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Abstract Effect of an antibacterial drug, sulfacetamide,
IUPAC name N-[(4-aminophenyl) sulfonyl] acetamide
(APSA), on the corrosion products formed on carbon steel
surface in 1.0 mol L' HCI solution has been investigated
using mass loss, X-ray photoelectron spectroscopy (XPS),
and simultaneous thermal and differential scanning calo-
rimetry/differential thermal analysis (TG/DSC/DTA). Mass
loss measurements reveal that the corrosion rate of carbon
steel is retarded by APSA and that the inhibition efficiency
of this inhibitor increases with increasing the concentra-
tion. XPS analysis shows that, at this stage, the main
product of corrosion is a non-stoichiometric Fe*" oxyhy-
droxide, consisting of a mixture of FeO(OH) in anhydrous
or hydrated forms, containing Cl™ inclusions and adsorbed
APSA molecules. The mechanism of inhibition was dis-
cussed in light of the chemical structure of the investigated
inhibitor. The corrosion products were analyzed using
TG/DSC/DTA technique.

Keywords Carbon steel - Corrosion inhibition -
Mass loss - X-ray photoelectron spectroscopy (XPS) -
TG/DSC analysis

A. Samide (X)) - B. Tutunaru - A. Dobritescu

Department of Chemistry, Faculty of Sciences, University of
Craiova, 107i Calea Bucuresti, Craiova, Romania

e-mail: samide_adriana@yahoo.com

C. Negrila
National Institute of Materials Physics, 077125 Magurele,
Bucharest, Romania

Introduction

Treatments with organic compounds have been proposed in
order to improve anticorrosion protection [1-6]. In fact,
much attention should be given when selecting inhibitors
for investigation or application to ensure the environmental
regulations. The inhibitor must be environmentally friendly
to replace the older, which is more toxic and harmful to the
environment. When applying the ideas of green chemistry
to the area of corrosion inhibitors, the major improvement
is in the area of eliminating environmentally toxic com-
pounds. Several organic molecules containing sulfur,
oxygen, and nitrogen heteroatoms were suggested as
inhibitors for steel in acidic medium [7-9]. Many investi-
gators have been reported on the use of antibacterial drugs
as corrosion inhibitors [10-16]. Sulfa drugs have been
reported also as corrosion inhibitors by several authors
[10, 15, 17]. The inhibitive effect of four sulfa drug com-
pounds sulfaguanidine, sulfamethazine, sulfamethoxazole,
and sulfadiazine on carbon steel corrosion in HCI solutions
was reported using both mass loss and electrochemical
measurements such as galvanostatic polarization and EIS
[15]. The inhibition mechanism for this class of inhibitors
is mainly based on adsorption. The sulfa drugs have a large
number of functional adsorption centers (e.g., -NH, group,
—SO,-NH- group, O and/or N-heteroatoms, and aromatic
rings). Most of the drugs used play important roles in
biological reactions because of their anticonvulsant, anti-
bacterial, antidiabetic, inhibitive to mycobacterium tuber-
culosis, and other properties [15-17].

The objective of the present study was to investigate the
effect of sulfacetamide, [UPAC name N-[(4-aminophenyl)
sulfonyl] acetamide (APSA), on the corrosion of carbon
steel in 1.0 mol L™" HCI solution. The choice of this drug
as corrosion inhibitor is based on the following factors: It is
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healthy reportedly very important in biological reactions
(environmentally friendly); APSA acts as antimicrobial
agents by inhibiting bacterial growth; it is easily soluble in
water; and its molecules have O and N atoms as active
centers.

Experimental
Materials

The experiments were performed with carbon steel, type
C38, in the form of plates with the following composition:
C =0.1%, Mn = 0.5%, P = 0.025%, S = 0.025%, and
Fe remainder. The aggressive solutions used were made of
HCI AR grade. Appropriate concentrations of acid were
prepared using distilled water. The following antibacterial
drug APSA was used as inhibitor for the corrosion of
carbon steel in 1.0 mol L™" HCI. The tested inhibitor was
obtained from Fluka, and it is shown in Scheme 1. All the
tests were performed in 1.0 mol L™" HCI solution without
and with various concentrations of the inhibitor: 4, 6, 8,
and 10 mmol L™".

