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EXECUTIVE SUMMARY

This research work has been supported by the DOE-FIU Science & Technology Workforce
Development Initiative, an innovative program developed by the U.S. Department of Energy’s
Office of Environmental Management (DOE-EM) and Florida International University’s Applied
Research Center (FIU-ARC). During the summer of 2024, a DOE Fellow intern, Bryant Pineda,
spent 10 weeks doing a summer internship at Savannah River National Laboratory (SRNL),
Applied Research Center (ARC) under the supervision and guidance of Dr. Pavan K. Shukla,
Principal Engineer at Savannah River National Laboratory (SRNL). The intern's project was
initiated on May 27, 2024, and continued through August 9, 2024, with the objective of designating
a standardization procedure for the utilization of Vapor Corrosion Inhibitors (VCIs) within the
domain of Aboveground Storage Tanks. The bottom plates of the tanks are severely prone to
corrosion conditions influenced by the environmental impact, primarily exposed to natural
rainwater. VVapor Corrosion Inhibitors provide a first-stage defense mechanism, which ideally
neutralizes and mitigates the corrosion agents from increasingly accelerating the rate of
degradation on the bottom's surfaces. Although the adoption of Vapor Inhibitors in the application
of storage tanks remains a relatively recent development, there is fairly low established
standardization for commercial practices to produce tailored products that ensure the tank's
sustainability. This research seeks to elaborate on establishing a universal framework for
evaluating the weaknesses and strengths of VCIs under conditions simulating those found in
Aboveground storage tanks.
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INTRODUCTION

A containment unit's responsibility is to effectively prevent external factors from interacting and
solidify a reaction that can dismantle an operation. The Aboveground Storage Tanks (ASTs) are vital
infrastructural systems across various industries, entrusted with securely containing vast volumes of
essential and hazardous fluids such as oil, chemical waste, and water. The stabilization and structural
integrity of the metallic surfaces of the tanks are predominantly monitored to prevent severe failure that
could lead to environmental contamination, substantial financial losses, and operational disruptions.
Maintaining the integrity of the AST is significantly confronted with the possibility of corrosion formation
on the surfaces, affecting the carbon steel bottom plates of the tanks and involuntarily increasing the
vulnerability of the structural composition of the material. This specific type of corrosion is recognized as
soil-side corrosion, which is primarily driven by environmental factors such as moisture entrapment,
rainwater-induced ion concentration, and the presence of aggressive salt ions. Soil-side corrosion is the
interaction of an un-stabilized condition of the flooring material for the tank pad influenced by the
environment that proposes an increasing corrosion rate that locally forms in areas of the bottom plates at
fluctuating patterns. If the formation of localized corrosion is improperly mitigated or stabilized, a severe
degradation "pitting” will affect the structural composition and integrity, leading to an early failure of the
life cycle of the tank. Figure (1) illustrates the specified area of interest, demonstrating the pitting formation
on the bottom plates [1]. Figure (2), presented by the Material Performance Magazine [2], reveals the severe
corrosion damage and formation of holes in the occurrence of high-concentration of soil-side corrosion in

localized areas of the plates.

-~ Pitting Corrosion
Holes in Tank Bottom

'.'"‘

Figure 1 - Aboveground Storage Tanks: Pitting Formation [1]
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Figure 2 - High Concentration of Corrosion Deposits [2]

Currently, Aboveground Storage tank operators have relied on other exclusive methods to stabilize
the electrochemical reaction, utilizing cathodic protection and generic protective coating to prevent
corrosion from forming initially. These methods have proven to support the metallic surface of the bottom
layer adequately in specific situations, but according to companies like Corcon [1], these methods propose
further challenges due to the sensitive requirement for covering the entire bottom plates. For instance, the
cathodic protection, which is widely recognized within the community, is utilized for its innovation of
enabling a current flow to function as a form of altering the electrochemical reaction produced by the
environment surrounding the metal structure to effectively prevent the natural corrosion process. [1] Several
failures of the tanks are diagnosed to correspond to the ineffective coverage of the cathodic protection due
to the sensitive requirement of eliminating the possibility of air gaps, which restricts the current flowage
and disables the localized coverage. The limitations of these traditional approaches, such as uneven
application and inconsistent effectiveness, highlight the need for more advanced and reliable solutions.

