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Abstract The inhibition effect of tween-85 on the
corrosion of cold rolled steel (CRS) in 1.0 M hydrochloric
acid (HCI) was studied by weight loss and potentiodynamic
polarization methods. The results show that tween-85 is a
good inhibitor in 1.0 M HCI and its maximum inhibition
efficiency (IE) is 92% at very low concentration. Its
adsorption obeys the Langmuir adsorption isotherm
equation. The thermodynamic parameters of adsorption
enthalpy (AH®), adsorption free energy (AG’) and adsorp-
tion entropy (AS®) were calculated and discussed. Polari-
zation curves show that tween-85 acts as a mixed-type
inhibitor in hydrochloric acid. IE values obtained from
weight loss and polarization are consistent. The adsorbed
film on a CRS surface containing an optimum dose of tween-
85 was investigated by Fourier transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy (XPS)
and atomic force microscope (AFM). An inhibitive mech-
anism is proposed from the viewpoint of adsorption theory.
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1 Introduction

The use of inhibitors is one of the most practical methods
for protection against corrosion, especially in acidic media
[1]. As acidic media, HCI and H,SO,, are widely used in
the treatment of steel and ferrous alloys [2]. Inhibitors are
used to prevent metal dissolution as well as acid con-
sumption [3]. Most well known acid inhibitors are organic
compounds containing nitrogen, sulfur, and oxygen atoms.
Among them, the surfactant inhibitor has many advantages
such as high inhibition efficiency, low cost, low toxicity
and easy production [4]. Surfactants exert their inhibition
action by adsorption on the metal surface such that the
polar or ionic group (hydrophilic part) attaches to the metal
surface while its tail (hydrophobic part) extends to the
solution. The adsorption of the surfactant on the metal
surface can markedly change the corrosion-resisting prop-
erty of the metal [5, 6], and so the study of the relationship
between adsorption and corrosion inhibition is of great
importance.

Ionic surfactants have been used for the corrosion
inhibition of steel [7-20], copper [21-26], aluminum
[27-30] and other metals [31, 32] in different media.
Recently, some nonionic surfactants have also been widely
used as corrosion inhibitors for steel in acidic media
[33-38]. However, data regarding the use of nonionic
surfactants like the tween series are not so plentiful. The
present work is an extension of earlier work on the influ-
ence of nonionic surfactant tween-85 on the inhibition of
corrosion of cold rolled steel in 1.0 M HCI solution. We
have reported that these non-ionic surfactants of tween
series like tween-20 and tween-40 are good inhibitors in
1.0 M HCl and 1.0 M H,SO, solutions [39-41]. The
thermodynamic parameters of tweens reveal that the inhi-
bition of corrosion is due to the formation of an adsorbed
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film on the steel surface and their adsorption is found to
follow the Langmuir adsorption isotherm. The aim of the
present work is to further investigate the corrosion inhibi-
tion of another nonionic surfactant in the tween series,
namely tween-85 in 1.0 M HCI. The inhibition effect of
tween-85 on the corrosion of cold rolled steel was studied
by weight loss and polarization methods, and the steel
surface was observed by Fourier transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy (XPS)
and atomic force microscope (AFM). It is expected to
further investigate the inhibitive mechanism of nonionic
surfactants of tween series for steel in acidic media.

2 Experimental method
2.1 Materials

Tests were performed on a cold rolled steel (CRS) of the
following composition (wt %): 0.07% C, 0.3% Mn, 0.022%
P, 0.010% S, 0.01% Si, 0.030% Al, and bal. Fe.

2.2 Inhibitor

Tween-85 (Polyoxyethylene sorbitan trioleate) was
obtained from Shanghai Chemical Reagent Company of
China. Figure 1 shows the molecular structure of tween-85.
Clearly, tween-85 is an O-heterocyclic compound with
high molecular weight owing to the number of units of
CH,CH,O.

2.3 Solutions

The aggressive solutions of 1.0 M HCIl were prepared by
dilution of analytical grade 37% HCl with distilled
water. The concentration range of tween-85 used was
5-100 mg L™".

