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Abstract

Corrosion of metallic surfacesand formation of mineral scales are significant
problems in cooling water systems.Corrosion process causes a great deterioration of
metallic surface, while scale deposition decreases theefficiencyofheat exchange. So
that, these phenomena have a great economic impact. In this work, a new family of
non ionic surfactants based on acrylic acid was synthesized to evaluate their
performance as corrosion and scale inhibitors for copper alloy in sea water by various
techniques such as weight loss, potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS). The results showed the selected compound act as a
very good scale and corrosion inhibitors. Finally, the effect of addition of the
synthesized acrylic acid derivatives on CaSQO,crystals formation was examined by
SEM and EDX techniques.

Key words Scale and corrosion inhibitors, Non ionic surfactants, Desalination water
plants, CaSOycrystals formation, EDX, SEM .

Introduction

Water used in industrial cooling water system which comes from rivers, lakes, or
from underground reservoirs. [1].such water contains dissolved inorganic salt such as
Ca®*, Mg”"; etc. It is well known that,Copper has excellent electrical and thermal
conductivities in addition to their high mechanical workability. So that, it is
widelyused in heating and cooling systems.Scales and corrosion products have
negative influence on heattransfer efficiency[2]. Thus, corrosion of copper and copper



8330 M. A. Migahed et al

alloys and their inhibition in aqueous salt solutions have attracted the attention of a
member of investigators [3-8]. Scale can be defined as an adherent deposit of
inorganic compounds which formed by precipitation of salts from water and crystal
growth on heat transfer surface. As the salts precipitation on the internal surface of
cooling system, theyinhibit effective heat transfer, restrict the flow of the water, and
promotethe development of under deposit corrosion [9]. Scale formation is controlled
by altering a system design, acidification of circulating water, lime softening and
demineralization, use of chelating chemicals and threshold inhibitors. [10-11].The use
of naturally occurring polymers and chelating chemicals is limited due to their
instability at higher temperature and need of large amount of chemicals respectively
[12]. .The use of inorganic or organic inhibitors is one of the most practical methods
for protection against corrosion of metals and their alloys. Most well-known organic
inhibitors such as those containing nitrogen, sulfur, oxygen atoms and aromatic rings
[13-17]. To be effective, an inhibitor must displace water molecules from the metal
surface, interact with anodic and/or cathodic reaction sites to retard the partial
oxidation and reduction corrosion reaction and prevent transportation of water and
corrosive-active species to the surface [18,19].The present work aims to study the
effectiveness of a new family of non ionic surfactants based on acrylic
acidascorrosion and scale inhibitor for copper alloy in desalination water plants.

2. Experimental

2.1. Chemical composition of the investigated copperalloy

Copper specimens used in this investigation were cut from unused petroleum pipeline
as regular edged cuboids with dimensions 2 x 1 x 0.1 cm. The chemical composition
ofcopperwas listed in (Tablel).

2.2 Sea Water:
The sea water which used in this study from Mediterranean Sea in Alex. The chemical
composition of the seawater was listed (Table2)

2.3.  Synthesis of the inhibitors
Acrylic acid (2 mole) was added to (1mole) of ethylene diamine in three necked round
bottomed flask equipped with a mechanical stirrer, condenser and a thermometer. The
reaction mixture was heated to 155 °C until the theoretical amount of water has been
collected using a Dean Stark apparatus. The obtained intermediate reacts with (40
mole) of ethylene oxide to give the inhibitor (I)and by the same way prepare
inhibitors (Il and IlIl) by added di ethylene tri amine and tri ethylene
tetraminerespectively showed in scheme 1

The synthesized structures were identified by 1H NMR and IR spectroscopic
analyses as shown in Fig. 1&2.

2.4,  Weight loss measurements
The specimens were polished with different grade emery papers, degreased with hot
acetone [23]. Then washed with bi-distilled water and finally dried. The weight losses
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(mg cm®) of rectangular copper alloy specimens in seawater in the absence and
presence of various concentrations of the inhibitors were determined. Triplicate
specimens were exposed to each condition and the mean weight loss was reported.

