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Abstract

3-Hydroxybenzoic acid (3-HBA) was studied for possible use as a AISI 316L stainless steel (SS) corrosion inhibitor
in an environmental-friendly aqueous pickling solution of 75 g l)1 sulphuric acid (H2SO4), 25 g l)1 hydrofluoric
acid (HF) and 30 g l)1 hydrogen peroxide (H2O2). 3-HBA was tested in concentrations from 5 · 10)5 to
5 · 10)1 M at 298 and 313 K temperature. Inhibition efficiency increased with the 3-HBA concentration. The
inhibitor mechanism is discussed in terms of the properties of the isotherm equations of Frumkin, Hill-de Boer and
Kastening–Holleck mainly. The shape, the trend of the slopes along the curve and the existence of inflection points,
were analysed as the characteristics that differentiate one adsorption equation from another. The best fit was
obtained using the Frumkin isotherm model. The projected molecular area of 3-HBA was calculated as a structural
parameter to elucidate its optimal inhibition mechanism.

1. Introduction

Austenitic stainless steels (SS) are widely used in many
applications where high corrosion resistance is required,
such as in the petrochemical and pharmaceutical indus-
tries, industrial power generation and desalination
plants. However, certain factors in the handling or
manufacturing of these alloys can make them suscepti-
ble to localised corrosion and affect their performance.
A clean, uniform and corrosion-resistant surface is not
only desirable in some services but can also be an
absolute necessity. Cleaning and pickling remove for-
eign materials and promote stability, achieving a uni-
form surface that is resistant to localised corrosion. SS
passivation favours corrosion resistance by forming a
protective oxide film [1].
Pickling processes include scale removal, complete

dissolution of chromium-depleted alloy (resulting from
the migration of chromium from the SS surface into the
oxide film), and recovery of the highest surface passivity
compatible with the alloy’s chemical analysis. The
localised corrosion resistance of the final SS product is
negatively affected by the presence of a residual chro-
mium-depleted layer.

A nitric (HNO3)-hydrofluoric (HF) acid mixture is the
pickling solution most widely used by SS equipment
manufacturers and serves to remove both metallic
contamination and welding and heat-treatment scales.
HNO3-HF mixtures, typically 10–15% nitric acid and
2–4% hydrofluoric acid, often also include sulphuric
(H2SO4) or hydrochloric (HCl) acids and/or pickling
accelerating additives such as wetting agents, emulsifi-
ers, surfactants and inhibitors [2].
Pickling is among the most hazardous processes for

the environment since it involves the emission of NOx

fumes, characterised by their reddish colour; mainly
nitrogen monoxide (NO) and nitrogen dioxide (NO2).
Due to the air pollution that they create, NOx gases are
subject to a maximum permitted emission limit of
160 ppm [3, 4]. Nitric acid, its fumes, and other nitrogen
oxides all possess a high level of toxicity [5, 6], making it
necessary to use scrubbing towers and subsequently
neutralise the strong acids formed. A second problem
associated with the use of nitric acid is that of water
pollution and the disposal of spent liquors and sludge
from the bath.
Mixtures of sulphuric acid and hydrogen peroxide

(H2O2) are used in SS pickling because they present a
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number of advantages, including low waste treatment
cost, reduced attack on the metal surface, and the ability
to operate in continuous (as well as batch) mode. This
new procedure seeks to eliminate the production of
NOx.
The aim of this paper is to study the corrosion

inhibition mechanism of 3-hydroxybenzoic acid
(3-HBA) for AISI 316L SS in a H2SO4–HF–H2O2

aqueous solution mixture, based on analysis of the
properties of the Langmuir, Frumkin, Hill-de Boer,
Parsons, Damaskin–Parsons, Kastening–Holleck, Flo-
ry–Huggins, Dhar–Flory–Huggins and Bockris–Swin-
kels isotherms. The paper is completed by calculating
the surface area of 3-HBA based on the projected
molecular area.

