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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
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n an acid medium in the temperature range 20–40◦C. The corrosion rate increases with temperature with an inhibition efficiency that
etween 89 and 99%. The inhibitor forms a surface layer at the metal substrate. Evidence of the formation of the surface layer wa

rom surface reflectance infrared spectroscopy measurements. The elemental composition of the surface as indicated from energ
-ray analysis and X-ray photoelectron spectroscopy (XPS) proved that the application of the inhibitor increases the concentra
t the surface of the specimen. The adsorption model for this inhibitor follows a Langmuir isotherm and the heat of adsorption i
hemical bond formation. The latter was confirmed from the XPS data that indicated the possible formation of a chemical bond b
ulfur atom of the inhibitor molecule and the metal substrate. Scanning electron microscopy was used to study the surface morpho
nd after exposure to the inhibitor.
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. Introduction

Organic compounds and their derivatives were used suc-
essfully as inhibitors for different types of steels and were
tudied extensively through the last century. Recently, in-
erest is still growing for exploiting other inhibitors for the
orrosion of stainless steels[1]. On the other hand, type
16 stainless steel (AISI 316) has a wide scope of applica-

ions in different industries[2]. This type of stainless steel
s covered with a protective film rich in chromium (ox-
des/hydroxides) that imparts corrosion resistance to its sur-
ace. However, chloride-containing acidic solutions are ag-
ressive to this film layer and results in severe pitting forma-
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tion. Several organic molecules contain sulfur and nitro
hetero-atoms were suggested as inhibitors for steel in a
medium[3]. The inhibition mechanism for this class of
hibitors is mainly based on adsorption[4]. On the other hand
the effect of some inhibitors on chloride-ion-induced pit
of stainless steels was reported in the literature[5] to fol-
low a pattern consistent with Galvele’s pit model[6]. Among
the few publications cited in the literature on the effec
temperature on the inhibitive action is that using some
zoazoles to inhibit the corrosion of type 304 stainless
[7]. In their study, the authors[7] showed that the mercapt
benzoazoles inhibited the corrosion of stainless ste
temperatures between 25 and 50◦C using a chemisorptio
model.

In the first part of this work[8], we studied the effect o
some thiophene derivatives on the electrochemical beh
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of AISI 316 austenitic stainless steel in acidic solutions con-
taining chloride ions. We found a correlation between the
molecular structure of these derivatives and their inhibition
efficiency. The aim of this part of the study was to determine
the temperature coefficient and the adsorption characteris-
tics of one of the thiophene derivatives, namely, 2-thiophene
carboxylic hydrazide (TCH). Moreover, we investigated the
surface morphology of the steel before and after inhibitor
application and its adsorption onto the surface of the sub-
strate. The surface structure of the steel is investigated and
related to the adsorption of the inhibitor onto the substrate
surface.

2. Experimental details

AISI 316 stainless steel chemical composition and other
chemicals used in this study are as described elsewhere[8].
Test solutions were prepared from stock and diluted using de-
ionized water supply, further details can be found in previous
work [8].

AISI 316 stainless steel specimens were in the form of
rods and sheets. The first type was used for the electro-
chemical experiments while the sheets were employed for the
surface measurements. Electrode mounting and preparation
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3. Results and discussion

3.1. Temperature coefficient of corrosion inhibition of
stainless steel by 2-thiophene carboxylic hydrazide

The corrosion of stainless steel 316 in 0.5 M H2SO4 in
absence and presence of different concentrations of TCH
(ca. 5.0× 10−4 to 1.0× 10−2 M) at different temperatures
(25–40◦C) was studied using Tafel and linear polarization
experiments. The inhibition efficiency was calculated as pre-
viously described[8].

