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Te infuence of magnesium anode dissolution in pipe flled with potable water on the steel corrosion rate was investigated. Steel
corrosion rate was measured using the weight loss technique, and linear polarization resistance measurements were used to
estimate the formation kinetics and protective abilities of the phase layer on the metal surface. Te cathodic current distribution
along steel pipe was measured using a microammeter and compared with the computer model. Te results clearly demonstrate
that the reduction of metal corrosion rate is at least 2.8 times in the region where cathodic protection distributes inside the pipe.
However, for the remaining part of the metal pipe, the reduction of corrosion rate of 1.5 times was obtained due to the formation
of the phase layer on the metal surface that leads to the reduction of oxygen supply.Te results obtained in the study can be further
applied for designing and maintenance of water supply systems.

1. Introduction

Corrosion of metal equipment is an inevitable process in all
branches of industry that causes billions of direct losses
annually; moreover, indirect losses are even more expensive.
Corrosion problems in water pipeline systems not only lead
to metal losses but also cause failures, unstable water supply,
and water quality deterioration. Steel remains the most
widespread construction material for new pipelines and
many more pipelines that were constructed in the last
50 years. Due to sanitary restrictions on the application of
chemical reagents, internal corrosion reduction of steel
water supply pipelines remains a challenging task both from
technological and economical points of view.

Generally accepted approach to corrosion protection in
water supply systems is based on the ability of natural water
to form a phase layer on the surface of the corroding metals
that slows down or even prevents further corrosion [1].
Several indices were proposed to evaluate water corrosion
aggressivity based on water composition: Langelier

saturation index, Ryznar index, etc. [2, 3]. Phase layer
consists of steel corrosion products, namely, oxides and
oxyhydroxides of iron, and calcium carbonate [4–7]. Te
composition and structure of the phase layer will determine
its protection ability. At the same time, the structure and
composition depend on the layer forming conditions. To
favor the formation of a phase layer with sufcient blocking
properties, water hardness and pH should be increased, and
in the anionic water composition, carbonate should prevail.

Another typical approach is the installation of previously
isolated pipes that already have corrosion-resistant coating
on the inner side: zinc or enamel [8]. Te most efcient
protection is achieved with zinc coating because it protects
the pipe metal both mechanically and electrochemically.
However, once the coating is damaged, the corrosion pro-
cess progresses, especially in low conducting water.

Zinc is used because it has low electrochemical potential
and will act as anode in contact with steel. Moreover, mag-
nesium and aluminum have similar electrochemical properties
[9]. But these metals are not deposited as coatings inside the

Hindawi
Advances in Materials Science and Engineering
Volume 2023, Article ID 9321342, 8 pages
https://doi.org/10.1155/2023/9321342

https://orcid.org/0000-0003-4056-5551
https://orcid.org/0000-0002-2997-1295
mailto:g.vasyliev@kpi.ua
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/9321342


pipe. However, magnesium is frequently used as a sacrifcial
anode for external and internal corrosion protection. Appli-
cation of electrochemical protection reduces the corrosion rate
of protectedmetals and favors the pH increase due to favorable
oxygen reduction on the surface of the protected metal. Te
application of internal electrochemical protection with sacri-
fcial anode is used in water tanks and reservoirs [10].
Moreover, cathodic protection of internal pipe surfaces is used
in highly conductive media [11, 12].

Te aim of the present work is to estimate the efcacy
and radius of electrochemical protection of the inner pipe
surface and protective phase layer formation on the inner
side of steel pipes whenmagnesium is anodically dissolved in
hot potable water.

2. Theoretical Calculations

Termodynamic instability of steel in the presence of oxygen
leads to unavoidable corrosion of steel equipment. Steel
corrosion in water is an electrochemical process that includes
two half-reactions occurring on separate places of the surface.

Anodic reaction of iron ionization:

Fe � Fe2+
+ 2e. (1)

Cathodic reaction of oxygen reduction:

O2 + 2H2O + 4e � 4OH–
. (2)

Te corrosion diagram for steel in tap water is given in
Figure 1. Te anodic part of polarization dependence shows
anodic dissolution of iron in low conductive media. Te
cathodic part of the curve corresponds to oxygen reduction
at limiting current i

O2
lim due to limited oxygen supply to the

metallic surface. Te rate of oxygen supply determines the
corrosion rate of the metal in these conditions.