2. Experimental

Tests were performed using a commercial AISI 316L
austenitic SS (UNS SS31603), <0.0039 C wt%, £ 0.75
Si, £ 2.20 Mn, 0.040 P, 0.015 S, 17.8 Cr, 12.5 Ni, 2.8 Mo
and the balance Fe. Specimens of 50 mm·25 mm were
mechanically cut from a 2.0 mm thick sheet, decreased
with acetone and dried at room temperature.
Eleven concentrations of 3-HBA (C7H6O3) were

tested, covering a wide range: 0.05, 0.1, 0.5, 1, 2, 5, 10,
20, 50, 100 and 500 · 10)3

M. Figure 1 shows the
structure of the 3-HBA compound.
A mixture of 75 g l)1 H2SO4, 25 g l)1 HF, 30 g l)1

H2O2 and vol. 5% p-toluene sulphonic acid monohy-
drate, PTSA, (C7H8O3S Æ H2O) at pH 2.4 was used as
the pickling test solution. All the chemicals were reagent
grade.
A polytetrafluroethylene electrochemical cell of

125 ml volume was used with a distilled water flow of
3.4 ml h)1. This device has been described elsewhere [7].
A three-electrode cell arrangement was used for the
polarisation tests, with a platinum gauze (�36 cm2

surface area) as counter electrode, a saturated calomel
electrode (SCE) as reference and an AISI 316L SS
working electrode with a surface area of 1 cm2. Polar-
isation measurements were performed with an EG&G
PARC, model 273A, potentiostat at a potential scan
rate of 0.16 mV s)1. The temperature was maintained at
298 and 313 K during experimentation. The experiments

were conducted after 15 min exposure to the pickling
test solution, when the open circuit potential had
reached a steady state. This limited time period pre-
vented the dilution of the pickling test solution. To
determine the corrosion rates (icorr, current density) the
anodic and cathodic Tafel regions were extrapolated to
the corrosion potential (Ecorr).

3. Results and discussion

Figures 2 and 3 show polarisation curves for AISI 316L
SS in the H2SO4–HF–H2O2 pickling test solution
mixture at 298 and 313 K, respectively, in the presence
and absence of 3-HBA inhibitor. It can be observed that
AISI 316L SS dissolution shows Tafel behaviour. In
general, the dissolution of the SS decreases as the
3-HBA concentration increases. This behaviour may be
attributed to an increase in surface coverage (h) due to
adsorption of the inhibitor on the AISI 316L SS surface
as the inhibitor concentration increases. Raising the
temperature from 298 to 313 K has a positive influence
on AISI 316L SS dissolution. It should be noted that no
pitting corrosion is observed on the AISI 316L SS
surface by polarisation measurements in the presence
and absence of inhibitor. Table 1 Includes icorr, coverage
(h) and Ecorr as a function of 3-HBA concentration.
Comparison of the experimental electrochemical data

(hexp and cexp) and data predicted by a theoretical
adsorption equation (hcal and ccal) is frequently used as
the criteria for assessing the validity of a theoretical
expression to describe the adsorption equilibrium; where
h has been defined above and c is the concentration of
the 3-HBA inhibitor. The h value was obtained using the
expression:

; ( )

OH

O OH

Fig. 1. Molecular structure of 3-HBA inhibitor.

Fig. 2. Polarisation curves for AISI 316L SS in H2SO4–HF–H2O2

mixture at 298 K: (a) -��- 5 · 10)2 M 3-HBA; (b) –Æ– 5 · 10)3 M 3-

HBA; (c) - - - 2 · 10)3 M 3-HBA; (d) – – 5 · 10)5 M 3-HBA; (e)

————– without 3-HBA.
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h ¼
icorrabs � icorrpre
icorrabs � icorrmax

ð1Þ

where icorrabs and icorrpre are the AISI 316L SS current
densities in the absence and presence of 3-HBA,
respectively, and icorrmax

is the current density for the

maximum of inhibition. Considering that icorrabs>>
icorrmax

, for a low polarised electrode the Equation (1)
can be simplified to the following expression [8, 9]:

h ¼
icorrabs � icorrpre

icorrabs
ð2Þ

It should be noted that inhibitor efficiency (IE), as a %,
is related to h by: IE = h · 100. Equation (2) is valid
based on the assumption that: (a) the adsorption sites on
the AISI 316L SS surface are homogeneous, (b) a mono-
layer inhibitor adsorption is formed, and (c) dissolution
is uniform and no localised attack takes place. The ccal
value is obtained by evaluation of the theoretical
isotherm for a value of hexp and given the values of k,
f and/or v parameters of the utilised isotherm (see
Table 2) [10–17]; k is the equilibrium constant of the
adsorption reaction:

