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Abstract

This work based on the study of corrosion, scale-forming and microorganism inhibition of copper in Moroccan
cooling water system by Sodium gluconate (SG), Cetyltrimethyl ammonium bromide (CTAB) and their mixture
using electrochemical measurements coupled to scanning electron microscopy (SEM). It is found that the SG
inhibits cathodic reactions indicating that it is acted as a cathodic type inhibitor and its inhibition is about 95 %
at 10 M. In addition, the results showed that the CTAB acts as a mixed-type inhibitor and the best inhibition is
at 15 ppm. So, the synergistic effect between SG and CTAB was investigated. It is showed that the CTAB
addition decreased the performance of the SG from 95 % to 88 % and the performance of the mixture increase
with immersion time. However, the polarization curves showed that this mixture acts as mixed-type inhibitor.
The potential of zero charge (PZC) of copper was determined by AC impedance, and the mechanism of
adsorption was discussed. Finally, the SEM observations confirmed that the mixture was a corrosion, scale and
microorganism inhibitor after one day of immersion.

Keywords: Corrosion inhibition; scaling and microorganism; Copper, cooling water systems; Formulation; SEM

1. Introduction

Water is the most commonly used cooling fluid to remove unwanted heat from heat transfer surfaces. At the
present time, some of the demand for better utilization of the limited water supplies is due to population growth
and increasing development. Due to this, open recirculating cooling water systems that reuse cooling water are
frequently used at large central utility stations, at chemical, petrochemical, and petroleum refining plants, in
steel and paper mills, and at all types of processing plants [1]. Open recirculating cooling water systems
continuously reuse the water that passes through the heat transfer equipment. The only function performed by a
cooling tower is to cool the warmed water. The cooling water circulates to operating units where it picks up heat
while cooling or condensing process streams and the resulting warm water is returned to the cooling tower.
However, copper has been one of the preferred materials in industry such as cooling water systems due to its high
electrical and thermal conductivities, mechanical workability, and its relatively noble properties. It is widely used
in many applications in electronic industries, and communications as a conductor in electrical power lines, and
pipelines for domestic and industrial water utilities, including sea water, heat conductors and heat exchangers [2].
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Thus, copper corrosion and its inhibition in a wide variety of media, particularly when they contain chloride ions,
have attracted the attention of many investigators [2-13]. In addition, copper materials are susceptible to
corrosion and fouling by microorganisms in water cooling systems. So, in closed circulating cooling systems, the
copper corrosion is inevitable, but it can be restrained. The corrosion current is dependent on the conductivity, the
dissolved O, and CO,, the pH, the temperature, the water flow velocity and the difference of galvanic potential
(dissimilar metallurgy).

However, the use of inorganic or organic compounds and their derivatives provide an effective protection to
copper and its alloys in aggressive medium [14-15]. This protection is ascribed to the chelation action
heterocyclic part of the chemical compound and the formation of barrier layer between the inhibitor and the metal
surface preventing metal reaction and dissolution. The barrier layer is attributed either to the presence of vacant
d orbitals in copper atom that form coordinative bonds with atoms donate electron such as nitrogen, sulfur,
phosphorous, or to strong 7- interaction between the aromatic rings through the nitrogen-containing heterocyclic
part of the inhibitor [16].

In the present work, the influence of sodium gluconate (SG), biocide (CTAB) and their mixture as corrosion,
scale and microorganism inhibitors for copper in Moroccan industrial cooling water system was investigated by
using electrochemical measurement and SEM observations. In addition, the mechanism action of the mixture was
also studied.

2. Experimental Procedure

A conventional three-electrode cell was utilized with a large area Pt counter and Ag/AgCI reference electrodes.
The chemical composition of copper, which used such as working electrode, is summarized in Table 1. The rod
was mounted into glass tube of appropriate internal diameter by epoxy resin leaving a front surface area of 1
cm? to contact the test solution. Before each experiment, the surface electrode was abraded using emery paper at
different grades (from 100 to 1200), cleaned with acetone, washed with distilled water, and dried at hot air. All
potentials were measured and referred to the Ag/AgCI reference electrode. The cooling water solution was used
from industry MAC/Z and its composition is displayed in Table 2. This composition represents the average
amount of various ions present in the waters used in cooling waters system. According to the literature [17, 18],
this solution was corrosive and scale-forming. The temperature of the solution is 32 + 1 °C. The electrolyte was
in contact with air without any purging of dissolved oxygen.