Mass loss method

Before experiments, the specimens with an area of 4 cm?
were successively polished with 200, 600, and 800 grade of
emery paper, ultrasonically cleaned with bi-distilled water,
degreased with acetone, and then stored in a vacuum des-
iccator. After weighing accurately, the specimens were
immersed in 100-mL beaker, which contained 100 mL HCI
with and without the addition of different concentrations of
inhibitor: 4, 6, 8, and 10 mmol L™'. All the aggressive acid
solutions were open to air. Then, the tests were carried out
at room temperature (23 £ 1 °C). After 3 days, the spec-
imens were taken out, washed, dried, and weighed accu-
rately. The average mass loss of the carbon steel sheets
could be obtained. The corrosion products were obtained
by washing some carbon steel plates, followed by drying in
an inert atmosphere, at 30 °C.

H
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Scheme 1 Chemical molecular structure of N-[(4-aminophenyl)
sulfonyl] acetamide (APSA)
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XPS analysis

X-ray photoelectron spectroscopy (XPS) spectra were
recorded in a VG ESCA 3 Mk II-EUROSCAN spectrom-
eter with a Mg K_X-ray source (1486.7 eV photons
energy) operated at 300 W (accelerating voltage 12.5 kV,
emission current 24 mA). The pressure in the analysis
chamber has not exceeded the value of 2-3 x 10® torr
during all the period of spectra acquisition. In order to
perform the surface charge compensation, a FG40 flood
gun device (Specs Gmbh—Germany) has been used, with a
0.1 mA electronic current at 2 eV energy. The samples
have been measured in an “as received” condition with no
other surface cleaning treatment (chemical etching or Ar™
ion beam bombardment). Survey spectra were recorded
with a window of 1,200 and 100 eV pass energy. The
Gaussian profile lines for curve fitting procedure were
used. Binding energy calibration was done by linking the
reference to Cls line, the binding of C—C or C-H located at
285 eV.

TG/DSC/DTA analysis

In this study, the corrosion products obtained on carbon
steel surface in 1.0 mol L™' HCI solution were investi-
gated by TG/DSC/DTA, in nitrogen atmosphere, using a
Perkin—Elmer TG/DTA analyzer with Pyris software. The
mass of specimen was 2.5 mg. Thermogravimetric mea-
surements were taken in a temperature range of
50-1,000 °C, at a heating rate of 10 °C min~".

Results and discussion
Mass loss method

The mass loss of carbon steel specimens in 1.0 mol L™'
HCI solution, with and without different concentrations
from the investigated inhibitor, was determined after
3 days of immersion, at room temperature. From the mass
loss measurements, the inhibition efficiency, %IE, of
APSA and the corrosion rates, CR, of carbon steel were
calculated using Eqs. 1 and 2, respectively:

CR
%IE = <1 —0> x 100 (1)
CR'
CR(wmn/Y) = Wi 24 % 365 x 10° (2)
H A-t-p

where CR and CR" are the corrosion rates (in pm/year) for
carbon steel in the presence and absence of the inhibitor in
1.0 mol L' HCI solution, A is the area of the samples (in
cm?), 7 is the period of immersion (in hours), W; is the mass
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Fig. 1 Corrosion rate and inhibition efficiency of carbon steel
corroded in 1.0 mol L™' HCI solution in the absence and the
presence of APSA, at room temperature

loss of carbon steel after time ¢ (in g), and p is the density
of the material (g/cm3).

Figure 1 shows the variation in mass loss and in inhi-
bition efficiency with concentration of APSA for the cor-
rosion of carbon steel in 1.0 mol L™' solution, at room
temperature. It is evident from Fig. 1 that mass loss of
carbon steel for the blank solution is higher than that
obtained for solutions containing various concentrations of
APSA. The plots also indicate that mass loss of carbon
steel decreases with increasing concentration of APSA.
These also imply that the CR of carbon steel is retarded by
APSA and that the inhibition efficiency of inhibitor
increases with increasing the concentration reaching a
maximum value of 85.4% at 10 mmol L™' APSA in
1.0 mol L™" HCI solution.