H.C CHCH,OCO(CH,). CH(C,H, ,)CH,

CH,(CgH,,)CH(CH,).CHOOC

sHy, CHC(OH2CHZO)nCH2CH20H

OCO(CH,),CH(C,H, ,)CH,

Fig. 1 The molecular structure of tween-85
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2.4 Weight loss measurements

The cold rolled steel (CRS) sheets of 2.5 cm x
2.0 cm x 0.06 cm were abraded with a series of emery
papers (grade 320-500-800) and then washed with distilled
water and acetone. After weighing accurately, the speci-
mens were immersed in a 250 mL beaker containing
250 mL 1.0 M HCI solution with and without addition of
different concentrations of tween-85. All the aggressive
acid solutions were open to air. After 6 h the specimens
were taken out, washed, dried, and weighed accurately. In
order to get good reproducibility experiments were carried
out in triplicate. The average weight loss of three parallel
CRS sheets was obtained. The tests were repeated at dif-
ferent temperatures. The value of corrosion rate (v) was
calculated from the following equation [42]:

w

V:§ (1)

where W is the average weight loss of three parallel CRS
sheets, S the total area of one CRS specimen and ¢ is
immersion time. With the calculated corrosion rate, the
inhibition efficiency (IE) of tween-85 was calculated as
follows [42]:

E% =207

x 100 (2)
Vo

where vy and v are the values of the corrosion rate without

and with addition of the inhibitor, respectively.

2.5 Polarization measurements

Polarization experiments were carried out in a conventional
three-electrode cell with a platinum counter electrode (CE)
and a saturated calomel electrode (SCE) coupled to a fine
Luggin capillary as the reference electrode. The working
electrode (WE) was in the form of a square cut from CRS
embedded in PVC holder using epoxy resin so that the flat
surface was the only surface in the electrode. The working
surface area was 1.0 cm x 1.0 cm.

Before measurement the electrode was immersed in test
solution at the natural potential for 2 h until a steady state
was reached. All polarization curves were recorded by a
PARSTAT 2263 potentiostat (Perkin Elmer™ Com-
pany, USA) at 20 °C. The potential was increased at
30 mV min~" and started from a potential of —250 mV to
4250 mV vs. corrosion potential (E..,). IE% was defined
as:

Lo — Icorr(inh)

IE% = x 100 (3)

ICO[T

where I.o and Ioomgnny Tepresent the corrosion current
density values without and with inhibitor, respectively.
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2.6 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded in an AVATAR-FTIR-360
spectrophotometer (Thermo Nicolet Company, USA).
Because tween-85 is liquid, its spectrum was recorded by
the OMNI Sampler accessory. In order not to damage the
adsorbed protective film of the CRS surfaces after
immersion in inhibited HCI solution, the FTIR reflectance
accessory was applied to measure the CRS surfaces [42].

2.7 X-ray photoelectron spectroscopy (XPS)

Samples of dimension 1.0 cm x 1.0 cm x 0.06 cm were
abraded with emery paper (grade 320-500-800) and
washed with the same method as in section 2.4. The steel
was exposed to 250 mL of 1.0 M HCI with 100 mg L™"
tween-85 at 20 °C for 6 h. The specimen was rinsed with
distilled water and then dried in vacuum overnight.

X-ray photoelectron spectra of components, C 1s, O 1s
and Fe 2p for the CRS surfaces were recorded on an X-ray
photoelectron spectrometer (XPS, PHI-5500 ESCA, USA)
with 200 W Mg Ka (1,253.6 eV) radiation as the source.
The resolution was 0.8 eV. The base pressure in the
experimental chamber was in the low 1.3 x 107 Pa
region.

The binding energy (BE) internal calibration was
referenced to the C 1s energy at 284.6 eV. Spectral
decomposition assumed mixed Gaussian-Lorenzian curves
and was performed by using background subtraction and a
least squares fitting program.

2.8 Atomic force microscope (AFM)

The CRS specimens of size 1.0 cm x 1.0 cm x 0.06 cm
were prepared as described above (Section 2.4). After
immersion in 1.0 M HCl without and with addition of
100 mg L™" tween-85 at 20 °C for 6 h, the specimens were
cleaned with distilled water, dried with a cold air blaster
and then used for Japan instrument model SPA-400 SPM
Unit atomic force microscope (AFM) examinations.