2.5.  Open circuit potential:

The potential of copper alloy electrode was measured against saturated calomel
electrode (SCE) in sea water in the absence and presence of different concentrations
of each inhibitor. All measurements were carried out usingVolta lab 80 (Tacussel-
radiometer PGZ 402)

2.6.  Potentiodynamic polarization measurements

The electrochemical measurements were carried out using Voltalab80 (Tacussel-
radiometer PGZ402) controlled by Tacussel corrosion analysis software model (\VVolta
master 4).A platinum electrode was used as auxiliary electrode. All potentials were
measured against a saturated calomel electrode (SCE) as a reference electrode.

2.7.  Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance (EIS) measurements were carried out using Volta lab 80
potentiostat (Tacussel-radiometer PGZ402) controlled by Tacussel corrosion analysis
software model (Volta master 4). Impedance spectra were obtained in the frequency
range between 100 KHz and 50 mHz using 20 steps per frequency decade at open
circuit potential after 1 h of immersion time. AC signal with 20 mV amplitude peak to
peak was used to perturb the system. EIS diagrams are given in both Nyquist and
Bode representations

2.8. Evaluation of acrylic acid derivatives as scale inhibitors for calcium
sulfate deposition:

Experimental procedure involves dissolving 9.11g of CaCl, per L of double distilled
water (brine A). on the other hand the sulfate solution (brine B) can be prepared by
dissolving 7.3 g of Na,SO, per L of double distilled water .test protocol consists of
mixing 50 ml of calcium solution to 50 ml of sulfate solution. The solutions are then
incubated in water thermostat at 90 C for 24 hours. At the end of test duration, the
solution is filtered through a 0.22-micron filter paper and the calcium concentration is
analyzed by titration using 0.01 M EDTA and Murexide as indicator. Experimental
were reported for different doses (25-125 ppm) of inhibitor at the same test duration

2.9.  Surface tension measurements

The surface tension (c) was measured using (Kruss K6 Tensiometer type, a direct
surface tension measurement using ring method) for various concentrations of the
investigated inhibitors.

2.10. Scanning electron microscopy

The surface examination was carried out using scanning electronmicroscope (JEOL
JSM-5410, Japan). The energy of the acceleration beam employed was 20 KV. All
micrographs were taken at a magnification power (X 750).
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2.11. Energy dispersive analysis of X-rays (EDX)
EDX system attached with a JEOL JSM-5410 scanning electronmicroscope was used
for elemental analysis or chemical

3. Results and discussion
3.1.  Weight loss measurements
Figs. 3 and 4show the variation of both corrosion rate against concentration and the
percentage inhibition efficiency against concentration curves for copper alloy
immersed in sea water in the absence and presence of various concentrations of the
inhibitor (I11) as a representative sample. It is apparent that, increasing inhibitor
concentration was accompanied by a decrease in corrosion rate. This behavior can be
attributed to the adsorption of surfactant molecules on copper alloy. And by
increasingconcentration of inhibitors the efficiency increase. The maximum
inhibitionefficiency (n %) was exhibited at 500 ppm concentration of the inhibitor.
The degree of surface coverage (0) and percentage inhibition efficiency (n %) were
calculated from the following equations:

0=(W,—W/W,) 1)

n (%) = (Wo — W/ Wo) x 100 )

Where, woand w. represent the values of weight loss of copper alloy in
seawater in the absence and presence of the inhibitor, respectively.

Corrosion rate was calculated using the following equation [24, 25]:

AW 385 w10

= AT wd (3)

Where, K = 3.45 x10°, T is the exposure time in hour, A is the surface area of
the test specimen, W is the weight loss in gram and D is the density of the test
specimen in g/cm?®, respectively. Complete data are summarized and listed in Table 3

mpy

3.2 Open circuit potential measurements (OCP)

The potential of the copper electrodes immersed in the sea water were measured as a
function of immersion time in the absence and presence of different concentrations of
synthesized inhibitors. The obtained potential — time curves are shown in Figs. (5).
All measurements were carried out until the steady state potentials are attained. The
steady state represents an equilibrium state at which oxidation current density (lox)
equal to reduction current density (leq.). It is clear that the potential of the copper
electrode immersed in sea water (blank curve) tends toward more negative potential
firstly, giving rise to short step. Addition of inhibitor molecules to the aggressive
medium produces a slightly positive shift in the corrosion potential Ecorr due to the
formation of a protective film