XPS analysis

The corroded samples in 1.0 mol L™ HCI solution without
and with APSA, after mass loss measurements, were also
investigated using XPS surface analysis. The best inhibi-
tion occurred when the APSA concentration was
10 mmol L™,

The XPS survey spectra of carbon steel surface corroded
in 1.0 mol L™ HCI blank solution and 1.0 mol L™ HCI
solution containing 10 mmol L™' APSA were obtained.
Survey spectrum (recorded in a 1,200-eV window) of
carbon steel surface corroded in 1.0 mol L~' HCI blank
solution shows the peaks at 285, 532, 711, and 199.5 eV
binding energy corresponding to C 1s, O 1s, Fe 2p3, and Cl
2p lines. Survey spectrum of carbon steel surface corroded
in 1.0 mol L™' HCI solution containing 10 mmol L™
APSA shows the peaks at 285, 532, and 711 eV binding
energy corresponding to C 1s, O ls, and Fe 2p lines, and
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Fig. 2 XPS survey spectrum of carbon steel surface corroded in
1.0 mol L™" HCI solution containing 10 mmol L™" APSA

the peaks at 400, 199.5, and 169.0 eV correspond to N 1s,
Cl 2p, and S 2p lines, respectively (Fig. 2).

Figure 3 presents the high resolution of XPS spectra for
the Fe 2p*, O 1s, and Cl 2p regions. The binding energies
for the peaks have been referenced to C—C bond at 285 eV.

Fe**(2p*?) appeared at 710.9 and 715.9 eV for the
sample which was corroded in 1.0 mol L™' HCI blank
solution (Fig. 3a) and at 710.8 and 715.7 eV, respectively,
in case the carbon steel was corroded in the presence of
APSA (Fig. 3d). The positions and energy are very close to
that observed either for FeO(OH) or for Fe,Oj5 structures,
respectively [18]. The shake-up of satellites appeared at
715.9 and 715.7 eV, respectively, is also characteristic of
Fe*". From the Fe 2p spectra, it can be observed that
metallic iron is not detected, because coating thickness is
greater than 10-20 atomic layers.

In order to differentiate between FeO(OH) and Fe,Os,
we also monitored the O 1s region (Fig. 3b, e).

The whole set of comparable binding energies obtained
for the O 1s peak (Fig. 3b, e) deserves some comment. On
the high binding energy side, precise assignments are dif-
ficult in relation to the existence of ionizations associated
with adsorbed species [19]. The analyses have shown: from
529.0 to 531.1 eV, ionization characteristics of oxygen
species integrated in the material as O*~ and OH™; from
531.1 to 533 eV, ionization of oxygen species that could
allow compensation for some deficiencies in the subsurface
of metal oxides. Formally, these oxide ions could be
described as O~ species—indeed, owing to a higher
covalence of the M—O bonds, these low coordinated oxy-
gen ions would be characterized by a lower electron den-
sity than the classical 0%~ ions [19].

For the oxygen peak of sample corroded in HCI blank
solution and in HCI solution containing APSA, three well-
resolved peaks were observed at 530.1, 531.8, and
533.1 eV and 530.3, 531.9, and 533.3 eV, respectively,
related to metal oxide, hydroxides, and O=S=0/C=0 bonds
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Fig. 3 High resolution of XPS spectra for carbon steel corroded in 1.0 mol L™" HCI blank solution and 1.0 mol L™' HCI solution containing
10 mmol L™ APSA : a, d Fe 2p region; b, e O 1s region; ¢, f Cl 2p region; g N ls spectrum; and h S 2p spectrum

[20, 21] or other adsorbed species such as oxygen from the
water [19]. For FeO(OH), two well-resolved peaks were
observed at 530.1/530.3 eV (02_, Fig. 3b, e) and 531.8/
531.9 eV (OH™, Fig. 3b, e). Oxide-hydroxides of iron may
occur in anhydrous [FeO(OH)] or hydrated [FeO(OH)-
nH,0] forms, such as ferrihydrite and iron (IIT) hydroxide
[Fe(OH)s].

