE., was less than 85 mV, the chemical compound ctedrecognized as
mixed-type [34]. The largeshE,,,, is about 40 mV, therefore, M-n might act as mixgak inhibitor. The data
in Table 2 specify that the values of corrosionrentr density I¢.) decrease in the presence of M-n, which
suggests that the rate of electrochemical reaatias reduced due to the formation of a barrier layeiX70
steel surface by the inhibitor molecule. The paktion resistanceR() values of X70 steel in 5 M HCl increases
from 88.312 for the blank to 4024 for 40uM of M-n. IncreasingR, value suggests stronger protection ability
with augmenting the concentration of M-n. The inindim efficiency obtained by both polarization isince
and corrosion current are in good agreement.

Table 2: Tafel polarization parameters for naked and cale0 steel with M-n in 5 M HCI at 3T

- C -Ecorr I corr Be Ba R
Inhibitor 7 (%) 7 r (%)
(M) | (MV vs.SCE) | (uAcm? | (mVdech) | (mV dec? (Qcnt)
blank 0 406 277.2 85 92 / 88.3 /
430 139.6 65 73 49.64 2249  60.74
416 96.6 77 95 65.15| 261.1  66.18
10 402 45.9 68 89 83.44 605.6  85.42
M-12 20 424 27.0 70 69 90.25| 1244)1  92.90
30 429 21.0 70 63 92.42| 15575  94.33
40 430 12.0 87 75 95.67| 2188/3 95.96
426 28.6 66 69 89.68| 11301  92.19
422 18.4 71 68 93.36| 17094  94.83
10 421 18.3 69 64 93.40| 17879  95.06
M-14 150 421 14.3 74 61 9a.84| 22560 96.0o
30 423 13.3 73 61 95.20| 24302  96.37
40 438 11.7 72 68 95.78| 2642/9  96.66
406 29.7 71 91 89.29 900.2  90.19
400 20.7 80 97 92.53| 11816  92.53
10 400 15.2 84 101 9452| 15407 9437
M-16 20 399 14.9 85 98 94.62| 1589)3 94.44
30 406 6.6 76 90 97.62| 39379 97.76
40 366 6.3 82 98 97.73| 4024 97.81
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Figure 4: Tafel polarization curves for naked and inhibi¥tD steel by M-n in 5 M HCI at 30 °C

3.1.3. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) erablebtain the information about corrosion behawio

the investigated system as a function of immersime. Nyquist and Bode plots of X70 steel in 5 M HCI with
and without M-n are graphed in Figure 5 and 6, eeipely. The impedance spectra display a depressed
semicircle, which indicates that the charge-tranpf®@cess mainly controls the corrosion of X70 Isté@e
diameter of the semicircles increases with increpshe M-n concentration, suggesting enhanced itidvib
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efficiency. The high frequency (HF) capacitive lotgn be attributed to the charge transfer reaciwhtime
constant of the electric double layer, and to tbe-nomogeneity of interfacial origin, such as thémend in
adsorption processes on metal surface. The lowudmey (LF) inductive loop may be attributed to the
relaxation process induced by adsorption of theispdike Cl,gsand Hags0n steel surface [8, 29].
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Figure5: Nyquist plots for X70 steel in the absence andgmee of M-n in 5 M HCl at 3T.

In regard to the Bode plots of the uninhibited d@hd inhibited X70, there a single-time constanthigh
frequencies may be attributed to formation of steféilm [35]. The simple equivalent circuit for ¢hcase is
shown in Figure 7. HerdRs R and R, represent the solution resistantiee polarization resistance for the
charge transfer through the film and the polaraatesistance at the film/electrolyte interfacspextively.Cy

is the double layer capacitance @pds the constant phase eleme@ssubstitutes for the capacitive element to
give a more accurate fit and is described as fo]RGY:
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Zy =Y (@) " ™
whereYj is a proportional factog is the angular frequency ands the imaginary unita has the meaning of a

phase shift, fon = 0, Q represents a resistance; for 1, a capacitance; for= 0.5, a Warburg element; and for
n=-1, an inductance. The values of the double lagpacitance(y) can be obtained from the equation [37]:

Ca =Y (wm) " 8

where a)r"n is the frequency at which the imaginary part efithhpedance has a maximum.
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Figure 6: Bode plots for X70 steel in 5M HCI without and ilifferent concentrations of M-n at 30.