3 Experimental results and discussion
3.1 Effect of tween-85 on the corrosion rate

The corrosion rate curves of cold rolled steel (CRS) with
the addition of tween-85 in 1.0 M HCI at various temper-
atures are shown in Fig. 2. The corrosion rates (g m > h™")
decrease as the concentration of inhibitor increases due to
the fact that the adsorption coverage increases, which
shields the CRS surface efficiently from the medium
[27, 30]. Also, the curves in Fig. 2 show that the corrosion

2

corrosion rate v/g m™h

— =0 |
0 10 20 30 40 50 60 70 8 90 100 110

concentration of tween-85 ¢/mg 1"

Fig. 2 Relationship between corrosion rate (v) and concentration of
tween-85 (¢) in 1.0 M HCl

rate increases with temperature both in uninhibited and
inhibited solutions. It should be noted that the corrosion
rate increases more rapidly with temperature in the absence
of inhibitor. These results confirm that tween-85 acts as a
good inhibitor in the range of temperature studied.

3.2 Effect of inhibitor concentration and temperature
on inhibition efficiency

The values of inhibition efficiencies obtained by weight
loss for different inhibitor concentrations in 1.0 M HCI are
given in Fig. 3. IE increases in the inhibitor concentration
range from 5 to 100 mg L™, and the maximum IE is about
92%. The inhibition was estimated to be about 79% at
20 °C even at very low concentration (5 mg L") and at
40 mg L™ its protection was higher than 90% (20-30 °C).

100
90 | = A
80 |
o\\° 70 - —0—120°C
= —e—130°C
ol —a— 40°C
—a—50°C
50
40 1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100 110

concentration of tween-85 ¢/mg 1"

Fig. 3 Relationship between inhibition efficiency (IE) and concen-
tration of tween-85 (¢) in 1.0 M HCl
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These better performances can be explained as follows.
The main hydrophilic part CHO(CH,CH,0),CH,CH,OH
of tween-85 attaches to the CRS surface while the main
hydrophobic part (CH,);CH(CgH;7)CH; extends to the
solution bulk. Furthermore, tween-85 adsorbs at the steel/
solution interface via hydrogen bonding between the —OH
groups and water molecules adsorbed on the surface. When
tween-85 is adsorbed on metal surface, a coordinate bond
may be formed by partial transference of electrons from the
polar atom (O atom) of tween-85 to the metal surface.
Also, tween-85 may be easily protonated in HCI solution,
before chloride ions have a smaller degree of hydration,
being specifically adsorbed. They create an excess negative
charge towards the solution and favor more adsorption of
the cations [43], the protonated tween-85 may adsorb
through electrostatic interactions between the positively
charged molecules and the negatively charged metal sur-
face. Namely, there may be a synergism between Cl™ and
tween-85 [41], which improves the inhibitive capability of
the inhibitor.

Figure 3 also shows that the IE decreases with the
temperature, which indicates that higher temperatures
cause desorption of tween-85.

Using our recent work [41], in the same conditions, a
comparison of the inhibition properties of tween-20 and
tween-85 can be made. At 20 °C and 30 °C, IE (tween-20)
>IE (twen-85) at low concentration (5-30 mg L_l), while
IEs of tween-20 and twen-85 are almost the same at
30-100 mg L~ But at 40 °C and 50 °C it seems that
tween-85 is a better inhibitor. The difference in their
inhibitive action can be explained on the basis of their
molecular structure. Tween compounds are basically poly-
ethylene glycol sorbitan combined with different fatty acids.
Tween-20 (polyethylene glycol sorbitan monalaurate) and
tween-85 (polyethylene glycol sorbitan trioleate) have the
same hydrophilic group CHO(CH,CH,0),CH,CH,0H, but
different hydrophobic groups. Consequently, the IE behav-
ior can be attributed to the difference in the role of the
hydrophobic part. Tween-20 has one hydrophobic group of
(CH,),0CHj;, while tween-85 has three hydrophobic groups,
i.e. (CH,),CH(CgH,7)CH3;. The solubility in water follows
the order: tween-85< tween-20. At low temperature (20 °C
and 30 °C), owing to the prominent steric hindrance effect of
the hydrophobic group for tween-85, compared with tween-
20, adsorption is low, and it is difficult to reach saturation of
the steel surface at low concentration, but when the con-
centration is higher than 30 mg L™ the corrosion inhibition
reaches a steady state for tweens. On the other hand, when
the temperature increased to 40 °C and 50 °C, the solubility
in water of tween-85 increased; the large hydrophobic group
forms a good barrier between the metal surface and the
corrosive medium. So tween-85 has better inhibition prop-
erties than tween-20.
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3.3 Adsorption isotherm for tween-85

