
Amphistegina media filtration as pretreatment of SWRO desalination unit for
producing different salinities to study the corrosion behavior of various
materials

A.A. Bakra,*, K. Zakariaa, M.A. Abbasb, A. Hamdya

aDepartment of Analysis and Evaluation, Egyptian Petroleum Research Institute (EPRI), Nasr City, Cairo 11727, Egypt,
Tel. +20 1227135228; emails: als_water@yahoo.com (A.A. Bakr), khaled209eg@yahoo.com (K. Zakaria) Tel. +20 1223517834;
amalhamdy66@gmail.com (A. Hamdy)
bDepartment of Petroleum Applications, Egyptian Petroleum Research Institute (EPRI), Nasr City, Cairo 11727, Egypt,
Tel. +20 1144764291; email: mohamedabbas1966@yahoo.com

Received 1 December 2014; Accepted 4 August 2015

ABSTRACT

According to literatures, the corrosivity of many materials was studied in different aqueous
environments (different salinities). In the present work, a semi-pilot seawater reverse osmo-
sis (SWRO) desalination unit was assembled in EPRI and was used for producing seawater
samples with different salinities (925, 4,845, and 18,975 mg/l TDS). The natural seawater
sample was obtained from the Mediterranean Sea with salinity of 38,500 mg/l TDS and
then, the samples with different salinities were obtained by mixing technique. Amphistegina
tests (shells or hard parts) of the Foraminifera genus with mesh size 1.0–1.5 mm were sepa-
rated directly by sieving from fresh beach sediments. Amphistegina media filtration system
demonstrated good performance in removing particulates from the feedwater and produc-
ing permeate of acceptable quality for feeding reverse osmosis (RO) membrane at tempera-
ture 40˚C and flow rate 20 l/min. Operating the unit with addition of polyaluminum
chloride coagulant at a concentration of 1.5 mg Al/l, enhances the performance of the RO
unit. The produced filtrate has better SDI (<3), lower turbidity (less than 0.2 NTU), and
higher TOC% reduction (97.1%, from 2.91 to less than 0.1 mg/l), while, the iron reduced
from 1.82 to 0.05 mg/l. The susceptibility of Ni, Cu, and 70/30 Ni-Cu alloys for corrosion in
the produced different seawater samples have been studied by weight loss measurements,
potentiodynamic polarization, and electrochemical impedance spectroscopy methods. The
surface analysis was carried out using scanning electron microscope and energy dispersive
X-ray. The corrosion rate follows the order Cu > 70/30 Ni-Cu > Ni. Therefore, it was found
that the desalination of seawater leads to enhancement of the water properties and
decreases its corrosivity for all the studied materials.
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1. Introduction

Reverse osmosis (RO) systems are considered to be
the most important improvement in desalination tech-
nologies and they are becoming increasingly popular
due to their ease of operation, lower operational and
maintenance costs, and environmental friendliness
[1,2]. Compared with conventional surface and ground
water treatment techniques, the RO desalination plants
produce water with much lower concentrations of natu-
ral organic matter (NOM) and most of inorganic ions
[3–6]. Therefore, the use of RO in desalination process
has increased recently and RO process has become the
leading technology in desalination market. The remark-
able improvement of RO systems is mostly due to the
incorporation of the energy recovery devices which sig-
nificantly reduce the energy requirements and the
improvements in the membrane material [7].

The conventional pretreatment in RO systems is
not 100% secure to attend the recommendations of
membrane manufacturers of feedwater quality. Bakr
and Makled investigated the applicability of Amphiste-
gina tests, which were collected from Marsa Matrouh
coast on the southern coast of the Mediterranean Sea,
instead of sand media filtration as a new pretreatment
media for seawater desalination plants [8]. The Am-
phistegina test is coarsely perforate, lamellar, and flat-
tened lenticular and it is often slightly contorted,
biconvex, dorsoconvex, or ventroconvex. The periph-
eral outline is smooth or slightly lobulate. The main
constituent of Amphistegina test is CaCO3 with traces
of MgCO3, where the range of test size is 1.0–1.5 mm
(n = 1,000 tests) and the main size is 1.2 mm [9].

The removal of iron from the groundwater and
seawater prior to the membranes of desalination
plants is the key step in the designing of these plants
to avoid RO membrane fouling and scaling which are
the most serious problems in the membrane processes
[10]. However, the silt density index (SDI) is the main
criterion of filtrate quality during the sequence of the
pretreatment processes; Isaias [11] and Filmtec techni-
cal bulletin form of SW30HR LE-400 [12] found that
the SDI of less than 5.0 was appropriate for the spiral-
wound (SW) membranes. Different types of coagulants
such as ferric chloride (FeCl3) and ferric chlorosulfate
(FeClSO4) and polyaluminum chloride (PAC) were
used. It was found that, the PAC has the minimal
effect on the pH of seawater and is more efficient for
removing particulates from raw seawater [8].

For many engineering materials, seawater is a very
aggressive medium for the metals and it causes a sev-
ere corrosion damages to the metallic structures in
very short time and the formed corrosion products
could contaminate the surrounding environments (air,

seawater, etc.). The most significant parameters that
determine the corrosivity of seawater are the content
of dissolved oxygen, water temperature, flow rate,
salinity, pH, and the biological activity (bio-deposits)
[13,14]. The importance of seawater as a mineral envi-
ronment has increased during the last few decades
because of offshore oil and gas explorations. Also,
there is an increase in the applications of seawater
desalination for fresh water production. Hence, the
selection of construction materials for handling the
seawater has been a problem [15]. The selection of
materials for the various components of desalination
plant is a major topic for continuing debate in the
desalination community. Since the materials with
higher durability are very expensive, the corrosion
resistance is a crucial component of discussions on the
impact of materials selection on capital and opera-
tional costs of distillation units [15].