3.3.  Potentiodynamic polarization measurements

Figs. 6 and 7show the cathodic and anodic polarization curves of copper alloy
immersed in sea water in the absence and presence of various concentrations of the
inhibitor (I11) as a representative sample. Electrochemical parameters such as
corrosion potential (Ecorr.), corrosion current density (icorr.), cathodic and anodic Tafel
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slopes (b; and b,) and polarization resistance (R,) were calculated. From the obtained
polarization curves, it is clear that the corrosion current densities (icor.) Were
decreased with increasing concentration of inhibitor (I11) with respect to the blank
(inhibitor free solution). These results greatly agree with the previous data obtained
from weight loss measurements and confirm the formation of a good protective layer
on the surface of copper alloy The degree of surface coverage (8) and the percentage
inhibition efficiency (n%) were calculated using the following equations [26]:

=i @
N% = (i ——) x 100 (5)

where iy and i are the corrosion current densities in the absence and presence of the
inhibitor, respectively.
The values of polarization resistance (Rp) were calculated from the well-

known Stern—Geary equation:

R'p . babe (6)

© 2.303icorr (ba+be)

From the obtained data, it is clear that Tafel lines are shifted to more negative
and more positive potentials for the anodic and cathodic processes, respectively
relative to the blank curve. This means that the selected compound acts as mixed type
inhibitor, i.e., promoting retardation of both anodic and cathodic discharge reactions.
Also, the slopes of the cathodic and anodic Tafel lines are approximately constant and
independent on the inhibitor concentration. This means that, the selected inhibitor has
no effect on the metal dissolution mechanism. Complete data obtained from
polarization measurements are summarized and listed in Table 4. The results indicate
that the percentage inhibition efficiency (n %) of the inhibitor (111) is greater than that
of inhibitors (I and I1). This could be attributed to the increase of inhibitor which
promotes stronger adsorption on metallic surface forming a good protective film.

3.4.  Electrochemical impedance spectroscopy (EIS)
The corrosion behavior of copper alloy in sea water in the absence and presence of
various concentrations of inhibitor (I11) as a representative sample was investigated by
EIS technique. Nyquist and Bode plots are shown in Figs. 8and 9. It is clear from the
plots that the impedance response of copper alloy in sea water was significantly
changed after the addition of the inhibitor molecules. Various parameters such as the
charge transfer resistance (R;), double layer capacitance (Cq) and percentage
inhibition efficiency n, % were calculated according to the following equations and
listed in Table 5.

The values of R; were given by subtracting the high frequency impedance
from the low frequency one as follows [27]:

Ri = Z e (at lowfrequency) _ Z)at high frequency) (7

The values of Cdl were obtained at the frequency fmax, at which the
imaginary component of the impedance is maximal — Zmax using the following
equation:
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1 1
Cdl = ————
2rfZnmax Rt ®)
The percentage inhibition efficiency n, IE% was calculated from the values of
R; using the following equation:

o rtlinh) —Rt
7 Rt(inh) ©)

where R; and Ri(inh) are the charge transfer resistance values in the absence and
presence of inhibitor, respectively. Increasing the value of charge transfer resistance
(Ry) and decreasing the value of double layer capacitance (Cgq) by increasing the
inhibitor concentration indicate that the surfactant molecules inhibit corrosion rate of
copper in sea water by adsorption mechanism [28]. From EIS data it was found that
the percentage inhibition efficiency of inhibitor (I11) is greater than that of inhibitors
(I and 1) thereby, agreeing with aforementioned results of weight loss and
potentiodynamic polarization measurements

35 Evaluation of acrylic acid derivatives as scale inhibitors
The present work was extended to establish the effectiveness of acrylic acid
derivatives as scale inhibitor for calcium sulfate deposition in synthetic cooling water.
The laboratory procedures were carried out as described in the experimental part. The
percentage inhibition efficiency was calculated as follow:

Scale inhibition efficiency % = (Cai- Cap \ Cac- Cap) x 100 (10)

Where Ca; = Calcium ion concentration for the sample treated with the
inhibitor after precipitation

Ca, = Calcium ion concentration in the blank solution after precipitation

Ca. = Calcium ion concentration in the blank solution before precipitation

The obtained results are listed in table (6) and graphically shown in fig.(10) it
is clear that the percentage inhibition efficiency increase by increasing the inhibitor,
reaching 90% at 125 ppm.