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
with the concentration of the inhibitor as mentioned before.
On the other hand, it was found that the inhibition efficiency
decreases with increasing temperature. General irregularity
could be observed at some concentrations for different tem-
peratures. The studied inhibitor is a five-member heterocyclic
ring with either half-chair or envelope-like structures[9,10]
with the most probable structure in the half-chair form. The
adsorption may be mainly via the lone-pair of the sulfur atom
in the ring while the rest of the molecule covers the surface in
the case of TCH. Some interaction of the electron cloud of the
ring could also be expected along with water displacement
f bard
[ the

Fig. 1. Inhibition efficiency for different concentration of TCH at different
temperatures.
ere as previously described[8]. Flat sheets were mount
o a glass cell in the form of a cylinder, mounted with a ch
cal resistant rubber seal in contact with the flat specim
he surface preparation of the flat sheets electrode follo

he same procedure as described for the rod samples
orking electrode geometrical surface area was 5.2 cm2. A

hree-electrode one-compartment glass cell with a satu
g/AgCl reference electrode and a platinum sheet (2 c×
cm) counter electrode was used for all the electrochem
easurements.
Electrochemical equipments and conditions of meas

ents are as described earlier[8].
The surface morphology of the specimen was chara

zed using scanning electron microscopy (SEM) and ene
ispersive X-ray analyzer (EDAX) Jeol JSM-5600 mo
he adsorption of the organic molecule to the subs
as examined using surface reflectance Fourier trans

nfrared spectroscopy (FT-IR). X-ray photoelectron sp
roscopy (XPS) was used to examine the elemental co
ition of the surface.

The samples were coated with a thin film of gold
liminate the effect of charging during measurement
eol JFC-1200 fine coater was used for this purpose a
urrent of 20 mA was applied for 150 s coating period
erkin-Elmer ESCA-5300 spectrometer was used to o

he spectra of the chemical composition of the surfac
he steel samples. A pass energy of 25 eV was used
he energy scale was adjusted to read the Au 4f7/2 peak a
3.8 eV. The sample charging effect was corrected rel

o the carbon peak energy of atmospheric hydrocarbo
84.6 eV.
rom the surface as indicated previously by Ren and Hub
11]. The resulting mode of coverage of the inhibitor to
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surface would be an anchor (through the sulfur atom) and a
blanket (from the rest of the molecule). Different adsorption
isotherms were suggested in the literatures[10–12]and were
tested for their fit to the experimental data. The degree of
coverage,θ, at constant potential is given by the following
relation[13,14]:

θ = 1 − ic

ia
(1)

whereia 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 shown inFig. 1. The latter is confirmed by in-
specting the values of the Tafel constants listed inTable 1.
More interestingly, the values of the cathodic Tafel constant
(βc) that corresponds to hydrogen evolution in absence of
inhibitor, decreased noticeably as the temperature increases
from 25 to 30◦C. The value ofβc starts to increase again as the
temperature increases above 30◦C. Bockris and Drazis[15]
formalized a mechanism for the hydrogen evolution reaction
asβc decreases with temperature. In this case, the mechanism
seems to work similarly for lower temperatures and changes
as the temperature increases. On the other hand, the corre-
sponding values ofβa showed a similar trend as those forβc.
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Fig. 2. Adsorption isotherm of TCH for the different concentrations of in-
hibitor studied at different temperatures.

hibitor, (1 − θ) the fraction of the vacant sites,R the gas
constant, andT the absolute temperature. A plot of log[θ/(1
− θ)] versus logC should yield a straight line. As could be
noticed fromFig. 2 that as the temperature reaches 40◦C,
the change in surface coverage at relatively high tempera-
ture differs in magnitude and extent when compared to lower
temperatures. A plot of log[θ/(1 − θ)] versus 1/T at given
concentration values (Fig. 3) allows to estimate the heats of
adsorption:−129.7,−68.48,−82.47 and−57.67 K mol−1

for 5.0× 10−4, 1.0× 10−3, 5.0× 10−3 and 1.0× 10−2 M
inhibitor, respectively. On the other hand, the heat of adsorp-
tion could be estimated from the relation between the rate of
corrosion and the inverse of temperature[16]. In this method,
the total measured rate of corrosion could be expressed as the
sum of two rates, the first for the rate of uninhibited reaction,
and the second for the rate of corrosion of completely covered
surface. The expression for these two rates is[16]:

−d[Fe]

dt
= K1(1 − θ) + K2θ (3)

whereK1 andK2 are the rate constants of the two processes,
respectively.