Cathodic protection is a well-known electrochemical
technique used to protect metal equipment from corrosion
in conductive environments, such as soil or sea water
[13–16]. Te protected metal is connected to the negative
pole of the current supply source, while the sacrifcial anode
is connected to the positive one. Te idea of cathodic
protection is to substitute the electrons of the metal, con-
sumed by the oxygen, with the electrons from the electric
network. So, when the metal does not lose electrons, it does
not corrode. Te protection criterion used in cathodic
protection to determine whether the steel is protected is the
complete cathodic protection potential Eccp. For steel, this
value is Eccp = − 0.74V/SSCE (where SSCE is a saturated
silver chloride electrode, E= 0.2V/NHE). According to the
diagram (Figure 1), the potential should be shifted from Ecorr
to Eccp and the imposed cathodic current required to shift
the steel potential equals 1 A/m2. To shift the potential, the
voltage should be applied between the pipe and the counter
electrode. Soluble or inert counter electrodes are both used
for cathodic protection, and in the present study, a soluble
magnesium electrode was used.

Te applied voltage, needed to shift the potential, con-
sists of several terms: potential diference between Ecorr and
Eccp, voltage drop in the metal and in the electrolyte, and

polarization drop. In sea water as well as in soil, the con-
ductivity is good enough, so the highest voltage drop is
located at the metal/solution interface, but not in the
electrolyte. However, when the current is distributed inside
the water supply pipe, the cross section is limited, and the
conductivity is smaller compared to sea water. In these
conditions, the distribution of cathodic protection might be
limited by water conductivity [17]. Te distribution of ca-
thodic current inside the pipe section was modelled using
computer simulation.

Te computer model of current distribution inside the
pipe was created in COMSOL Multiphysics 5.2. Te mag-
nesium anode was located inside the steel pipe, flled with
potable water. Te conductivity of water in the model
corresponds to 250 ppm and equals 450 μS/cm.

Electrochemical processes in the model are as follows:

(i) Anodic dissolution of magnesium from magnesium
anode:

Mg � Mg
2+

+ 2e,

E �
− 1.4V
SSCE

.

(3)

(ii) Cathodic reduction of oxygen (2) on the surface of
steel pipe with the corrosion potential of
Ecorr � − (0.62V/SSCE).

Te applied voltage between the magnesium anode and
steel pipe was 1.1V, and the current was 0.1A. Te distri-
bution of the electric feld is shown in Figure 2(a).
Figure 2(b) shows the current distribution along the upper
pipeline while Figure 2(c) shows that along the lower one. It
is clearly seen that the cathodic protection feld does not
spread far from the anode due to low water conductivity. So,
cathodic protection would not be expected to be efcient in
distances longer than 15–20 cm from the magnesium anode.

3. Experimental

Te tests were performed in a laboratory setup specially
designed for the study (Figure 3). Te setup consisted of
a closed loop (1), made of 50mm polypropylene (PP) pipes.
Te volume of the loop was 10 L. Te water fow rate was
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Figure 1: Corrosion diagram of steel in tap water.
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maintained with a centrifugal pump (3), and the water
temperature was kept constant during the test with an
electric water heater (2).

In the loop, a steel unit (4) was installed, and a mag-
nesium anode (5) was placed inside this unit. Te magne-
sium anode was connected to the positive pole of DC power
supply, and the body of the steel unit was connected to the
negative one.

Five two-electrode LPR corrosion probes (6) were placed
around the loop: one in the largest distance from the anode
(2m away from the anode), two just before and after the steel
unit (15–20 cm away from the anode), and the last two in the
same distance from the inlet in outlet pipes of the unit (1m
away from the anode). Te information about each probe is
summarized in Table 1. Te negative pole of the DC power
supply was also connected to each of the corrosion probes
through the switch. Te corrosion probes were connected
either to the DC power supply for 30min or to the corrometer
for 15min.