Figure7 shows the simulated spectra by using thap#sn impedance fitting program and experimentally
generated impedance diagrams for the blank arfteiprtesence of M-n. It is clearly evidenced thgbad fit is
obtained with the equivalent circuits for all expegntal data.
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Figure 7: The electrochemical equivalent circuits used ftiinfy impedance spectra of X70 and comparison of
experimental EIS data (quadrangle) and the siniiatecle).

The impedance parameters of the naked and inhib{féal steel in 5 M HCI at 30C are calculated and
presented in Table 3. As it can be seenRhealue increases from 13.84cn? in the blank to 891.0 cntfin
40 uM of M-16 meanwhile the value of double layer cafawe decreases from 425,80 cm? to 1.23uF cmi.
The increase iR values demonstrates the improved protection effefckd-n at higher concentration for X70.
The decrease in double layer capacitance indiths#dV-n acts as a good capacitance reducer whaclings
greatly the accumulated charge per unit X70 stad¢hse [38].

Table 3: EIS parameters of X70 without and with differenbcentrations of M-n in 5 M HCI at 30

C R Cat Ret Q R
M-n (M) (@ (uF « Yo(uF @ 7 (%
119) cm?) cn) cm?) " cn?)

blank 0 0.32 425.80 13.84 2036.00 0.79 288 |/
3 0.32 36.13 76.12 1034.00 0.60 1.83 81.81

5 0.28 26.59 86.08 1112.00 0.58 0.09 83.92
10 0.37 17.00 164.60 1037.00 0.60 1.39 91.59

W12 20 0.53 12.14 368.00 803.00 0.56 5.54 96.24
30 1.30 4.96 405.70 530.20 0.61 2.48 96.58
40 0.36 1.422 584.60 585.40 0.60 1.60 97.50
0.09 9.07 64.52 709.70  0.67 0.18 78.54
5 0.10 5.93 133.20 613.20 0.63 0.00 89.60
10 0.47 6.33 416.70 388.00 0.63 1.85 96.68
M-14 20 0.44 0.28 457.80 403.00 0.64 0.00 96.98
30 0.20 2.59 513.50 296.60 0.68 1.5¢ 97.30
40 0.64 2.57 557.40 34230 0.65 1.7¢ 97.52
3 0.36 31.28 109.60 600.10 0.69 1.43 87.37
5 0.34 21.20 157.80 709.60 0.65 1.257 91.23
M-16 10 0.54 10.88 224.40 655.80 0.63 1.015 93.83
20 0.71 6.12 385.90 363.80 0.70 1.722 96.41
30 0.37 5.17 495.60 181.60 0.61 0.879%97.21
40 0.51 1.23 891.10 138.90 0.64 1.06898.45
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3.2. Adsorption of M-n on X70 steel surface

3.2.1 The morphology of X70 steel surface naked or covered by M-n

The SEM images of X70 steel uninhibited and inlkeibiby M-16 are represented in Figure 8. FigureiSalays
that the original X70 steel surface showing sonmadibhg scratches. As it is shown in Figure 8b, wuithM-n,

the X70 steel surface is strongly damaged due talndéssolution in corrosive solution. The surfasdighly
porous with large and deep holes and the corrgsioducts pile on X70 surface layer upon layer. Hoaveit
can be seen in Figure 8c that the corrosion of Xf&&l is considerably reduced and the surface appea
smoothly by formation of a protective film on thetal surface. A smoother surface is observed iptasence

of 40uM M-16 (Figure 8d). The results manifest the protecfiim of d on X70 surface.

