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Abstract

The temperature coefficient of 2-thiophene carboxylic hydrazide (TCH) at austenitic stainless steel of type 316 (AISI 316) was determined
in an acid medium in the temperature range 20:2l0The corrosion rate increases with temperature with an inhibition efficiency that ranges
between 89 and 99%. The inhibitor forms a surface layer at the metal substrate. Evidence of the formation of the surface layer was confirme
from surface reflectance infrared spectroscopy measurements. The elemental composition of the surface as indicated from energy-dispers
X-ray analysis and X-ray photoelectron spectroscopy (XPS) proved that the application of the inhibitor increases the concentration of Cr
at the surface of the specimen. The adsorption model for this inhibitor follows a Langmuir isotherm and the heat of adsorption indicates a
chemical bond formation. The latter was confirmed from the XPS data that indicated the possible formation of a chemical bond between the
sulfur atom of the inhibitor molecule and the metal substrate. Scanning electron microscopy was used to study the surface morphology befor
and after exposure to the inhibitor.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tion. Several organic molecules contain sulfur and nitrogen
hetero-atoms were suggested as inhibitors for steel in acidic
Organic compounds and their derivatives were used suc-medium[3]. The inhibition mechanism for this class of in-
cessfully as inhibitors for different types of steels and were hibitors is mainly based on adsorpti@lj. On the other hand,
studied extensively through the last century. Recently, in- the effect of some inhibitors on chloride-ion-induced pitting
terest is still growing for exploiting other inhibitors for the of stainless steels was reported in the literaf®ieto fol-
corrosion of stainless steeJs]. On the other hand, type low a pattern consistent with Galvele’s pit mof&ll. Among
316 stainless steel (AISI 316) has a wide scope of applica-the few publications cited in the literature on the effect of
tions in different industrie§?]. This type of stainless steel temperature on the inhibitive action is that using some ben-
is covered with a protective film rich in chromium (ox- zoazoles to inhibit the corrosion of type 304 stainless steel
ides/hydroxides) that imparts corrosion resistance to its sur-[7]. In their study, the authofg] showed that the mercapto-
face. However, chloride-containing acidic solutions are ag- benzoazoles inhibited the corrosion of stainless steel at
gressive to this film layer and results in severe pitting forma- temperatures between 25 and°8Jusing a chemisorption

model.
* Corresponding author. Tel.: +20 782 5266; fax: +20 568 5799. In the first part of this worKg], we studied the effect of -
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of AISI 316 austenitic stainless steel in acidic solutions con- 3. Results and discussion

taining chloride ions. We found a correlation between the

molecular structure of these derivatives and their inhibition 3.1. Temperature coefficient of corrosion inhibition of

efficiency. The aim of this part of the study was to determine stainless steel by 2-thiophene carboxylic hydrazide

the temperature coefficient and the adsorption characteris-

tics of one of the thiophene derivatives, namely, 2-thiophene  The corrosion of stainless steel 316 in 0.5 M3®; in

carboxylic hydrazide (TCH). Moreover, we investigated the absence and presence of different concentrations of TCH

surface morphology of the steel before and after inhibitor (ca. 5.0x 10~4 to 1.0 x 10-2M) at different temperatures

application and its adsorption onto the surface of the sub- (25—-40°C) was studied using Tafel and linear polarization

strate. The surface structure of the steel is investigated andexperiments. The inhibition efficiency was calculated as pre-

related to the adsorption of the inhibitor onto the substrate viously described8].

surface. Fig. 1 shows the plot of the protection efficiency against
the logarithm of concentration of TCH at different tempera-
tures. The data reveal that the extent of efficiency increases

2. Experimental details with the concentration of the inhibitor as mentioned before.
On the other hand, it was found that the inhibition efficiency

AISI 316 stainless steel chemical composition and other decreases with increasing temperature. General irregularity
chemicals used in this study are as described elsewWBere could be observed at some concentrations for different tem-
Test solutions were prepared from stock and diluted using de-peratures. The studied inhibitor is a five-member heterocyclic
ionized water supply, further details can be found in previous ring with either half-chair or envelope-like structui€s10]
work [8]. with the most probable structure in the half-chair form. The