Copper and its alloys have plenty of favorable
properties such as electrical and thermal conductivity,
mechanical workability, and corrosion resistance.
These properties make them suitable for a wide range
of applications in marine engineering [16,17]. Hence,
they are used in a great variety of seawater systems
such as production of shipbuilding, desalination
plants, pipelines, condensers, and heat exchangers
[18,19]. Nickel–copper alloys are characterized by
good corrosion resistance, good weldability, and high
strength; therefore, they have been used extensively as
pipelines and structural materials. Also, they are
widely used as corrosion-resistant materials in marine
engineering [20,21].

In this study, the link between the corrosion and the
produced desalinated water samples is investigated.
The desalination unit consists of a recent technique
called Amphistegina filter instead of a conventional sand
filtration (used in the desalination plants). In a previous
study, Hamdy et al. evaluated the corrosion behavior
of the studied materials in natural seawater [22], while
the major objectives of this study are to evaluate the
replacement of the Amphistegina tests (as Amphistegina
filter) instead of sand filter as a pretreatment media fil-
tration for seawater desalination plants and to produce
different seawater salinities by mixing technique.
Thereafter, the effect of the produced seawater samples
(different salinities) on the corrosion behavior of differ-
ent materials was investigated.

2. Experimental

2.1. Semi-pilot seawater desalination unit

A semi-pilot unit was assembled and located at
Egyptian Petroleum Research Institute (EPRI) and it
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was designed according to the schematic diagram
shown in Fig. 1. The natural seawater was obtained
from an open-intake in the Mediterranean Sea at
Marsa Matrouh city then, it was fed to the unit. The
desalination unit is capable of producing about 19.4 l/
min and it consists of two feed and product water
tanks (60 L). The RO systems operate on seawater and
require an extensive pretreatment process in order to
control the membrane fouling.

2.1.1. Flow rate and temperature

The high filtration rate leads to shorter filtration
cycles and the filters may be plugged. The particles
breakthrough was observed during filtration of
feedwater from Amphistegina filter after 9.0 h of con-
tinuous operation. While, at higher operating tempera-
ture and with feeding the coagulant dosage, no solids
breakthrough was observed under any operating
condition. Therefore, at lower flow rate (20 l/min) and
higher operating temperature (40˚C), the Amphistegina
filter produces better filtrate [8].

2.1.2. Chemical pretreatment process

The chemical pretreatment is carried out using
PAC as a coagulant and H2SO4 as antiscalant to
maintain the pH value (chemical fed by dosing pump,
5 L-7 bar).

2.1.3. Granular media and cartridge filtrations

The feeding water pump (20–60 l/min) is followed
by the dual media filter vessel (Amphistegina filter).
This vessel is constructed of a fiberglass-reinforced
polyester resin for standard water conditioning use
with specific size (diameter 7.0 inches and height
17 inches), maximum operating pressure 150 psi

(10.3 bars), maximum operating temperature 120˚F
(49˚C), and the top opening of this vessel is 2½ inches.
A dual media filter vessel was used and it has two
layers of filtration media—typical design includes
Anthracite [23] and Amphistegina [8]. The dual media
filter vessel is followed by granular-activated carbon
(GAC) filter [24]. Dual and carbon filters are manually
controlled and followed by one 1 µm cartridge filter.
The characteristics of Amphistegina filter media were
reported such as particle size range (0.5–1.3 mm),
effective size (0.8–1.2 mm), bed depth (22–32 inch),
service flow rate (2–3.5 gpm/ft2), backwash flow
rate (10–18 gpm/ft2), and backwash bed expansion
(20–40%) [8].

2.1.4. RO membrane

Directly, one mixing valve takes the pre-treated
water (filtrate) to the product water tank (permeate
tank) crossing before the RO membrane for adjusting
the required water salinity. The high pressure pump
supplies the filtrate to the one membrane pressure
vessel (housing) of the RO unit. The housing contains
one Polyamide thin-film composite membrane (Filmtec
SW30HR LE-400 seawater reverse osmosis membrane,
SW type). The membrane nominal active surface area
is 37 m2, its permeate flow rate is 28 m3/d (19.4 l/
min), and the stabilized salt rejection is 99.75% [12].
The filter media used in the pretreatment of seawater
are depicted in Fig. 2. The separation of feedwater into
the low salinity product and high salinity concentrate
is accomplished in the membrane unit.

2.1.5. Dilution operation

There are three flow meters in the unit to measure
the filtrate of seawater (feed) and permeate of RO unit
while the other flow meter is present for measuring the
mixing of the filtrate volume to the final desalinated

Fig. 1. Schematic diagram of the assembled semi-pilot seawater desalination unit.
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seawater product. Finally, the RO unit was controlled
by an electrical control panel.

Dilution is the process of preparing a less concen-
trated solution from a more concentrated solution. The
formal formula for calculating a dilution is
C1V1 = C2V2, where C1 and C2 represent the concentra-
tions of the initial and final solutions, respectively,
and V1 and V2 represent their volumes [25]. From our
study, C1 is the concentration of the pretreated natural
seawater (filtrate with 38,500 mg/l TDS), V1 is the
required volume of the filtrate, C2 is the definite con-
centration of the final desalinated seawater concentra-
tion (925, 4,845, and 18,975 mg/l TDS), and V2 is the
volume of the final desalinated seawater concentration
(60 L).