SV sE

&g it \__:_._,‘_:‘..: ]

o

Figure 8: SEM images of orginaI7X7OSteeI (), ninhibiﬂe)d@nhib ed y M (c') and 4QuM (d) of M-16.

Figure 9 displays the XRD of the naked and inhibX&0 steel surface by M-16. All the diffractiontfgains of
XRD of X70 steel belong to Fe according to Zhao][3$he corrosive product is not detected due t@ied
solubility, and neither is M-16 owing to the thirsseof the film. It can be observed that comparintg ¥hat for
uninhibited coupon, the diffraction patterns a1 2 44, 65 and 82 become weaker with increasing
concentration of M-16. This phenomenon could bahaited to the increasing coverage of X70 surfage b

M-16.

A 1000pM
200uM
5 100pM
£ A i~ A,
s
z 70uM
3 A X 5
5
ﬁ 40pM
-, A
blank
JL " A
T T T T T T T T T T T T T
20 30 40 50 60 70 80 90

268/d egree
Figure 9: X-ray diffraction patterns of naked/inhibited XB9 M-16.

The energy dispersive X-ray spectrum of the uniitddband inhibited X70 is plotted in Figure S15 ahd
percentage of atoms listed in Table 4. Compariddheddata discloses clearly that the percentage anhd Br
increases and that of Fe declines with raisingctimeentration of M-16, which suggests the existefdd-16
on X70 steel surface.
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Table 4: The percentage of atoms from energy dispersivelsseopy

Fe Cc Br
blank 89.20 10.75 /
10uM 60.36 39.18 0.46
40uM 48.24 49.65 0.62
70uM 42.38 56.61 1.00
10uM 38.46 60.37 1.17

The UV-reflectance curves of the original and imseer X70 steel in 5 M HCI and different concentnasiof

M-16 are graphed in Figure 10. The plots maniféstiausly that the original X70 steel exhibits thighest

reflectance value, the steel covered by higher eatnation shows higher value and the naked X70thas
lowest value. This outcome indicates that the mstaface is protected from corrosion by M-16, andbi
consistent with that reported by Jayaperumal [27].

70 — a—orignal X70 steel

B—X70 steal+1000pM M-16+HC1
=X 70 ste=t+200uM M-16+HC1
60 - d—X70 steel+100pM M-16+HC1
&e—X70 stesb+70uM M-16+HC1
£-X70 steel+40,M M-16=HC1
£—X70 steel+10uM M-16+HCL

Relfietuneef%s)
ARAXALEE

S50

e S ——

§ | h—naked X70 steel+HCI "
?J’ 1] 2 1] v
g 40
= 4
g
= 30
2 4
o~

20+

10 +

T T T T T
200 300 400 500 600 700

Wavelength(nm)
Figure 10: UV-vis reflectance plots of X70 steel (plots amilif in the insertion).

3.2.2. X-ray photoelectron spectroscopy
To obtain better understanding of the compositiansl chemical state of the elements, XPS study was

performed to analyze of the films formed on X70ek®urface in the presence of M-16.The full sur¥3s
spectra of both blank and M-16 coved X70 steelgaven in Fig.11, respectively. Comparing Fig. 11a &
specifies that the peaks of C1ls on inhibited X#&@lIsare stronger than those on the naked one mdarMis
and a new Fe peaks immerge on inhibited X70 stagljesting M-16 absorbed on X70 steel surface.

The O, C, Fe and N on the surface of X70 steel welected to get high resolution data to furtherfiom the
composition of the films formed on the steel swefafFig.12).