The Vapor Corrosion Inhibitor (VCI) method is an alternative for mitigating soil-side corrosion.
The VCI consists of chemical compounds, including amines, carboxylates, nitrites, phosphates, and organic
materials. This composition of chemical compounds requires explicitly being subjected to a vapor state in
order to form a protective molecular layer on the metal surfaces, effectively defending against any corrosion
factors. Contrary to the traditional methods, which required specific configurations to enable functionality,
the VCI offers a more accessible entrance to the system being injected within the pad, subjectively
facilitating the migration needs to cover the entire bottom plates and defending it from the corrosive
condition of the environment. Figure (3) illustrates the injection procedure of the VCI, the vapor state
particles migrate through the soil and attaches itself to the metal surface covering all cavities of past
corrosion deposits. The VCI does not inherently eliminate the natural response to the decay of the metallic
material, but optimistically, it provides for the possibility of stabilization and further prevention of corrosion
deterioration.

Figure 3 - Vapor Corrosion Inhibitors Injection Procedure.
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The utilization of Vapor Corrosion Inhibitors (VCIs) within the boundaries of ASTs is increasingly
recognized as a reliable approach for stabilizing and mitigating corrosion formation. As the concept of VCI
continuously increases in popularity, there is a necessity for standardized guidelines to qualify the
effectiveness of the product under various environmental conditions. The research presented aspires to
contribute to the development of standardized experimental methods for accurately assessing VCI
performances and identifying areas for potential enhancement, ensuring reliability in the application for
diverse settings.
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ESTABLISHING STANDARDIZED MATRICES

2.1 Developing the Test Matrices for VCI’s Qualification.

The behavioral intricacy involved in the formation of corrosion is a vastly complex and
unpredictable concept. Currently, engineers and scientists have designated standards and models that
encompass a pervasive amount of metals and alloys to allow guidance in understanding the formation of
corrosion within specific conditions. Yet, the ability and accuracy to predict the intensity and rates of
corrosion are challenged due to the complexity and variability of influencing factors. These conditions
generally result in severe pitting and the early stages of failure in the bottom plates of Aboveground Storage
Tanks. Developing and establishing a standardized method to effectively qualify the VVCI properties within
specific synthetic conditions will provide an enhanced comprehension of what is required to effectively
mitigate via VCI, soil-side corrosion at various moisture levels, sand quality, and sand salt concentrations.
This section details the experimental procedures used to test the efficacy of VCls in these conditions.

2.2 The Quiality of the Sand

This organic and inherent deterioration process “corrosion” tends to be quite delicate and is
influentially manipulated by several admirable environmental factors. The Aboveground Storage Tanks are
structurally sited above a foundational ground known as a " Tank Pad," assisting in securing a leveled
ground and distributing the structural pressure of the overall tank. The composition of the materials varies
based on the requirements to ensure the safety and stability of the tank's health in consideration of
environmental factors. Generally, tank pads utilize materials such as (i) sand or gravel, (ii) concrete, (iii)
asphalt, and (iv) oiled sand in which, dominantly within the continental United States, sand tends to be
within the affordable range and functionally manipulated to fit and withstand high levels of compressional
pressure. Among the diverse list of materials, the utilization of VCI requires a form of migration
advancement to disperse within the pad and generously coat the metallic surface; due to sand functionality
to allow interconnected porosity, the standardization and experimental arrangement will comprise of
utilizing it.