2.2. Corrosion procedures

The corrosion tests for Cu, Ni, and Ni-Cu materials
in the seawater samples with different salinities,
which produced from the desalination plant (which
consists of the Amphistegina filter), will be discussed in
the following subtitles.

2.2.1. Materials

Three different materials were selected in this
study including Cu, Ni, and 70/30 Ni-Cu alloy. The
composition of the specimens was analyzed by Porta-
ble X-ray Fluorescence (XRF) model NITON-XLt dri-
ven with software version 4.1. All the tested materials
were provided by the Center of Metallurgical Research
and Development Institute (CMRDI). The chemical
analysis (in wt.%) of these materials are listed in
Table 1.

2.2.2. Sample preparation

Rectangular test specimens of different materials,
with 4 × 2 × 0.15 cm in dimension, were utilized in the

experimental work for weight loss measurements. Prior
to the experiment, all the specimens were abraded
manually on successively finer silicon carbide emery
papers with (350, 1,000, and 1,200) grit finish on all
faces, degreased with acetone, rinsed in tap and dis-
tilled water, respectively, and finally dried in warm air.

For potentiodynamic polarization measurements,
each material was obtained in a rod form with 1.0 cm2

exposed surface area as a working electrode. The
samples were first embedded in epoxy resin and then
polished successively with metallographic emery
paper for increasing the fineness up to 1,200 grits.
Then, they were washed with distilled water,
decreased by ethanol and dried by cool air.

2.2.3. Corrosive media

The tested solutions are natural seawater obtained
from the Mediterranean Sea (S1) and the desalinated
seawater samples produced by a semi-pilot desalina-
tion unit at EPRI (S2, S3, and S4). The physicochemical
properties of all seawater samples were determined
according to the ASTM standard methods [26–30] and
the results are given in Table 2. Cationic and anionic
analyses were performed on the used seawater by ion
chromatography, using DX 600 gradient IC system
(Dionex, Sunnyvale, CA, USA). Integration was per-
formed by Chromeleon Ver. 6.30 software (Dionex)
and the results are listed in Table 3.

Fig. 2. Pictures of the pretreatment media used in the assembled semi-pilot seawater desalination unit.

Table 1
The chemical composition of the studied materials

Materials
Chemical composition, wt.% by elements

Ni Cu Mo Fe Cr Mn

Cu – 99.1 – – – –
Ni 99.9 – – – – –
70/30 Ni-Cu 62.4 34.7 – 0.7 – 1.2
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2.2.4. Weight loss measurements

The weight loss experiments were performed
according to the standard method [31]. The losses in
weight per area (ΔW, mg cm−2) and the corrosion
rates (CR, mg cm−2/d) over the exposure time were
calculated from the following equations [32]:

DW ¼ ðW1 �W2=AÞ (1)

CR ¼ DW=At (2)

where ΔW is the weight loss of a material strip, A is
the total area of a material strip, and t is immersion
time (42 d).

2.2.5. Electrochemical techniques

Two electrochemical techniques, namely poten-
tiodynamic polarization and electrochemical impe-
dance spectroscopy (EIS) were used to study the

corrosion behavior. The electrochemical measurements
were carried out using Volta lab 40 potentiostat
(Tacussel-Radiometer PGZ 301) and controlled by
Tacussel corrosion analysis software model (Voltamas-
ter 4) under static conditions. All experiments were
conducted in a conventional three-electrode glass cells
assembled with a platinum wire as auxiliary electrode,
saturated calomel electrode (SCE) as reference
electrode, and individual tested specimen as working
electrode. All potentials given in this study were
referred to the reference electrode.

Before the electrochemical measurements, each
working electrode was immersed in the test solution
for 30 min to establish the steady state, open circuit
potential (Eocp). After measuring the Eocp, the electro-
chemical measurements were performed and the
polarization curves were obtained in the potential
range from −800 to −300 mV (SCE) at a scan rate of
2 mV/s.

EIS measurements were conducted in the fre-
quency range between 100 kHz and 50 MHz using 10
steps per frequency decade at the corrosion potential
after 30 min of immersion in the test solutions.
Alternative current (AC) signal with 10 mV ampli-
tude peak to peak was used to perturb the system.
The data were analyzed using the Zsimpwin soft-
ware program and EIS diagrams are given in the
Nyquist representation. All experiments were per-
formed in atmospheric condition without stirring at
303 K.

2.3. Surface analysis studies

The microscopic surface morphological examina-
tion and analysis of the elemental composition of the
corrosion products were performed using SEM and
EDX techniques, respectively.

Table 2
Physicochemical properties of the natural and desalinated seawater samples

Properties
Seawater samples

S1 S2 S3 S4

pH @ 25˚C 7.6 1.1 1.6 2.5
Conductivity, ohms/cm @ 23.7˚C 5.6 × 10−2 5.16 × 10−2 1.674 × 10−2 0.224 × 10−2

TDS, mg/l 38,500 18,975 4,845 925
Hardness, mg/l 7,535 5,819 451 185
Salinity, mg/l 35,036 20,130 4,679 860
Turbidity, NTU 2.08 <0.2 <0.2 <0.2
TOC, mg/l 2.91 <0.1 <0.1 <0.1
SDI15 min

a 6.4 <3.0 <3.0 <3.0

a15-min silt density index.

