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Abstract

concentration in both chloride and sulfide media.

The corrosion inhibition efficiency of a-brass was evaluated in unpolluted and sulfide polluted 3.5% NaCl. The
Sodium (Z)-4-Oxo-4-p-Tolyl-2-Butenoate (SOTB) has been used as safe organic corrosion inhibitor instead of
benzotriazole. The electrochemical methods were used to monitor the effect of inhibitor on corrosion inhibition of
brass. The results showed that this inhibitor act as cathodic and anodic inhibitor for the surface of brass in both
chloride and sulfide polluted medium. Brass electrodes were subjected to characterization by SEM and EDS to prove
the probable mechanism. The inhibition efficiency and the persistence of protective film are depends on the inhibitor
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Introduction

Inhibition of sulfide attack on brass surface is considered as the
most important tasks in industrial applications. It is well known that
copper and its alloys are relatively noble but it is easily affected by the
rich oxygen environments [1-10]. The surface deterioration of brass
structures are depending on the dezincification process. The corrosion
process of brass is depending on the chloride and sulfide concentration.
It is well known that the organic compounds are commonly used to
protect the brass in corrosive environment [10-17]. In chloride content
solution the benzotriazole is considered the most common, effective
corrosion inhibitor specifically for copper and as well as its alloys. In
case of polluted sulfide solution the benzotriazole losses its effect due
to failure of the formed protective film. Till the present there is no way
to get rid sulfide attack on the surface of copper and its alloys. The
research is interested in how to decrease the effect of sulfide attack via
improvement the stability of protective film. There are many industries;
the brass is included in e.g., refrigeration [18,19], desalination [20],
petrochemical industries [21,22]. The involved mechanism of corrosion
(brass and environment) and inhibition process (brass and inhibitor)
are studied in many papers [23-39].

The explaining of the proposed inhibition efficiency is concerned
with studying the physical or chemical meaning of the interaction
between inhibitor and the metal surface and as well as the environment.
The high inhibiting efliciency of SOTB could be explained by these
proposed mechanisms. The first proposed mechanism is concerned
with the protective film formation on the brass surface in chloride
medium. The following equations illustrate the proposed reactions of
brass in unpolluted sulfide media [35-39].

CuZn=Cu°+Zn*"+2¢ (1)
Cu°=Cu*+2¢ (2)
Cu+2Cl=CuCl, +e (3)
Zn°=7Zn*+2e (4)
Zn+2Cl'=ZnCl +2¢ (5)

Equation 6 and 7 show the first proposed mechanism which
attributed with the formation of protective film from the corrosion
inhibitor which prevent the metal dissolution.

Cure9+SOTB,, =Cu (NOTB_+Na" (6)

+(aq) — +
Zn*a +SOTB(aq)—Zn (I)OTB(S)+Na o) (7)

Figure 1 shows the adsorption of corrosion inhibitor SOTP on the
brass surface which descripts the other mechanism, see equations 8 and 9.

Cu +SOTB=Cu:0TB  +Na*, (8)

(aq) (9)

In the neutral solutions it is now widely recognized that the sulfide
ions are existed in environments around the metal surface in the form of
HS ions. The brass corrosion is promoted by sulfide ions by adsorption
step see equations 10 and 11. The formed adsorbed layer could be oxidized
to form CuS and ZnS, see Equations 12 and 13 [37-39].

Zn(s)+SOTB=Zn:OTB (ﬂds)+Na*

HS+Cu=Cu: HS (10)
HS+Zn=Zn: HS (11)
Cu: HS=CuS+H*+2e (12)
Zn: HS'=ZnS+H*+2e (13)

The organic compound SOTB is not only used as corrosion
inhibitor but also it has a biological effect. The amic acids gain their
importance from being the precursors for the cyclic imides [40-43].
The amide moiety is an important constituent of many biologically
active compounds. N-Phenyl- maleamic acids derivatives which
contain amide moiety is known as selective herbicide antidotes [44].
Also in plant protection field, the maleamic acid has safener activity
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for the plants where maleimides and isomaleimides are “prosafeners”
and are converted in the plant tissue to the maleamic acid form, which
is responsible for safening action [45]. In this paper the corrosion
behavior of brass is monitored in uninhibited and inhibited chloride
and sulfide medium. The present paper is aiming at how to try to
mitigate the attack of sulfide ion on the brass surface.