AISI 316L SSþ 3-HBA,AISI 316L SSð3-HBAÞads
,AISI 316Lnþ þ ne� þ 3-HBA

ð3Þ

given by k ¼ 1
55:5

� �
exp

�DG0
ads

RT

� �h i
; AISI 316L SS

(3-HBA)ads is a reaction intermediate. The value 55.5
is the water concentration in the solution in M, R is the
gas constant (8.314 J mol)1 K)1), T is the absolute
temperature and DG0

ads is the adsorption energy; f is the
interaction term parameter ( f > 0 lateral attraction
between the adsorbed organic molecules and f < 0
repulsion between the adsorbed organic molecules); and
v is the number of water molecules replaced by one
molecule of 3-HBA (also referred to as the size ratio
parameter):

3-HBAaqu þ vH2Oads , 3-HBAads þ vH2Oaqu ð4Þ

where 3-HBAaqu is the 3-HBA inhibitor in the aqueous
phase, and vH2Oads is the number of water molecules
adsorbed on the AISI 316L SS surface; v is assumed to be
independent of the coverage or charge on the electrode.
The best fit for a given theoretical isotherm is

obtained when there is minimal difference between the
experimental and calculated values. The expression used
to optimise this difference is the objective function (F ):

F ¼
Xp

i¼1
wi cexpi � ccali k; f; vð Þ
� �2 ð5Þ

where the i subscript represents one value in a set of p
concentrations of the 3-HBA inhibitor (1 £ i £ p), and
wi denotes the weight associated with the i-th experi-
mental value. Ideally, wi should be the inverse variance
of the individual measurements. The next step is to
choose the appropriate parameters k, f and/or v to
ensure that Equation (5) has the minimum value.
Because Equation (5) is non-linear, the fitting of such

models requires an iterative approach, which may either
fail to converge or converges to a local minimum. It is
always desirable to carry out the fitting with two or

Fig. 3. Polarisation curves for AISI 316L SS in H2SO4–HF–H2O2

mixture at 313 K: (a) ÆÆÆ 5 · 10)2 M 3-HBA; (b) –ÆÆ– 2 · 10)2 M

3-HBA; (c) –Æ– 1 · 10)2 M 3-HBA; (d) — 5 · 10)3 M 3-HBA; (e) –

– 5 · 10)4 M 3-HBA; (f) ————— without 3-HBA.

Table 1. Current density (icorr) extrapolated from polarisation curves

as function of 3-HBA concentration, coverage (h) obtained using

Equation (2), and corrosion potential (Ecorr)

3-HBA concentration (M) icorr/A cm)2 Coverage (h) Ecorr/VSCE

298 K

0 1.21·10)2 0 0.134

5·10)5 1.20·10)2 0.008 0.138

1·10)4 1.19·10)2 0.018 0.144

5·10)4 1.14·10)2 0.057 0.144

1·10)3 1.13·10)2 0.073 0.169

2·10)3 9.65·10)3 0.205 0.221

5·10)3 7.20·10)3 0.407 0.303

1·10)2 3.10·10)3 0.745 0.357

2·10)2 1.89·10)3 0.844 0.368

5·10)2 8.01·10)4 0.934 0.380

1·10)1 3.28·10)4 0.973 0.408

5·10)1 2.43·10)5 0.998 0.427

313 K

0 1.05·10)2 0 0.188

5·10)5 1.04·10)2 0.010 0.229

1·10)4 1.03·10)2 0.019 0.172

5·10)4 1.01·10)2 0.031 0.178

1·10)3 9.43·10)3 0.098 0.191

2·10)3 8.22·10)3 0.214 0.226

5·10)3 6.04·10)3 0.423 0.216

1·10)2 2.44·10)3 0.767 0.347

2·10)2 1.19·10)3 0.886 0.386

5·10)2 7.53·10)4 0.928 0.439

1·10)1 1.67·10)4 0.984 0.452

5·10)1 1.05·10)5 0.999 0.463
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more separate and quite differentiated initial parameter
value sets. If two or more of them converge to the same
final parameter set, it is reasonable to assume that the
least squares solution has been obtained. Fitting has
been carried out using the Levenberg–Marquardt algo-
rithm to minimise the F.
Figure 4 shows coverage (h) versus concentration of