Figure 4 - Aboveground Storage Tank “Sand Pad" [3 [1]]

Sand's versatile adaptability allows it to suit the shape required for various applications, certifying
it as an ideal choice for large-scale operations such as AST. The capabilities to adapt are revolutionary,
allowing for the stabilization of the structure and ensuring an even distribution of load with consideration
of the internal component and the shell weight of the tank. However, the usage of sand is effectively
challenged by the environmental impact that inherently accelerates the rate of corrosion. Sand naturally
entraps water due to its particle composition and structural behavior; this, in turn, increases the moisture
level, raising the indication of corrosion to form within the bottom plate and specifically in localized areas.
The indication of the water is related to the intrusion of rainwater which naturally comprises of salts like
Sodium Chloride (NaCl) and Sodium Sulfate (Na2SQO.), which, in fact accelerate the corrosion process by
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providing electrolytes that facilitate electrochemical reactions on the metal surface. These are natural
responses to how sand reacts to various environmental factors, behaviors that cannot be modified or
prevented from occurring in the sand. In response to the formation of corrosion, preventing the bottom plate
is reasonable and available with the use of several methods, including the VCI, and ensuring qualified sand.
According to the company Corcon [1], the quality of the sand enables proper cathodic protection, which
they failed to acknowledge and resulted in deep pitting and failure on the floor of the AST tanks. Ensuring
that the quality of the sand is appropriately leveled with the composition and size of the grain will effectively
allow the VCI to migrate and disperse with ease, enabling a form of corrosion prevention.

2.2.1 Sieve Analysis

The efficiency of the VCI among the determinant particle size parameters for the granular sand has
yet to be experimented with and reluctantly researched enough. [4] accordingly, past efforts have provided
hints of the manifestation and highlighted that the large size of particles prevents a proper dispersion
mechanism that enables the VVCI to reach the metallic surface of the floor. VVarious suggestions recommend
a plausible explanation that the larger size of a particle develops a pocketed concentration “Hotspots”,
creating a disarrangement within the surrounding area. Figure (5) defines the circumstances that occur when
there is improper quality control for the sand grain size; the left half of the diagram illustrates a more
controlled environment and level assessment of the sand, allowing proper flow of VVCI to disperse and reach
the metallic surfaces. The right half of the diagram represents the efforts of the VCI migration pattern,
struggling to have direct coverage due to the difference in size and being in constant contact with the metal
floor, increasing the rates of localized corrosion. Several tank operators have relied on the specification of
sand quality relating to the American Society for Testing and Material (ASTM) C144 [5] and ASTM C778
[6] to maintain an appropriate range of particle size throughout the overlay of the foundational ground.
Table (1) references the sieve analysis sizes that are acceptable and recommended by various AST
operators. For the experimentation and accurate depiction of the VCI's effectiveness, a sieve analysis will
be performed to discharge the sand from containing large grain size and similarly reflect the sand properties
used in the actual sites of the AST.

Bottom Plate

e
2o NI/ I/

VCI Injection VCl Injection

Figure 5 - Grain Size Analysis [2] [3]
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Table 1 - Specification of Sand Quality

Gradation of natural sand for the graded sand specification
Percentage passing in
Sieve Size No. Sieve Opening Size accordance with ASTM C778
16 0.047 inches (1.18 mm) 100
30 0.023 inch (600 pm) 96 to 100
40 0.0166 inches (425 um) 65to 75
50 0.0117 inches (300 um) 2010 30
100 0.0059 inches (150 um) Oto4

2.3 Experimental Arrangement
2.3.1 - Moisture Content

The natural behavior of sand does not directly impose corrosion on the metallic surface of the
flooring; instead, corrosion is formed when there is a chemical or electrochemical reaction to which natural
dry sand is incapable of emitting. The quality and sieving of the sand regulate the interaction between the
alloyed surface and the granulate texture. This distributes the sand pad evenly and reduces the ability to
form localized pitting, degrading the tank's life. Sand is not the primary component that instigates corrosion
in any metallic surface; instead, environmental factors like pore water and air quality expand the possibility
of triggering corrosion. The entrapment of the pore water is a natural relationship that occurs due to
composition and the effect of rainwater infiltrating the ground and filling the spatial areas formed by the
grains. [5] Several investigations were performed to comprehend the levels of moisture contained within
the sand that is in direct contact with the bottom layer of the ASTs. The conclusion raised significant outputs
that declared that the sand found underneath was nearly saturated with pore water, causing the formation
of localized electrochemical reactions on the surface and the incrementation of wall degradation among the
floor layers. The experimental proposition of the samples will provide a thorough qualification of the VCI
advantages and disadvantages of the effectiveness of coverage in the presence of moisture. Optimistically,
this will allow further comprehension and enhancement to be conducted on VCI to properly configure a
formula that will suppress and regulate the effects of corrosion with the consideration of different rates of
moisture.