Experimental
Materials

Electrode: Commercial brass is used as working electrode with a
nominal composition of (Cu=67.22 and Zn=28.12). The electrode was
in the dimensions of (1X1X0.2 cm). The brass electrodes were polished,
washed, degreased in acetone and dried.

Electrolyte: 100 ml of 3.5% NaCl is used as unpolluted electrolyte and
0.01M sulfide ions S>* were added as Na,S.

Methods

Synthesis of the inhibitor: The organic solvents and the chemicals used
in this paper were obtained from Sigma (USA) and Fluka (Switzerland)
chemical companies; our corrosion inhibitor was subjected to full
analysis using Infrared (IR) spectra, FT-IR Spectrum, Melting point,
Elemental micro-analysis for carbon, hydrogen and nitrogen was
measured. NMR spectra,(MS) and (TLC).

To a solution of (0.01 mol) maleic anhydride in (25 mL) of
chloroform, a chloroform solution of (0.01 mol) p-toluidine was drop
wisely added with stirring at room temperature when yellow precipitate
is formed. Stirring was continued for two hours at room temperature
then the resulted precipitate was filtered and dried to afford 95% yield,
then purified by recrystallization from ethanol. m.p. 199.5-200.6C;
UV, EtOH _ (log £)=221.6 (4.189). IR (KBr): v_ /cm™’ 3551-
3435 (OH str), 3282 (NH str), 3100-2997 (CH=), 1810-1955 (mono
substituted arom.), 1730-1635 (C=0), 1633-1600 (C=C), 1590-1540
(amide IT bending), 1465-1400 (amide III str), 1399 (C=C arom), 1321-
1220 (C-OH str), 865-800 (p-arom.), 860-660 (arom. ring system).
'H NMR (500 MHz, (DMSO-d,): 8=2.23 (s, 3H, CH,), 627 (d, 1 H,
CH=COOH), 6.41 (d, 1H, CH=CONH), 7.11 (d, 2H, o- arom.), 7.45 (d,
2H, m-arom), 10.34 (s, 1H, NH CO), 13.25 (s, 1H, COOH) ppm. MS
(ET) m/z=205.07 [M"]. Anal.: Calcd. For C, H \NO, (205.21): C (64.38),
H (5.40), N (6.83) and O (23.39). Found: C (64. 26), H (5.33), N (6.82)
and O (23.36). The inhibitor (Z)-4-Oxo-4-p-Tolyl-2-Butenoate was
synthesized according to the scheme presented in Figure 2 and sodium
carbonate was added drop wise to the inhibitor to form the sodium salt
to make the inhibitor soluble in water.

Open circuit potential measurement: This method was used to
monitor the open circuit potential (OCP) of brass electrode in
certain immersion time in 3.5% NaCl. The experiment is carried out
in the presence and absence of SOTB as a corrosion inhibitor and all
measurements are registered till the steady state values were reached.

Potentiodynamic polarization measurements: The measurements of
potentiodynamic polarization were carried out for brass electrode with
an exposed area of 1 cm? The electrochemical cell is consisted of brass
strip as working electrode, a platinum foil as counter electrode and a
saturated calomel electrode (SCE) as reference electrode. The curves
of potentiodynamic polarization were measured using a potentiostat/
galvanostat (Autolab modules: PGSTAT302N) and the data obtained
were analyzed using the NOVA software version 1.10. The brass strip
was immersed in a 3.5% NaCl solution and allowed to reach steady
state potential for period of time of about 30 min [46]. Each experiment

was carried out in a 3.5% NaCl solution in the presence and absence of
different concentrations of the SOTB. The scan rate was established at 1
mV/sand the inhibition efficiencies of the compounds were determined
from corrosion currents using the Tafel extrapolation method.