The CI 2p peak components at the binding energy of
about 199.1/200.7 eV (Fig. 3c) and 199.2/200.9 eV (Fig. 3f)
are attributable to species such as Fe**O(OH, CI). No
obvious difference is observed between the Cl 2p peak of
carbon steel surface corroded in 1.0 mol L™' HCI blank
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solution and carbon steel surface corroded in 1.0 mol L™
HCI solution containing 10 mmol L' APSA.

The spectral simulation of the N 1s photo-peak (Fig. 3g)
for carbon steel corroded in the presence of APSA shows
organic nitrogen species at 400.1 eV such as amine, amide,
imine, etc. [22]. Indeed, this binding energy corresponds to
amine group from APSA molecule and/or C-N bonds.
Also, at higher energy (403 eV), shoulder is characteristic
of the formation of protonated amino group on the carbon
steel surface [23].

The S 2p level spectrum (Fig. 3h) consists of a peak at
high binding energy (169.0 eV). Photo-peak at high binding



Study of the corrosion products

149

energies (169.0 eV) corresponds to highly oxidized (+VI)
sulfur such as sulfone [22] from the APSA molecule.

Taking these data into account, we may conclude that, at
this stage, the main product of corrosion is a non-stoichi-
ometric Fe’" oxyhydroxide, consisting of a mixture of
FeO(OH) and [FeO(OH)-nH,0], containing C1™ inclusions
and adsorbed APSA molecules.

XPS analysis demonstrated the presence of inhibitor on
the steel surface, indicating that the APSA molecules are
adsorbed on the substrate and migrated through the con-
crete layer.

Quantum chemical studies

The researchers are often encouraged to use theoretical data
in their studies to support their experimental results. There-
fore, recently more corrosion publications contain sub-
stantial quantum chemical calculations [24, 25]. GAMEES
software package was used in the calculations since it has

¢

Fig. 4 Optimized (a), HOMO (b) and LUMO (c) structures of

investigated inhibitor, acetamide

(APSA)

N-[(4-aminophenyl) sulfonyl]

proved to be highly reliable for calculating the physical
properties of molecules. Relationship between molecular
structure and their inhibition efficiency was elucidated by
ab initio quantum chemical calculations using the density
functional theory (DFT). The optimization of initial three-
dimensional geometry for APSA molecule was accom-
plished using B3LYP (Becke 3 Leeyang Parr) hybrid model
of density function with electron Gaussian split-valence
basis 6-31 ++(d, p). The optimized HOMO and LUMO
structures of investigated inhibitor are given in Fig. 4a—c.

Several researches have shown that the adsorption of an
inhibitor on the metal surface can occur on the basis of
donor—acceptor interactions between the p-electrons of the
investigated compound and the vacant d-orbital of the metal
surface atoms [26, 27]. Inhibition efficiency, IE, of the
organic compounds depends on many factors, which
include the number of adsorption active centers in the
molecule and their charge density, complex formation
molecular size, and mode of interaction with metal surface.
It is generally believed that the adsorption of the inhibitor at
the metal/solution interface is the first step in the mecha-
nism of inhibitor action in aggressive acid media [16].

High Eyomo values indicate that the molecule has a
tendency to donate electrons to appropriate acceptor mol-
ecules with low-energy empty molecular orbital. The large
extension and the obtained value of the APSA Eyxomo
(—10.909 eV) facilitate adsorption and therefore inhibition,
by influencing the transport process through the adsorbed
layer. E} ymo Vvalues indicate the ability of the molecules to
accept electrons. The obtained value of —1.101 eV for
APSA Epymo suggests that the less probable is that
sulfacetamide molecule would accept electrons.