2.3.2 - Salt Content

The incrementation of moisture within the limited capacity that adheres to the sand enables the
natural composition of rainwater to interact with the surface of the tank's bottom layer. The configuration
that is declared as rainwater is constituted of several variations, including dissolved gases, ions, and
minerals, specifically exchanges between them due to air quality and geographical position. The
environmental factor that rainwater contributes to the formation of corrosion is coherent with the amount
of water moisture present within the pores of the sand grains. As the pollution and infiltration of the
rainwater occur across the boundaries of the tank's bottom layer, the water contributes to carrying
fluctuating ranges of ions, specifically Sodium Chloride and Sodium Sulfate. The pore water struggles to
evaporate at a consistent rate, which declares the ions to remain within the grains, effectively disrupting the
passive oxidize layer anointed on the metallic surface of the bottom layer. The consistency of the rainwater
entrapping with the sand effectively leads to the modification of the quality that the sand contributes to and

11
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depletes the ideal of clean sand, providing the first line of defense for the mitigation of corrosion [5]. The
ions remain increasing due to the rainwater naturally occurring throughout the seasonal cycles, leading to
a progressive accumulation in the sand. As the concentration of these corrosive agents rises, the integrity
of the tank's protective layer is increasingly compromised, accelerating the corrosion process and posing a
significant risk to the longevity and safety of the storage system. The experimental analyses will contribute
to the comprehension of the VCI's advantages in response to the incrementation of salt content contained
within the sand. Similar to moisture, different stages of salt, including chloride and sulfate, will be
investigated to properly analyze the effectiveness of the VCI when interacting with extensive amounts of
ions, which produces incremental amounts of corrosion damage within the thickness of the bottom layer.

2.3.3 Evaluating Experimental Analysis

The foundational comprehension of the formation of corrosion is a widely recognized investigation
that various researchers heavily seek to experiment with to determine methods to stabilize its effects. One
factor that enables corrosion to be multi-complicated and extensively enhances the general concept is the
fluctuation and unreliability of the environmental impact. The configuration of the experimental analysis
will consist of a synthetic rendition, compositing with all the influential factors that interactively form
corrosion at an incremental rate within the metallic surface of the tank's bottom layer. The evaluation and
monitoring methods for these experiments will consist of two significant systems that propagate coherently
and establish a practical framework. This framework will provide comprehensive data that highlights both
the advantages and limitations of the VCI. By analyzing this data, we can identify areas for improvement
and optimize the VCI's performance to meet the specific requirements of the tank operators and the
environmental conditions they encounter. Establishing a prior illustration of the incrementation in corrosion
rate would enable the data to demonstrate the advantages of VCI effectively. The evaluation would
correspond to the use of Electrical Resistance (ER) Probes and Mass-loss coupons to accurately identify
the ranges and limitations of the VVCIs. ER probes offer a continuous, "on-line" monitoring method that
does not rely on internet connectivity but instead provides uninterrupted data on the corrosion rate. These
probes function by measuring the differences in the electrical resistance of a metallic structure. As corrosion
progresses, the sample's surface area diminishes, leading to an increase in resistivity. Figure (6) illustrates
the functional direction of the ER probes to detect and quantify the differences in resistivity, demonstrating
their effectiveness in monitoring the progression of corrosion.

