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Abstract

This study presents a controlled sacrificial anode (magnesium anodes) cathodic protection system for aboveground
storage tanks. The proposed method is able to control the anode’s current, which leads to enhance the performance of
anodes, therefore, increase the anode’s lifetime. The proposed system has been implemented in a laboratory-based tank
contains saline water (5661 ppm). In this experiment, the overprotection and anode energy loss were eliminated, and
the anodes lifetime has been extended 35.55 times higher compared to the conventional system. The proposed method
reduced the protection current and stabilized the system overall.
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1 Introduction

The corrosion process is an oxidation-reduction reaction
concept where electrons are removed from a metal sur-
face and replace them with oxygen from the surrounding
environment [1, 2]. The conventional method to prevent
metal corrosion is by coating or painting the surface of the
metal. Corrosion causes waste of valuable resources, loss
or impurity of productivity, efficiency, reduction, and often
plant shutdowns. The corrosion can also inhibit techno-
logical progress and jeopardize safety. In corrosion control
of metallic structures, the main issue with the conventional
sacrificial anode system is the excessive, uncontrollable
current flow by the anodes, which leads to high current
flow to the storage tank and causing overprotection, coat-
ing defect, and short anode’s lifetime.

The coating method is widely used to isolate the metals
from contact with the surrounding electrolytes, such as
water and soil. However, the coating cannot provide full
protection; thereby, corrosion will take place at the breaks
in the coating [3]. The cathodic protection (CP) is one of

the most effective and economical technique to prevent
structural corrosion by making the metal surface as a cath-
ode of an electrochemical cell [4]. The cathodic protec-
tion system can be applied to any metallic structure such
as tanks, buried pipelines, ships, marine’s jetties, and any
metals that have contact with electrolytes such as soil or
water [5]. The CP system can be performed either by inject-
ing current cathodic protection (ICCP) or sacrificial anode
(SA) [6]. The ICCP system requires an external DC power
source that is connected to the structure by using particu-
lar types of anodes, while CP with SA does not require any
external power source. The former one is more suitable for
the protection of larger structures like long pipe systems,
while the latter one is more suitable for the protection of
smaller structures such as tanks [7], which is the interest of
this study. The sacrificial anode is a metal that has a more
negative charge than the body of the structure. In conven-
tional SA systems of structures in the sea and freshwater,
the anodes are directly connected by welding to the body
of the structure.
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Olusunle et al. [8] investigated the effects of painted
structures on SA system performance. Their study sug-
gested that the sacrificial anode system can result in an
economical and higher performance in terms of a longer
anode lifetime if the metallic structure is coated instead of
the bare structure [8].

Ekhasomhi et al. [9] conducted a case study for design-
ing an SA-based CP system to protect the internal face
bottom and internal shell of barrels (BBLS) crude oil surge
tank. In this study, zinc anodes have been used as an SA to
protect a commercial tank which was made of mild steel
material. The aim of this study was to determine if the zinc
sacrificial anode system was an acceptable and convenient
solution to control corrosion .

Magnesium, aluminium, and zinc are the metals that
are commonly used as SA [10]. Zinc anodes are used when
the soil resistivity is less than 20 mQ, and Zinc and alumin-
ium anodes are used in seawater. Technically, magnesium
would be the best material as SA due to its higher poten-
tial. However, this higher potential causes overprotection
and generates the development of hydrogen gas, which
may cause coating defect and coating disbondment from
the tank [11]. In addition, due to the high current flow, the
anodes will be exhausted in a short time. The conventional
SA-based CP system suffers from the lack of having a con-
trollable current/potential system. This issue encourages
to have an SA system which its current and potential can
be controlled [12].

Nustad et al. [13] have proposed a fixed built-in resistor
to reduce the potential of the pipeline structures. In this
method, a fixed resistor was embedded inside in series
with the anode to drop the existing charges [13]. However,
this method did not have the flexibility to control the opti-
mum current flow required in a CP system. The optimum
current flow may need to be changed due to the change of

Fig. 1 Schematic diagram of
the proposed design for SA
system Tank-1 for internal bot-
tom and tank’s shell
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resistance of the electrolyte, material surface polarization,
and/or corrosion status of the structure.