Table 3
Cationic and anionic analysis of the natural and
desalinated seawater samples

Constituent, mg/l
Seawater samples

S1 S2 S3 S4

Chloride, Cl− 21,234 12,200 2,836 521
Sodium, Na+ 11,583 5,701 1,677 218
Sulfate, SO2�

4 3,009 871 141.8 6.48
Magnesium, Mg2+ 1,434 467 76 12
Calcium, Ca2+ 653 560 56 55
Potassium, K+ 388 155 53 13
Bicarbonate, HCO�

3 145 0.41 – –
Borate, BO3 26 0.03 – –
Total Fe 1.82 0.05 0.05 0.05
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2.3.1. Scanning electron microscopy

Surface morphology and roughness of the tested
samples were examined by scanning electron micro-
scope (SEM) after exposing to seawater for 42 d. The
test was performed using JEOL model JSM-53000
scanning electron microscope (SEM).

2.3.2. Energy dispersive spectroscopy

The chemical composition of the surface film
formed on the metal specimens was examined by
energy dispersive X-ray (EDX). This was carried out
with X-Max Oxford energy dispersive spectrometer
conjugated with transmission electron microscope Jeol
2100. The spectra were recorded on samples immersed
for a period of 42 d in all seawater samples.

3. Results and discussion

3.1. Efficiency of seawater desalination unit

3.1.1. Turbidity

In the conventional pretreatment process, the semi-
pilot RO unit was equipped with an online PAC dosing
pump. The experimental observations showed that
PAC appeared to be the most promising coagulant to
assist the performance of the media filtration and its
dosing rate was 1.5 mg Al/l [8]. The data reported in
Table 2 revealed that the much lower turbidity was less
than 0.2 NTU resulted in case of Amphistegina filter and
one 1-µm cartridge filter at 20 l/min and 40˚C as illus-
trated in Fig. 3. The turbidity was reduced from 2.08
NTU to 0.849 NTU in case of Amphistegina filter without
coagulant, while it was reduced to 0.187 NTU in case of
Amphistegina filter in presence of the coagulant.

3.1.2. Silt density index

SDI was used as main criterion of filtrate quality
during the semi-pilot sequence of the pretreatment

processes. SDI is widely used as an indicator in the
desalination systems for measuring the fouling poten-
tial of seawater samples. While SDI of less than 5.0
was appropriate for the SW membranes [8,12], the
mentioned configuration of the pretreatment system is
effective in reducing the SDI of the natural seawater
from 6.4 to a range of <3 SDI unit for the feedwater in
the presence of PAC as shown in Table 2. From Fig. 3,
at 20 l/min, 40˚C and in presence of 1.5 mg Al/l of
PAC as coagulant, SDI values were reduced to 4.647
and 2.872 for Amphistegina filter without coagulant
and Amphistegina filter in presence of the coagulant,
respectively.

3.1.3. Typical performance of the used filters media

The adsorption of organic compounds from water
is more common than the adsorption of inorganic
compounds. By activated carbon, the adsorption of
inorganic compounds from water is somewhat contro-
versial and the adsorption of organic molecules from
water is equally complicated [10,33,34]. The large
macromolecules (turbidity and suspended solids)
which present in the feedwater can be effectively
accumulated by the coagulant and captured by the fil-
tration media. In each vessel, the maximum bed
capacity, which required to be filled, was 13.2 l. The
dual-media filter vessel is followed by activated car-
bon filter with the same mechanical and operation
specifications except for bed capacity required for each
vessel (7.8 l and 6.6 l, respectively) and the two vessels
are manually controlled. The characteristics of acti-
vated carbon filter media were reported such as parti-
cle size range (0.6–1.35 mm), effective size (0.55–
0.75 mm), bed depth (66–76.2 cm), service flow rate
(5.0 gpm/ft2), backwash flow rate (10–12 gpm/ft2),
and backwash bed expansion (30–40%) [24]. GAC filter
was followed by one 1 micron cartridge filter.

Fig. 4 represents the TOC measurements which
were carried out in presence of 1.5 mg Al/l of PAC at
high temperature and low flow rate. The total organic
carbon in the natural sample (S1) was 2.91 mg/l, as
reported in Table 2, and the percentage of the total
reduction of organic carbon by activated carbon filter
was 73% (from 2.91 to 0.785 mg/l) and by activated
carbon filter in the presence of PAC was 83.6% (from
2.91 to 0.476 mg/l). While, the best percentage of TOC
reduction was 97.1% (from 2.91 to 0. 085 mg/l) by
activated carbon and Amphistegina filters in the pres-
ence of PAC.

Also, from Table 3, the activated carbon filter
was effective in the iron removal from seawater
(1.82 mg/l). Fig. 4 indicates that all the studied media
showed a definite removal of the iron even without
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Fig. 3. Turbidity and SDI15 variations of Amphistegina filter
with and without PAC (1.5 mg Al/l) at 20 l/min and 40˚C.
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coagulant addition. The activated carbon filter removed
a 0.486 mg/l without coagulant, but with addition of
1.5 mg Al/l of PAC at high temperature and low flow
rate, the iron removal became 0.217 mg/l. While, the
best iron removal was 0. 05 mg/l in case of activated
carbon and Amphistegina filters with coagulant.