@ O(KLL (b) 5000
7000 - j(K ) ] OKLL) -
- 4500 3
1
W, Fe(LMM ]
6000 - ""\._e( ) & nag = Fe(LMM)
wl H : al
= by 3 ol
= i S o
2 so00] i Fep £ 3500
= 3 Ols > 1
ES 1 \"'* ::’ 3000 -
2 4000 - | F 1
2 \‘““\« £ 2500+
= 1 J Cls 1
3000 - “'*—r-fiim" 2000 -
1 = 1500;
2000 ¢ T ;

1200 I 10'00 I 860 ' 660 | 460 ' 260 ' 0 1200 1060 860 660 4&0 260 0
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Figure 11: XPS spectrum of full survey of X70 steel (a) naked (b) inhibited by 200M of M-16 at 30C

for 24 h immersion in 5M HCI.
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Figure 12: The XPS deconvoluted profiles of (a) C 1s, (b)D(t) Fe 2p of naked X70 steel and (al) C 1s, (b1)
O 1s, (c1) Fe 2p and (d) N 1s of inhibited X70 lstee

The C 1s spectra without M-16-treated mild steefese show three peaks at 284.7 eV, at 288.5 eV286dL
eV, respectively (Fig.12a), which may be causedcbgtamination of surface of mild steel [39,40]. The
high-resolution C 1s spectrum of the inhibited XSt6el surface shows four deconvoluted peaks (FAgl)
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which could be attributed as follow according te fiterature [41] and the structure of M-16. BEn(ting
energy) at 284.8 eV may be assigned to the aliplatibon (-C-C- or —C-H), BE at 287.3 eV to carbonding
with O (-C-OH), the highest BE at 288.5 eV to tlagbon bonding with positively charged nitrogen (AC¥ As

for BE at 286.1 eV, we speculate, according to MsttGcture, it may be carbon imC=C—or in pyridinium ring.
The O1s spectra of the naked X70 steel preserds phgaks at 530.1 eV, 531.3 eV and 532.3 eV rasphct
(Fig. 12b). The O 1s signal of the coved X70 stesisists of three peaks (Fig.12b1). BE 530.0 eVesponds
to 07, and in principle could be related to O bindinghwfe” in the FeO; and FgO, oxides[41], and BE 531.2
eV to the metal hydroxides or,8 species (denoted Me-OH/BI) [42]. BE 532.3 eV represents the oxygen
atoms of the O-C bond in M-16 molecule and thadsorbed water [43,44]

The Fe 2p spectra on uninhibited X70 steel arettatesd by two peaks at 711.0 eV and 724.9 eV (Rg).
The Fe 2p spectra of X70 steel inhibited by M-16 eomposed of three peaks (Fig. 12c1). BE 711.8seV
attributed to ferric compounds such as FeEOOH (aryhydroxyde), F#; (i.e., FE" oxide) and Fg, (i.e.,
Fe*/Fe’* mixed oxide) [45,46]. BE 711.5 eV may be ascribethe satellite of Fe(ll) [47], and BE 722.7 eV to
the satellites of the ferric compounds [48]. ltwerth of noticing that the new peak at 718.7 eV rhay a
chemical combination of X70 steel with M-16.

BE 397.8 and 399.72 eV are the components of Nebkkpon M-16 treated X70 steel surface (Fig. 12d).
According to literature [49], the first componenthig. 13d1 could be assigned to the bond of apdaionated

N atom (=N-). However, no =N- unit exists in M-1®lacule, so, we speculate that it may be attribtded=
N*-R in pyridinium ring because X70 steel may offéaceron to the positively charged pyridinium ringda
reduce the density of positive charge on C=R\lwhich may be the reason for the new peak opFghearing.

The second component with the highest contribuianainly attributed to C= NR in pyridinium ring [50].
So, the XPS results give evidence of chemical auiewns between the steel surface and the M-16aulge
and are coherent with the thermodynamic concluaiwth support the chemisorption of M-n derivativetioa
steel surface.

3.2.3. The adsorption isothermal

The organic inhibitor retards the corrosion ratenwdtal by physisorption or by chemisorption or kptho
Generally, the adsorption process depends on temnichl composition, electronic properties of thkiltor
molecule, the temperature of corrosive medium aecetectrochemical potentials at the metal/solutberface
[12]. Isotherm equations, such as Frumkin, Langniémkin and Freundlich isotherms, are frequensigduto
describe the adsorption.

