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ABSTRACT

Study of the brass/synthetic seawater interface, with and without inhibitor, was carried out
using electrochemical methods. EIS showed that the alloys safer localize corrosion in seawa-
ter. The presence of scales decreases the corrosion rate. The inhibition performance of tyro-
sine (Tyr), polyacrylic acid (PAA), and yeast was studied. The acceleration effect of corrosion
processes of brass in the presence of Tyr and PAA reflects that the inhibitor concentration
was not enough to completely cover the active surface site of the metal. The protection
values of the additives in the case of brass go in the order Tyr > PAA> Yeast.
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1. Introduction

Scale formation is especially important in water
treatment and thermal desalination plants. Under the
effect of temperature, both sea and brackish water
show a strong tendency to scale formation, corrosion,
and fouling problems, due to the dissolved salts and
the finely suspended solids in their solutions [1].

Corrosion in desalination plants can cause a
variety of undesirable consequences, including loss of
equipment, unplanned shutdowns, expensive repairs,
leaks, and contamination of products as well as
serious personal hazards [2]. In process industries like
desalination plants, corrosion consideration out-
weighs the other factors while carrying out the

material selection for plant constructions [3]. Although
the chemistry of sea and brackish waters is complex
and there is a large combination of ions that may lead
to formation of scale, it is commonly accepted that the
four main scale-forming constituents are calcium
bicarbonate, calcium sulfates, magnesium salts, and
silica [4].

Brass is commercially used as heat exchanger tubes
in power plants, desalination plants, oil refineries, and
petrochemical plants. Thus, the selection and corrosion
control of metals are synonymous as far as safe opera-
tion and maximum output from the plant facilities are
concerned [5–8]. Historically polymeric, non-poly-
meric, metals, and amino acids additives have been
used in these processes to prevent the formation and
deposition of scaling salts [9–12]. The present work aims
to study the corrosion of brass electrochemically and*Corresponding author.
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scale inhibition by some additives: tyrosine (Tyr), poly-
acrylic acid (PAA), and yeast. To our knowledge, this
is the first time that yeast has been used as inhibitor
for corrosion of metals.

2. Experimental

2.1. Specimen and synthetic seawater preparation

Yellow brass plates with dimensions of approxi-
mately 100mm� 200mm were used as the material
for the corrosion and had the composition of (wt) 63%
Cu, 34% Zn, and 3% Si, Al. The specimens were pol-
ished mechanically to a mirror finish with emery
papers. Then, the samples were thoroughly washed
with bi-distilled water and then with ethanol (A.R).
One face was used; the other face was masked by
chemically inert resin.

Artificial seawater was prepared from reagent
grade chemicals as recorded in the Table 1. The
degree of salinity of this water is 35% [13]. This exper-
iment was carried out using 5 ppm of tyrosine, polyac-
rylic acid, and yeast added solely to the solution.

2.2. Electrochemical measurements

A three-electrode corrosion cell (volume 0.25 L)
was used for the electrochemical measurements. The
analytical reagents CaCl2, Na2SO4, and Na2CO3 were
dissolved in double distilled water and filtered
through membrane filters (0.22lm millipore) to pro-
duce CaSO4·2H2O and CaCO3 scales by co-precipita-
tion. For the mixed calcium sulfate and calcium
carbonate system, the relative significance of the salts
was determined with constant total calcium content
(0.09M).

The electrochemical cell was connected to ACM
Gill AC instrument and to a computer. The brass
working electrode (WE) was aligned vertically. The
experiments were performed under static aerated
conditions at l temperature adjusted to 25˚C while the
electrochemical behavior of Brass in seawater at
different temperatures (25–55 �C) was investigated
by EIS. A platinum wire and a saturated calomel
electrode were used as the counter and reference
electrode, respectively.

After immersion of the specimen, prior to the
impedance measurement, a stabilization period of
20min was found, which proved sufficient for Ess (the
steady-state potential). The AC frequency rang
extended from 30 kHz to 0.1Hz, a 10mV peak-to-peak
sine wave being the excitation signal. Potentiodynamic
polarization curves were obtained with a potential
sweep rate of 1mV/s. The potential was swept from
cathodic to anodic directions after impedance run.