All Electrochemical experiments were performed using Potentiostat/Galvanostat PGZ 100 monitored by a
personal computer and Voltalab.4.0.

The sodium gluconate (SG) (M = 218.1371 + 0.0077 g/mol, Melting Point = 175 °C, soluble in water) where its
structure is presented in Figure 1a, was used as a corrosion inhibitor. The SG is a sequestering agent of the first
order because it combines excellent chelating properties and stability, especially under extreme conditions (high
alkalinity, high temperatures), to the remarkable features of biodegradability. It is also systematically used in
many industries such as: concrete and mortar admixtures, industrial detergency, degreasing metal surfaces [19]
and other applications published and patented throughout our laboratory [20-21].

CHs
_ . I
CH,OH—(CHOH), —COO",Na CHs—(CH2)14—CH2—I\|l+—CH3,Br—
CHs
(@) (b)

Figure 1: Chemical formula of the (a) sodium gluconate (SG) and (b) cetyltrimethylammonium bromid (CTAB)

The cetyltrimethylammonium bromide (Ci9H4,BrN), is a commercial product, courteously purchased from
FLUKA Company (Denmark), its purity is 96 % and was used as corrosion and biofilm inhibitor. It was
evaluated using the minimal inhibitory concentration (MIC) techniques [22,23]. The chemical structure of this
compound is presented in Figure 1b, as biocide, whose goal is the reduction of the microbial load present at the
cooling circuits.

The potentiodynamic polarization experiments were undertaken using a scan rate of 1 mV s™ to achieve quasi-
stationary conditions. The obtained polarization curves were corrected for ohmic drop with the electrolyte
resistance determined by electrochemical impedance spectroscopy. The current density values were determined
using the following equation [24] :
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i= ia + ib = icorr {exp [ba x (E - Ecorr)]_exp [bc x (E - Ecorr)]} 1)
where i, is the corrosion current density (A cm™?), b, and b, (V?), (V?), are the Tafel constant of anodic and
cathodic reactions, respectively. These constant are linked to the Tafel slope g (V/dec) in usual logarithmic scale

by:

F==% b

The inhibition efficiency (npp) Was calculated using the following equation:

0 -
Iy — 1
Nop = corrO corr 100

Icorr (3)
wherei2 andig,are the corrosion current density values without and with the inhibitor, respectively.
The impedance were recorded at the open circuit potential (OCP) in the frequency domain from 100 KHz down
to 0.1 Hz using superimposed ac signal of 10 mV peak to peak. To achieve reproducibility, each experiment was
carried out at least twice. The obtained impedance data were analyzed in term of equivalent electrical circuit

using Z-view program. So, the inhibition efficiency was evaluated from R, with the relationship:

In(10) _ 2.303 @)

R, RS
»_"0 100 (4)

Meis =
p
where, R,” and R, are the polarization resistance values in the absence and presence of inhibitor.
The morphology of the corrosion products formed on the surface of Cu in the industrial cooling water in the
absence and presence of SG and CTAB were determined by SEM examinations using a Traktor TN-2000
energy dispersive spectrometer.

Table 1: Chemical composition of copper

Elements Zn Pb P Mn Fe Ni Si Mg
Wt.% 0.0031 0.0022 0.0008 <0.0004 0.0022 0.0054 <0.0005 0.0002

Elements Cr Te As Sh Cd Bi Ag Co
Wt.% <0.0003 0.0073 <0.0002 <0.0005 <0.0002 <0.0005 0.0014 <0.0010

Elements Al S Zr Au B Ti Se Cu

Wt%  <0.0005 <0.0002 <0.0003 <0.0005 <0.0004 <0.0002 <0.0002 99.976

Table 2: Chemical composition of the cooling water used in this research with the conductivity and the pH are
respectively 1803 uS cm™ and 8.2.