3.1.4. Service and backwash flow rates

The operation studies revealed that the filter
became clogged by the retained particulates after the
service period of filter (filter cycle), and it required
cleaning. The filter cleaning took place by backwash-
ing, using an upward high flow rate of seawater
which is 10 times of service flow rate in case of con-
ventional sand filter [8]. Therefore, the experimental
data based on the performance of the Amphistegina
bed during service and backwash flow rates are
shown in Fig. 5. In case 1, when the service flow rate
of Amphistegina filter was 14.2 l/min, the backwash
flow rate required to clean the clogged Amphistegina
bed was 80.6 l/min. While, in case 2, when the service
flow rate of Amphistegina filter was 10.1 l/min, the
backwash flow rate required to clean the clogged Am-
phistegina bed was 60.3 l/min. This figure represents
that the backwash flow rate was only 5.7 times of the
service flow rate of the Amphistegina filter with reduc-
tion of seawater consumption required to backwash
process to 56.8%. Therefore, the bed expansion in the
Amphistegina filter gave a better cleaning quality,
extended the bed lifetime, and decreased a seawater
consumption of backwash process.

3.1.5. The mixing technique

After the pretreatment process is complete, the dif-
ferent salinities of seawater samples were prepared by
mixing technique. From Fig. 1, the dilution process
takes place by a mixing valve which located before
the RO desalination unit for mixing the filtrate to the

final desalinated seawater product. By applying the
calculating formula of dilution, the required volumes
(V1) of filtrate with 38,500 mg/l TDS (C1) to mix a
60 L of the final desalinated seawater concentration
(V2) to produce a definite concentration (C2) of the
final desalinated seawater concentrations (925, 4,845
and 18,975 mg/l TDS) were calculated.

So, we need to use 1.44 L of the filtrate (S1) to pro-
duce 60 L of 925 mg/l TDS (S2). While, a 7.55 L is
required to produce 60 L of 4,845 mg/l TDS (S3) and a
29.57 L is required to producing a 60 L of 18,975 mg/l
TDS (S4).

3.2. Weight loss measurements

The variations of weight loss per unit area (ΔW,
mg cm−2) vs. time for Cu, Ni, and 70/30 Ni-Cu alloy
coupons in the four tested media are shown in Fig. 6.
A general trend is observed for the studied materials
in all tested media, an increase in the values of ΔW
with increasing time. The noticed high values of
weight loss in natural seawater compared to the
desalinated samples are due to the aggressive attack
of the chloride ions to the material’s surface.

Table 4 shows the calculated corrosion rates of the
tested materials in the different media with variable
salinities. It is clearly shown that copper has the maxi-
mum corrosion rate in all tested media, while the
nickel exhibits lowest corrosion rate. In general, all the
test materials show lower corrosion rates in the desali-
nated seawater samples compared to those obtained
for the same materials in natural seawater. Generally,
there is an understandable tendency in relation to
localized corrosion to assume that the decreases in
seawater salinity represent that there is a less aggres-
sive environment. The data reported in Table 4 show
that the effectiveness of the salinity on the corrosion
behavior of the tested materials follows the order
Cu > Ni-Cu > Ni.
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It was proposed that in natural seawater, the initial
corrosion product of copper is cuprous chloride,
which reacts to produce a porous layer of cuprous
oxide, Cu2O (Cuprite) which was the main constituent
of thick scales [35]. The cuprous oxide was generally
oxidized over time to cupric hydroxide (Cu(OH)2),
atacamite (Cu2(OH)3Cl), or malachite (Cu2(OH)2CO3).
Owing to the buffering properties of seawater resulted
from the presence of carbonate/bicarbonate and
borate ions, the formation rate of cuprous oxide in
seawater solution is lower and the generation rate of
cuprous complexes (and thus the general dissolution
rate) is higher than in the desalinated solutions, indi-
cating the appearance of corrosion products
Cu2(OH)3Cl and Cu2(OH)2CO3, which is in accordance
with the EDX results.

These formed corrosion products cannot provide a
good protection to the substrate because of their loose
microstructure and they are not compact enough to
decrease the chloride ion attacks [36], which accounts
for the maximum value of the copper corrosion rate in
natural seawater sample. Moreover, the increase of
immersion time indicates the occurrence of pitting
corrosion due to further formation of atacamite and
the pits could be seen with the naked eye after corro-
sion products were removed from the copper surface.

The noticed increase in Ni and 70/30 Ni-Cu alloy
resistances in seawater is attributed to the formation
of a passive film and/or corrosion products, which
gets thicker with time and could lead to the decrease
in the corrosion rate. The passivation of nickel and
70/30 Ni-Cu alloy may be due to oxide film formation

Fig. 6. Weight loss as a function of time for the tested materials after immersion in different media.

Table 4
Corrosion rates obtained from weight loss measurements for Cu, Ni, and 70/30 Ni-Cu in different seawater samples at a
maximum immersion time (42 d)

Material
Corrosion rate (mg cm−2/d)

Natural seawater (S1) S2 S3 S4

Cu 0.12800 0.04700 0.0330 0.02100
Ni-Cu 0.00034 0.00026 0.00022 0.00020
Ni 0.00028 0.00020 0.00018 0.00015
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which involved a dissolution–precipitation process at
the active passive transition of nickel. Also, it was
noticed that the corrosion behavior of nickel and the
nickel-base alloy was less affected by the decrease in
salinity than copper. This may be attributed to the sta-
bility of the protective layer formed on nickel and the
nickel-base alloy in all the tested media [37,38].

3.3. Potentiodynamic polarization measurements

In order to understand the mechanism of the
observed corrosion behavior, the potentiodynamic
polarization curves for various studied materials, Cu,
Ni, and 70/30 Ni-Cu alloy, in natural seawater sample
and for comparison in desalinated seawater samples
were evaluated and given in Figs. 7(a–d) and 8(a–c).
The anodic and cathodic current–potential curves are
extrapolated up to their intersection at a point where
the corrosion current density (icorr) and corrosion
potential (Ecorr) are obtained [39]. The corrosion poten-
tial (Ecorr) is the voltage difference between a metal
immersed in a given environment and an appropriate
standard reference electrode. At the corrosion poten-
tial, the rate of hydrogen evolution is equal to the rate
of metal dissolution, and this point corresponds to the
corrosion rate of the system expressed in terms of
current density [40]. Electrochemically, corrosion
rate measurement is based on the determination of
the oxidation current at the corrosion potential.
This oxidation current is now called the corrosion
current. (icorr).