Basic information on the interaction between the inhibitor
and the CRS surface can be provided by the adsorption iso-
therm. Attempts were made to fit experimental data to
various isotherms including Frumkin, Langmuir, Temkin,
Freundlich, Bockris-Swinkels and Flory-Huggins isotherms.
The results were best fitted by the Langmuir adsorption
isotherm equation [39—41]:

c 1

c__ 4
-kt (4)
where ¢ is the concentration of inhibitor, K the adsorptive
equilibrium constant, and 0 is the surface coverage which
can be calculated by the Sekine and Hirakawa method [44]:
0= (5)

Vo —V

Vo — Vm

where v, is the smallest corrosion rate.

From the values of surface coverage, the linear regres-
sions between ¢/0 and ¢ were calculated, and the parameters
are listed in Table 1. Figure 4 shows the relationship
between ¢/0 and ¢ at 30 °C. These results show that all the
linear correlation coefficients (r) are almost equal to 1 and all
the slopes are very close to 1, which indicates that the
adsorption of tween-85 obeys the Langmuir adsorption
isotherm.

Table 1 Parameters of the linear regression between ¢/0 and ¢

Temperature/°C Linear correlation Slope K/L mg™!
coefficient (r)
20 0.9999 0.9937 0.9608
30 1.0000 0.9765 0.4833
40 0.9998 0.9614 0.2384
50 0.9977 0.9561 0.1394
120
100
80
S eor
40
20
0 1 1 1 1 1
0 20 40 60 80 100 120

concentration of tween-85 ¢ /mg I

Fig. 4 The relationship between ¢/0 and ¢ at 30 °C in 1.0 M HCl
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From Table 1 we can see that the adsorptive equilibrium
constant (K) decreases with increase in temperature, which
indicates that it is easily and strongly adsorbed onto the
steel surface at relatively lower temperature. But when the
temperature is relatively higher, the adsorbed inhibitor
tends to desorb. In addition, large values of K mean better
inhibition efficiency of the given inhibitor. This is in good
agreement with the values of IE obtained from Fig. 3.

3.4 Thermodynamic parameters

Thermodynamic parameters play an important role in
understanding the inhibitive mechanism. The adsorption
enthalpy (AH) was calculated according to the Van’t Hoff
equation [39-41]:

—AH
InK = RT + constant (6)

where R is the gas constant (8.314 J K™ mol™"), T the
absolute temperature (K).

It should be noted that —AH/R is the slope of the
straight line In K—1/T according to Eq. (6), so the value of
adsorption enthalpy does not change with the unit of
adsorptive equilibrium constant K. Figure 5 shows the
straight line In K—1/7, and the linear correlation coefficient
(r) is 0.9993. Because the experiment took place at stan-
dard pressure (101.3 kPa) and the solution concentration
was so low that it was close to standard condition, AH

In (K/1 mg")

-3
0.00295 0.00305 0.00315 0.00325 0.00335 0.00345 0.00355
(/Ty/K!

Fig. 5 The relationship between In K and 1/7 in 1.0 M HCI

can be approximately regarded as the standard adsorption
enthalpy (AHO ) under the experimental conditions [27,
39-41].