Te working electrodes for corrosion studies were
manufactured from mild steel St20 (European analog Fe37-
3FN or ASTM A48-94a: 1994) in the shape of cylinders of
15mm length and 6mm diameter.Te area of each electrode
was 3 cm2. Te surface of the electrodes was polished before
each test with P500 SiC emery paper, degreased, and etched
in 200 g/L HCl. Te electrodes were weighed to 0.1mg ac-
curacy before the test for weight loss corrosion rate de-
termination according to the standard ASTM G4-01 (2014).
Each pair of electrodes served as a two-electrode linear
polarization resistance (LPR) corrosion probe.

Corrosion rate was measured using the electrochemical
technique of LPR according to the standard ASTM G96-90
(2018) in galvanostatic mode [18]. Te current of 5 μA/cm2

density was applied to the probe for 40 sec, and the resulting
voltage was measured. Te initial potential diference be-
tween the electrodes and the solution ohmic drop was
compensated, and the corrosion rate was calculated using
the conventional B value in Stern–Geary equation of 26mV.
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Figure 2: Imposed cathodic current distribution in the electrolyte: (a) around the magnesium anode; (b) along the upper pipeline; (c) along
the lower pipeline.
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Te results of the measurements were recorded and plotted
vs. time to examine corrosion rate reduction with time.

Tree diferent tests were performed. Te frst experi-
ment was blank, where no polarization of magnesium anode
or electrodes was applied. In the second experiment,
magnesium dissolution was coupled to the cathodic pro-
tection of the steel unit. In the third experiment, both the
steel unit and all fve corrosion probes were connected to the
negative pole of DC power supply, while the magnesium
anode was connected to the positive one.Te applied voltage
was 1.1 V, and the resulting current was 0.1 A. Te current
fowing through each electrode of each corrosion probe was
measured daily using UNI-T 65B Digital Multimeter with
0.1 μA accuracy.

Each test continued for 270 hours (two weeks). In the
daily hours, the pump and water heater were turned on, the
water fow rate was maintained at 0.2m/s, and temperature
was maintained at 45± 2C. Te total dissolved solids value
in water was 250 ppm. In the night hours and during
weekends, the setup was turned of but kept flled with water.
A 6 L portion of water was replaced daily by the supply of
fresh water. Water parameters were tested during one-day
run, namely, pH, calcium, hardness, alkalinity, and total
dissolved solids. Tese data were used to calculate the
Langelier saturation index [19].

When the test was ended, the corrosion rate was de-
termined gravimetrically by measuring the weight loss of

each electrode of the corrosion probes. Loose corrosion
products from the electrode surface were removed
mechanically with soft rubber, while dense and adherent rust
was chemically dissolved in 5M H2SO4 + 5 g/L thiourea. Te
electrodes were washed, dried, and weighed to 0.1mg ac-
curacy, and the corrosion rate was calculated.

Te corrosion reduction efciency was estimated by
calculating the degree of protection c. c shows the degree of
corrosion reduction when corrosion protection is applied
and is calculated using the following equation:

c �
CR

CRprot
, (4)

where CR is the corrosion rate of steel without any corrosion
protection applied (mm/year) and CRprot is the steel cor-
rosion rate in conditions of applied corrosion protection
(mm/year).

4. Results

Te corrosion rate values obtained from weight loss mea-
surements after 2 weeks of electrode exposure in the lab-
oratory setup are given in Figure 4(a), and the calculated
degree of protection is given in Figure 4(b).

Corrosion rates obtained from LPR measurements are
presented in Figure 5. Corrosion rate variation vs. time
provides information about the blocking properties of the
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Figure 3: Te scheme of laboratory setup: 1—closed water circuit; 2—electric heater; 3—centrifugal pump; 4—steel unit; 5—magnesium
anode; 6—LPR corrosion probes (1–5); 7—water inlet; 8—water outlet. Arrows indicate the water fow direction.

Table 1: Corrosion probe’s location along the water circuit.