AISI 316 stainless steel specimens were in the form of adsorption may be mainly via the lone-pair of the sulfur atom
rods and sheets. The first type was used for the electro-in the ring while the rest of the molecule covers the surface in
chemical experiments while the sheets were employed for thethe case of TCH. Some interaction of the electron cloud of the
surface measurements. Electrode mounting and preparationing could also be expected along with water displacement
were as previously describg8]. Flat sheets were mounted from the surface as indicated previously by Ren and Hubbard
to a glass cellin the form of a cylinder, mounted with a chem- [11]. The resulting mode of coverage of the inhibitor to the
ical resistant rubber seal in contact with the flat specimens.

The surface preparation of the flat sheets electrode followed 100
the same procedure as described for the rod samples. The
working electrode geometrical surface area was 52 @n
three-electrode one-compartment glass cell with a saturated
Ag/AgClI reference electrode and a platinum sheet (2c¢m s I
2 cm) counter electrode was used for all the electrochemical
measurements.

Electrochemical equipments and conditions of measure-
ments are as described earlig}.

The surface morphology of the specimen was character-
ized using scanning electron microscopy (SEM) and energy-
dispersive X-ray analyzer (EDAX) Jeol JSM-5600 model.
The adsorption of the organic molecule to the substrate
was examined using surface reflectance Fourier transform
infrared spectroscopy (FT-IR). X-ray photoelectron spec- I
troscopy (XPS) was used to examine the elemental compo- 80 -
sition of the surface. I

The samples were coated with a thin film of gold to
eliminate the effect of charging during measurements. A -
Jeol JFC-1200 fine coater was used for this purpose and a s
current of 20mA was applied for 150 s coating period. A |
Perkin-Elmer ESCA-5300 spectrometer was used to obtain
the spectra of the chemical composition of the surface of 1 . 1 1
the steel samples. A pass energy of 25eV was used and " 32 28 24 2.0
the energy scale was adjusted to read the Awp 4feak at
83.8eV. The sample charging effect was corrected relative

to the carbon peak energy of atmospheric hydrocarbons atrig. 1. inhibition efficiency for different concentration of TCH at different
284.6eV. temperatures.
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surface would be an anchor (through the sulfur atom) and a 2.0
blanket (from the rest of the molecule). Different adsorption
isotherms were suggested in the literatyi€s-12]and were
tested for their fit to the experimental data. The degree of
coveragep, at constant potential is given by the following
relation[13,14} L6
f=1-"° (@)
la
whereiz andic are the corrosion currents of uninhibited and
inhibited experiments, respectively. As was indicated above,
the inhibition efficiency increases with concentration, how-
ever some irregularities are clear at some concentrations with
temperature as shownlkig. 1 The latter is confirmed by in-
specting the values of the Tafel constants listedable 1
More interestingly, the values of the cathodic Tafel constant
(Bc) that corresponds to hydrogen evolution in absence of
inhibitor, decreased noticeably as the temperature increases
from 25t0 30°C. The value of5; startsto increase again as the
temperature increases above’80 Bockris and Drazi§l5]
formalized a mechanism for the hydrogen evolution reaction — Pl -
asp. decreases with temperature. In this case, the mechanism 4 s
seems to work similarly for lower temperatures and changes 04 -
as the temperature increases. On the other hand, the corre-
sponding values g8, showed a similar trend as those iy
The relatively lower values found in this study for the stain-
less steel compared to those found for mild stg&] and iron
[171’ fa.re due' t_o Iessilmpurltles present in stainless steel. TheFig. 2. Adsorption isotherm of TCH for the different concentrations of in-
inhibition efficiency is, therefore, more pronounced at lower ipjtor studied at different temperatures.
temperatures. The calculated protection efficiencies when us-
ing 5.0x 1073M TCH are 77.2, 56.0, 51.7, 57.9% in 0.5M
HoSOy at 25, 30, 35, and 4TC, respectively. The values of  hibitor, (1 — 6) the fraction of the vacant siteR the gas
inhibition efficiencies calculated from the linear polarization constant, and the absolute temperature. A plot of &gl
measurements are comparable to those estimated from the- 6)] versus logC should yield a straight line. As could be
Tafel experiments. Other researchers mentioned similar find-noticed fromFig. 2 that as the temperature reaches @0
ings earlief18-20] the change in surface coverage at relatively high tempera-
Atthis stage, we are assuming that a layer of the thiopheneture differs in magnitude and extent when compared to lower
inhibitor adsorbs onto the surface of the stainless steel. Thistemperatures. A plot of log[(1 — 6)] versus 1T at given
later finding is confirmed by the surface reflectance FT-IR concentration values={(g. 3 allows to estimate the heats of
measurements shown in a later section. Therefore, the frac-adsorption:—129.7, —68.48, —82.47 and—57.67 K mot!
tion of the surface covered by the inhibitor and not exposed for 5.0 x 1074, 1.0 x 1073, 5.0 x 10-3 and 1.0x 1072M
to corrosion events is equivalent t & ic/ig). The latter inhibitor, respectively. On the other hand, the heat of adsorp-
assumption is only valid when complete coverage of the sur- tion could be estimated from the relation between the rate of
face by the inhibitor is readily maintained at all temperature corrosion and the inverse of temperatfir@]. In this method,
ranges studied. the total measured rate of corrosion could be expressed as the
Moreover, the curves possess characteristic s-shapedsum of two rates, the first for the rate of uninhibited reaction,
isotherms for some temperatures and concentration regionsand the second for the rate of corrosion of completely covered
of the acid used that indicated an adsorption mechanism forsurface. The expression for these two ratg46:
the inhibition process. Thu§ig. 2 shows the Langmuir ad-
sorption isotherm relation given by the following equation —d[Fe]