Also, the slopes of the anodic and the cathodic
Tafel lines of the polarization curve were obtained
(βa and βc, respectively). Another corrosion parameter
is the polarization resistance (Rp), which is the transi-
tion resistance between the electrodes and the elec-
trolyte; it can be defined as the slope of the linear
part of the polarization curve close to the corrosion
potential (Ecorr). The corresponding corrosion parame-
ters are listed in Table 5.

3.3.1. Influence of metal/alloy type

Fig. 7(a) shows a set of potential, E, vs. logarithm
plots of the absolute value of the current density, Icorr,
for Cu, Ni, and 70/30 Ni-Cu in natural seawater sam-
ple. Cu displayed a rapid current density increase
with potential in the anodic branch, indicating the
presence of a less protective oxide film in natural
seawater. On the contrary, Ni and Ni-Cu followed a
nonlinear trend at high anodic overpotentials, due to
the formation of a passive surface. Differently to Ni
and 70/30 Ni-Cu, the Cu metal denoted a sudden

increase of the current density, attributed to the
formation of a less protective oxide layer and a ten-
dency to break down the oxide film and to develop
pitting corrosion [41]. The cathodic branches for Ni
and 70/30 Ni-Cu displayed a linear trend at high
cathodic overpotentials. It is worth noting that the
natural seawater is a rather complex mixture of many
constituents and some of them may also contribute to
the corrosion of the investigated metals even at low
concentrations, for example, chloride ions or even the
presence of sulfate ions [42].

Table 5 summarizes kinetic data calculated from
Tafel plots. The most important feature is the difference
in corrosion current densities (Icorr) in natural seawater
sample for Cu, Ni, and 70/30 Ni-Cu alloys, that were
33.6, 4.3, and 18.0 μA/cm−2, respectively. It is clearly
noticed that the Cu has the maximum corrosion current
density and hence the corrosion rate in all four seawa-
ter samples while the Ni exhibited the lowest corrosion
rate. These results are in agreement with the data
obtained from weight loss measurements. Moreover,
the results showed that the 70/30 Ni-Cu alloy corroded
at a higher rate than Ni in natural seawater, due to the
presence of Cu as an alloy element.

The same trend was obtained in the desalinated
seawater samples as shown in Fig. 7(b–d); this corro-
sion behavior appears to depend mainly on chemical
composition of the exposed tested material. The
decrease in the corrosion rate for Ni-Cu alloy more
than Cu can be attributed to the incorporation of Ni
ions in the mobile vacancies of the Cu2O film decreas-
ing the possibility of Cu dissolution from the alloy
surface. Interestingly, Ni has a better corrosion resis-
tance than Cu and Ni-Cu alloy in the seawater envi-
ronments and the observed order of corrosion rate
was Cu > 70/30 Ni-Cu > Ni.

3.3.2. Effect of seawater salinity

The data listed in Table 5 indicate that with
decreasing the salinity value, the corrosion potential
moved toward slightly positive values, the corrosion
currents decreased and therefore the corrosion rates
became slower. When these materials were immersed
in different seawater salinities, the passivating phe-
nomena can be observed in polarization curves as
shown in Fig. 8(a–c). The passive phenomenon became
weaker in the natural seawater sample.

As expected, the corrosion current densities for all
studied metals and alloy were found to be much
higher in the natural seawater than those in the desali-
nated waters especially in the case of Cu. This was
presumably due to the fact that the natural seawater
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sample has higher salinity than desalinated one. The
main effect of seawater salinity on the corrosion
behavior results from its influence on the conductivity
of water and also, from the influence of chloride ions
on the breakdown of the passive films. With increas-
ing the salinity, more readily chloride ions can suc-
ceed in penetrating the passive film and hence initiate
pitting and crevice corrosion at localized sites on the
metal surface, where oxygen adsorbed on the metal
surface is displaced by chloride ions [43,44]. The small
diameter of Cl− enables penetration through the pro-
tective oxide film and the exchange of oxygen by chlo-
ride ions occurred at the sites where the metal-oxygen
bond is the weakest. The accelerating effect of Cl− ions
may be due to the introduction of Cl− ions from the
solution into the oxide film, which formed in seawater
sample, degrading its protective nature leading to pit-
ting corrosion which can be explained by a competi-
tive adsorption mechanism, in which chloride ions
move into the double layer of the electrode surface to
displace adsorbed oxygen species. The adsorbed Cl−

increases the potential difference across the passive
film, thereby enhancing the metal ion diffusion from
the metal/film interface to the film/solution interface
forming cation vacancies at the metal/film interface
[45–47].

The voids will be developed at the metal/film
interface when Cl− concentration is large and the con-
tinued growth of a void results in localized collapse of
the passive film, which will dissolve faster than other
regions of the passive film, leading to pit growth ulti-
mately substrate alloy dissolution. Thus, the increase
in corrosion rate with the increasing chloride ion con-
centration was attributed to the participation of chlo-
ride ions in the dissolution reaction [48]. However, Ni
and 70/30 Ni-Cu alloy have very low corrosion rates
that were not significantly affected by the decrease of
salinity.