Surface coveragé of M-n on X70 steel coupon determined by weighslasst at different concentrations of
M-n are tabulated in Supporting Information Table 8 order to obtain the adsorption model of MmXr0
steel, the correlation of with the concentration of M-n is fitted by diffeeadsorption isotherms, and the
outcome unveils that the experimental data is @edvell to Langmuir isotherm equation [51].

Cc_1
_:_+C 9
2K (9)

where C is the concentration of the inhibitdt,is the surface coverage by inhibitor moleculasd K is the
adsorption equilibrium constant. The plotsG# againstC for M-n give straight lines as shown in Figure 13a,
indicating that the adsorption of M-n from HCI sixden on the X70 steel surface obeys the Langmotherm
model.

3.2.3. Thermodynamic parameters of the adsorption process.

From the intercepts of the straight lines on @#é axis, theK value could be obtained. It is also related to the
standard free energy of adsorptiag., , as given by Equation (10)[52]:

_ 0
K = % exp[ AGE‘“] (10)
55.5 RT

where R is the molar gas constanf, is the absolute temperature, and the number d &5.the mole
concentration of water.
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Figure 13: (a) Langmuir adsorption isotherm of M-n on X70 éweface; (b) Curves ohG?, /T vs.1T.

The value of AG?, is disclosed in Table 5. Generally, values &6?, up to -20 kJ mdl or higher are

consistent with electrostatic interactions betwdencharged molecules and metal (physisorption)enthbse
around -40 kJ mdlor more negative are associated with chemiadsaortioa result of sharing or transferring
electron from organic molecules to the metal s@fax form coordinate bond [53]. The negative valaoés
AG?,. ensure the spontaneity of the adsorption procedsstability of the adsorbed layer on the X70 steel

ads
surface [54]. Considering the positive charge adectrons in M-n molecule, we assumed that M-netles

were adsorbed spontaneously on the surface of ¥# grough both physiadsorption and chemiadsmmpti
mechanismAG?, becomes even more negative with increasing temperaand prolonging alkyl chain,

ads
suggesting that chemiadsorption is predominantnduthe inhibitory process and coordinate bonds form
between ther-orbital of M-n and d-orbital of iron atom, whicé supported by XPS analysis.
The enthalpy of adsorptiom\{?,.) can be calculated from the Gibbs-Helmholtz equefb5]:

ads

o(acs /1T)] _ -aHS, (11)
oT T?
Integration of the partial derivative equation (fjiyes the following relation:

AGg, _ AHg,
T T
The variation of AG), /T with 1/T gives a straight line with a slop that equalsi?,_ (Figure 13b). It can be

ads
seen thatAG), /T decreases with T/in a liner fashion and the negative value suggestedexothermal

adsorption process (Table 5). The adsorption healdde approximately regarded as the standardratiso
heat AH?_ under experimental conditions [56]. Then the staddadsorption entropy\S’, was obtained

using the thermodynamic basic equation:

0o _ 0
Asod — AH ads A(;ads (13)
ads T

The AS], values of the inhibition in the presence of M-e a@resented in Table 5, which is opposite to the

result of other researches [57-59]. The thermodynamdues obtained are the algebraic sum of thesa the
adsorption of inhibitor molecules and those fromatption of water molecules [60]. As we know, theD)&teel
surface is covered with water before the adsorptioll-n molecules. Then the adsorbed water molecate
replaced by M-n which is a surfactant by nature prefers adsorbing on X70 steel surface to staying
aqueous phase owing to the repelling force of waiglecules in bulk solution. With the replacemehtater
by M-n on X70 steel surface, the entropy of M-n exolles reduces while that of water molecules irsgeaue
to the restoration of their freedom. Thereforés plausible that the entropy change in the whobegss of M-n
adsorption and water desorption is positive. Seshilts have been also observed by Obot [61].