The dipole moment (u = 5.51 D) is another indicator
that reflects the electronic density distribution indicating an
ionization which facilitates adsorption on carbon steel sur-
face. These results can suggest that the molecules may act
as an electron donor when blocking the corrosion reaction.
The energy gap (AE = Erumo — Enomo = 9.808 eV)
confirms this mechanism. Moreover, the electron-donating
groups enhance adsorption and increase the surface area
covered by the compound; also, electron-donating groups
with lone pairs on the atoms adjacent to the m system
activate the aromatic ring by increasing the electron density
on the ring through a resonance donating effect. Also, NH,-
group increases the electron density at the aromatic ring,
and it facilitates the adsorption of APSA on the carbon steel.

TG//DSC/DTA results

The resulted rust, as corrosion product of carbon steel in
1.0 mol L™! HCI blank solution and in 1.0 mol L~! HCI
containing 10 mmol L™ APSA, was analyzed using
TG/DSC/DTA.
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Table 1 XPS and TG results for the corrosion products formed on carbon steel surface in 1.0 mol L™' HCI solution in the absence and in the
presence of APSA, after immersion time of 3 days, at room temperature

Corrosion product XPS analysis TG results
BE/eV + 0.1/eV Process Temp/°C  Product
Fe** 0 OH™ 0y CI”
C-steel/1.0/mol/L HCI blank solution
FeO(OH) anhydrous and 7109 530.1 531.8 533.1 - Desorption of physically adsorbed 50-164.5  Stable corr. product
hydrated water
Fe**O(OH, Cl) 710.9 - 5318 - 199.1 Elimination of HCI/H,O/Cl, T > 164 Iron oxides/
200.9 oxyhydroxides
Fe(OH)s/ferrihydrite 710.9 - 531.8 - - Dehydroxylation 200-458.6  Iron oxides
FeO(OH 7109 530.1 531.8 - - Dehydroxylation 200-458.6  Iron oxides
C-steel/1.0/mol/L HCI solution containing 10/mmol/L APSA
FeO(OH) anhydrous and 710.8 530.3 5319 5333 - Desorption of physically adsorbed 50-167.2  Stable corr. product
hydrated water
Fe3+O(OH, Cl) 710.8 - 531.9 533.3 199.2 Elimination of HCI/H,O/Cl, T > 167 Tron oxides/
200.9 oxyhydroxides
Fe(OH)s/ferrihydrite 710.8 - 531.9 - - Dehydroxylation 200-443.8 Iron oxides
FeO(OH) 710.8 530.3 5319 - - Dehydroxylation 200-443.8 Iron oxides
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Results of thermal analysis in the present case are
slightly different from the earlier reported ones, presum-
ably because of the method of obtaining the Fe*' com-
pounds adopted in this study [28-32]. The use of different
precursors affects the thermal curves of the thermal
decomposition [30]. When the precursors of the iron oxy-
hydroxides are sulfate or chloride, the beginning of
hematite formation occurs at higher temperatures [30].
Moreover, composition and microstructure will influence
the kinetics of the dehydroxylation of goethite [33].