3-HBA inhibitor for AISI 316L SS immersed in the
75 g l)1 H2SO4, 25 g l)1 HF, 30 g l)1 H2O2 and vol. 5%
PTSA test solution mixture at 298 K. The value of h was
calculated using the Equation (2). The figure also
includes simulated data using the Frumkin equation
(see Table 2), with f=1.57 and k=84.3, where f and k
parameters were obtained using the preceding non-
linear fitting; and f=1.23, and k=122.62, where f and k
parameters were obtained using linear fitting.
The aim of a linear regression method is to find the

best straight line described by a set of points. If the
behaviour of the experimental data in Figure 4 is
described by the Frumkin equation, it is obvious that
the data cannot be fitted to a straight line. However, it is

possible to carry out mathematical transformations of
the experimental data in order to achieve a straight line
fit. For instance, considering the Frumkin equation it is
possible to find the following expression:

ln
h

c 1� hð Þ

� �
¼ fhþ lnðkÞ ð6Þ

which is the equation of a straight line with an ordinate
origin [ln(k)] and the slope ( f ).

Figure 5 shows a ln h
c 1�hð Þ

� �
versus h plot using the

experimental data shown in Figure 4. Figure 5 also
includes the straight line (solid line) obtained using
linear fitting. The f=1.23 and k=122.62 parameters of
the Frumkin equation in Figure 4 were obtained using
this procedure.
The two procedures described above should, in

principle, supply identical results. However, as can be
seen in Figure 4, non-linear fitting (solid line) is more
appropriate than linear fitting (broken line). A possible
explanation for this is that the mathematical transfor-
mations of the experimental data introduce some errors.

, g

Fig. 5. Representation of ln[h/c(1)h)] versus 3-HBA coverage for

AISI 316L SS in H2SO4–HF–H2O2 mixture at 298 K: d experimen-

tal, ———— linear fitting.

Table 2. Adsorption isotherms used

Author [Ref.] Isotherm Derivative,
d log cð Þ

dh

Langmuir [10] kc ¼ h
1�h

1
ln 10ð Þ

1
ð1�hÞh

h i

Frumkin [11] kc ¼ h
1�h

� �
expð�f hÞ 1

ln 10ð Þ
1

ð1�hÞh� f
h i

Hill-de Boer [12, 13] kc ¼ h
1�h

� �
exp h

1�h

� �
expð�fhÞ 1

lnð10Þ
1

ð1�hÞhþ 1
1�hð Þ2 � f

h i

Parsons [14] kc ¼ h
1�h

� �
exp 2�h

1�hð Þ2

h i
expð�fhÞ 1

lnð10Þ
1

ð1�hÞhþ 3�h
1�hð Þ3 � f

h i

Damaskin–Parsons [15] kc ¼ h
1�hð Þv expð�f hÞ 1

lnð10Þ
1

ð1�hÞhþ
v�1
1�h� f

h i

Kastening–Holleck [16] kc ¼ h
v 1�hð Þv 1� hþ h

v

� � v�1ð Þ
expð�f hÞ 1

lnð10Þ
1

ð1�hÞhþ
v�1
1�h�

v�1ð Þ2
v 1� hþ h

v

� ��1
�f

	 