3.6.  Surface tension measurements
The values of surface tension ()’) were measured at variousconcentrations of the

inhibitors (I, lland I11). The measured values of () were plotted against logarithm of
surfactant concentration; log C, as shown in Fig. 11. These plots indicate that each
surfactant is molecularly dispersed at low concentration, leading to a reduction in
surface tension until certain concentration is reached the surfactant molecules form
micelles, which are in equilibrium with the free surfactant molecules. The intercept of
the two straight lines designates the critical micelle concentration (cmc), where
saturation in the surface adsorbed layer takes place. The surface active properties of
the surfactants (I, Iland 111); effectiveness (ycmc), maximum surface excess (I" max)
and minimum area per molecule (Amin) were calculated using the following eq. [13]:
nmcme — y0 — yamc (11)

~ RT[8y/8n C]T (12)
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Amin = ——— (13)

Mmax xNA
Where yo is the surface tension of pure water, ycmc thesurface tension at

critical micelle concentration and NA is the Avogadro’s number. The data obtained
from surface tension measurements were summarized and presented in Table 11.

The critical micelle concentration (CMC) considers a key factor in
determining the effectiveness of surfactants ascorrosion inhibitors [29]. Below the
CMC, as the surfactant concentration increases, the surfactant molecules tend to
adsorb on the metal surface, leading to increase the inhibition efficiency of the
surfactant. On the other hand, increasing the surfactant concentration above CMC
does not affect the surface tension, which is, in turn, does not influence the value of
inhibition efficiency. This could be attributed to the fact that above CMC the surface
ofcopper is covered with a monolayer of surfactant molecules and the additional
molecules combine to form micelles in the bulk of solution. It has to be noted that for
a surfactant to be an excellent corrosion inhibitor it's should exhibit a low CMC value,
since the inhibition effectiveness decreases as the CMC value increases. On the basis
of this view, among all the studied compounds, the surfactant (I11) which shows the
lowest CMC value and hence it considers the most effective corrosion inhibitor for
copperin sea water.

3.7.  Scanning electron microscopy (SEM)

Fig. 12a shows SEM image of calcium sulfate scale in the absence and presence of
acrylic acid derivative. It is clear from these images that the presence of 125 ppm of
acrylic acid derivative in the synthetic coolingwater minimize the deposition of
largeamounts of calcium sulfate. (30),because ,it has a crystal distortion effect and a
threshold effect (31).by this way , the acrylic acid derivative molecules can be
adsorbed on copper surface, imparting it alike charge and thereby causing the
particles to remain in suspension, because of charge repulsion. In addition,the
polymer can distort scale crystals by disruption their lattice structure and normal
growth patterns. The inclusion of relatively large irregularly shaped polymer in the
scale lattice tends to prevent the deposition of adense uniformly structured crystalline
mass on the metal surface.

3.8.  Energy dispersive analysis of X-rays (EDX)

The EDX spectrum in Fig. 13a shows the characteristic peaks of some of the elements
constituting the polished copper surface. The spectrum of the polished copper surface
after immersion in the sea water in the absence and presence of inhibitor (111) for 7
days, is shown in Figs. 16b and c), respectively. The spectrum of Fig. 16¢ shows that
the Cu peak is considerably decreased relative to the samples in Figs. 16a and b). This
decreasing of the Cu band is indicated that strongly adherent protective film of
inhibitor (V) formed on the polished copper surface, which leads to a high degree of
inhibition efficiency [32]. The oxygen signal apparent in Fig. 16b is due to the copper
surface exposed to the sea water in the absence of inhibitor (V). Therefore, the EDX
and SEM examinations of the copperl surface support the results obtained from the
chemical and electrochemical methods that the synthesized surfactant inhibitors are
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good inhibitors for the copper in the sea water.