Elements Cl so/” HCO,; NO; PO F Ca® Mg”® Na* K' NH,” NO,

C(mg/L) 300 130 284 07 01 077 80 67 103 7 00L 37

3. Results and discussion

3.1. Inhibitive effect of SG

The potentiodynamic polarization behavior of copper in industrial cooling water without and with SG is shown
in Figure 2 at 305 K. Their electrochemical corrosion parameters are presented in Table 3.

Generally, in aerated aqueous solution, the cathodic reaction is either water and/or the oxygen reduction reaction
according to [25, 26] the following equations:

0,+2H,0 +4e «<>4 HO E(O, /HO') = -0.44 VIAgACI ()
2H,0 +2e ©H, +2 HO E(H,0M,)=-1.2VIAgACI (6)

This is because copper corrodes rapidly to form a compact and porous film of cuprous oxide and the oxide is in
good electrical contact with the underlying metal [3, 27] (Equation 7). However, the anodic reaction of copper
can be represented in all solutions as follows [3, 28] (Equation 7-10):

2Cu+H,0 & Cu,0+2H" + 2e” (7
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Cu < Cu'+ le” (8)
Cu™+ClI" < CuCl 9)
CuCl+ClI~ < CuCl, (10)

It is noted, for the range from 10 M to 10 M, that the inhibitor addition decreases gradually the anodic and
cathodic current densities with any change in the corrosion potential. In addition, it is noted for 10° M of SG,
that the corrosion potential is shifted by 70 mV (which < 85mV). This result can classify the SG as mixed-type
inhibitor [29]. Table 3 shows that the inhibitor addition has a beneficial effect even at low concentrations and its
effectiveness increased with concentration to reach a maximum at 10 M. This suggests by the formation of
soluble SG complex [30, 31].

10° 5

10" e

—#&— Blank solution
.| —* 10" M of SG

103_ -3
E 107 M of SG
1] —®—10" M of SG
1 ® 10°Mof SG
10 +—+—r—"—r——————r 77—
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

E(V/Ag/AgCl)
Figure 2: Potentiodynamic polarization curves for copper electrode in industrial cooling water at different
concentrations of SG after 1 h of immersion at 305 K.

Table 3: Electrochemical parameters and inhibition efficiency for copper in industrial cooling water solution at
different concentrations of SG.

Conc. of SG Ecorr Icorr ﬁc ﬁa MNep
M mV/Ag/AgCl  pPA cm? mV/dec mV/dec %

00 -24 8.44 -95 120 -
10” -94 1.69 -166 77 79
10" -29 0.78 -148 70 91
10° -33 0.38 -150 104 95
10* -35 0.90 -103 65 89

In order to confirm the performance of the SG, the electrochemical impedance spectroscopy was used in the
same condition at the corrosion potential. The obtained results for copper after 1 h of immersion in corrosive
solution without and with SG are presented in Figure 3. It may be noted that the obtained impedance responses
were significantly changed by inhibitor addition. It is also noted that this plots consisted of two badly separated
loops. The one at high frequency was attributed to the adsorbed species resistance due to adsorption of the
molecules inhibitor and all other accumulated products. Conversely, the one at low frequency was usually
attributed to the double layer capacitance and the charge transfer resistance. Because of this poor separation and
in order to analyze the Nyquist plots impedance spectra more quantitatively, an equivalent electric circuit with
two time constants was tried to reproduce these results by non linear regression calculation. This circuit for the
impedance diagrams presented in Figure 3 is shown in Figure 4 and is similar to that for copper in neutral media
[32,33].
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However, it is worth pointing out that the application of an electrical circuit consisting of double layer capacitor
does not always enable achieving satisfactory fitting to the experimental impedance data. The dispersion of the
impedance data can be attributed to the surface heterogeneity, dislocations, impurities, grain boundaries,
fractality, etc. In such case using an equivalent electrical circuit employing the double layer capacitance element
is not a good enough approximation. The Constant Phase Element (CPE) was suggested instead of Cdl. So the
impedance of the CPE can be described by the following equation:

ZCPE = [Q(Jw)n ]»1
where j is the imaginary number, Q is the frequency independent real constant, w=2x=f is the angular frequency
(rad s™), f is the frequency of the applied signal, n is the CPE exponent for whole number of n=1,0,—1, CPE is
reduced to the classical lump element-capacitor (C), resistance (R) and inductance (L) [34]. The use of these
parameters, similar to the constant phase element (CPE), allowed the depressed feature of Nyquist plot to be
reproduced readily.