3.4. Electrochemical impedance spectroscopy

The EIS is conducted to confirm the trends of the
corrosion rates determined by potentiodynamic polar-
ization method [49]. The data obtained from the EIS
measurements were plotted in the form of Nyquist
plots, i.e. imaginary and custom real impedance. The
impedance data were analyzed using software pro-
vided with the impedance system where the disper-
sion formula was used. For a simple equivalent circuit
model consisting of a parallel combination of a capaci-
tor, Cdl, and a resistor, Rct, in series with a resistor, Rs,
representing the solution resistance and the electrode
impedance, Z, is represented by the mathematical
formulation:

Z ¼ ðRs þ Rct=1Þ þ ð2pfRctCdlÞn (3)

where n denotes an empirical parameter (0 > n > 1)
and f is the frequency in Hz. The dispersion formula
takes into account the deviation from the ideal
capacitor, RC, behavior in terms of a distribution of
time constants due to surface inhomogeneities, rough-
ness effects, and variations in the properties or
compositions of surface layers [50,51]. The impedance
data were analyzed using the equivalent circuit
model presented in Fig. 9. Various parameters such
as solution resistance (Rs), the charge transfer resis-
tance (Rct), double-layer capacitance (Cdl) were calcu-
lated for the investigated materials in different
seawater samples, and the data are presented in
Table 6. The charge-transfer resistance (Rct) values
were calculated from the difference in impedance at
low and high frequencies [39], while the values of
double layer capacitance (CdI) were obtained at the
frequency ƒmax, at which the imaginary component
of the impedance is maximal using the following
relationship [52]:

Table 5
Electrochemical parameters derived from polarization curves for the studied materials in different seawater environments

Parameters
S1 S2 S3 S4

Cu 70/30 Ni Cu 70/30 Ni Cu 70/30 Ni Cu 70/30 Ni
Ni-Cu Ni-Cu Ni-Cu Ni-Cu

E, mV −259 −312 −276 −234 −251 −204 −215 −291 −307 −234 −271 −286
Icorr, mA/cm−2, × 10−4 336 180 43 211 120 8 90 75 2.4 78 48 1.6
βa, mV/decade 91 133 66 99 190 219 104 975 212 145 887 213
βc, mV/decade 352 272 456 273 186 196 286 468 132 281 401 145
Rp, ohm/cm−2 1,030 1,870 8,610 1,800 5,970 55,120 4,050 11,660 138,200 6,420 14,180 213,400
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Cdl ¼ ð2pfmax RctÞ�1 (4)

The impedance data of the different tested materials,
recorded after 30 min of the electrode immersion in
different seawater samples, are presented in
Figs. 10(a–d) and 11(a–c). In the natural seawater sam-
ple, Nyquist’s plots for Cu displayed incomplete semi-
circles, denoting metal with protective oxide film [53].
While in case of Ni and Ni-Cu, it showed complete
semicircle which may be attributed to the formation of
an interfacial oxide layer [54].

All the investigated materials showed only one
depressed semicircle in raw seawater sample and less
depressed semicircles in desalinated seawater samples
which can be attributed to the lack of uniformity of
the current distribution. This behavior can be also
related to the presence of a less uniform oxide film in
the case of the natural seawater sample, which some-
how induces differences in the local impedance and a
time constants distribution along the electrode surface.
Decreasing the seawater salinity led to increasing the
diameter of the semicircle meaning that the resistance
of all the tested materials against general corrosion
increases with decreasing seawater salinity. The semi-
circles at high frequencies in Fig. 11(a–c) are generally
associated with the relaxation of electrical double-layer

capacitors, and the diameters of the high-frequency
semicircles can be considered as the charge transfer
resistance [55].

It was possible for all the investigated metals/alloy
to represent the oxide charging/discharging process
as a pure capacitance. However, the double-layer
formation at the electrolyte-solution interface showed
a time constants distribution and had to be repre-
sented by a constant phase element (CPE) [56]. This
distribution is more dispersed for Cu, which has an
average value 0. 57 of ndl, and less dispersed for
Ni-Cu and Ni with average values 0.75 and 0.84 of
ndl, respectively, in all tested seawater samples.

From Table 6, the charge transfer resistance (Rct)
values of the tested solutions increased with decreas-
ing water salinity. Large Rct values are generally
associated with a slower corroding system as the Rct

value is a measure of electron transfer across the sur-
face and is inversely proportional to corrosion rate
[57]. However, the Rct values followed the order:
Ni > 70/30 Ni-Cu > Cu, it can be concluded that Ni
has the highest Rct value, with at least one order of
magnitude greater than any other metals, whereas Cu
has the lowest Rct value and hence a higher corrosion
rate. Therefore, corrosion rate results obtained from
both potentiodynamic polarization and EIS methods
confirm that Ni was the most suitable material to be
used in seawater sample.

The corrosion resistance of the 70Ni-30Cu alloy is
attributed to a spontaneously formed protective layer
consisting mainly of a thin, inner barrier Cu2O layer,
which is in contact with the electrolyte through a thick
porous outer layer of Cu(II) hydroxide/oxide [58,59].
Also, the high corrosion resistance of 70Ni-30Cu alloy
compared to Cu is related to the improved electronic
structure due to incorporation of nickel ions into the
crystal lattice of the Cu2O inner layer [58]. Hence, the
nickel oxide dominates and the presence of Cu(II) ions
does not affect their ionic or electronic property which
explains the behavior of 70Ni-30Cu alloy. For this
alloy, the resistance of the passive film increases,

Fig. 9. The equivalent circuit model for electrochemical
impedance measurements.