1.2 -

log 6/(1-0)

0.8 -

\
\
o m g e
w
s
e

-3.4 -3.0 -2.6 2.2 -1.8
log C (mol I'")

[16]: s K1(1—0) + K20 (3)

1-4= AC exp(%) (2) whereK; andKj are the rate constants of the two processes,
B respectively.

whereA is a constantC the inhibitor concentratiorQ the In most of our discussion, we will be considering the Lang-

heat of adsorptiong the part of surface covered by the in- muir model of adsorption. Thus, from substituting for the
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Electrochemical parameters for stainless steel of type 316 in 0.580kin the absence and presence of different concentrations of 2-thiophene carboxylic
hydrazide from Tafel experiments

T(°C) Inhibitor (Mol Y)  Egor(MV)  Bc (MVdecade!)  Ba(mVdecade?) R, (10PQcm?)  leor (1004Acm™2)  Corrosion rate (MPY)
25 0 -390 130 135 o9 3.8 351
5x 1074 —341 97 41 P} 0.39 362
1x 103 —369 89 45 3 0.29 265
5x 103 —340 81 32 17 0.083 .88
1x 102 —331 79 39 32 0.041 .36
30 0 —334 81 43 » 4.0 367
5x 1074 —338 94 40 % 0.54 501
1x 103 —319 91 35 2 0.41 380
5x 1073 —292 106 24 B 0.21 190
1x 102 —284 98 31 D 0.18 163
35 0 —351 96 58 12 4.0 371
5x 1074 —329 101 47 u 0.98 904
1x 1073 —320 86 36 3 0.77 709
5x 1073 —305 94 28 2 0.40 372
1x 102 —282 100 24 % 0.26 243
40 0 —342 114 89 ®3 4.2 388
5x 1074 -804 93 37 i) 1.2 112
1x10°3 —802 96 36 14 1.0 942
5x 1073 —305 94 43 2 0.67 619
1x 102 —296 84 37 29 0.51 474

values off from Eq.(2) into Eq.(3), we obtain:

—d[Fe] K1+ K2ACexp(Q/RT)

dr 1+ AC exp(Q/RT)
2.0
1.6
—
,qj 12 -
=~
=2
en
=
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Fig. 3. Plot of logp/(1 — 6)] vs. 1T for given concentration values of TCH

at stainless steel of type 316.