Electrochemical impedance measurements: The electrochemical
impedance measurements were estimated by using an AUTOLAB
with frequency response analyzer (FRA), which included a potentiostat
model PGSTAT302N. An AC sinusoid of + 10 mV was applied at the
corrosion potential (E_ ). The frequency range of 100 kHz-1 mHz
was employed. The brass specimen with an exposing surface area of 1
cm?® was used as the working electrode. A conventional three electrode
electrochemical cell of volume of about 100 ml was used [47]. The
values of polarization resistance (R ) were also measured at different
concentrations from sulfide ions and the corrosion inhibitor.

Surface characterization: The brass electrodes were characterized
using SEM and the Energy Dispersive X-ray analysis (EDX) was used
to identify the elemental analysis for the brass surface after polarization
measurements.

Results and Discussion

Open circuit potential measurement

The values of open circuit potential of brass electrode at different
concentration of SOTB are present in Figure 3. The results illustrated
that the open circuit potentials are shifted towards more positive
direction gradually from 25 till 250 ppm but in case of 300 ppm the
potential shifted towards the more negative which prove that the 250
ppm is the recommended dose for the application use. The OCP values
were -0.188, -0.184, -0.173 and -0.139 V for 25, 100, 150 and 250 ppm
respectively but in case of 300 ppm of SOTB the potential shifted to
more negative again with value of -0.221 V.

Potentiodynamic polarization curves

The effect of concentration of corrosion inhibitor was investigated
by polarization curves and the results are resented in Figure 4a. It is
clearly noticed that the effect of inhibitor, since the shift in cathodic
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Figure 2: Synthesis of inhibitor.
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and anodic curves were obtained and depending on the inhibitor
concentration. The maximum efficiency is observed at 250 ppm but by
increasing the concentration the inhibition efficiency is decreased and
it could be seed in Figure 4b which illustrates the effect of 250 and 300
ppm of inhibitor on the polarization curves. The results proved that the
recommended dose is clearly identified at 250 ppm. These results are
attributed with the agglomeration effect of organic inhibitor is existed
at 300 ppm. The results proved that formation of a protective film from
copper inhibitor complex, which is clearly seen from the appearing of
a passive region at the anodic branch and the expected mechanism, is
listed in Eq. 6 and 7. It is clearly noticed that the potential becomes more
anodic reaches the break down potential, E, , at the end of passive region.
The current increases rapidly above E, and at this point the localized
corrosion is obtained as a result of the breakdown of the protective film
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Figure 3: Open circuit potential curves of brass in 3.5% NaCl solution
containing various concentrations of SOTB.
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Figure 4: Polarization curves of brass in 3.5% NaCl solution (a) containing
various concentrations of SOTB from 25 to 250 ppm (b) containing
concentrations of 250 and 300 ppm from SOTB.

[48]. The values of E, were -0.079 and -0.048 V for blank and 250 ppm
of SOTB respectively but in case of 300 ppm the value became -0.080
V, which also prove that the minimum effective dose is 250 ppm. It is
also seen that the breakdown potential, E,, is shifted to more positive
potential and the values of current decreases which attributed with the
formation of protective film on the brass surface. The corresponding
electrochemical parameters are listed in Table 1 and we can notice that
the corrosion potential values were shifted to more positive depending
on the inhibitor concentration. The data proved that this inhibitor is
mixed-type inhibitor because of controlling both cathodic and anodic
reactions. Table 1 also mentions that the values of current density
were decreased and the rate of decreasing is directly proportional with
the inhibitor concentration. On the other hand the values of bc and
ba proved that the inhibitor controlled both the cathodic and anodic
reactions and the maximum inhibition efficiency is obtained at 250
ppm. The effect of sulfide ions on the polarization curve of brass in the
SOTB inhibited solution is illustrated in Figure 5. The results show that
the presence of sulfide ions makes moderately failure in the protective
film and it is could be seen from the decreasing of breakdown potential
values. The sulfide ion also affected on the current density values which
increases it especially in the passive region and this indicates that the
start of anodic dissolution. The values of open circuit potential become
more negative by shifting it to the cathodic direction. Figure 6 presents
the change of the corrosion rate and inhibition efficiency determined
from polarization curves as a function of SOTB concentration. The
inhibiting effect of the employed corrosion inhibitor is affected by
its concentration; the increase of the SOTB increases the inhibition
efficiency from 25 ppm to 250 ppm. As seen in Figure 6 the increase
of concentration up to 250 ppm leads to decrease in the inhibition
efficiency due to the agglomeration of organic compounds at certain
concentration and this is clearly noticed from the increase of corrosion
rate because of attacking the chloride ions.