+k (12)
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Table 5: Thermodynamic parameters for the adsorption of &4+X70 steel
M-12 M-14 M-16
-
© OGS, AHS, AS), MG, AHS, AS), MG, AHS, AS),
kImo) | (kImo™y | @mot*k™) | (kImolh) | (kI molh) (3 mol*k™) (kJ mot?) (kJ mot*) (3 mot* kY
303| -41.06 87.24 -43.46 100.43 -48.44 132.42
313| -41.84 86.94 -44.33 100.00 -49.90 132.84
-14.63 -13.03 -8.319
323| -42.90 87.53 -45.23 99.71 -51.04 132.26
333| -4361 87.04 -46.51 100.55 -52.48 132.62

3.2.4. The effect of M-n on the kinetics of X70 steel corrosion
Kinetic model was employed to further explain thieibition properties of the inhibitor. The apparantivation
energy for the corrosion process was calculatethé@yArrhenius equation [62]:

+In A

Inr=- E, a1
RT

where E, represents the apparent activation enekgyg, the preexponential factor, ands the corrosion rate.

The higher values of apparent activation energy bmaynterpreted as physical adsorption (electro$ttiat
occurs at initial stage and correlated with thaeased thickness of double layer, which raisesatitivation
energy of the corrosion process [63].
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Figure 14: Arrhenius plots for the corrosion of X70 steel withh and with different concentrations of M-n.

The Arrhenius plots oflnr versus IT for various concentrations of M-n at the tempesgistudied are drawn
1€
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in Figure 14. All the linear regression coefficie@ire above 0.9212, indicating that the X70 steebsion can

be elucidated by using the kinetic model. The valofdke, andA are calculated from the slopes and intercepts of
the Arrhenius plots, respectively, and tabulate@ahble 5.

The data in Table 5 specifically indicate that #aéues ofE, in the presence of M-n are larger than that in the
absence of M-n, and increases with elevating tmeeatration of M-n. Thus, it is clear that the agson of
M-n on X70 steel surface blocks the active siteyseguently increases the apparent activation eramgy
retards the corrosion of X70 steel.

The values of standard enthalpy of activatidt(* ) and standard entropy of activatioh$” ) were calculated
using the following formula [51]:

,AS¢ ,—AH¢
ex 15
R )exp( BT ) (15)
The plot of In¢/T) versus IT yields straight lines with a slope ofAH” /R) and an intercept of

[In(RINh)+(AS” /R)] (Figure 17). The corresponding parameters obthare summarized in Table 6.
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Figure 15: Transition state plots for Fe dissolutions in tlheence and presence of different concentrations of
M-n.

Inspection of the data reveals that the positiMe * values for dissolution reaction of X70 steel indaciedium

rise up with increasing M-n concentration. Accogdto Equation (16), the higher th&H * value, the smaller
the corrosion rater). Therefore, increase of the concentration of k&tards the dissolution of X70 steel in the
acidic solution.

Although the value ofAS” is almost unchanged in uninhibited and inhibitedtay, it is less negative in the
presence of M-n than that in the blank, which migimt a favorable process for the formation of \atfon
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complex. ComparativelyAH * value is far more than that A", which suggests that the process is mainly
enthalpy-driving.

Table 6: Activation parameters for X70 steel dissolution5irM HCI and different concentrations of M-n at
30-601]