Conclusion:

The synthesized compounds act as good corrosion and scale inhibitors for
copper in sea water that used in cooling water systems.

Potentiodynamic polarization showed that the selected compound suppresses
both anodic and cathodic process, this means that the selected compound acts
as mixed type inhibitor.

The high scale inhibition efficiency can be attributed to the ability of acrylic
acid derivatives to distort scale crystals by disrupting their lattice structure and
normal growth patterns.

The inhibition mechanism is attributed to the strong adsorption ability of the
synthesized compounds on copper surface. Forming a good protective layer,
which isolates the surface from the aggressive environment as seen from SEM
and EDX technique.

The critical micelle concentration considers a key factor in determining the
effectiveness of surfactants as corrosion inhibitors due to large reduction of
surface tension at CMC.

By increasing concentration of inhibitors R; was increased while Cy was
decreased.

Table 1: Chemical composition of copper alloy

Chemical composition,%(weight)

Cu+Ag | BI Sb As Fe | Ni| Pb | Sn S Zn| O

Max

9990 | — | — | — | — [ = =1 =1=1=

Min

- 0.001 | 0.002 | 0.002 | 0.005 | — | 0.005 | — | 0.005

Table 2: Chemical composition of Sea water used in this investigation.

Component | Concentration mg/L (or | Component | Concentration mg/L (or
ppm) ppm)
cr 18.980 H3BO3 26
Na* 10.556 sr*? 13
s0?, 2.648 F 1.3
mg*? 1.272 I 0.05
Ca"? 400 Si 4.0t0 0.02
K+ 380 Other 13
HCO’; 139 H20 965.517
Br 64 Total 1.000.000
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Table 3: weight loss data obtained for copper alloy immersed in seawater in
absence and presence of various concentrations of inhibitor (I, Il and I11) .

Inhibitor | Concentration, Corrosion Surface Inhibition
(ppm) rate, Coverage Efficiency
(mpy) 0) n %
Blank 1.33 - -
Inhibitor 50 1.12 0.791 55
I 100 1.04 0.735 57
200 0.93 0.656 59
300 0.85 0.595 65
400 0.83 0.573 73
500 0.80 0.559 79
Inhibitor 50 1.20 0.658 65.8
I 100 1.12 0.633 63.3
200 0.99 0.654 65.4
300 0.93 0.698 69.8
400 0.91 0.796 79.6
500 0.93 0.857 85.7
Inhibitor 50 1.28 0.577 57.7
1] 100 1.20 0.616 61.6
200 1.07 0.693 69.3
300 0.99 0.754 75.4
400 0.88 0.854 85.4
500 0.83 0.912 91.2

Table 4: Data obtained from potentiodynamic polarization measurements of
copper alloy immersed in sea water in the absence and presence of various

concentrations of the inhibitors (I, Il and 111) .

Inhibitor | Conc, | Rp,(k ohm | Icorr, Ecorr, bc, ba, 1%
(ppm) | cm?) (mA (MmV vs (mV (mV
cm™) SCE) dec?) | dec?)
Blank 7 48 -350 -273 88
Inhibitor | 50 7.3 28 -353 -271 88.3 | 416
100 9.1 25.7 -352 -264 955 | 46.4
200 10.78 24.1 -342 -254 106 | 49.7
300 10.49 19.3 -339 -251 94.1 |59.7
400 11.56 16 -337 -240 93.7 | 66.6
500 14.60 12 -318 -233 108.9 75
Inhibitor 50 1.1 18.2 -469 -289 131 | 62.0
I 100 1.24 13.3 -429 -253 214 | 722
200 2.44 13 -427 -247 242 | 72.9
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300 2.96 12.6 -408 -196 369 73.7
400 4.26 111 -396 -187 185 76.8
500 4.55 4.6 -373 -172 242 90.4
Inhibitor 50 1.6 8.7 -414 -243 279 81.8
i 100 1.7 5.7 -399 -241 262 88.1
200 1.8 4.9 -365 -233 222 89.7
300 2.4 4.3 -354 -211 221 91
400 2.7 4.2 -343 -197 208 91.2
500 3 3.2 -333 -188 200 93.3

Table 5: Data obtained from electrochemical impedance spectroscopy (EIS)
measurements of copper in sea water solution in absence and presence of various
concentrations of the inhibitors (I, Il and 111).