Electrochemicalimpedance spectroscopy (EIS) measurements

The effect of different concentration of inhibitor (25-200 ppm)
on the corrosion behavior of brass in 3.5% NaCl solution has been
studied by EIS measurements. Figure 7a shows the typical Nyquist
impedance plot at an open-circuit potential value for brass without and
with various concentration of SOTB. It is clearly seen that the brass
electrode shows incomplete semicircle, denoting metals with protective
oxide films [49]. The diameter of this semicircle increased with the
increase of inhibitor concentration. This indicates that the existence
and protection effect of adsorbed layer [50]. The data obtained from
Nyquist plots were confirmed by plotting the values of impedance
log IZI against log frequency for brass is illustrated in Figure 7b. The
inhibited surface could be proved by the formation of highly resistive
region in the area of high frequency and no plateau in low frequency
and also the capacitive region is existed in the area of intermediate
frequencies [51]. Figure 7b illustrates the Bode-phase formats (log f
vs. Phase) from the plots it is obviously noticed that the maximum of
the curve shift to low frequency with increasing maximum phase angle
(60-80°C), which indicates inhibition of the corrosion process [52].
The inhibitive action of the corrosion inhibitor could be proved from
the values of phase angle, which registered high values for inhibited
solution if it compared with the solution without inhibitor. The best
fitting for the equivalent circuit is formed from the plots analyzing
model and the circuit is present in Figure 8 and the obtained impedance
parameters from the equivalent circuit are recorded in Table 2. The R
represents the solution resistance between brass electrodes and the SCE
electrode, R, and Cb are the resistance and capacitance of oxide layer,
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Inhibitor OCP (V) b, b, e CR. LE, (%) R
Conc., (ppm) vs. SCE vs. SCE (V dec) (V dec) (A cm?) mpy P
Blank -0.202 -0.3284 0.2126 0.4745 4.72e-4 589 | - 354.89
25 -0.188 -0.2788 0.1974 0.4745 8.43e-5 1.05 82 784.15
100 -0.200 -0.2837 0.1003 0.2547 5.87e-5 0.73 88 532.67
150 -0.188 -0.2857 0.1248 0.2599 2.60e-5 0.33 94 1401.70
200 -0.223 -0.3180 0.2684 0.1208 2.78e-5 0.35 94 1406.30
250 -0.137 -0.2651 0.1524 0.2702 1.99e-5 0.24 96 2126.20
300 -0.222 -0.2830 0.2447 0.3020 5.75e-5 0.72 87 1020.50
0.01M Na,S -0.752 -0.4350 0.7544 1.3995 2.09e-4 2.6123 - 1018.50
250+HS- -0.198 -0.4342 0.2285 0.2999 3.30e-5 0.4124 84 1707.00
Table 1: Electrochemical parameters and inhibition efficiency for brass in 3.5% NaCl containing different concentrations of SOTB.
Inhibitor Rs cb Rb cp Rp L.E, RP and C, represents the resistance and capacitance of the protective
concentration|  (ohm  (uFcm-2) (ohm cm2) (uFcm-2) (ohm cm2) (%) film. The inhibition efficiency (IE%) was estimated from the values of
ppm cm2) Rp by using following equation [53].
Blank 9 11.8 173 415 13 |-
25 9.2 111 347 27 51 |745 IE (%)=(R,,,-R /R ., (14)
50 8.9 105 481 232 122 1893 The protection of the brass surface against corrosion in the
100 8.5 10.3 534 208 154 1915 presence of inhibitor is attributed with the increasing of polarization
125 8.8 9.36 624 7.6 196 934 resistance Rp (from 1300 ohm to 29900 ohm in presence of 25 ppm)
150 93 9.13 725 161 226 942 [54]. The obtained data could be also proved by increasing in the
200 10 8.12 888 14.3 2 951 thickness (d) of the double layer capacitor between the metal surface
250 11.5 8.6 1130 13.5 29.9 96.6