3. Results and discussion

3.1. The effect of synthetic seawater and scales on brass

The EIS measurements were carried out for brass
in artificial seawater after the alloy reached Ess. The
impedance spectra recorded for the examined brass in
seawater are shown in Fig. 1(a). For simplicity, we
assumed that these curves consist of one depressed
capacitive loop, followed by a pseudo-inductive loop
at end (low frequencies). Goncalves et al. [14] revealed
the depressing of capacitive loops to inhomogeneity of
the surface structure due to adsorption processes.

Table 1
Composition of synthetic seawater [salinity 35%]

Composition NaCl Na2SO4 KCl CaCl2 MgCl2

Mol l�1 0.4266 0.0293 0.0106 0.0108 0.0552

g/Kg solution 24.061 4.011 0.761 1.153 5.069 Fig. 1. Impedance plots of Brass in seawater without and
with scale: (a) Nyquist plots (b) Bode plots.
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The capacitive loop occurred mainly due to the
combination of the charge transfer resistance and the
capacitance at the brass/solution interface (dielectric
properties of the surface) [15], while the inductive
loop at low frequencies indicating localized attack by
high [Cl�]. These observations can be confirmed by
corresponding Bode plots in Fig. 1(b) for brass corro-
sion. In the high frequency (HF) region, Bode plot
exhibits constant hmax (phase angle) values vs. fre-
quency (F) with a phase angle lower than 50˚ which
resulted from the phase shift due to the slow potentio-
stat used for measuring in commercial potentiostats
because of the desire for improved stability [16]. This
region is responsible for the electronic resistance RX

or Rs (resistive region) in Z´ (X cm2) vs frequency (F)
curve. Phase angle spectra present one time constant
(one relaxation time) which remains approximately
constant over a wide frequency range. Maximum
value in the phase angle curve with the phase angle is
close to 49˚, suggesting that the electrochemical
process occurring at HF prevents the formation of the
protective film [17]. The constant phase element, CPE,
is introduced in the circuit instead of a pure
double-layer capacitor in order to take into account
the electrode surface heterogeneity resulting from

surface roughness, impurities, dislocations, grain
boundaries, adsorption of inhibitors, and formation of
porous layers [18,19], and therefore to give a more
accurate fit [19]. The impedance of the CPE is
expressed as:

ZCPE ¼ 1

QðjxÞn ð1Þ

where Q is the magnitude of CPE (in X–1 sn cm�2), x
is the sine wave modulation angular frequency (in rad
s�1), j2 =�1 is the imaginary number, and n is an
empirical exponent (06 n6 1) which measures the
deviation from the ideal capacitive behavior [20,21].

Analysis of the impedance spectra was done by fit-
ting the experimental data to the equivalent circuit
(EC). The quality of fitting to the EC was judged
firstly by the Chi-square (w2 = 10�2–10�3) values and,
secondly, by the error distribution vs. frequency, com-
paring experimental results with simulated data.

The Nyqusit diagrams in seawater which consist
of inductive part at low frequencies were fitted to the
EC shown in Fig. 2. The low frequency (LF) loop cor-
responds to a localized attack process and the HF loop
to a charge transfer behavior. This EC confirms that
the lower impedance estimated from the alloy surface
was attributed to the distribution of the current
between the pit sites and general corrosion spaces
[22]. Corrosion kinetic parameters derived from EIS
measurements are given in Table 2.

Electrochemical result of brass in the presence of
scale is shown in Fig. 1. Increases of the diameter of a
capacitive arc with a lower end of the loop crossing
the real axis were found. The capacitive arc (first
relaxation time in bode plot, Fig. 1(b)) is related with
the dielectric properties of the formed film on the
brass surface at the open circuit potential, but it may
also be related with the electric double-layer capaci-
tance at the electrode/solution interface, which
includes a metal/scale interface followed by a scale/
solution interface. The total capacitance loop is related

Table 2
Electrochemical kinetic parameters and corrosion rate obtained by electrochemical methods technique for brass in
seawater at 25˚C in absence and presence of scales and additives