However, the effective calculated double layer capacitance (C) derived from the CPE parameters according to
the following equation [35]:

1 1-n

C=Q"xR" (12)

(11)

The most important data obtained from the equivalent circuit are presented in Table 4. It may be remarked that
R, value increases with SG concentration with a maximum at 10 M. This change can result from a decrease in
local dielectric constant and/or an increase in the thickness of the electrical double layer suggests that the
inhibitors molecules function by adsorption at the metal-solution interface [36, 37]. EIS impedance study also
confirms the inhibition character of inhibitor obtained with polarization curves measurements.
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Figure 3: Nyquist diagrams for copper in industrial cooling water at different concentrations of SG obtained at
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Figure 4: Electrical equivalent circuit proposed to simulate the impedance diagrams.
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Table 4: Electrochemical impedance parameters and inhibition efficiencies for copper in industrial cooling
water solution at different concentrations of SG.

Conc. of SG Rs Cu Rag Cal Ret Rp Nels
M Qcm2  puFem?  KQem?  pFem?  KQeom?  KQcom? %
00 123 50 1 140 7.2 8 -
10” 523 38 5 96 24.2 28.67 72
10 468 10 1.1 113 35 35.63 77
10 459 5 4.7 18 92.7 101.14 92
107 339 58 4.4 3.8 21.8 25.86 69

3.2. Inhibitive effect of CTAB

The potentiodynamic polarization behaviour of copper in industrial cooling water without and with different
concentration of CTAB is showed in Figure 5 at 305 K. Their electrochemical parameters are presented in Table
5. In addition we have chosen this range of concentration according to the literature [38]. We have found that
the corrosion rate in the presence of CTAB was smaller than that in its absence. In addition, it is noted that the
CTAB addition decreases the cathodic and anodic current densities without change in the corrosion potential
which it can be classified as a mixed-type inhibitor. It can be also seen that the i, values decreased with CTAB
concentrations to reach a least value at 15 ppm. However, it is remarked that the anodic and cathodic Tafel
slopes (b, and b;) change with the presence of CTAB indicating a change in the copper dissolution and
dissolved oxygen reduction reactions.

10" 3

i(mA/cm?)
8
g

Blank solution

10° 3
] —~— 10 ppm of CTAB
15 ppm of CTAB
—— 20 ppm of CTAB

1074 T T T T T T T T

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

E(V/Ag/AgCI)
Figure 5: Potentiodynamic polarization curves for copper in industrial cooling water at different concentrations
of CTAB after 1 h of immersion at 305 K.

Table 5: Electrochemical parameters and inhibition efficiencies for copper in industrial cooling water solution
at different concentrations of CTAB.

Conc. of CTAB Ecorr icorr Be Pa Mpp
ppm mV/Ag/AgClI A cm?2 mV/dec mV/dec %
00 -24 8.44 -95 120 -
10 -16 1.85 -215 126 78
15 -16.2 1.1 -165 171 86
20 -48 14 -135 146 83

In order to confirm the performance of the CTAB such as mentioned above, the electrochemical impedance
spectroscopy was used in the same condition at the corrosion potential. Figure 6 presented the obtained results.
It is noted also that these diagrams were composed of two loops such as obtained in the case of SG. The similar
findings were reported by other researchers, when they studied the effect of CTAB on low carbon steel in
simulated cooling water system [39-41]. It is remarked, from the Table 6, that the polarization resistance R,
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increases gradually with CTAB concentration to reach a maximum at 15 ppm. This behaviour is the possible
proof that biocide forms a protective layer on the copper surface. At 20 ppm, polarization resistance R,

decreases this can be explained by the development of oxide and/or hydroxide layer at the copper surface.
25

{ = Blank solution

10 ppm of CTAB
15 ppm of CTAB
20 * 20ppmofcTAB

0 5 10 15 20 25 30 35
.
Z_ (k2 cm?)