Flory–Huggins [15] kc ¼ h
v 1�hð Þv

1
lnð10Þ

1
ð1�hÞhþ

v�1
1�h

h i

Dhar–Flory–Huggins [15] kc ¼ h
1�hð Þvexpðv�1Þ

1
lnð10Þ

1
ð1�hÞhþ

v�1
1�h

h i

Bockris–Swinkels [17] kc ¼ h
1�hð Þv

hþv 1�hð Þ½ � v�1ð Þ

vv
1

lnð10Þ
1

ð1�hÞhþ
v�1
1�h�

v�1ð Þ2
v 1� hþ h

v

� ��1	 


Fig. 4. Coverage versus 3-HBA concentration for AISI 316L SS in

H2SO4–HF–H2O2 mixture at 298 K: d experimental, – – linear fit-

ting ( f=1.23 and k=122.62), ——- non-linear fitting ( f=1.57 and

k=84.3).
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Linear fitting assumes that: (i) the scattering of the
experimental data follows a Gaussian distribution, and
(ii) the standard deviation is the same for each data. In
general, these hypotheses cannot be applied after the
mathematical transformations of the experimental data.
Thus, the ordinate origin [ln(k)] and the slope (f) values,
Equation (6), obtained from Figure 5 do not seem to be
the most reliable way to obtain the Frumkin equation
parameters: k and f.
In order to study the adsorption of 3-HBA on AISI

316L SS electrode surfaces, the properties of the
isotherm equations from Table 2: the shape, the trend
of the slopes along the curve, and the existence of
inflection points, were analysed as the characteristics
that differentiate one adsorption equation from another.
The Langmuir slope, ln 10ð Þ 1� hð Þh (see Table 2),

shows that, for a given value of h, the slope has a
constant value, regardless of the value of k. The term
(1)h)h is a parabolic function with a maximum at
h = 0.50. Thus, the criterion for identifying Langmuri-
an behaviour in a h versus log(c) plot lies in the
characteristic slopes of the curves.
Figure 6 shows the slope of the Frumkin equa-

tion,
d logðcÞ

dh ¼ 1
lnð10Þ

1
ð1�hÞh� f
h i

, as a function of h for

AISI 316L SS immersed in the H2SO4–HF–H2O2

aqueous mixture in the presence of 3-HBA at 298 and
313 K temperatures. A cubic spline polynomial algo-
rithm was used to interpolate the data in the unmea-
sured 3-HBA concentration domain between each pair
of experimental data and to obtain the derivative
(d log(c)/dh) for a continuous function [18, 19]. Attrac-
tive interactions between inhibitor molecules ( f > 0)
can be directly identified by observing the slope at
intermediate coverage values. The slope of the Frumkin
equation is steeper than that of the Langmuir equation,

and the deviation is due to a positive f value. For
repulsive interactions ( f < 0) the slope of the Frumkin
equation is less steep than that of the Langmuir
equation. For the case where f=0, the slope of the
Frumkin equation is simplified to the slope of the
Langmuir equation (see Table 2). This means that,
compared with the Langmuir equation, in the Frumkin
equation the slope is modified by a constant value f.
This effect is shown graphically in the theoretical inset of
Figure 6.
Figure 6 inset also shows that the Langmuir equation

( f=0) exhibits a minimum slope for intermediate cover-
age. At high or low coverage the slope values are
determined by the term 1

1�hð Þh, which dominates whenever
1

1�hð Þh� f . Thus, f is only able to modify the slope at
intermediate coverage values (when 1

1�hð Þh � f ) by shifting
the Langmuir slope by a constant value of f. This shift
can be positive (rising) for f<0 or negative (falling) for

q , ( ) g q

Fig. 6. Slope versus coverage using Frumkin equation: – – 298 K;

———— 313 K. Inset: ÆÆÆÆ f=+3; – – f=0; –Æ– f=)3.

Fig. 7. Coverage versus inhibitor concentration for: ————–

v = 1; – – v=2; ÆÆÆÆ v=3; –Æ– v=4; –ÆÆ– v=5, using (a) Damaskin–

Parsons equation, and (b) Kastening–Holleck equation.
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f>0 (see Figure 6 inset). This property is not exclusive
to the Frumkin equation, and can be extended to any
adsorption isotherms which include the exp()fh) term,
e.g. Hill-de Boer, Parsons, Damaskin–Parsons and
Kastening–Holleck equations (see Table 2).
Adsorption equations that contain the v parameter