Electrical Resistance: R-Q

R=r «

|

L = Elemental Length A = Cross Sectional Area  r = Specific Resistance (Steel C1010 — 1.59E-7)

12
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Number | Diameter (in) |Resistance . .
1 0.25 0.000502 | 0000800 Resistance Comparison
2 0.24 0.000545 | 4000700
3 0.23 0.000593 | ;100600
1 0.22 0.000648 | , oo
5 0.21 0.000741 | o0 o
6 0.26 0.000464
0.000300
7 0.27 0.000431 0.000200
8 0.28 0.000400 ) ]
9 0.29 0.000373 | 00010
0.000000
10 0.3 0.000349 . 5 . 4 5 5 _ 8 g 10
— [esistance

Figure 6 - ER Probe Resistance Comparison

This analytical difference is automatically converted into an electrical signal by the ER probe’s
data logger. Determining the corrosion rate requires the comparison of the initial signal (S1) with the current
signal (S2) over a specific period. This comparison enables the calculation of the corrosion rate, typically
expressed in mils per year (mpy), illustrating the progression of corrosional damage over a period of time.
The experimental values will be conducted twice a week, with seven scans performed during each session.
The approach ensures the apprehension of fluctuations due to environmental factors like moisture and salt
content. The data collected will be analyzed in terms of time intervals, from the initial day (T1) to the
current day (T2), to provide a comprehensive statement of the progressional effect of corrosion. The
corrosional rate equation provided below will apprehend the involvement of the overall degradation that is
occurring due to the specified condition via differences in moisture or salt confinement. When VCI is
introduced to the system, the expected result will require the ER probes to transmit consistent results,
ensuring the advantages of VCI correspond to the condition and preventing corrosion from increasing its
wall mutilation.

Corrosion Rate (C): C — mpy (Mils per Year)

_ Px365AS
1000 * AT

P = (ER) Probe Life AS = Difference in Signals AT = Difference in Time (Days)

The Mass Loss coupons refer to a miniature, standardized metallic piece, in this case, a Carbon
Steel alloy composition A36, used for experimentation and evaluation on the corrosional degradation. The
coupons will enable a visual representation and an analytical assessment of the localized corrosion to
simulate the effects that occur naturally on the bottom floor. A star formation of several coupons will be
integrated into the simulated condition to investigate the corresponding effects due to pitting formation and
oxide layer retention. Microscopically evaluating the coupon will reveal the in-depth degradation and
process rate of the localized section. These analyses will function as another form of corrosion rate and will
provide the corrosional pattern that coherently forms due to the differential conditions. When VCI is
injected within the system, it will illustrate the migration pattern and coverage assessment capable of within
the surface and visually demonstrate the disadvantage that similarly will reflect its usage in the tank's
bottom layer.

13
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Figure 7 - lllustration of (a) ER Probe, (b) Mass Loss Coupon

14
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RESULTS AND ANALYSIS

The majority of these experimental values have been proven to function effectively, providing sufficient
data on the advantages of the VCI within the parameters and junction of the tank's bottom floor layer. The
migration patterns and efficiency of the VVapor Corrosion coverage were investigated in the PRCI (Pipeline
Research Council International) Phase 1 and Phase 2 to illustrate the requirements for appropriately using
VCl as an innovative mitigation method [4]. The objective of this investigation is to establish a standardized
procedure that equivalently provides insight into the advantages and disadvantages of the VCI being used
for the specific requirements to maintain the structural balance of AST health. Optimistically, these values
and procedures will invite new competition and enhancement in the process of VCI production. The test
matrices will propose methods by which the companies can assuredly prepare without the need for advanced
machinery and can be compared with the values proposed by this investigation.