Impedance Polarization

Media Rct (X cm2) n IE.Rct (%) Icorr. (mA/cm2) Epass (mV/SCE) Ipass (mA/cm2) IE.Icorr. (%)

Seawater 3.578 0.89 – 7.836 54 6.69 –

Seawater + scale 6.317 0.78 43.36 4.033 �4 4.60 48.53

Yeast 8.485 0.71 57.83 3.133 �35 5.11 55.27

PAA 2.598 0.78 �37.72 10.54 27 6.09 �34.51

Tyr 2.211 0.99 �61.83 12.76 100 4.41 �61.56

Fig. 2. Equivalent circuit model for the metal suffering
localized attack. Rs; solution resistance; Rct1; charge
transfer resistance; Q1; and double-layer capacitance. Rct2:
electrolytic resistance through the pit; Q2; and the pit
capacity.
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to the polarization resistance of the scale film, and the
second time constant may be attributed to the contri-
bution of oxygen reduction occurring through the por-
ous scale in cavities under the scale crystals by the
charge transfer resistance RctO2

. The low-frequency
inductance loop may correspond to localized corro-
sion through the defects in the scale. The physical
model can be illustrated by the EC in Fig. 3 where Rs

(X cm2) is the electrolyte resistance; and RctO2
(X cm2)

is the impedance of the scale deposit associated with
the finite conductivity of the electrolyte solution in the
thin pores in parallel to a capacitance CPEf (lF/cm

2)
related to the dielectric nature of the scale layer. A
combination of a capacitive and a pseudo-inductive
loop at the LF can be explained by competitive behav-
ior between acceleration and deceleration accompa-
nied with diffusion process on the brass surface
[18,23].

The corrosion inhibition percentage efficiencies
(IE.%) of the corrosion rate ðRctÞ�1 and ðRctðinh:ÞÞ�1 in
seawater and in the presence of scale are calculated as
follows:

IE % ¼ ðRctÞ�1 � ðRctðinh:ÞÞ�1

ðRctÞ�1 � 100 ð2Þ

IEIcorr: % ¼ icorr:� icorr:ðinh:Þ
icorr:

� 100 ð3Þ

where Rct, icorr: and Rctðinh:Þ, icorr:ðinh:Þ are the values of
charge transfer resistance and corrosion current densi-
ties without and with scale, respectively. The imped-
ance derived from these investigations is given in
Table 2. A higher polarization resistance (Rct =
6.317X cm2) compared to the value of the sample in
free seawater (Rct = 3.578X cm2) typically corresponds
with a lower corrosion rate. The value of (IE.%) calcu-
lated from Eq. (2) is about 43.36%. Martini et al. [24]
revealed that for 0.5 < n< 1, the CPE describes a fre-
quency dispersion of time constants due to local inho-
mogeneities in the dielectric material surface. The
values of n obtained (�0.78) in Table 2 indicate that
the CPE is little associated with the film capacitance
processes, where the low value of Q in the presence
of scale reflects a protective layer formed on the brass
in this condition.

The reaction of copper dissolution (anodic process)
is:

Cu ! Cuþ þ e ð4Þ

Two cathodic processes can be suggested in this
case [25]:

Fig. 3. Equivalent circuit of the impedance diagrams in Fig. 1 and in the presence of scales. Rs is the solution resistance;
RctO2 is the charge transfer resistances of oxygen; CPEf is the constant phase element of scale film, Rct: charge transfer
resistance; Q; double layer capacity, Rp: electrolytic resistance through the pores, Q1; and the pit capacity, Rpit: electrolytic
resistance through the pit.
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• Reduction of the dissolved oxygen (IO2
),

O2 þ 2eþ 2H2O , H2O2 þ 2OH� ð5Þ

H2O2 þ 2e ! 2OH� ð6Þ

• Reduction of water (IH2O),

2H2Oþ 2e , H2 þ 2OH� ð7Þ

The total cathodic current ðItotalÞ;