The adsorptive equilibrium constant, K is related to the
standard adsorption free energy (AG”) obtained according
to [45-47]:

1 —AG°
K= 55.56XP(RT ) (7

where the value 55.5 is the concentration of water in
solution expressed in M (mol L~ ! or mol dm_3) [45-47].
The unit of AG® is J mol™! (or kJ mol_l). Obviously, the
adsorptive equilibrium constant K unit is L mol™" in Eq.
(7) [39, 41, 45]. Thus, the adsorptive equilibrium constant
K unit L mg~"' (Table 1) should be changed into L mol "
(or Mfl) [39, 41, 48]. Because tween-85 is also a polymer,
it is difficult to get the exact molecular weight. We assume
that the molecular weight of tween-85 is M,, g mol . The
changed adsorption equilibrium constant in unit L mol ™ is
listed in Table 2.

Then the standard adsorption entropy (AS”) can be
obtained by the basic thermodynamic equation:

AH? — AG°
T

AS° = (8)
All the calculated thermodynamic parameters are listed in
Table 2. The negative value of AH® shows that the
adsorption of inhibitor is an exothermic process [39],
which indicates that inhibition efficiency decreases with
increase in temperature. This agrees with the values of IE
(Fig. 3). Such behavior can also be interpreted on the basis
that the increase in temperature resulted in desorption of
some adsorbed inhibitor molecules from the surface. The
negative values of AG® suggest that adsorption onto the
steel surface is a spontaneous process. Generally, values of
AG® up to —20 kJ mol ™" are consistent with the electro-
static interaction between the charged molecules and the
charged metal (physical adsorption) while those more
negative than —40 kJ mol ™" involve sharing or transfer of
electrons from the inhibitor molecules to the metal surface
to form a co-ordinate type of bond (chemisorption) [45,
49-51]. Because the molecular weight (M,,) of tween-85 is
about 1,741~1917 g mol ™! [52], it can be seen from
Table 2 that the value of AG® is about —43 kJ mol™’,
which indicates that the adsorption of tween-85 on CRS

g:rl:l:relezter?ffjlclesrglrgzigﬁag;w Temperature/°’C  K/M ™! AG°/KJ mol ™! AH°/K) mol™!  AS%) mol™' K~!

tween-85 on the steel surface 20 09608 x 10° M,  —26.53-2.48 In M,, —51.22 —84.22 + 846 In M,,
30 04833 x 10° M,  —25.70-2.52In M,  —51.22 —84.18 + 8.31 In M,,
40 02384 x 10° M,  —24.71-2.60 In M,,  —51.22 —84.66 + 8.30 In M,,

* My, —the molecular weight of 5, 0.1394 x 10° M,,  —24.06-2.69 In M, —51.22 —84.05 + 8.32 In M,,

tween-85, 1741 ~ 1917 g mol™"
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involves chemisorption. Thus the adsorption of tween-85
onto the steel surface can be explained on the basis of
donor-acceptor interaction between the lone pairs of elec-
trons of oxygen atoms and the vacant d orbital of iron
surface atoms. As for the value of AS® in Table 2, the sign
of AS° is negative, which mean that the process of
adsorption is accompanied by a decrease in entropy. This
may be explained as follows: before the adsorption of
tween-85 onto the steel surface, the chaotic degree of steel/
solution interface surface is high, but when inhibitor mol-
ecules are adsorbed onto the steel surface there is increased
order and a resultant decrease in entropy.

3.5 Polarization studies

Both anodic and cathodic polarization curves for CRS in
1.0 M HCI at various concentrations of tween-85 are
shown in Fig. 6. The presence of inhibitor causes a
remarkable decrease in the corrosion rate i.e. shifts the
anodic curves to more positive potentials and the cathodic
curves to more negative potentials. This may be ascribed to
adsorption of inhibitor over the corroded surface [53].
Figure 6 also shows that the strong polarization (beyond
E.or £ 120 mV) curves deviate from Tafel lines owing to
significant change in the surface state of electrodes.
According to Li and Gu [54], the optimum weak polari-
zation region is —50 to —10 mV (vs. E.,,) and 10 to

0.2
 —o—blank
03L—*—10mgl"
| —2—50mg1"
aA— -1
o4l 100 mg 1

E vs SCE/V
IS
W
T

log (I/A cm™)