Figure 5a shows TG/DTG/DSC/DTA curves for corro-
sion products formed on carbon steel surface in 1.0 mol L™
HCI solution in the absence of APSA. Five different mass
loss steps were found: (1) up to 131.5 °C (m. loss—11.4%);
(2) between 131.5 and 164.5 °C (m. loss—10.7%); (3)
between 164.5 and 292 °C (m. loss—3%); (4) between 292
and 400.8 °C (m. loss—22.4%); and (5) between 400.8 and
458.6 °C (m. loss—20.6%). Steps 1 and 2, on TG curve,
were evidently due to the hygroscopic moisture. The process
is associated with adsorbed non-structural moisture being
driven out of the corrosion product particles (~ 22.1%). The
peaks observed in the region 50-164.4 °C, on the DTG
curve at 131.5 and 164.5 °C, can be ascribed to the water
desorption and dehydration of the corrosion product [34].
These were accompanied by two endothermic peaks on DSC
and DTA curves, at 131.5 and 164.5 °C. Step 3 (on TG
curve) can clearly be separated, indicating the presence of
various types of impurities, such as Cl ions inserted in
FeO(OH) structure. Also, the mass loss of 3% (on TG curve),
more probable, reveals the release of different types of the
gases, like hydrochloric acid, Cl,, and/or water from
FeO(OH) [33-38]. Steps 4 and 5 were continuous and could
not clearly be separated, indicating the presence of
hydroxyls from FeO(OH). These appear to be reflected in the
complexity of FeO(OH) structure. The mass loss due to
dehydroxylation (on TG curves) starts at ¢ > 200 °C and
finishes at 458.6 °C. In this region of DTG curve, the peak
centered at 400.8 °C corresponds to the dehydroxylation of
iron oxyhydroxides [32]. Hydroxyl groups in the oxyhy-
droxide structure are lost as water. Additional endothermic
shoulder centered at 317.1 °C is observed on DSC and
DTA curves. It indicates the phase transition from goethite
[«-FeO(OH)] to hematite [33] and lepidocrocite [y-FeO(OH)]
to maghemite [35]. The irreversible transformation of goe-
thite to hematite occurs, as expected, over a temperature range
centered around 300 °C [33]. Therefore, steps 4 and 5 were
due to the dehydroxylation of FeO(OH), FeO(OH)-H,O
[36-38], and ferrihydrite [28] at iron oxides [32-38]. Total
mass loss was 68.1%.

Figure 5b shows TG/DTG/DSC/DTA curves for the rust
formed by the corrosion of carbon steel in 1.0 mol L'
HCI solution in the presence of APSA. The analyses show
the following steps:

(1) 50-167.2 °C: corrosion products are stable; mass loss
of 21.1% is ascribed to desorption of water (peaks at 130.3
and 167.2 °C on DTG curve and endothermic peaks on
DSC and DTA curves at 130.3 and 167.2 °C); (ii)
167.2-287.4 °C: one-step mass loss of 3.9%—release of
hydrochloric acid/Cl, and/or water; (iii) 287.4—443.8 °C:
step mass loss of 41.2%—dehydroxylation of FeO(OH),
FeO(OH)-H,O [36-38], and ferrihydrite [28]; on DTA
curve: endothermic effect (shoulder centered at 286 °C) and
a peak at 402.8 °C. These steps reveal the same product of
corrosion process. The small endothermic peak observed at
402.8 °C in DSC and DTA may be due to the elimination of
water from FeO(OH) and/or elimination of gases such as
sulfur dioxide and carbon dioxide which could be, more or
less the hypothetical result, of APSA decomposition. Total
mass loss was 66.2%. The red iron oxide, after corrosion
product decomposition, was observed. The results of XPS
analysis and TG results are presented in Table 1.

Conclusions

APSA is a good inhibitor for corrosion of carbon steel in
1.0 mol L™" HCI solution.

Mass loss measurements showed that corrosion rate of
carbon steel is retarded by APSA and that the inhibition
efficiency of inhibitor increases with increasing the con-
centration, reaching a maximum value of 85.4% at
10 mmol L™" APSA in 1.0 mol L™"' HCI solution.

XPS analysis demonstrated that, at this stage, the main
product of corrosion is a non-stoichiometric Fe>™ oxyhy-
droxide, consisting of a mixture of FeO(OH) and [FeO(OH)-
nH,0], containing C1™ ions and adsorbed APSA molecules.

The adsorption mechanism was explained on the basis
of the chemical structure and adsorption active centers of
the sulfacetamide. Relationship between molecular struc-
ture and their inhibition efficiency was elucidated by
quantum chemical calculations using the DFT.

The corrosion products were analyzed using TG/DSC/
DTA technique. This analysis mainly indicated desorption
of physically adsorbed water, elimination of other gases
such as hydrochloric acid and Cl,, and the dehydroxylation
of corrosion products at iron oxides.
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