Figure 6: Nyquist diagrams for copper in industrial cooling water at different concentrations of CTAB at E .y

Table 6: Electrochemical impedance parameters and inhibition efficiencies for copper in industrial cooling
water solution at different concentrations of CTAB.

Conc. Rs Cu Rad Cal Rt Rp Neis
ppm Qcm?*> PFcecm?2  KQcecm?> PFecm?  KQcocm? KQcm? %
00 123 50 1 140 7.2 8 -
10 930 25 11.73 19 25 35.8 77.6
15 736 15 18.5 8.7 37.5 55.3 85.5
20 832 19 14.2 12 34.2 47.6 83

3.3. Effect of mixture (10° M SG + 15 ppm CTAB)

Figure 7 brings out the potentiodynamic polarization curves of copper in industrial cooling water without, and
with 10° M of SG, 15 ppm of CTAB and their mixture. Their corresponding electrochemical parameters are
listed in Table 7.

i(mAlcm2)

1 —o— Blank solution At [
1 ——10°MofsG
15 ppm of CTAB

107 - —— Mixture

s e e o S S S [N S e e e e e e e e s e e
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

E(V/Ag/AgCI)
Figure 7: Potentiodynamic polarization curves for copper in industrial cooling water without and with 10° M of
SG, 15 ppm of CTAB and their mixture after 1 h of immersion at 305 K.
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Table 7: Electrochemical parameters and inhibition efficiencies for copper in industrial cooling water without
and with 10° M of SG, 15 ppm of CTAB and their mixture.

Ecorr Icorr Be Ba Nrp

mV/Ag/AgCl pAcm?  mV/dec mV/idec %

Blank solution -24 8.44 -95 120 -
10°M of SG -29 0.38 -150 104 95
15 ppm of CTAB -16.2 1.1 -165 171 86
Mixture -32 0.9 -144 133 89

It is clear that CTAB, SG and their mixture exhibit anodic and cathodic inhibition effect. It is noted also that the
corrosion current density is more than sixteen five times lower in the presence of mixture when compared to the
blank solution. In addition, it is found that the CTAB decrease slightly the performance of the SG where the
inhibition efficiency decreases from 95 % to 89 %. In light of this information, CTAB exerts an antagonist
effect. In addition, in the presence of mixtures, the anodic curve highlights a level of anodic current density over
a wide potential range (240 mV). This result argues favor ably to the fact that these new formulations
significantly enlarge the field of passive material. In fact, the inhibitor molecules passive ate the metal, acting as
a barrier between the metal and corrosive medium. The corresponding current density of passivity is ca 31.2 pA
cm. This passivation enhances also the copper electrode resistance from pitting corrosion [42].

However, Figure 8 shows the Nyquist diagrams for copper electrode in industrial cooling water without and
with 10° M of SG, 15 ppm of CTAB and their mixture after 1 h of immersion at potential corrosion. Such as
mentioned above, the obtained diagrams were composed of two loops, one at the high frequency and the second
at the low frequency. The electrochemical data are extracted using the same electrical equivalent circuit
presented in the Figure 4 and presented in Table 8. It is seen that the addition of CTAB to SG decreases slightly
its effectiveness from 92 % to 87.7 %. Together, these findings show an antagonistic effect.

40

*o
Mixture

N
o
PR ST T T T TR TN T T AN ST TR TR N AT T SN S

L B L
0] 10 20 30 40 50 60 70

Z_ (KQ cm?)
Figure 8: Nyquist diagrams for copper electrode in industrial cooling water without and with 10° M of SG, 15
ppm of CTAB and their mixture obtained at Ego
Table 8: Electrochemical impedance parameters and inhibition efficiencies for copper in industrial cooling
water without and with 10° M of SG, 15 ppm of CTAB and their mixture obtained at Ecqr.