Fig. 6 Potentiodynamic polarization curves for CRS in 1.0 M HCl
containing tween-85 at 20 °C

50 mV (vs. E.or). However, Shi and Song [55] consider the
results obtained by fitting the region of —50 to —10 mV
(vs. E.ory) and 10 to 50 mV (vs. E,y) could suffer from
their sensitivity to measuring errors owing to use of only a
few data points. Therefore, in the present paper, the cor-
rosion parameters including corrosion current density
(Icorr), corrosion potential (E.), the cathodic Tafel slope
(b.), and anodic Tafel slope (b,) were calculated by fitting
the weak Tafel polarization curves in the optimum region
of E.or £ 120 mV. With the corrosion current densities
(Icorr), the inhibition efficiency (IE) was calculated
according to Eq. (3). All the results of corrosion parameters
and IE are listed in Table 3.

Table 3 shows that I.., decreases remarkably and IE
increases with inhibitor concentration. The presence of
tween-85 does not prominently shift the corrosion poten-
tial, which indicates that tween-85 acts as a mixed-type
inhibitor in HCI] and the inhibition category belongs to
geometric blocking [56, 57]. Both b, and b. change upon
addition of tween-85, which indicates that the inhibitor
affects both anodic and cathodic reactions [53]. Further-
more, the inhibition efficiencies obtained from weight loss
and electrochemical polarization curves are in reasonably
good agreement.

3.6 Fourier transform infrared spectroscopy (FTIR)

Several researchers [9, 58—-60] have confirmed that FTIR
spectrometry is a powerful tool that can be used to deter-
mine the type of bonding for organic inhibitors. In this
paper, FTIR spectrometry was used to identify whether
there was adsorption and to provide new bonding infor-
mation on the steel surface after immersion in inhibited
HCI solution.

The FTIR spectrum of pure tween-85 is shown in
Fig. 7a. The band at 3,474 cm~! is attributed to O-H
stretching and that at 1,735 cm~! to C=0. The bands at
2,922 and 2,861 cm ™! are attributed to the aliphatic —-CH,
asymmetric and symmetric stretching vibrations, respec-
tively. The absorption bands at 1,645 and 1,458 cm™! are
due to the framework vibration of O-heterocyclic ring. The
band at 1,353 cm™! is attributed to C-H bending in —CHj;
and —CH,. Besides these, there is a strong peak band at
1,105 cm ™", which may be assigned to the C—O—C asym-
metric stretching vibration in the ester bond (O-C=0) [61].

Table 3 Potentiodynamic

DY c/mg L' Ecorr Vs SCE/mV Loon/pA cm ™2 bJmV dec™! b/mV dec™! 1E/%
polarization parameters for the
corrosion of cold.r(.)lled 'steel in 0 _4473 132.9 103 62 _
1.0 M HCI containing different
concentration of tween-85 at 10 —449.3 24.8 137 85 81.3
20 °C 50 —456.4 17.7 115 72 86.7
100 —457.4 14.5 126 70 89.1
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Fig. 7 FTIR spectra of (a) tween-85 (b) the CRS surface after
immersion in 1.0 M HCI + 100 mg L™ tween-85

The band at 950 cm ™' is attributed to symmetrical exten-
sion vibration of C-O-C in (CH,CH,0), and that at
726 cm™! is due to plane vibration of (-CH,-), (n > 4).
The FTIR reflectance spectrum of CRS after immersion
in 1.0 M HCI containing 100 mg L™ tween-85 is shown in
Fig. 7b. The weak band at 3,918 cm~! is attributed to
Fe—O bending, which indicat that a coordinate bond is
formed by partial transference of electrons from the polar

atom (O atom) of tween-85 to the metal surface. The band
at 3,416 cm™' is attributed to O-H stretching and
1,658 cm ™ is for O-H bending. The band at 2,921 cm s
attributed to O=C-O bending. The band at 1,772 cm ™! is
attributed to C=0 and that at 1,445 cm™"' is due to -CH,
bending. In addition, it should be noted that the band at
1,069 cm™! is the asymmetric stretching vibration in
C-O-C. Comparing Fig. 7a and b, it can be suggested that
tween-85 is absorbed on the steel surface.