have the overall effect of depressing an adsorption curve.
This is shown for the Damaskin–Parsons equation in the
theoretical plot of Figure 7a and for the Kastening–
Holleck equation in the theoretical plot of Figure 7b.
Due to the similarities between the Kastening–Holleck
and Bockris–Swinkels equations, the latter follows a
similar pattern to Figure 7b. In fact, the slope of the
Bockris–Swinkels equation is a particular case: f=0 in
the Kastening-Holleck equation (see Table 2).
The derivative of the Damaskin–Parsons equation is

identical to the Frumkin slope, apart from the term: v�1
1�h

(see Table 2). Figure 8 shows the theoretical variation
in the slope of the Damaskin-Parsons equation,
d logðcÞ

dh ¼ 1
lnð10Þ

1
ð1�hÞhþ

v�1
1�h� f

h i
, as a function of h. It

can be observed that the contribution of the term v�1
1�h

increases as the value of h rises and is responsible for the
overall depression of the adsorption equation curve.
The derivative of the Kastening–Holleck equation is

identical to the Damaskin–Parsons slope, apart from the

term: � v�1ð Þ2
v 1� hþ h

v

� ��1
(see Table 2). The latter

term is the least important, and affects the low coverage
region. The minimum of the slope values in Figure 8 serves
as a criterion for distinguishing between compounds that
adsorb according to the v-parameter and those that adsorb
according to the Frumkin and Langmuir equations, which
show a constant inflection point (hip) at �0.50.

The two-parameters (k and f ) in the Hill-de Boer and
Parsons equations are similar to the Frumkin equation.
They produce sigmoid curves with distinctive hip at 0.33
and 0.21 for the Hill-de Boer and Parsons equations,
respectively (see Figure 9a). This feature can be appre-
ciated from their derivatives, see Table 2. Figure 9b
shows d log(c)/dh as a function of h using the Frumkin,
Hill-de Boer and Parsons equations. The minima
correspond to the hip of the slope, which is characteristic

( )

Fig. 8. Slope versus coverage for f=0 using Damaskin–Parsons

equation: ———– v=1; – – v=2; ÆÆÆÆ v=3; –Æ– v=4; –ÆÆ– v=5.

Fig. 9. Fitting using: ————— Frumkin equation, – – Hill-de

Boer equation, and ÆÆÆÆ Parsons equation. (a) Coverage versus inhibi-

tor concentration for f = 0 and k = 1000. (b) Slope versus coverage

for f = 0.
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of each equation and independent of the k and f
parameters. Finally, the Hill-de Boer and Parsons
equations are depressed curves, and the slopes of the
isotherms are sensitive to f changes for h �hip.
The derivatives of the Flory–Huggins and Dhar–

Flory–Huggins equations are identical to the derivative
of the Damaskin–Parsons equation, apart from the
term: f (see Table 2).
From the preceding discussion it is concluded that the

Frumkin equation best describes the adsorption of the
3-HBA compound on a AISI 316L SS electrode surface
in the presence of the H2SO4–HF–H2O2 aqueous
pickling solution at 298 K. The discussion is now
centred on results using the Frumkin isotherm.
Figure 10 shows the degree of coverage versus 3-HBA

inhibitor concentration for AISI 316L SS in 75 g l)1

H2SO4, 25 g l)1 HF, 30 g l)1 H2O2 and vol. 5% PTSA
test solution mixture at 313 K temperature. Figure 4
(solid line) shows the results at 298 K. These figures also
display the simulated data using the Frumkin equation.
The curves in Figures 4 and 10 have an S shape, as
predicted by the Frumkin equation, defining three
regions on the isotherm plot: (a) at low 3-HBA
concentration an increase in the inhibitor concentration
does not produce an increase in h, (b) at intermediate
3-HBA concentrations a small increase in the inhibitor
concentration causes a high h (a linear dependence of h
versus log(c)), and (c) at high 3-HBA concentrations h is
independent of the inhibitor concentration. A positive
value of f has been associated with a vertical orientation
of the inhibitor molecule on an electrode surface [20].