Compounds QFésm2 uFCg?‘n'Z Kg o pFCcdlm'2 KQR om? KQR?:mz %
Blank solution 123 50 1.0 140 7.2 8 -
10°M of SG 459 5 4.4 18 92.7 96.9 92
15 ppm of CTAB 736 15 18.5 8.7 375 55.3 85.5
Mixture 697 8 19 6.9 46.5 64.8 87.7
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3.5. Effect of immersion time in the performance of mixture

The effect of immersion time on the formulation performance of copper in industrial cooling water is shown in
Figure 9. The Nyquist plots consisted of two loops. The one at high frequency was attributed to the adsorbed
film resistance due to adsorption of the inhibitors molecules and all other accumulated products. Conversely, the
one at low frequency was usually attributed to the double layer capacitance and the charge transfer resistance.
From longer immersion times, it was possible to characterize the layer surface modification by SEM analyses.

It is noted also that the impedance spectra reported in Figure 10 shows a decrease of the total impedance of the
system with immersion time until 4 hours and became to increase beyond 6 hours. This increase suggests a
strong inhibition of the dissolution processes occurring on the surface [43, 44]. The same equivalent circuit
shown in Figure 4 was used to simulate the impedance spectra. The relevant simulated impedance parameters

are shown in Table 9.
60

¢ <4 X %
©
T

40 -

Im

-Z (KQcm?)

I 80
Z, (KO cm?)
Figure 9: Nyquist diagrams for copper electrode in industrial cooling water with mixture obtained at different
immersion time. Symbols: Experimental data, and Red lines: Fitting data.

Table 9: Electrochemical impedance parameters and inhibition efficiencies for copper in industrial cooling
water with mixture at different immersion time.

Time Rs Ca Rag Cal Rt Rp NEIs
h Q cm? pUF/cm? KQ cm? pUF/cm? KQ cm? KQ cm? %
0.5 587 12 22 49 106 12741  93.7
1 579 14 40.4 101 45 8482 90.6
2 588 11.5 35 89 42 76.4 895
4 603 20.7 18.8 196 26 4420 819
6 597 17 18.6 96 47.4 65.40 87.7
8 588 15 23 85 63.3 85.71  90.7
10 585 13.8 22 49 71 9242 913
12 585 13.5 25.4 56 81 105.82 924
24 584 12.8 26.8 46 99 125.22 936

It is noted that an increase of immersion time caused decrease and increase in C,q and Ryq values, respectively,
beyond 6 hours. A change in C,q values might be explained in one of two ways based on Equation (13):

Ey X E XS
d

where & is the vacuum permittivity, &, is the relative dielectric constant, S is the surface area of the investigated
electrode and d is the thickness of the double layer.

Cu = (13)
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Thus according to Equation (11) decrease in C,q parameter can be caused by either decrease of the local
dielectric constant or increase of the double layer thickness [45]. The former takes place when water molecules
adsorbed on the copper surface are substituted by formulation molecules. The dielectric constant for water
equals to 80. Once the greater area of the metal surface is covered with formulation molecules the C4 values
decrease. The increase of the double layer thickness is caused by formulation molecules.

3.6. Inhibition mechanism

Adsorption of some inhibitors on a corroding metal depends mainly on the charge of the metal surface, the
charge or the dipole moment of surfactants, and the adsorption of other ionic species if it is electrostatic in
nature [46]. The potential of zero charge (PZC) plays a very important role in the electrostatic adsorption
process. So, the AC impedance study was used to evaluate the potential of zero charge (PZC) [47, 48]. A plot of
Ca values recorded for copper in industrial cooling water in the absence of inhibitors at each applied potential is
shown in Figure 10. The obtained plot is a parabola with a minimum capacitance at about - 0.074 VV/Ag/AgCI.
This value can be called the PZC of copper in industrial cooling water, which is more negative than the
corrosion potential (-0.024 V/Ag/AgCI). This means that the copper surface is positively charged at the
corrosion potential.