Probe number

Distance from the
steel unit along
the water fow

(m)

Relative distance from
the steel unit

along the water
fow (%)

Distance to magnesium
anode (m)

Probe 2 0.2 5 0.2 (outlet of steel unit)
Probe 3 1.0 25 1.0
Probe 5 2.0 50 2.0
Probe 4 3.0 75 1.0
Probe 1 3.8 95 0.2 (inlet of steel unit)
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surface layer because the cathodic polarization was turned
of during LPR measurements.

Water parameters were measured after each test, and the
results are presented in Table 2. Tese parameters were used
to calculate the Langelier saturation index.

Cathodic current passing through each corrosion probe
was measured daily for the 2-week test. Te results are given
in Figure 6. Noticeable cathodic current was measured only
with probes 1 and 2 placed in the shortest distance from the
anode (15 cm).Te cathodic current on probes 3–5, placed in
the distance 1-2m from the magnesium anode, was hard to
register due to low water conductivity. Current-time de-
pendence shows a decreasing trend and fnally halves in the
end of two weeks.

5. Discussion

Steel corrosion rate in tap water without any protection in
the two weeks was relatively high, around 0.4mm/year
(Figure 4(a)). Te data obtained with LPR technique
appeared to be higher (0.5–0.7mm/year) because weight loss
measurements included night hours and weekends, while
LPR was only measured during 8 hours per day. According
to corrosion time dependence (Figure 5(a)), the corrosion
rate shows a decreasing tendency. For probes 1, 2, and 4, the
corrosion rate reached a constant level in 2-3 days, while that
for probes 3 and 5 slowly decreased for two weeks.

Corrosion reduction is a result of surface layer formation
from corrosion products and hardness salts. Te LPR
technique provides a possibility to estimate the protective
properties of the surface layers. Low corrosion rate means
that on the electrode surface, a barrier layer is formed,
preventing oxygen supply to the surface.

Te formation of carbonate deposits has the following
mechanism. Oxygen reduction by reaction (2) leads to the

formation of OH– that shifts calco-carbonic equilibrium in
the preelectrode layer:

HCO2–
3 + OH–

� CO2–
3 + H2O. (5)

In the presence of Ca2+ ions, calcium carbonate pre-
cipitates, forming a phase layer at the interface, thus re-
ducing the oxygen supply to the surface:

Ca2+
+ CO2–

3 � CaCO3. (6)

Te ability to form or dissolve calcium carbonate de-
termines the corrosion aggressivity of the water and can be
estimated with the Langelier saturation index. Positive index
value suggests that water can form calcium deposits, and
such water is believed to be nonaggressive, while negative
index values mean the water can dissolve carbonate deposits
on the metal surface and can cause corrosion speed-up.

Calculated indices for fresh water and after the blank test
are presented in Table 1. Te Langelier index for tap water is
1.3, so the water is nonaggressive. After the two-week test,
the index shows a slight increase (LI� 1.4), due to
pH increase.

When magnesium is anodically dissolved, the corrosion
rate of all probes is reduced in 1.5-2.3 times compared to
their corrosion rate in blank experiment (Figure 5(b)).
According to LPR data, the corrosion rate decreases in the
frst 3 days, reaching a stable value, and does not change
signifcantly for the rest of time. Calculated oxygen con-
sumption during electrolysis shows that its concentration is
reduced only by 10%. However, the obtained Mg2+ and OH−

ions increase total alkalinity and pH, so LI increases to 2.3
after the test with magnesium anode dissolution, meaning
that the water becomes less aggressive. Te achieved cor-
rosion rate appeared to be dependent on the location of the
corrosion probe. Te most efcient corrosion reduction is

Blank test
Mg dissolution

Cathodic protection0

0.1

0.2

0.3

0.4

0.5

1 2 3 4 5

CR
 (m

m
/y

ea
r)

Probe number

(a)

1.0

1.5

2.0

2.5

3.0

1 2 3 4 5
Probe number

D
eg

re
e o

f P
ro

te
ct

io
n

Mg dissolution
Cathodic protection

(b)

Figure 4: Weight loss corrosion rate and degree of protection with magnesium anode dissolution in tap water depending on the test
conditions.
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obtained with probe 2 located just in the outlet of the steel
unit where magnesium dissolution occurs. Newly formed
Mg2+ and OH− ions move with the water fow and cover the
surface of the corrosion probe with a dense layer, reducing
the corrosion rate.