3.1 Sieve Analysis Conclusion

Prior to this section, the familiarity and reasoning for the selection of this experiment consisting of
sand was introduced. Vapor Corrosion requires the ability to travel at the expense of minimal space, which
is granted naturally by the grain texture of the sand. Larges particles interrupt the coverage layer and the
mitigation procedure of the VCI, which intensifies the corrosion rate. Allowing for an unstable and
uncontrollable rate of particle sizes will introduce the possibility of corrosion occurring in localized areas,
accelerating the wall degradation and causing early signs of failure. The conclusion states that integrating
the arrangement of sieving the sand will provide more accurate values and effectively present the needs of
the AST. The possibility of manipulating the sand used within the sand pad becomes rather challenging to
encapsulate; companies provide small samples so as to maintain the leveling and structural support of the
sand. To satisfy the requirements of the test matrices, the experiments opted for commercially available,
store-bought sand packages. Each sample will contain 1.4 kg of sand, with a total of 37.8 kg (or 83.334
Ibs.) needed for all 27 samples. This amount is equivalent to approximately 1 and 2/3 standard sandbags.
Given the substantial quantity required for analytical testing, the use of pre-packaged sand ensures
uniformity and ease of handling. Additionally, this approach facilitates ease of replication for companies,
allowing them to effectively recreate the test conditions and achieve consistent results when evaluating the
VCI’s performance for data collection.

The utilization of commercially available sand is initially fabricated for general purposes, undermining
the controllability of the composition of the various grain sizes. Given the necessity of mitigating corrosion
and uniformity for migration purposes, it is necessary to comprehend the percentages of the various sizes
confined in the sandbags to effectively reconfigure the physical properties and compositional characteristics
to reflect the standardized sand utilized by AST operators. Two experiments will be conducted to
preemptively investigate the analytical aspect of the sandbags: the Initial Assessment and the Post-Drying
Assessment. The Initial Assessment consists of utilizing the sand directly from the package,
disacknowledging the inclusion of moisture and foreign materials. For an accurate conclusion, two sets of
samples will consist of 500 grams of silica sand to approximate and secure the percentage composition of
the grain sizes effectively. Table (1) will be referenced and adhered to, along with the inclusion of No. 20,
Mesh size 850 um, to precisely categorize the standardized size acceptable for proper flowage of Vapor
Corrosion. Figure (8) reflects the various levels of mechanical sieves required to precisely and adequately
organize and disregard the large particles. The sieving process was efficiently machined with the Fritsch
Vibratory Sieve Shaker, which optionally could be replicated with hand motion. The Post-Drying
Assessment experimental requirements are traditionally similar to the Initial Assessment except for the
inclusion of the theoretical possibility of accounting for moisture to affect the precision of manipulating the
sand's physical properties. To avoid the conclusion from fluctuating and differentiating from the samples,
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the silica sand will remain confined within a furnace for an approximation of an hour. The inclusion of this
procedure will hypothetically eliminate the effects of moisture entrapment, allowing the use of the sand as
required. The exact process will remain unchanged; this includes two 500-gram samples, adhering to Table
(1), and sieving the sand to acquire the percentages of particle size to satisfy the necessary standardization.
The conclusion of both analyses provided the details and the initial standardization to account for when
replicating the experimental samples to effectively propose the advantages of mitigation of the Vapor
Corrosion Inhibitors. The values of the Initial and Post-Drying Assessment did not vary; the percentages of
particle size were similar overall, and the composition of larger grain size, above (1.18 mm), was
approximately 10-15 % percent at each sample. The concluded value of 10-15% embodies the overall
percentage of particle sizes within the package that are increasingly massive and do not meet the
standardized requirements. The inclusion of this analysis will permit the consideration of the necessary
amount of material required to fulfill these experiments with regard to the loss of material due to large
particles. Comprehending the specific amount of grain size composition of each bag would also introduce
the standardization of altering the physical properties and characteristics of the sand to reflect those utilized
within the Aboveground Storage tanks process. The analysis and procedure will introduce the first line of
defense against localized corrosion and permit proper coverage of the VVCI with the metal samples.