In most of our discussion, we will be considering the Lang-
muir model of adsorption. Thus, from substituting for the
he relatively lower values found in this study for the sta
ess steel compared to those found for mild steel[16] and iron
17], are due to less impurities present in stainless steel
nhibition efficiency is, therefore, more pronounced at lo
emperatures. The calculated protection efficiencies whe
ng 5.0× 10−3 M TCH are 77.2, 56.0, 51.7, 57.9% in 0.5

2SO4 at 25, 30, 35, and 40◦C, respectively. The values
nhibition efficiencies calculated from the linear polariza

easurements are comparable to those estimated fro
afel experiments. Other researchers mentioned similar

ngs earlier[18–20].
At this stage, we are assuming that a layer of the thiop

nhibitor adsorbs onto the surface of the stainless steel.
ater finding is confirmed by the surface reflectance F

easurements shown in a later section. Therefore, the
ion of the surface covered by the inhibitor and not expo
o corrosion events is equivalent to (ia − ic./ia). The latte
ssumption is only valid when complete coverage of the

ace by the inhibitor is readily maintained at all tempera
anges studied.

Moreover, the curves possess characteristic s-sh
sotherms for some temperatures and concentration re
f the acid used that indicated an adsorption mechanis

he inhibition process. Thus,Fig. 2shows the Langmuir ad
orption isotherm relation given by the following equat
16]:

θ

1 − θ
= AC exp

(
Q

RT

)
(2)

hereA is a constant,C the inhibitor concentration,Q the
eat of adsorption,θ the part of surface covered by the
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Table 1
Electrochemical parameters for stainless steel of type 316 in 0.5 M H2SO4 in the absence and presence of different concentrations of 2-thiophene carboxylic
hydrazide from Tafel experiments

T (◦C) Inhibitor (mol l−1) Ecor (mV) βc (mV decade−1) βa (mV decade−1) Rp (102 � cm2) Icorr (10−4 A cm−2) Corrosion rate (MPY)

25 0 −390 130 135 0.79 3.8 351
5 × 10−4 −341 97 41 2.8 0.39 36.2
1 × 10−3 −369 89 45 3.3 0.29 26.5
5 × 10−3 −340 81 32 17 0.083 7.68
1 × 10−2 −331 79 39 32 0.041 3.76

30 0 −334 81 43 1.2 4.0 367
5 × 10−4 −338 94 40 2.6 0.54 50.1
1 × 10−3 −319 91 35 3.2 0.41 38.0
5 × 10−3 −292 106 24 3.8 0.21 19.0
1 × 10−2 −284 98 31 8.0 0.18 16.3

35 0 −351 96 58 1.2 4.0 371
5 × 10−4 −329 101 47 1.4 0.98 90.4
1 × 10−3 −320 86 36 3.8 0.77 70.9
5 × 10−3 −305 94 28 2.2 0.40 37.2
1 × 10−2 −282 100 24 5.6 0.26 24.3

40 0 −342 114 89 0.93 4.2 388
5 × 10−4 −804 93 37 1.2 1.2 112
1 × 10−3 −802 96 36 1.4 1.0 94.2
5 × 10−3 −305 94 43 2.1 0.67 61.9
1 × 10−2 −296 84 37 2.9 0.51 47.4

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

−d[Fe]

dt
= K1 + K2AC exp(Q/RT )

1 + AC exp(Q/RT )
(4)

F
a

Therefore, the activation energyQ should increase as the
extent of inhibition increases. This is related to the term
ACexp(Q/RT), and when the surface is inhibited,C is equal
to zero. Upon rearrangement of Eq.(4), whereK1 andK2 are
replaced by their exponential forms:

−d[Fe]

dt
= K′

1 exp(−E1/RT ) + K′
2AC exp[(Q − E2)/RT ]

1 + AC exp(−Q/RT )
(5)