(4)

Therefore, the activation energyshould increase as the

extent of inhibition increases. This is related to the term
ACexp(@Q/RT), and when the surface is inhibite@,is equal

to zero. Upon rearrangement of E4), whereK; andK; are
replaced by their exponential forms:

—d[Fe] K’ exp(E1/RT)+ K;ACexp[(Q — E2)/RT]
dt 1+ ACexp(=Q/RT)

(5)

In the latter case, the activation energy for the corrosion pro-
cess should be equal B . Moreover, as the extent of inhi-
bition increases, angl becomes large, the activation energy
increases to equakf + Q). At very large values fog the
activation energy is equal t6,. If we assume intermediate
coverage by the inhibitor to the stainless steel surface and
adopting the Langmuir model, the activation energy of ad-
sorption can be determined. A plot of the rate of corrosion
versus 1T as inFig. 4allows the calculation of the activation
energy of adsorption. The activation energy is then plotted
versus the inhibitor concentration as showrFig. 5. The
maximum value shown ifig. 5corresponds to the value of
(E1 + Q) that is equal to 83.4 kJ mot for 6.3 x 10-3mol.

If E1 for the uninhibited reaction is equal to 17.73 kJ mol
[21], the heat of adsorption is equal to 65.67 kJ™olThis
value is reasonably agreeing with that obtained previously
from the expression of E@2).

From the aforementioned discussion, we can conclude that
the inhibitor molecules are well adsorbed over the metal sur-
face and that surface coverage of the stainless steel surface by
the inhibitor changes with temperature and concentration, re-
spectively. Inthe case of lack of interaction between adsorbed
inhibitor molecules at the surface, the Langmuir model
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Fig. 4. Relation between the rate of corrosion of stainless steel of type 316
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. 5. Activation energy vs. inhibitor concentration.

Table 2
Thermodynamic parameters for TCH at the stainless steel surface in 0.5M
HoSOy

T(°C) AGS AHS AS3 dE/dT (VK1)
(kdmorl)  (kImorl)  (@morlk-1)
30 -26.6 -38.6 -39.7 —2.05x 1077
40 —26.2 -38.6 -39.7 —2.05x 1077
suggests:
0

KC=|—— 6

155 ©)

On the other hand, the thermodynamic parameters shown in
Table 2were estimated from the following relatiofis]:

AG$ = —RTIn(K x 55.5),

ape — RIT2/(T2 — T1)) In K(T2)
T K(T1) ’

AH? — AGY
ASg=—"T T (7)
T
And the temperature coefficient could be estimated according

to:

5 5 dE
AG° = AH®° — ZFT (-dT) (8)
dlogi
Eeff = —2. Bl4x — >
off 3x83 X STog/T) 9)

The enthalpy of adsorptiolH®, entropy of adsorptiom\ S,

and Gibbs energy of adsorptionG°, are all negative (see
Table 2. The negative value cAH° indicates the adsorption
process is exothermic. On the other hand, the magnitude of
AS andAG? indicates that a replacement process took place
during the adsorption of the inhibitor molecules at the surface
of the stainless ste¢2?].

3.2. Surface measurements

3.2.1. Scanning electron microscopy

Fig. 6a and b shows the surface features of AISI 316 stain-
less steel exposed to 0.5 MbHO, in presence and absence
of TCH for 10 min under potential step polarization con-
ditions (the potential of the electrode was kept constant at
—0.5V for 60 s then stepped to a value of +1.5V and held
at this value for 600 s)Fig. 6a shows extensive corrosion
in 0.5M HyxSOy. Fig. 6b depicts the effect of adding 1:0
10~3M TCH to 0.5 M H,SOs on the surface characteristics
of stainless steel under the same polarization conditions. The
specimen surface is nearly intact as even the original polish-
ing scratches are seen after the exposure. On the other hand,
few pits are visible on the specimen surface after exposure
to a 0.01 M NaCl-containing 0.5M #6504 in absence and
presence of inhibitor as shownkig. 7a and b, respectively.
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Fig. 6. SEM images showing surface features of stainless steel 316 exposed to §EMirlabsence (a) and presence (b) of £.00~3 M TCH for 10 min
under potential step polarization conditions.