Figure 9 - Sieve Analysis (Values) (a) Pre-Sieve, (b) Post Sieve
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3.2 Experimental Analysis Conclusion

The conclusion of the sieve analysis provided informational data that contributes to the
comprehension of the material utilized and the requirements necessary to produce a controllable
environment. The studies of the Initial and Post-Drying Assessments identified the unnecessary process of
drying the silica sand and ensured no variation in utilizing it directly from the packages. This initial
standardization allowed proper controllability and uniformity for the quality of the sand, discarding the
large grain size and ensuring proper migration flow for the VCI to enhance the mitigation and prevention
of localized corrosion. Upon completion of the sieving process, each sample will contain approximately
1.4 kg of silica sieved sand below the 1.18 mm (No. 16) grain size to produce the simulated environment
of the standardized sand pad composition generally utilized by the AST operator. These samples will
embody the realistic aspect of the material and the formation of the corrosion to illustrate the performance
of the VCI product when introduced to problematic issues that occur for the Aboveground Storage tanks.
Effectively considering the differential stages of moisture and salt content present in the sand will embark
on a controllable synthetic environment that will enable corrosion formation within any metallic surfaces.
Table (2) introduces the stages and composition requirements to represent the necessary environmental
impact. The container for each sample is capable of withstanding 375 ml of deionized water with the
consideration of accounting for the retention capacity of the 1.4 kg of sieve sand. The retention of each
stage will differentiate and truly encapsulate an overall illustration of the capacity of coverage and corrosion
formation. Moisture levels of 25% (94 ml) and 50% (188 ml) represent the proportional ratio of realistic
stages of pore water commonly found in direct contact with the bottom floor layer of the tanks. The moisture
level of 75% (282 ml) is to analytically decipher the conditions and propose enhancements to the VCI when
faced with an extreme condition.

Table 2 - Experimental Analysis (Moisture & Salt lons stages)

Experiment 25 Experiment 50 Experiment 75
Moisture LvL | 25% Moisture LvL | 50% Moisture LvL | 75%
Sulfate Sulfate Sulfate
Chloride (CL) (SO+2-) Chloride (CL) (SO+*-) Chloride (CL) (SO+2-)
Salt -
Stage 1 (5-10) ppm (2-5) ppm (5-10) ppm (2-5) ppm (5-10) ppm (2-5) ppm
Salt -
Stage 2 (25-30) ppm (10-15) ppm (25-30) ppm (10-15) ppm (25-30) ppm (10-15) ppm
Salt - (250-300) (100-150) (250-300) (100-150) (250-300) (100-150)
Stage 3 ppm ppm ppm ppm ppm ppm

The salt content is introduced explicitly to deionized water to simulate the effects of the rainwater,
along with understanding the corresponding relationship between the interaction of salt minerals and
metallic surfaces. The primary utilization of salt ions is determined by the incremental rate found when
analyzing the sand pad that exclusively illustrated early signs of failure; two of the main salts that are
prominent correspond to Chloride and Sulfate. The metallic surface, Carbon Steel, naturally generates a
thin protective oxide layer that passively mitigates minor corrosion influence. When the interaction of
Chloride ions (Cl-) is present on any metallic surface, the ions tend to attribute aggressive patterns and
disrupt the oxide layer where there is physical contact. This disruption actively increases the electrical
conductivity of the electrolyte of the substances that surround the metal; in this case, the conductivity of
the water will increase, enhancing the electrochemical reactions that naturally increment the rate of
corrosion in the system. Disrupting the oxide layer will introduce the development of a high concentration
of corrosion; over a period, the fluctuation of concentration will increment the degradation rate, allowing
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for localized areas of pitting to form on the bottom layer. The Sulfate ions (SO+>") contribute to the
formation of sulfuric acid (H2SO4) when interacting with water; this acidification lowers the pH of the
environment, producing a more imbalanced condition that increases the formation of corrosion at a more
accelerated rate. Encapsulating these reactions and conditions required controllable proportion to
effectively demonstrate that the VVCI is capable of withstanding such harsh environments. The different
stages of salt content required a specific ratio corresponding to the weight of the samples to effectively be
integrated along with the moisture to recreate the corrosion environment synthetically. Stages 1 and 2 will
similarly represent the rates of Chloride and Sulfate found in sand pads that experienced heavy amounts of
corrosion. Stage 3 will integrate extreme conditions of chloride and sulfate to purposely investigate the
limitation of the VCI and investigate forms of enhancement. Nine primary samples will represent the
different test matrices necessary to explain all spectra of the VCI. Experiment 25 will represent the moisture
level of all three samples to remain at 25%, with only modifying the incremental rate of salt ions in each
sample. Experiments 50 and 75 overall similarly reflect the same procedure as experiment 25, with only
changing the moisture level. These standardizations of samples will effectively illustrate the influential
pattern of the corrosion rate, corresponding either to moisture properties or the salt ions properties. The
samples are prepared by implementing and mixing each of the ingredients, as demonstrated in Figure (11).