In the latter case, the activation energy for the corrosion pro-
cess should be equal toE1. Moreover, as the extent of inhi-
bition increases, andθ becomes large, the activation energy
increases to equal (E1 + Q). At very large values forθ the
activation energy is equal toE2. 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 1/T as inFig. 4allows the calculation of the activation
energy of adsorption. The activation energy is then plotted
versus the inhibitor concentration as shown inFig. 5. The
maximum value shown inFig. 5corresponds to the value of
(E1 + Q) that is equal to 83.4 kJ mol−1 for 6.3× 10−3 mol.
If E1 for the uninhibited reaction is equal to 17.73 kJ mol−1

[21], the heat of adsorption is equal to 65.67 kJ mol−1. This
value is reasonably agreeing with that obtained previously
f

e that
t l sur-
f ace by
ig. 3. Plot of log[θ/(1 − θ)] vs. 1/T for given concentration values of TCH
t stainless steel of type 316.

t n, re-
s rbed
i del
rom the expression of Eq.(2).
From the aforementioned discussion, we can conclud

he inhibitor molecules are well adsorbed over the meta
ace and that surface coverage of the stainless steel surf
he inhibitor changes with temperature and concentratio
pectively. In the case of lack of interaction between adso
nhibitor molecules at the surface, the Langmuir mo
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Fig. 4. Relation between the rate of corrosion of stainless steel of type 316
in H2SO4 vs. 1/T; MPY (milli-inch per year)≈ 0.00219 mA cm−2.

Fig. 5. Activation energy vs. inhibitor concentration.

Table 2
Thermodynamic parameters for TCH at the stainless steel surface in 0.5 M
H2SO4

T (◦C) �G◦
T

(kJ mol−1)
�H◦

T
(kJ mol−1)

�S◦
T

(J mol−1 K −1)
dE/dT (V K−1)

30 −26.6 −38.6 −39.7 −2.05× 10−7

40 −26.2 −38.6 −39.7 −2.05× 10−7

suggests:

KC =
[

θ

1 − θ

]
(6)

On the other hand, the thermodynamic parameters shown in
Table 2were estimated from the following relations[16]:

�G◦
T = −RT ln(K × 55.5),

�H◦
T = R(T1T2/(T2 − T1)) ln K(T2)

K(T1)
,

�S◦
T = �H◦

T − �G◦
T

T
(7)

And the temperature coefficient could be estimated according
to:

�G◦ = �H◦ − ZFT

(
dE

dT

)
(8)

Eeff = −2.3 × 8.314× d logi

d log(1/T )
(9)

The enthalpy of adsorption,�H◦, entropy of adsorption,�S◦,
and Gibbs energy of adsorption,�G◦, are all negative (see
T ◦ n
p de of
� lace
d face
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able 2). The negative value of�H indicates the adsorptio
rocess is exothermic. On the other hand, the magnitu
S◦ and�G◦ indicates that a replacement process took p
uring the adsorption of the inhibitor molecules at the sur
f the stainless steel[22].

.2. Surface measurements

.2.1. Scanning electron microscopy
Fig. 6a and b shows the surface features of AISI 316 s

ess steel exposed to 0.5 M H2SO4 in presence and absen
f TCH for 10 min under potential step polarization c
itions (the potential of the electrode was kept consta
0.5 V for 60 s then stepped to a value of +1.5 V and
t this value for 600 s).Fig. 6a shows extensive corrosi

n 0.5 M H2SO4. Fig. 6b depicts the effect of adding 1.0×
0−3 M TCH to 0.5 M H2SO4 on the surface characterist
f stainless steel under the same polarization conditions
pecimen surface is nearly intact as even the original po
ng scratches are seen after the exposure. On the other
ew pits are visible on the specimen surface after expo
o a 0.01 M NaCl-containing 0.5 M H2SO4 in absence an
resence of inhibitor as shown inFig. 7a and b, respectivel
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Fig. 6. SEM images showing surface features of stainless steel 316 exposed to 0.5 M H2SO4 in absence (a) and presence (b) of 1.0× 10−3 M TCH for 10 min
under potential step polarization conditions.

Energy-dispersive X-ray analysis (EDAX) was performed on
the exposed stainless steel samples. The data are shown in
Fig. 8a and b for a sample exposed to 0.5 M H2SO4 and to
0.5 M H2SO4 + 1.0 × 10−3 M TCH, respectively. Several
important observations could be noticed from the data:

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

(ii) The amount of iron, nickel and molybdenum were
affected when comparing the two graphs. Thus, the
amount of iron, nickel and molybdenum decreased in
the case of the sample exposed to inhibitor-containing
solution, whereas the amount of chromium increases.