Itotal ¼ IO2
þ IH2O ð8Þ

The potentiodynamic polarization curves of brass
in seawater in the absence and presence of scale are
shown in Fig. 4. The rate of the corrosion process is
determined by the corrosion current density (icorr.)
obtained by extrapolating the Tafel lines on the corro-
sion potential Ecorr of the WE and is listed in Table 2.
The total cathodic polarization curves are shifted
towards an increase in cathodic reaction. This may be
due to the increase of potential needed to O2 reduc-
tion in the presence of the scale layer. Icorr. values go
in opposite direction. In anodic branch, the brass
exhibits active–passive behavior at potential (Ecp = 10
and �55mV SCE) without and with scale in seawater,
respectively. Values of degree of passivation, Ipass., of
the alloy decreased appreciably with the presence of
scale as shown in Table 2. Pseudo passivation may be
attributed to a competition between adsorption

process by scale (CaCO3 or CaSO4) or corrosion prod-
ucts and selective dissolution of brass results in por-
ous scale film (Scheme 1) on the surface.

3.2. Effect of additives on the corrosion and electrochemical
behavior of brass

An impedance measurement provides information
on both the resistive and capacitive behavior at the
interface of metal/solution and makes it possible to
evaluate the performance of the tested compounds as
possible inhibitors against metal corrosion.

In order to evaluate the scale and corrosion inhibi-
tion efficiency, three various additives (yeast, PAA,
and Try (5 ppm)) were added to seawater with scale
(chief 250ml).

Nyquist plots of brass in seawater solution con-
taining scale and different additives (Fig. 5) consist of
two loops. The pseudo-inductive loop at very low fre-
quencies exists in all additive spectra. Two relaxation
times were observed in the corresponding Bode-phase
plots and the maximum phase angle (hmax) is about
50˚. The lowest frequency time constant changes from
capacitive to inductive. The pseudo-inductive behav-
ior demonstrates that charge transfer and adsorption
reaction occurred.

The experimentally determined impedance param-
eters corresponding to the impedance measurements,
fitted to the suitable EC, are collected in Table 2.
These results indicated that the change in the capacity
is related to the dielectric nature of the scale formed.
Higher values of n obtained in the Tyr solution (0.99
near unity) indicated that the dissolution reaction is
under charge transfer control. The increase in the
capacity of the scale layer in the presence of PAA and
Try reflects the increase in the porosity of the scale
film. The aggressive ions diffuse through this layer
and reach the brass at the brass/scale interface.

Negative values of IE.Rct% indicate the acceleration
effect of additives. It is commonly assumed that the
corrosion inhibition of surfactant molecules is directly
proportional to the surfactant’s coverage on the sur-
face of metal. When the concentration of the inhibitor

Fig. 4. Potentiodynamic polarization curves of Brass in
seawater without and with scale.

Scheme 1. To investigate that Icorr. of Brass in presence
scales and seawater has been reduced to 48.53% inspait of
in state of the case of sea water only because of incomplete
coverage of the surface alloy.
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is not enough to completely cover the active surface
sites of the metal, the inhibitor will accelerate the cor-
rosion processes.

The potentiodynamic polarization curves of brass
in seawater, seawater scale, and seawater scale within
the additives (yeast –PAA—Tyr) are shown in Fig. 6.
The cathodic polarization curves are shifted towards
an increase in reduction reaction. Kinetic parameters
calculated from the polarization curve are listed in
Table 2. The lower values of both Icorr. and Ipass reflect
the best protection of brass surface by yeast which
agrees with impedance data. The presence of PAA or
Tyr decreases the brass resistivity (high value of Icorr.
and negative values of IE.Icorr.). From curves in Fig. 6,
it can be observed that active–passive transition
occurs at a more positive potential, and the potential
needed to reach the passivity region increases
(Ecorr.–Epass = 305 and 400mV (SCE) respectively),
which means that the presence of PAA or Tyr mark-
edly delayed the protection process. The protective
action of the additive is clearly observed by Rct and

IE.Rct% values in the Table 2, which gives the follow-
ing order: Tyr >PAA>Yeast.

3.3. Temperature effect on Brass corrosion

Temperature can modify the interaction between
the metal and the electrolyte. It is well known that
temperature has a great effect on the electrochemical
behavior, the corrosion rate of metals, and the scale
precipitation on it.