Narozny et al. [11] have proposed a transistor-driven
SA system implemented on a laboratory steel structure
that was placed in seawater. A PNP transistor was used to
control the current of the magnesium anode [11]. How-
ever, the proposed system was limited only to the metal-
lic structures that have very low potential compared to
the potential of the anode. Also, it required an additional
anode as an auxiliary electrode to be connected to the
base of the transistor.

The sacrificial anode system is the most common solu-
tion for protecting structures from corrosion [14]. The Mg
is usually used as a sacrificial anode to provide cathodic
protection of underground and aboveground structures
such as ships, tanks, and pipelines [15].

In this paper, a fully controllable SA system is proposed
using a variable resistor for above ground tank structures.
Itis shown that by optimizing the current flow of the struc-
ture, the magnesium anodes' lifetime can be significantly
improved compared to the conventional SAs.

2 Materials and method

Figure 1 shows the schematic diagram of the proposed
design SA CP system. A variable resistor was proposed to
be in series with the anodes where all anodes were con-
nected in parallel and isolated from the tank body using
insulator pillars to avoid a direct connection to the tank
body.

In this study, three identical tanks with dimensions of
20 cm diameter and 22 cm height made of similar mate-
rial were developed and coated with two layers of Sam-
urai epoxy in order to evaluate the performance of the
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Table 1 Detail of the anode dimensions, distance to the tank body,
and the pitch used in this study

Internal Internal tank shell
tank bot-
tom
No of anodes 3 11
Anode length (cm) 6,15,6 94
Distance between the anode and 2 2
the tank body (cm)
Pitch (the distance between one 6 6
anode to the next anode) (cm)
Anode cross-section area (mm?)  9.5x19 9.5%x19

proposed SA system. Ribbon Magnesium anodes were
used in this study as the anodic material. For all three
tanks, similar anode dimensions and installation structures
were applied. The dimensions of the magnesium ribbon
anodes were calculated based on the consumption rate
equation of the Conventional SA system for the duration
of 1 month based on a specific electrolyte of saline water
with a TDS (Total Dissolved Solids) of 5661 ppm as shown
inTable 1 [16].

The most important part of designing a cathodic pro-
tection system is the required current per square meter
which is called (current density) to shift the structure’s
potential to a minimum —0.85 V with respect to the cop-
per/copper sulphate reference electrode. The required cur-
rent can be calculated as follows [17].

[ =ixA M

where /, is the total current required in amperes, i is the
current density required in a unit of A/m?, and A is the
surface area to be protected in a square meter, which can
be either for internal or external surface area. Thereby, the
weight of ribbon required for internal surface bottom or
tank shell can be calculated as follows [17]:

Y x 8766 x |

T 1000xZx U @

where W is the weight of ribbon anode, Y is CP system
lifetime, and / is the amount of current required for internal
tank bottom or tank shell, Z is the capacity of alloy, and U
is anode utilization factor.

The length of ribbon required can be calculated as fol-
lows [17]:

L=—

W (3)
where the L is the length of the ribbon anode required,
W is the total weight, and w is the weight/meter of anode
ribbon.

The anode coverage for both internal and external can
be calculated as follows [171:

S=2xdxtan60° (4)

where S is the ribbon anode separation in meter, d is the
distance between tank structure, and ribbon anode is in
meter.

Therefore, the required number of anodes for internal
and external protection can be calculated as follows [17]:

N = s (5)
where N is the number of the ribbon anodes in parallel, D
is the tank diameter in meter and S is ribbon anode sepa-
ration in meter.