Table 6
Electrochemical parameters derived from EIS for the studied materials in different seawater environment

Parameters
S1 S2 S3 S4

Cu 70/30 Ni Cu 70/30 Ni Cu 70/30 Ni Cu 70/30 Ni
Ni-Cu Ni-Cu Ni-Cu Ni-Cu

Rs, ohm/cm−2 11.88 6.55 17 8.61 8.02 10.76 35.19 11.29 31.6 155.2 109.8 219.1
n 0.6 0.76 0.89 0.57 0.72 0.84 0.59 0.78 0.84 0.52 0.75 0.79
Cdl, μF/cm

−2 836.7 212.6 45.54 775.5 420.7 41.81 72.85 728.5 16 146.6 103.5 9.5
Rct, kohm/cm−2 0.24 1.513 6.775 1.297 5.329 48.92 3.888 8.732 198.8 6.897 13.77 335.6
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whereas its thickness decreases due to the formation
of NiO.

3.5. Morphological and surface characterization

In order to study the surface morphology and to
identify the composition of the corrosion products
formed on the tested materials after immersion in the
corrosive media, the SEM/EDX investigations were
carried out.

3.5.1. SEM Characterization

Fig. 12 depicted the SEM micrographs for copper,
nickel, and nickel–copper alloy after immersion for
42 d in the natural seawater (a) and desalinated
seawater sample S4 (b). SEM micrograph of copper

specimens exposed to the natural seawater showed a
number of pits observed on the Cu surface. The pres-
ence of chloride ions and dissolved oxygen con-
tributed to the oxidation of the metal. It can be
noticed that the copper surface is covered by aggre-
gates of small cubic crystals CuClads and probably
Cu2O. Less damage of the surface can be noticed in
the SEM image of copper immersed in desalinated
samples which confirmed the decrease in corrosion
rate.

Upon examination of SEM images of both nickel
and Ni-Cu alloy immersed in natural seawater, the
main features observed were black and white areas.
The dark areas correspond to the main elements of
constituents of nickel and Ni-Cu alloy, while the white
areas are corresponding to sodium chloride salt
presented in this area. The micrographs of nickel and

Fig. 12. Surface morphologies of the experimental materials after 42 d of immersion in: (a) natural seawater sample S1
and (b) desalinated seawater sample, S4.
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Ni-Cu alloy immersed in the desalinated sample (S4)
indicated the decrease in the number of pits and
relatively smooth surface was observed.

3.5.2. EDX analysis

The EDX technique was used to identify the ele-
mental composition of the film formed on each
investigated material. The corresponding EDX spectra

for the tested materials after immersion for 42 d in the
natural seawater S1 (a) and desalinated seawater sam-
ple S4 (b) is shown in Fig. 13. The EDX spectra of cop-
per coupon immersed in natural seawater showed a
high content of O and Cl as indicated from their high
signals compared to their suppressed signals shown in
the EDX profile of copper immersed in the desalinated
sample (S4). This means that in case of natural seawa-
ter media, the surface is fully covered with corrosion

Fig. 13. EDX spectra for the studied materials after immersion for 42 d in: (a) natural seawater sample S1 and (b) desali-
nated seawater sample, S4.
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products represented as thick oxide film and chloride
and/or oxy-chloride compounds, while the corrosion
rate decreased in desalinated sample.

EDX investigation of Ni and 70/30 Ni-Cu alloy
after immersion in natural seawater (S1) and desali-
nated sample (S4) showed that both surfaces devel-
oped a mixture of most probably oxides and
chlorides as indicated from O and Cl signals in EDX
spectra. The low contents of Ni and Cu and the high
percentages of C and O in case of Ni-Cu alloy,
suggested that the alloy surface was covered with
corrosion products which consist of complexes and
oxides. The presence of chloride and sulfur besides
oxygen also suggested that the surface had some
scales which might be deposited from the seawater.
Thereafter, it is clear that upon treatment of natural
seawater via RO unit (S4 sample), the content of O
and Cl decreases indicating the decrease in the corro-
sion rate.

4. Conclusions

A natural seawater sample was treated in a semi-
pilot seawater reverse osmosis (SWRO) desalination
unit which was assembled in EPRI and used for pro-
ducing a different seawater salinities (925, 4,845 and
18,975 mg/l TDS) to enhance the seawater properties.
These different salinities were produced by mixing
technique. The pretreatment processes of the natural
seawater using Amphistegina tests demonstrated a
good performance in removing particulates from the
feedwater and producing permeate of acceptable qual-
ity for feeding RO membrane at temperature 40˚C and
flow rate 20 l/min. The PAC appeared to be the most
promising coagulant to assist the performance of the
media filtration and the filtrate quality parameters, the
Amphistegina and activated carbon filters are excellent
filters for removing of TOC and iron from natural
seawater. At a concentration of 1.5 mg Al/l, the
SWRO desalination unit produced a good filtrate of
SDI (less than 3), turbidity (less than 0.2 NTU), higher
TOC% reduction (more than 97%), and the iron
reduced to 0.05 mg/l.

The corrosion tests for all investigated materials, in
the seawater samples with different salinities, demon-
strated that the corrosion resistance of Cu, Ni, and Ni-
Cu alloy is better in desalinated seawater samples
than in natural seawater. These results may be attribu-
ted to the different nature of corrosion layer adherent
to the tested materials. Thereafter, SEM/EDX studies
indicated that pitting corrosion occurs faster for all
materials in raw seawater sample and the surface
develops a mixture of oxides, chlorides, and/or
oxy-chloride complexes.
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