3.7 X-ray photoelectron spectroscopy (XPS)

In order to further confirm the assumption that the inhibitor
of tween-85 adsorbs on the steel surface in 1.0 M HCI,
XPS was also studied. The presence of tween-85 on the
steel surface was monitored using the characteristic C 1s, O
Is and Fe 2p signals. The XPS spectra were obtained from
the steel surface treated by 100 mg L™ tween-85 after 6 h
of immersion in 1.0 M HCI at 20 °C. It can be seen from
Fig. 8 that it contains Fe, O, C and adventitious contami-
nates such as Ca. Figure 9 is the high resolution spectra
of the C 1s peak. Four peaks are evident independently
of the microstructure: 284.8 eV, 286.4 ¢V, 288.2 eV and
289.4 eV. The peak of BE at 284.8 eV is related to the
presence of cementite (Fe3;C) [62]. The BE at 286.4 eV
corresponds to residual or adventitious carbon [63, 64]. The
peak at 288.2 eV is due to C=0 and the peak at the highest
binding energy of 289.4 eV is due to O-C=0 or the
complex of Fe eeeC=0, which may indicate that the
organic inhibitor (tween-85) is adsorbed.

Figure 10 presents the O s high resolution XPS spectra.
Three distinct peaks are observed: the one at the lowest
binding energy at 529.5 eV represents the oxide bond
(MO), the 531.1 eV peak due to metal hydroxide (MOH)
[65]. Ramji et al. [66] suggested the peak at the binding
energy of 532.5 £ 0.2 eV is due to another tween series
of tween-80. Accordingly, the highest binding energy of

Fig. 8 Survey spectra of XPS
analysis for CRS surface
exposed to a (1.0 M

HCI + 100 mg L™" tween-85)
solution for 6 h at 20 °C

N(E) /E,decl,smoll

1000

t + +
600 400 200 0

Binding Energy (eV)

@ Springer



1132 J Appl Electrochem (2009) 39:1125-1135
Fig. 9 High resolution C 1s 10
spectra of XPS analysis for CRS 9" i
surface exposed to a (1.0 M 1 L
HCI + 100 mg L™" tween-85) 8t L
solution for 6 h at 20 °C 7: i
6l I
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Fig. 10 High resolution O 1s 107 t +
spectra of XPS analysis for CRS ol T
surface exposed to a (1.0 M + 14
HCI + 100 mg L™" tween-85) y 87 +
solution for 6 h at 20 °C w7 T
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532.8 eV may due to tween-85. The existence of an oxygen
peak corresponding to tween-85 in the O 1s spectra of steel
treated with its optimum concentration confirmed the
adsorption of tween-85 molecules on the steel surface.
There are two kinds of oxygen atom in the tween-85
molecule.

Binding Energy (eV)

The XPS spectra for the Fe 2p region are shown in
Fig. 11. The two main signals located at around 724.5 and
711.4 eV can be ascribed to the photoemission peaks from
Fe 2py/, and Fe 2p;/,, which means that a certain degree of
oxidation of Fe occurs. According to literature [42], the
CRS before immersion shows a peak for Fe 2p at BE

Fig. 11 Fe 2p spectra for CRS 10 t t t t t t + t t t } } t 4 t
surface exposed to a (1.0 M = 9: T
HCI + 100 mg L™" tween-85) 4 4 1
solution for 6 h at 20 °C g 81 +
- 71 1
9 + 1
g 6+ 1
0 4
‘; 5+ Fe 2P 3/2 1
s 1 Fe 2P1/2 I
s 4 1
o + 1
n 3] T
" + 1
S 2] I
%) 4 4
= 1] I
o f t t ; t + : t } : ) } ! ' [
740 735 730 725 720 715 710 705 700
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707.4 eV characteristic of Fe’. In comparison with the CRS
before immersion, immersion in HCI solution containing
tween-85 induces an increase in the Fe 2p signal, also
confirming adsorption and film formation on the steel
surface [67].