The saline water was made up by mixing one litre of
fresh water and 11 g of sea salt. This electrolyte was used
for all experiments in this study. A commercial TDS (Total
Dissolved Solids) meter model EcoHydro was used to
monitor the TDS of the saline in the tanks on a daily basis
during the experiments to make sure the TDS level is not
changed. In case of any change in the water TDS, the water
was changed to keep the TDS constant. The salinity of the
used water is 5661 ppm.

Out of the three tanks, one tank (Tank-1) has been used
for implementing the conventional SA system. Figure 2
illustrates the magnesium anodes, which initially were
welded to the internal tank shell and internal tank bot-
tom before the tank was painted. The performance of this
tank is used as the benchmark to compare with the per-
formance of the proposed design.

Since the proposed system shown in Fig. 1 requires the
anodes to be isolated from the tank body, it is the interest
of this study to evaluate the influence of this isolation on
the corrosion protection as well as anode lifetime before
the variable resistor is applied in the system. Thereby,

Tank Body

Fig.2 Schematic diagram of the conventional SA systemTank-1
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the second tank (Tank-2) was used to implement a sys-
tem similar to the proposed design in Fig. 1, without the
variable resistor as the schematic diagram is illustrated in
Fig. 3. The “ON" potential measured when the switch S1 is
closed while the “OFF” potential will be measured when
the switch S1 is open.

In addition, the current flow of the tank was measured
by connecting an ammeter in series with the circuit, as
shown in Fig. 3. It should be noted that the current flows
through the circuit only when the circuit is in “ON” posi-
tion. The “OFF” state is only for a short time to measure
the “OFF” potential of the tank. In this condition, there
is no current flow through the circuit when the switch is
opened.

The third tank (Tank-3) was used to implement the com-
plete proposed design, as shown in Fig. 1. The switch S1
is placed in series in the system to allow “ON” and “OFF”
potential measurements. An ammeter has been used to
measure the protection current in this project, as shown
in Figs. 1 and 3.

Fig.3 Schematic diagram of
the proposed design for SA
system Tank-2 for internal tank
bottom and shell protection

Fig.4 Schematic of anode
installed in a real application
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Insulator Pillars

Figure 4 shows a schematic diagram of how the anodes
can be isolated from the tank body. The busbar isolator
shown in Fig. 4 is a commercially available isolator that
can be used for isolating anodes from the tank body as
required in the proposed Tank-2 and Tank-3. One side
of the busbar isolator can be welded to the tank body,
while the other side of the bus bar isolator can be fixed
into the holder box, as shown in Fig. 4. It should be noted
that the two sides of the busbar isolator are not electrically
connected.

3 Results and discussion

After fabrication of the three tanks, the potential of the
bare steel tanks before coating and installing anodes, have
been measured. The initial potentials were measured in
the range of — 0. 550 to — 0. 553 V with respect to the cop-
per/copper sulphate reference electrode. This potential is
in agreement with the potential of the clean and shiny

~~__Fixed side into
holder box(screw)
o Welded side to
tank body(screw)
Busbar (b)
isolator

@)
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mild steel reported to be in the range of —0.5t0 -0.8V
with respect to copper/copper sulphate reference elec-
trode [18]. Since the potential values are lower than the
minimum protection voltage, —0. 850V [19], the bare tank
is expected to be corroded due to the environmental con-
dition such as water, soil and humidity.

The potential of the Tank-2 and Tank-3 have been meas-
ured again after the tanks were coated, which showed
around —0. 606 to —0. 608 V. This result shows that the
protection level is increased compared to the bare tank,
but it is still not enough for self-protection from corrosion,
based on the CP potential criteria.