Te results of cathodic polarization of corrosion probes
are consistent with the computer modelling (Figure 2). Te
cathodic current is registered only with probes 1 and 2,
located near the magnesium anode (Figure 3). Measured
cathodic current density was 1A/m2, which is enough to

reach complete cathodic protection of the steel according to
the corrosion diagram (Figure 1). However, electrodes 3–5
are not infuenced by the cathodic protection because of low
water conductivity. Te electric feld simply does not reach
these probes and they remain unprotected. So, the corrosion
rate of probes 3–5 reaches the same values as in the test
without cathodic protection.

Application of cathodic protection to probes 1 and 2,
installed close to the magnesium anode, coupled with the
increased Langelier index, favors the formation of the
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Figure 5: Time dependence of LPR corrosion rate in tap water depending on the test conditions: (a) the electrodes corrode in natural
conditions; (b) the magnesium dissolution takes place in the setup (0.1 A applied current); (c) the magnesium dissolution takes place in the
setup (0.1 A applied current) and the probe’s electrodes are connected as cathodes (cathodic protection).

Table 2: Water parameters in tap water depending on the test conditions.

No. Conditions TDS (mg/L) Calcium hardness (mg/L) Total alkalinity (mg/L) Water temperature (°C) pH pHs LI
1 Fresh water 220 200 100 45 8.20 6.9 1.3
2 Blank experiment 160 100 50 45 8.90 7.5 1.4
3 Magnesium dissolution 290 100 200 45 9.20 6.9 2.3
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protective carbonate layer on the surface of probes. Te
degree of protection of probes 1 and 2 is nearly the same,
2.98 and 2.84 times. Combination of cathodic protection
with reduction of water aggressivity provides the formation
of a carbonate layer on the whole surface of the metal, while
when no cathodic protection is applied, the carbonate layer
is formed only on the regions of the surface where oxygen is
reduced. Tus, some regions of the surface will remain
uncovered with calcium carbonate. However, the cathodi-
cally unprotected regions of the pipe are still protected with
a phase layer of calcium carbonate, formed as a sequence of
increased Langelier index. So, even in low conductingmedia,
the dissolution of magnesium anode provides distinguish-
able corrosion protection of the steel pipe. Te negative
impact of long-term exposure of metal pipe in water that
produces scale is that the inner section of pipe reduces and
can lead to the increase of a pressure drop over the narrow
sections.

Te results obtained in the present study provide the
information of the action radius of combined action of
cathodic protection and magnesium dissolution. In low
conductivity water, protected distance, where both cathodic
protection and magnesium dissolution are involved, spreads
only in 10–15 cm around the magnesium anodes. In the case
of the closed loop, all remaining surfaces will be protected by
the formation of calcium carbonate layer at a free corrosion
potential of the steel, and the degree of protection without
cathodic protection reaches 1.5–1.9 times.

6. Conclusions

Te distribution of cathodic protection inside the water
pipes was investigated using the computer model and ex-
perimental testing. Both techniques showed that for low
conductive media (TDS= 250 ppm), the protection feld
spreads only 15 cm around the anode. Te part of the pipe
located outside this region is unprotected because the
electric feld has no efect over it.

Te dissolution of magnesium anode leads to the in-
crease of water pH value and alkalinity. Tus, the water
saturation index increases and the steel corrosion rate de-
creases in 1.5 times. Te calcium carbonate deposits on the
steel surface forming a protective layer. Long exposure of
pipe in scale forming conditions may cause cross section
reduction and possible pressure losses.

On the cathodically protected steel surface, the calcium
carbonate layer with better protection properties is formed.
Te degree of protection on the cathodically protected steel
surface reaches 2.9 times.Te obtained results can be further
utilized to improve the performance of hot water supply
systems.
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