Ea(kJ motl) A(g cm?h?) R?
M) M-12  M-14 M-16 M-12 M-14 M-16 M-12  M-14 M-16
Blank  50.85 5426 5249 3.27%t0 3.61x16" 3.01x13" 0.9586 0.9454  0.9920
3 57.30 57.71 6242 1.31x70 1.24x16° 9.88x1d' 0.9449 0.9781  0.9792
5 56.45 66.03 60.21 9.75x10 6.12x16° 5.31x13" 0.9738 0.9790  0.9894
10 56.71  66.98 6150 8.3xf0 2.69x13? 5.16x16' 0.9623 0.9676  0.9935
20 61.86 70.39 66.10 1.48X70 2.79x13? 1.02x16° 0.9692 0.9330  0.9212
30 78.99  80.87 79.12 2.61%F0 4.13x13*> 4.18x16° 0961  0.9804  0.9843
40 81.60 90.61 9441 3.34XF0 7.31x13° 1.67x16* 0.998 0.9573  0.9045
3.3. AH” (kJ molY) AS (I moltKY R
M) M-12  M-14  M-16 M-12 M-14 M-16 M-12 M-14 M-16
Blank  203.36 212.81 213.87 -197.02 -196.99 -197.01  0.9679  0.9716  0.9960
3 226.78 228.05 262.60 -196.95 -196.96 -196.90  0.9566  0.9893  0.9846
5 22499 257.49 256.35 -196.96 -196.87 -196.93  0.9786  0.9907  0.9914
10 228.13 277.35 264.81 -196.96 -196.86 -196.91  0.9767  0.9784  0.9940
20 253.54 298.77 284.38 -196.91 -196.82 -196.87  0.9769  0.9556  0.9478
30 316.69 335.38 326.80 -196.74 -196.72 -196.74  0.9682 0.9836  0.9866
40 327.12 370.22 368.74 -196.72 -196.62 -196.61  0.9992  0.9694  0.9303

Inhibition mechanism of M-n for X70.

According to the above discussion and the chaiatitestructure of M-n, the inhibitory mechanism Mfn
could be proposed. M-n molecules move voluntarityooX70 steel surface from the solution becausthef
amphipathic character of the molecule, and replaeavater molecules absorbed on the steel surfabarrier
layer is formed on X70 steel surface by variousrittions: (1) the electrostatic interaction betwise positive
charged nitrogen atom in M-n molecules and the thegaharged X70 steel surface that comes from the
adsorption of bromide anions; (2) the interactibm @lectrons in the pyridine ring and the actylerond and
unshared electron pairs of oxygen atom in M-n mdkecwith the d-orbital of iron atom which leads
chemiadsorption of M-n; (3) the van de Waals footedispersion force between the alkyl chains of M-n
molecules which constitutes a hydrophobic netwartt effectively hinders the attack of acid mediu#d); the
hydrogen bonds between hydroxyls in M-n moleculagivstrengthen the tight arrangement of M-n mdiesu
on X70 steel surface. Therefore, the adsorptiorerlayhe hydrogen bond network and the hydrophobic
alkylchain network protect effectively X70 steeabrin being eroded by HCI solution. Because the tahglkyl
chains are helpful to prevent desorption of M-rg #nticorrosive efficacy of M-n increases with prajing
alkyl chain. Consequently, the longer the alkylinhig, the smaller reduction of the inhibition eféincy is
found when elevating the temperature. Therefor@ dbuld be a promising anticorrosive inhibitor foetals in
severe acid solution at higher temperature.

4. Conclusions

1-dodecyl/tetrdecyl/hexadecyl-3-(2-hydroxybut-3-hnypyridinium bromides were synthesized and their
anticorrosive performance was investigated by radimniques. The following conclusions might be draw
from the experiments.

1) M-n acts as a good inhibitor for X70 steel ivese acidic media. The inhibition efficiency incsea with
augmenting concentration of M-n. The lengthenirkylathain in M-n molecules contributes not onlytte
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enhanced anticorrosive efficacy, but also to tke ecreased inhibitive efficiency with rising tesrgdure.

2) Electrochemical measurement reveals that M-nighibit both anode and cathode at the same timé, a
increase the charge transfer resistance of X70. §ike surface morphology analysis evidences tls®dion

of M-n. It obeys Langmuir adsorption isotherm, asné spontaneous, exothermal and entropy incremantb
chemical adsorption process.

3) Structurally, M-n can be considered as the catiore of two effective inhibitor, alkylpyridiniumromide and
acetylenic alcohol. The intramolecular synergefieat between the two moieties endows M-n very good
inhibition efficacy against acid erosion of iromh& idea of intramolecular synergetic effect will tepful for

the molecular designation of new materials.
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