3.1 Performance analysis of Tank-1

As stated in Sect. 2, Tank-1 was used for implementing
the conventional SA protection system for the purpose
of benchmarking and performance comparison with the
proposed system. The potential of the internal tank has
been measured on a daily basis by using copper/copper
sulphate reference electrode until the anodes are fully
consumed, as shown in Fig. 5. The electrode was placed
in the centre of the tank’s bottom to measure the poten-
tial of the tank’s bottom and to measure the potential of
the tank’s wall, and the electrode was placed near the
tank’s wall. It was noticed that the two readings from

|
()

|
o
%

Current (mA)

|
S
=

- = = Minimum Protection

—e— ON Potential (V)

0 5 10 15 20 25 30 35
Time (Day)

Fig.5 Potential of the internal tank body recorded from the tank
with Conventional SA protection system (Tank-1)

Fig.6 The anodes used for this
study. a The original anode. b
The anode implemented with
a conventional SA system-
Tank-1. ¢ The anode imple-
mented with the proposed
Tank-2. d The anode imple- (a)
mented with the proposed
Tank-3

the mentioned set up were almost equal because of the
small size of the prototype and also due to a low seawater
resistivity. The low resistivity of the electrolyte made the
potential drop (IR) neglected. Therefore, the copper/cop-
per sulphate reference electrode was placed in the centre
of the tank’s bottom to measure the potential of the wall
and the tank’s bottom as well. The copper/copper sulphate
reference electrode was used for a short time during the
measurement only.

Figure 6a and b show the size of the original anode and
the consumed anode taken out from the Tank-1, respec-
tively. The results for the internal tank potential for “ON”
condition shows around —1. 6 V for the first 20 days and
then started to reduce gradually till the day 32 that the
potential was already reduced to —0. 7 V. This was lower
than the minimum protection potential level, as illustrated
in Fig. 5. In this case, the lifetime of the conventional SA
system lasts for only about 31 days based on the experi-
mental results, which is almost closed to the theoreti-
cal one-month design lifetime. The reason for the short
lifetime of the conventional SA system is due to the high
current delivered by the anodes. The current of the con-
ventional SA system was not possible to be measured as
the anodes were welded to the tank body. The high cur-
rent delivered by the anodes not only affected the life-
time of the CP system but also causes coating defects.
Based on our observation, the coating of the internal tank
was in good condition for the first 15 days, but after that,
the coatings started to defect in the form of disbonding
from the tank body in some parts of the internal tank. A
few days later, between days 18-31, the coating has been
cracked in the disbanded area and eventually toward the
end of the experiment which part of the coating was sepa-
rated from the tank body.

3.2 Performance analysis of Tank-2

The design depicted in Fig. 3 was implemented in Tank-2,
and it was observed until the anodes were fully consumed.
The potential of the internal tank has been measured by
using copper/copper sulphate reference electrode every
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Fig.7 Potential “ON” and current “OFF", the potential of inter-
nal tank measured from the tank with the CP system proposed in
design Tank-2

day, and the achieved result is shown in Fig. 7. The result
shows that for the first 22 days, the “ON" potential was rela-
tively constant around — 1.616 V and gradually reduced to
—1.4 V. On the 48th day, it was observed that the poten-
tial level was rapidly reduced while on the 53rd day, its
potential level measured below the minimum protection
level, —0.731V as illustrated in Fig. 7. The “OFF” condition
potential was measured in between —1.2to —-1.3V, as
shown in Fig. 6.

On the other hand, the results of current flow show that
the current level for the first 6 days was high about 80 mA
before the polarization of the tank body. Then, the cur-
rent reduced to around 60 mA at 11th day, and again, it
dropped to about 35 mA in 31st day. After that, the cur-
rent gradually reduced to about 22 mA on the day 47th
and then it is reduced to about zero on the 53rd day. The
drop of the potential from the day 50-53 was due to the
anodes which have been fully consumed, and the image
of the consumed anode is shown in Fig. 6¢.

The results and observations of this experiment show
that the potential level in the Tank-2 was also considered
as overprotection compared to the minimum potential,
—0.85 V required for protecting the tank. Thereby, this
overprotection causes the high current consumption rate
of anodes and, thereby, leads to a short anode lifetime
around 52 days.