Inhibitor | Concentration (ppm) R, Ca [1%
(ohmcm ) | (mF cm™)

Blank 0.55 3.3 -
Inhibitor 50 3 7.8 81.6
I 100 3.7 6.9 85.1
200 4.5 6.8 87.7
300 4.9 6.4 88.7
400 5.2 3.9 89.4
500 5.9 2.8 90.6
Inhibitor 50 4 7.7 86.2
1 100 5.02 5.1 89.0
200 6.18 4.7 91.1
300 6.3 4.6 91.2
400 6.4 2.8 91.4
500 6.7 14 91.7
Inhibitor 50 454 9.6 87.8
i 100 5.2 9.3 89.4
200 5.6 7.8 90.1
300 5.7 5.5 90.3
400 6.4 4.4 91.4
500 7 3.8 92.1

Table 6: Percentage inhibition efficiency of (inhibitor I, Il and I11) of acrylic acid

derivative as calcium sulfate scale inhibitor at various concentrations.

oncentration of the inhibitors, ppm Blank | 25 | 50 | 75 | 100 | 125
1% Inhibition efficiency of compound | - 475|551 (625|705 | 75.3
1% Inhibition efficiency of compound % - 675|775 803|825 |852

1
1% Inhibition efficiency of compound % - 65.6 | 72.5| 80.1 | 85,5 | 90.2
11
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Table 7: Surface active properties of the three synthesized inhibitors (I, 1, and

).
Surfactants | CMC, (mmol/l) | ycmc, | Ieme, I'max Amin
(MN/m) | (MN/M) | 40 | (hm?)x10°
(mol/cm?
Inhibitor | 2.9x10-4. 36 38 7.5 0.23
Inhibitor 11 4.6x10-5 42 32 7.3 0.23
Inhibitor 111 3.6x10-4 42 32 7 0.24

(@]
-H,0 Il Il
H,C==CHCOOH + H,;N—CH,CH,NH, —— = H,C=CH—C—NH—CH,CH,—NH—C—CH=CH,

Acrylic acid Ethylene diamine

2 mole 1 mole H,C—CH,
\/

+
(0]

40 mole

QC—CH-CfHC—CHﬁ»NH CHZCHZ—NH4<HC—CH§>C—CH CH,

Comp. 1

Scheme 1: Synthesis of Inhibitors
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Figure 1H NMR spectrum of inhibitor (1)
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Figure 2 FTIR spectrum of inhibitor (l).
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Fig. 3Relationship between the copper corrosion rate and inhibitors
concentrations for all inhibitor (I-111) for copper dissolution in sea water as

obtained from weight loss technique.
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Fig.4 Relationship between the inhibition efficiency and inhibitors concentration
for all inhibitor (I-111)for copper dissolution in sea water as obtained from
weight loss technique.
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Fig 6Potentiodynamic polarization curves (E-log I relationship) of copper in sea
water in the absence and presence of different concentrations of the inhibitor
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water in the absence and presence of different concentrations of the inhibitor
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Fig. 8 Nyquist plots for copper in sea water in the absence and presence of
various concentrations of inhibitors (111)
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Fig. 9 Bode plots (Z-logZ relationship) of carbon steel in formation water in the
absence and presence of variousconcentrations of the inhibitor (111).
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Fig.10 Effect of inhibitor (l1l) concentration on scale inhibitorefficiency of calcium
sulfate deposition in copper surface as calculated from complex metric titration

measurements.
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Fig. (12): SEM images for CaSO,formation in copper: a) polished sample, (b)
after immersion in the sea water and (c) after immersion in the sea water in
presence of inhibitor (111)
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Fig. 13: EDX of the copper surface: (a) polished sample, (b) after immersion in
the sea water and (c) after immersion in the sea water in presence of inhibitor
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