For this finding of electrical charge of copper, we can postulate that the adsorption of SG and/or CTAB
molecules can occur directly on the copper surface or compete with already adsorbed chloride and/or sulfide
ions such as mentioned previously (Figure 11) [41,49].

1000
| ]
800 -
600
& E
e
o
LL 4
= 400
O |
| -
200 - .
| - pzC I'EW"/
\./
o—/—m——mm—m—T" 7T
-200 -150 -100 -50 0 50 100 150

appleid potential (mV/Ag/AgCl)
Figure 10: Relationship between Cg values and the applied potential for a copper electrode in industrial cooling
water solution.

However, the adsorption of these molecules can be described by two main types of interactions: physical
adsorption or chemisorption. Generally, physical adsorption requires by the presence of both electrical charge of
metal surface and charged species in solution while the chemisorption process involves charge sharing or
charge-transfer from the molecules to the metal surface to form a coordinate type of bond. This is possible in
case of a positive as well as a negative charge of the surface, the inhibitive action of CTAB can be result from
physical (electrostatic) adsorption of the positively charge of nitrogen to the negatively charged copper surface,
forming a barrier on the copper surface. In addition, the inhibitive action of SG can be also result from physical
(electrostatic) adsorption of the negatively charge of oxygen to already adsorbed chloride and/or sulfide ions at
the negatively charged copper surface.

Another possible mechanism therefore may be adsorption assisted by hydrogen bond formation between O and
double liaison in biocide molecule and the oxidized surface (Cu,O) species. So, the extent of adsorption by the
respective modes depends on the metal surface nature. The adsorption layer acts as an additional barrier to the
corrosive attack and enhances the performance of the passive layer as a result.
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Figure 11: Mechanism of adsorption of SG and CTAB on the copper surface (a) competitive mode and (b)
cooperative mode.

3.7. Scanning electron microscopy observations

Figure 12a shows the scanning electronic microscopy (SEM) micrographs of copper surface that have been
exposed to the industrial cooling water solution for one day in the absence of mixture. It is shown the sample
surface was greatly damaged during the immersion tests, as the corrosion products show a multi-layer
morphology. The outer layer of the corrosion products appears uneven and rough, which is compactly adsorbed
to the inner layer. In addition, it is remarked that these images show heterogeneous layer of scale-forming
products.

In contrast, the metal surface immersed in industrial cooling water solution in the presence of mixture (Figure
12b) shows a large area free of corrosion, scale products and development of microorganisms and reveals the
formation of an inhibitor layer. These results show that mixture acts as scale-forming, corrosion and
microorganism inhibitor for copper and they are in accordance with the inhibition efficiency values obtained by
electrochemical measurements.

10/ pressure| det |mag O 50 pm
USMBA-FEZ 4:2 00 kV| 60 Pa |LFD/| 2000 x

) Pa <
Figure 12: SEM pictures of copper electrode surface after one day of immersion in industrial cooling water
solution: (a) the blank solution, (b) in the presence of mixture.

2523



J. Mater. Environ. Sci. 7 (7) (2016) 2513-2525 Elhousni et al.
ISSN : 2028-2508
CODEN: JMESC

Conclusion

Electrochemical measurements coupled to SEM micrographs were used to investigate corrosion and scale
inhibition of SG, CTAB and their mixture for copper in industrial cooling water system. It is found that the SG
is a cathodic-type inhibitor and its performance reached 95% at 10° M of SG. In addition, the presence of
CTAB at 15 ppm showed a better inhibition 88 % and is a mixed- type inhibitor. Such results were regarded as
synergism effect between SG and CTAB to protect copper surface against corrosion and scale-forming.
Additionally, EIS measurements, in agreement with potentiodynamic polarization data, proved the inhibitive
properties of SG, CTAB and their mixture. It found also that the inhibition efficiency increased with immersion
time beyond 6 h and reached 93.6 % at 24 h. The mechanism action of mixture showed that it can act by
competitive and/or cooperative mode. The SEM micrographs showed a large area free of corrosion, scale-
forming products and development of microorganisms in the presence of mixture and reveal the formation of an
inhibitor layer.
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