Energy-dispersive X-ray analysis (EDAX) was performed on (iii) A sulfur peak clearly appeared in the case of the sample

the exposed stainless steel samples. The data are shown in  exposed to the TCH.

Fig. 8a and b for a sample exposed to 0.5 MS®, and to

0.5M H,SOs + 1.0 x 103 M TCH, respectively. Several The decrease in the amount of iron, nickel and molybde-

important observations could be noticed from the data: num and the increase in the amount of chromium indicated
that the dissolution of stainless steel is inhibited. Moreover,
the appearance of the sulfur peak could be attributed to the

h adsorption of TCH moiety at the stainless steel surface. This

eassumption was confirmed by the data obtained from the FT-

IR measurements.

(i) The general features of the spectra are similar in bot
cases, where the stainless steel is only exposed to th
sulfuric acid solution and that containing the inhibitor.

(i) The amount of iron, nickel and molybdenum were
affected when comparing the two graphs. Thus, the 3.2.2. Surface reflectance FT-IR
amount of iron, nickel and molybdenum decreased in  Surface reflectance FT-IR experiments were conducted on
the case of the sample exposed to inhibitor-containing specimens that were exposed to 0.5 By and compared
solution, whereas the amount of chromium increases. to stainless steel sheets exposed to 0.5)®; + 1.0 x
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Fig. 7. SEM images of the specimen surface after exposure to a 0.01 M NaCl-containing @50 iH absence (a) and presence (b) of inhibitor.

10-3M TCH. One important goal for this experiment was thiophene sulfur electron lone-pair, and those of the oxy-
to ensure whether the inhibitor adsorbs to the surface of thegen and the nitrogen atoms of the amide link. The presence
metal substrate after exposure and thorough washing. ThUS,Of a thin oxide layer at the surface of the stainless steel is
Fig. 9 shows the spectrum obtained by reflectance from the inevitable as indicated in the SEM imagedds. 6 and ¥
surface of the stainless steel (a) and that obtained from a conand from the X-ray photoelectron spectroscopy (XPS)
ventional transmission experiment of the TCH 2-thiophene data.

carboxylic hydrazide (b). Region A is characterized by a

strong “two-band” signal in the range 3100-500¢nthat 3.2.3. X-ray photoelectron spectroscopy

is characteristic of primary amines stre@8]. Regions B XPS data of stainless steel samples exposed to the inhibitor
and C are characteristic for the aromatiekCstretch and  proved interaction between the inhibitor and the substrate are
bending bands of the thiophene ring at 1414 and 1075'¢m  shown inFig. 10 Thus, two S1 peaks appeared at down field,
respectively. A rather weak band appeared at 1660'dimat ca. 164.0 and 169.0 eV, dfig. 10a in the case of inhibitor

is thought to be due to the carbonyl group in the amide link- examined at the stainless steel surface versus one peak for
age—C=0-NH. At this stage, we can conclude that the in- the same compound at a platinum substrat€icf. 1. We
hibitor is adsorbed to the surface of the substrate via the suggestthe formation of a met& bonding between inhibitor
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Fig. 8. Energy-dispersive X-ray analysis of the steel samples exposed to ;58 Kh) and 0.5 M HSO; + 1.0 x 10-3M TCH (b).
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Fig. 9. FT-IR obtained by reflectance from the surface of the steel (a) and from a conventional transmission experiment (b) of TCH.

and substrate. Taking into account the expected ratio that
is shown between the two S1 pedRel], and the general
X-ray photoelectron spectroscopy survey (not shown) with
the elemental compositiornTéble 3, the data are in good
agreement with the EDAX results. The application of the

Table 3
Elemental composition (in wt.%) of the surface of steel before and after
exposure to TCH in 0.5M pBEOy

— cr Mn Fe NI Mo S inhibitor to the substrate apparently forms a chemical bond
Uninhibited ~ 17.80 170 ~ 6737 1137 176 - with the substrate and results in a chromium-rich layer at the
Inhibited 1999 153 6524 1110 110  1.04

surface/electrolyte interface.
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Fig. 10. XPS data of stainless steel samples exposed to the inhibitor (a) and a platinum substrate exposed to the same inhibitor (b).
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