(iii) A sulfur peak clearly appeared in the case of the sample
exposed to the TCH.

The decrease in the amount of iron, nickel and molybde-
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
adsorption of TCH moiety at the stainless steel surface. This
assumption was confirmed by the data obtained from the FT-
IR measurements.

3.2.2. Surface reflectance FT-IR
Surface reflectance FT-IR experiments were conducted on

specimens that were exposed to 0.5 M H2SO4 and compared
to stainless steel sheets exposed to 0.5 M H2SO4 + 1.0 ×
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Fig. 7. SEM images of the specimen surface after exposure to a 0.01 M NaCl-containing 0.5 M H2SO4 in absence (a) and presence (b) of inhibitor.

10−3 M TCH. One important goal for this experiment was
to ensure whether the inhibitor adsorbs to the surface of the
metal substrate after exposure and thorough washing. Thus,
Fig. 9 shows the spectrum obtained by reflectance from the
surface of the stainless steel (a) and that obtained from a con-
ventional transmission experiment of the TCH 2-thiophene
carboxylic hydrazide (b). Region A is characterized by a
strong “two-band” signal in the range 3100–500 cm−1 that
is characteristic of primary amines stretch[23]. Regions B
and C are characteristic for the aromatic CH stretch and
bending bands of the thiophene ring at 1414 and 1075 cm−1,
respectively. A rather weak band appeared at 1660 cm−1 that
is thought to be due to the carbonyl group in the amide link-
age C O NH. At this stage, we can conclude that the in-
hibitor is adsorbed to the surface of the substrate via the

thiophene sulfur electron lone-pair, and those of the oxy-
gen and the nitrogen atoms of the amide link. The presence
of a thin oxide layer at the surface of the stainless steel is
inevitable as indicated in the SEM images (Figs. 6 and 7)
and from the X-ray photoelectron spectroscopy (XPS)
data.

3.2.3. X-ray photoelectron spectroscopy
XPS data of stainless steel samples exposed to the inhibitor

proved interaction between the inhibitor and the substrate are
shown inFig. 10. Thus, two S1 peaks appeared at down field,
ca. 164.0 and 169.0 eV, cf.Fig. 10a in the case of inhibitor
examined at the stainless steel surface versus one peak for
the same compound at a platinum substrate cf.Fig. 10b. We
suggest the formation of a metalS bonding between inhibitor
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Fig. 8. Energy-dispersive X-ray analysis of the steel samples exposed to 0.5 M H2SO4 (a) and 0.5 M H2SO4 + 1.0× 10−3 M TCH (b).

Fig. 9. FT-IR obtained by reflectance from the surface of the steel (a) and from a conventional transmission experiment (b) of TCH.

Table 3
Elemental composition (in wt.%) of the surface of steel before and after
exposure to TCH in 0.5 M H2SO4

Cr Mn Fe Ni Mo S

Uninhibited 17.80 1.70 67.37 11.37 1.76 –
Inhibited 19.99 1.53 65.24 11.10 1.10 1.04

and substrate. Taking into account the expected ratio that
is shown between the two S1 peaks[24], and the general
X-ray photoelectron spectroscopy survey (not shown) with
the elemental composition (Table 3), the data are in good
agreement with the EDAX results. The application of the
inhibitor to the substrate apparently forms a chemical bond
with the substrate and results in a chromium-rich layer at the
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).

4. Conclusions

The adsorption of 2-thiophene carboxylic hydrazide fol-
lows a Langmuir isotherm and the heats of adsorption range
between−57 and−129 kcal mol−1. Surface measurements
showed that the application of the inhibitor protected the sur-
face by forming a thin layer that forms a chemical bond with
the substrate. The extent of surface coverage decreases with
temperature as well as the inhibition efficiency. Therefore,
thiophene derivatives can be used as inhibitors for stainless
steel of type 316 in acidic media with low and moderate con-
centrations.
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