3.8 Atomic force microscope (AFM) surface
examination

The atomic force microscope (AFM) provides a powerful
means of characterizing the microstructure [68-71].
Figure 12 illustrates the corresponding two-dimensional
AFM phase images. Figure 13 shows the CRS surface
topography in 1.0 M HCI. Both phase image and topog-
raphy image give similar surface features. The main
differences between phase image and topography image
are two points: (i) Compared with the topography image,
the phase image affords greater resolution for sample fea-
tures, by which the particle images can be distinguished on
the micro-nanometer scale. Accordingly, the main aim of
the phase image is to distinguish the particle image. (ii) In
comparison with the phase image, the main aim of the

Fig. 12 AFM two-dimensional
phase images of the cold rolled
steel (CRS) surface in 1.0 M
HCI: a in the absence of tween-
85; b in the presence of

100 mg L™ tween-85

Fig. 13 AFM topography
images of the cold rolled steel
(CRS) surface in 1.0 M HCI:
a in the absence of tween-85;
b in the presence of

100 mg L™" tween-85

0 200 400 600
[rm]

800

topography image is to distinguish the surface roughness
and visualize the arrangement of particles.

As can be seen from Fig. 12(a), the CRS surface after
immersion in uninhibited 1.0 M HCIl for 6 h shows an
aggressive attack of the corroding medium on the steel sur-
face, and its coverage with corrosion products. However,
corrosion appears to be relatively uniform with no evident
black holes or crevices. The image is quite different from the
pitting corrosion image [70] or corrosion in HClO,-
CH;COOH solution [72]. On the other hand, in the presence
of tween-85 inhibitor, Fig. 12(b) shows that the steel surface
appears smoother, homogeneous and uniform, which indi-
cates that tween-85 provides significant resistance to
corrosion. In addition, some compact spherical or bead-like
particles appear on the surface in the presence of
100 mg L™" tween-85, which do not exist in Fig. 12(a).
Similar results are also reported in our recent studies for
tween-20 and tween-40 inhibitor in acid [39—41]. Thus it may
be concluded that these particles are the adsorption film
which efficiently inhibits the corrosion of steel [39-41].

Figure 14 illustrates the height profiles made along the
line marked in the corresponding Fig. 13. It can be seen from

[nm]

[rm]
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[nm]

- 0.28

0 969.1510

(b)
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- 15.93
948.9870

0 [nm]

Fig. 14 Height profiles of the CRS surface in 1.0 M HCI: a in the
absence of tween-85; b in the presence of 100 mg L™ tween-85

Fig. 13(a) that the micrograph of the CRS surface after
immersion in uninhibited 1.0 M HCl shows corrosion
products appearing at edges and corners. From Fig. 13(b) we
can see that some spherical and bead-like particles are dis-
tributed on the surface, which indicates the formation of a
microscopically thin film [39-41]. Figure 13(b) also shows
that the particles provide fully ordered covering on the steel
surface after adding tween-85 in 1.0 M HCI. Figure 14(a)
shows that the surface roughness of the CRS in uninhibited
1.0 M HCI is about 90.66 nm, while in the presence of
tween-835, it decreases to 60.49 nm (Fig. 14(b)). Moreover,
the roughness is consistent with the results shown in
Figs. 12—13. These results reveal that there is a good pro-
tective film adsorbed on the specimen surface exposed to
1.0 M HCI solution containing tween-85.

4 Conclusion

1. Tween-85 acts as a good inhibitor for the corrosion of
CRS in 1.0 M HCI and its maximum IE is about 92%.
The IE values increase with inhibitor concentration,
while they decrease with temperature.

2. The adsorption of the tween-85 on the CRS surface
obeys the Langmuir adsorption isotherm. The adsorp-
tion process is spontaneous and exothermic and is
accompanied by a decrease in entropy.

3. Tween-85 acts as a mixed-type inhibitor in 1.0 M HCL.
The results obtained from weight loss and polarization
curves are in reasonably good agreement.

4. FTIR, XPS and AFM results reveal that the introduc-
tion of tween-85 into 1.0 M HCI solution results in the
formation of an adsorbed protective film on the CRS
surface, which causes ta decrease in the steel surface
roughness and effectively protects the steel from
corrosion.

@ Springer
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