Table 2: Electrochemical Impedance parameters and inhibition efficiency for
brass in 3.5% NaCl containing different concentrations of SOTB.
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Figure 5: Effect of sulfide ions on the polarization curves of copper in the
presence of 3.5% NaCl and/or 250 ppm of SOTB.
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Figure 6: The change of the corrosion rate and inhibition efficiency

determined from polarization curves as a function of SOTB concentration.

and the solution which is directly proportional to 1/C , as it seen, the
decreasing of value of capacitance from 41.5 to 13.5 uFcm? (Table 2).
The EIS data thus agree with the polarization data and both proved that
SOTB is a good inhibitor for brass in unpolluted salt water solutions.
Figure 9 represents the change of the impedance and capacitance
determined from EIS curves as a function of SOTB concentration. The
formed protective film resistance R determined from EIS curves is
used to describe the inhibition efficiency of SOTB with regards to its
concentrations. As seen from Figure 9 the R values are increased with
the SOTB concentrations. These results prove that the thickness of the
protective film is continuously increases to the maximum thickness at
250 ppm, which constitute the maximum inhibition efficiency. This
behavior could be also proved from the determined capacitance C,
which decreases with concentration of inhibitor. Figure 10 shows the
typical Nyquist impedance plot of brass in inhibited and uninhibited
polluted sulfide salt water. The results proved that the stability of
protective complexes is higher than that of Cu,S so the inhibitor give
inhibition efficiency of about 86% and is considered acceptable value
specially if it compared with the efficiency of benzotriazole in sulfide
media. The sulfide ions cause breakdown of the protective copper
inhibitor complex so, the inhibitor shows moderate effect which is
clearly noticed from SEM micrographs which illustrate missing parts
from the protective film.

Surface characterization

Effect of chloride ions: The anti-corrosion influence of the employed
corrosion inhibitor in unpolluted salt water is clearly showed in Figure
11a, the surface morphology of the brass electrode was investigated
after immersion in 3.5% NaCl solutions and the image proved that
the surface roughness is increased because of the presence of chloride
ions. The dezincification process is clearly noticed and it is well know
that the dissolution of zinc and copper is attributed with the chloride
ions effect. Figure 11b illustrates the SEM micrographs of brass after
immersion in inhibited 3.5% NaCl solutions with 250 ppm of SOTB.
As seen in this micrograph the brass surface is covered with a very nice
protective film from the corrosion inhibitor, and this film is formed
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Figure 7: Electrochemical impedance spectra for brass in 3.5% NaCl
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Figure 9: The change of the impedance and capacitance determined
from EIS curves as a function of SOTB concentration.

from brass complex surface with a layer of Cu,O which is extinguished
to the protective layers. The obtained micrograph was subjected to EDS
elemental analysis Figure 12a and Table 3 show that the highest content
in chloride ions on the brass surface compared with the gained data
from Figure 12b and Table 4. The EDS analysis revealed that the surface
is enriched in copper (47.73%) with very low content of Zn (6.3%)
which, indicating the occurrence of strong dezincification process but
after using the inhibitor the EDS analysis revealed that the surface is

lack in copper content (21.12%) with very low content of Zn (2.17%)
which, indicating the decreasing of dezincification process and these
results were agreed with the previous electrochemical measurements.

Effect of sulfide ions: Figure 13a and 13b show the effect of sulfide
ions on the brass surface in absence and in the presence of inhibitor,
respectively. The micrographs image proved that the sulfide ions have
dangerous effect on the brass surface especially in absence of SOTB. On
the other hand in the presence of SOTB the micrograph showed limited
effect on the protective film and the surface roughness is decreased.
The formed protective film from brass complex surface with a layer
of Cu,O is slightly affected by the sulfide attack. From the obtained
data in Tables 5 and 6, the EDS analysis is revealed that the surface is
contained high content in copper (49.79%) with very low content of
Zn (8.12%) which, indicating the occurrence of strong dezincification
process, this behavior is related to the effect of sulfide attach on brass
surface. In the presence of SOTB the EDS analysis register lower
content in copper (43.82%) with very low content of Zn (6.04%) which,
indicating the SOTB decrease the effect of sulfide attack on the brass
surface and reduce the dezincification process. The obtained results
from surface characterization were completely agreed with the results
of all electrochemical measurements (Figure 14).