The electrochemical behavior of brass in seawater
at different temperatures was investigated by EIS. EIS
spectra obtained in artificial seawater at temperature
range 25–55˚C (Fig. 7(a)) consist of a capacitive arc
with a pseudo-inductive loop regardless of the solu-
tion temperature. The first time constant observed cor-
responding to the brass/electrolyte interface revealed
a charge transfer control for the system. The pseudo-
inductive loop reflects the competitive process
between the local attack and scale precipitation.

Acceptable converge between the experimental
and fitted data was found. The values of the parame-
ters determined at various temperatures on the basis
of the structure model offered are summarized in
Table 3.

Most probably, the acceleration of the anodic pro-
cess occurs quicker at higher temperatures, and this
reflects the inductive loop at the end of the Nyquist
plot and decrease in brass resistivity, which indicates
that the Faradic process takes place on the brass sur-
face free of protective film. Values of corrosion rate
mm/y also increase and reach unacceptable values
[26]. The corrosion rate at 55˚C increases about 3.44
times from 25˚C. If n is accepted to be the measure of

Fig. 6. Potentiodynamic polarization curves of Brass in
seawater in the presence of different additives.

Fig. 5. Impedance plots of Brass in seawater in the
presence of different additives: (a) Nyquist plots (b) Bode
plots.
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the surface inhomogeneity, then its decrease should
be connected with a certain increase in heterogeneity
resulting from surface alloy roughening. The latter
may be caused by enhanced dissolution of alloy,
which takes place at high temperatures during expo-
sure to the solution. This effect is accompanied by an
increase in the corroded area (increase in Q values).
The low values of n in seawater at a range of 25–55˚C
may be connected with two effects: a certain drawing
of the formation/distortion equilibrium towards dis-
tortion and roughening of the alloy surface which
resulted from enhanced corrosion.

In the presence of scale, impedance spectra at HF
exhibit a single capacitive loop (one relaxation time)
at different temperatures as shown in Fig. 7(b). In
spite of scale presence, brass is less resistive to local-
ized corrosion with the temperature increase. Higher
values of Rct in the presence of scale indicate that the
scale is formed at high temperature but does not

completely cover the metal surface. The bare brass
surface quickly corroded as temperature rose. The
decrease in Rct values is associated with the increase
in Q values as shown in Table 3. This was confirmed
both by the presence of pseudo-inductive loop and
the large value of corrosion rate mm/y in Table 3.

The diagram at 35˚C shows a capacitive arc with a
higher Rct value at high frequencies range followed by
a tail at lower frequencies. The tail is probably associ-
ated with the mass transport process in the solution.
This is due to the formation of a porous layer of scale
on the brass surface. The low values of n indicate that
slightly low homogeneity of the surface may be due
to the computation between both the corrosion and
the scale formation on the surface.

4. Conclusion

The present study demonstrates the corrosion and
electrochemical behavior of brass in the absence and
presence of scales and the development of inhibitors
for the cooling system. By analyzing electrochemical
data, the main finding are:

(1) Brass suffers pitting corrosion in the artificial
seawater.

(2) The presence of scale decreases the corrosion
rate.

(3) Corrosion tests in the presence of yeast showed
remarkable protection against corrosion and
scale formation.

(4) In the presence of the additives, the protection
values of the additives for Brass alloy goes in
order: Tyr >PAA>Yeast.

(5) Acceleration of anodic process occurs quicker
at higher temperatures and this reflects the
inductive loop at the end of the Nyquist plot.
In spite of the scale presence, brass is less resis-
tive to localized corrosion with the temperature
increase.

Fig. 7. Impedance plots of Brass at different temperatures
in seawater: (a) without, (b) with scale.

Table 3
Electrochemical kinetic parameters and corrosion rate
obtained by EIS technique for brass in seawater at different
temperatures

t (˚C) Without scales With scales

Rct

(X cm2)
n Corrosion

rate
(mm/y)

Rct (X cm2) n Corrosion
rate
(mm/y)

25 3.578 0.89 147.6 6.317 0.78 83.63

35 2.971 0.74 170.4 7.181 0.77 73.56

45 1.819 0.69 290.4 6.206 0.68 85.12

55 1.039 0.65 508.1 5.129 0.69 101.5
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