Table 3 includes f, DG0
ads and k parameters from

Figures 4 and 10. The value of f is non-zero and,
consequently, is further proof that the adsorption
mechanism cannot be related by the Langmuir model.
The f parameter values are positive. The small and
positive value of parameter f indicates weak attraction
between the adsorbed molecules. The negative value of
DG0

ads indicates that the reaction proceeds spontane-
ously. The k parameter increases as the temperature
rises, i.e. this parameter produces electrical interactions
between the double layer existing at the phase boundary
and the adsorbing molecules.
The inhibition mechanism of 3-HBA may be

explained by the AISI 316L SS (3-HBA)ads reaction
intermediates, see Equation (3). At first, when there is
not enough AISI 316L SS (3-HBA)ads to cover the AISI
316L SS surface, because the inhibitor concentration is
low or because the adsorption rate is slow, metal
dissolution takes place at sites on the AISI 316L SS
surface free of (3-HBA)ads species. With a high 3-HBA
concentration a compact and coherent inhibitor over-
layer is formed on the AISI 316L SS which reduces
chemical attack on the metal. As the surface of AISI
316L SS is basically hydrophobic, the COOH and OH
functional groups are unlikely to be oriented towards
the surface. In contrast, the hydrophobic corners of the
ring are probably more prone to be in contact with the

Fig. 10. Coverage versus 3-HBA concentration for AISI 316L SS in

H2SO4–HF–H2O2 mixture at 313 K using Frumkin equation: d

experimental, ———– simulated.

Table 3. Thermodynamic data for AISI 316L SS in H2SO4–HF–H2O2

mixture in the presence of 3-HBA using the Frumkin equation

Temperature (K) f DG0
ads/kJ mol)1 k

298 1.57 )20.97 84.3

313 1.32 )22.24 92.7

Fig. 11. Front view of 3-HBA molecule adsorbed onto AISI 316L

SS electrode in horizontal orientation (top) and in vertical orienta-

tion (bottom).
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surface due to the p-electrons system being capable of
donating electron pairs to metal atoms.
Finally, in order to calculate the optimal orientation

of 3-HBA for adsorption on the AISI 316L SS electrode
surface, the projected molecular surface area of 3-HBA
was calculated using molecular models. Figure 11 (top)
shows that the area occupied by a horizontally oriented
adsorbed 3-HBA molecule is �41 Å2 (the projected area
of a rectangle surrounding a molecule), compared with
�25 Å2 for the vertical orientation (Figure 11, bottom).
These values were obtained after configuration calcula-
tions using the value of Van der Waal’s atomic radii [21].
The area occupied by a vertically adsorbed water
molecule is in the range 8–12 Å2 [22]. Thus, a vertical
orientation of 3-HBA displaces two or three water
molecules (v � 2–3) while a horizontal orientation of
3-HBA displaces 4–5 water molecules. The apparent
contradiction in the displacement of more than one
water molecule using the Frumkin equation has been
attributed to the fact that one adsorption site on the
AISI 316L SS electrode surface is occupied by a group
of associated water molecules [23].

4. Conclusions

AISI 316L stainless steel corrosion rate was obtained in
a H2SO4–HF–H2O2 aqueous solution mixture in the
presence and absence of 3-HBA as corrosion inhibitor,
at temperatures of 298 and 313 K, using polarisation
curves. The AISI 316L stainless steel corrosion rate
increased with the temperature, this being an effect of
particular significance at low 3-HBA inhibitor concentra-
tions. An improvement in inhibitor efficiencywas observed
as a function of increasing 3-HBA concentration.
The inhibitor mechanism was analysed for the most

common isotherm equations used in corrosion studies, in
terms of the shape (sigmoid curve); the trend of the slopes
along the curve, depending on the interaction term ( f )
parameter and the configurational term (v) parameter;
and the existence of an inflection point (hip), for instance,
hip �0.50 for the Langmuir and Frumkin equations, hip
�0.33 for the Hill-de Boer equation, and hip�0.21 for the
Parsons equation. The Frumkin equation best described
the adsorption of the 3-HBA compound on a AISI 316L
stainless steel surface in the presence of the H2SO4–HF–
H2O2 aqueous pickling solution.
The projected molecular surface area method was a

good approach for correlating the effectiveness of a

film-forming of 3-HBA corrosion inhibitor on AISI
316L stainless steel.
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