Element Weight % Atomic % Net Int. Error %
Cc 16.38 38.61 13.54 16.79
(o} 6.95 12.29 19.14 15.98
Cl 16.87 13.47 237.95 4.43
Cu 47.73 21.26 161.29 3.75
Zn 6.3 2.73 17.42 15.79

Table 3: Elemental analysis of brass surface in unpolluted 3.5% NaCl.

Element Weight % Atomic % Net Int. Error %
Cc 52.99 74.73 72.58 11.3
N 5.77 11.65 4.87 28.76
(o} 13.33 14.11 29.71 13.86
cl 10.38 4.96 168.45 3.57
Cu 21.12 5.63 71.8 5.24
Zn 217 0.56 6.04 28.48

Table 4: Elemental analysis of brass surface in 250 ppm of SOTB in unpolluted
3.5% NaCl.

Element Weight % Atomic % Net Int. Error %
o 11.77 28.4 46.45 12.1
Cl 24.03 26.16 363.44 4.4
Cu 49.79 30.25 187.71 3.58
Zn 8.12 4.8 25.05 14.1
Na 5.92 9.94 23.16 14.58
S 0.37 0.45 5.76 40.02

Table 5: Elemental analysis of brass surface in sulfide polluted 3.5% NaCl.

Element Weight % Atomic % Net Int. Error %

c 13.77 30.74 16.68 16.08
N 5.34 10.22 6.9 24.23
o 15.89 26.62 66.81 12

cl 15.07 11.39 295 4.23
Cu 43.82 18.49 203.63 3.42
Zn 6.04 2.47 22.93 14.67
S 0.08 0.06 1.57 68.64

Table 6: Elemental analysis of brass surface in 250 ppm of SOTB in polluted 3.5%
NaCl.
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Figure 11: SEM micrographs of brass after immersion in 3.5% NaCl
solutions in (a) absence of SOTB and (b) presence of 250 ppm of SOTB.
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Figure 12: EDS of brass in (a) 3.5% NaCl and (b) 3.5% NaCl+250 ppm
of SOTB.

Figure 13: SEM micrographs of brass after immersion in 3.5%
NaCl+0.01M HS- solutions in (a) absence of SOTB and (b) presence of
250 ppm of SOTB.
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Figure 14: EDS of brass in (a) 3.5% NaCIl+0.01M HS- and (b) 3.5%
NaCl+0.01M HS+250 ppm of SOTB.

Conclusions

The SOTB is considered a very good inhibitor for brass in
unpolluted and polluted salt water. The reccommended dose of SOTB is
250 ppm in unpolluted salt water with efficiency of 96%. The corrosion
inhibitor is act as anodic and cathodic inhibitor with high stability for
the protected film due to the stability of the brass inhibitor complex.
The chloride ions have highly effect on the brass surface through the
dissolution of copper and zinc through the dezincification process and
this process is decreased in the presence of SOTB by forming very stable
adsorbed layers on the brass surface. The adsorbed layers is slightly
affected by the sulfide ions and this results of SOTB are considered as
an excellent results if it compared with the benzotriazole if it affected by
sulfide ions. As seen from Table 1 the inhibition efficiency of SOTB in
polluted sulfide salt water is about 84% which register 12.5% decreasing
in the inhibition efficiency in unpolluted media. The decrease in the
inhibition efficiency is related to the moderate sulfide attack on the
protective film, the SEM and EDS proved that the sulfide attack has
very low effect on SOTB brass complex. The SOTB corrosion inhibitor
is could be used in application as a very good inhibitor in unpolluted
and sulfide polluted salt water.
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