3.3 Performance analysis of proposed design
Tank-3

In this experiment, the proposed design depicted in Fig. 1
was implemented in Tank-3. The “ON” and “OFF” poten-
tials and current of the internal tank have been measured
by using copper/copper sulphate reference electrode
and digital multimeter, respectively and the results are
shown in Fig. 8. In this experiment, the current/potential
of the tank body has been controlled by using a variable
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Fig.8 Potential “ON"and current “OFF” where the potential of inter-
nal tank measured from the tank with the CP system proposed in
Design Tank-3

resistor to achieve the minimum protection potential
and thereby minimum current to meet the CP criteria. In
this study, the potential of the tank was set to — 1. 22V,
slightly higher than the minimum required potential to
allow the tank body to be polarized. Based on this poten-
tial, the initial current was measured to be around 4.2 mA
for the first 12 days and then after the tank body is slightly
polarized the current flow decreased to 4 mA and then
remained almost constant until the 33 days. The results
suggest that in the 33rd, a full polarization of the tank
body has occurred. At a current of 4 mA noticed that the
“OFF” potential being increased so, the current has been
adjusted to 1 mA in order to avoid the overprotection and
then the current remained constant until the experiment
has been stopped on the day 59th due to achievement
of full polarization. Figure 6d shows the image of one
example of the anodes taken out from the Tank-3 after
the 59th day in comparison with the original anode shown
in Fig. 6a.

Comparing the results of Tank-1 and Tank-2, it can be
noted that by insulating the anodes from the tank body,
the anodes lifetime can be extended to 1.67 times com-
pared to the conventional SA where the anodes were
welded to the tank body.

Comparing the performance of the setup in Tank-2
with Tank-3 it can be noticed that the isolation of the
anodes without controlling the current flow does not
contribute a significant extension to the anode lifetime.
To further compare the performance of the three tanks,
two methods were considered here, one based on the
current flow and the second based on the weight of the
anodes. For the first comparison, since the experimen-
tal current of the conventional SA in Tank-1 is not avail-
able, it has been calculated to be 142.2 mA based on
the experimental values. The consumption rate of the
anode has been calculated from the proposed design
in Tank-2 based on the anode’s current output and its
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lifetime. The current for the Tank-1 conventional CP
system has been calculated and considering the initial
current draw of 4 mA in Tank-3 compared to the con-
ventional SA. The Tank-1 shows that the proposed SA
system can improve the life expectancy of the anode
about 35.55 times longer. On the other hand, comparing
the remaining weight of the anodes in the Tank-3 which
was 31 g, to the original weight of anodes 33 g, it shows
the outperformance of the proposed setup in Tank-3 by
31.4 times, which is in agreement with the results shown
above is based on the current consumption.

4 Conclusion

The aim of this study was to improve the performance of
the SA protection system. The application of a resistor-
controlled design reduced the required current output,
which is to protect the internal shell and tank bottom in
saline water. The proposed design (Tank-3) is to isolate the
anodes from the tank body and utilizes a variable resis-
tor to allow full control of the tank potential/current. The
proposed design has been examined experimentally and
the performance was compared with the conventional SA
system. The proposed design (Tank-3) has shown that the
anode life expectancy improved 35.55 times (based on
the current) and 31.4 times (based on anode weight) com-
pared to the conventional SA systems. The improvement
of a sacrificial anode lifetime increased up to 35.55 times,
which was a significant accomplishment that never has
been reported before for cathodic protection of tank appli-
cations. Also, in the proposed design, the overprotection
and anode energy loss were eliminated. Thereby, by imple-
menting the proposed design (Tank-3), the performance
of the anode has been enhanced compared with the con-
ventional SA systems. Besides the lifecycle improvement,
the proposed design (Tank-3) offers other advantages such
as no coating defect as well as easier anode installation
and maintenance, which the anodes do not need to be
welded to the tank body which they can be easily fixed.
The proposed method in this study would be very help-
ful for industries associated with storage tanks for storing
water, cooking oil, industrial oil, and gas industries.

In order to improve the life expectancy of the system,
itis recommended that aluminium or zinc anodes to be
considered beside magnesium anode for future work.
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