Figure 11 - Mixture Procedure

The significant requirements to comprehend and elaborate on the fluctuating pattern of corrosion rate
will lead to a vast understanding of preventing the influential factors from damaging the material in further
instances. The samples thus far demonstrate standardized methods that elaborate and expand on the
disadvantages and advantages of the utilization of Vapor Corrosion as the primary corrosion prevention
method. To effectively conclude the initial standardized rate for each condition, a modernized method for
monitoring the corrosion rate is vital. Prior to this section, the introduction of the Electrical Resistance (ER)
probe and the utilization of the Mass-Loss Coupon will significantly depict methods that function within
such harsh conditions. The Electrical Resistance probes' "exposed" metallic surface will remain directly
submerged in the middle of the sample, inherently interacting fully with the mixture of sieve sand, salt ions,
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and various moisture levels, Figure (12). Acknowledging the location of the sample will adequately allow
for the sample to represent the overall corrosion rate accruing due to the environmental conditions. The
mass-loss coupon formation will resemble a star assembly out layering the ER probes to illustrate the
influential pattern of localized corrosion that similarly reflects the surface of the bottom layer of the tank,
Figure (12). The exposed face of the coupons will remain submerged and interact with the sample mixture
condition, allowing complete transparency within the damages and a general conception of localized pitting.
The experimental conclusion thus far does not approximate the entirety of the corrosion rate projected for
the analysis of six months. The initial requirement to determine if the VCI is effectively mitigating is to
ensure a controllable rate of corrosion on each sample after six months of continuous interaction. VCI will
be injected within the samples and, depending on the reaction and stabilization, will identify the properties
of the VCI.

Figure 12 - ER Probe Submerging & Mass Loss Coupons Formation
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Figure 13 - Experiment 1 First Probe: Corrosion Rate Analysis

Figure (13) is a representation of the ideal formation of corrosion rate and VCI intervention, gathered
by the utilization of ER probes to illustrate the progression of corrosion over a period. These results adhere
to the experimental values of an analysis titled "Experiment 1 First Probe™ that evaluated the migration
progression of the VCI within the confinement of sand [5], yet it proposes the same process required for
each of the samples. Analytically representing the configuration and conclusion required to effectively
evaluate the VCI performance, Figure (13) exhibits the performance of initial corrosion increasing at
continuous rate within the system, followed by the intervention and stabilization of corrosion when VVCI is
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implemented in both times. Each sample must fall within these conditions and represent the advantages of
the VCI to proactively stabilize and mitigate further corrosion. The formatted six month of fertilizing the
corrosion within these experimental conditions will provide a comparison perspective when the samples
are injected with the VCI formulas. Figure (14) identifies the extent of corrosion damage that would occur
to the ER probe within these conditions of high influence on corrosion after the experimentation is
complete. The conclusion of the ER probes states that with the minimal analysis performed, the analysis of
various salt ions at the exact composition of moisture level significantly increases the amount of corrosion.
For instance, if the consideration is situated on Experiment 25, the moisture level is similar across all three
samples. However, the only variation is the increase in salt content in each sample, producing a higher
concentration of corrosion influence in the controlled environment with the inclusion of higher containment
of salt ions within the sieved sand. Table (3) corresponds to the approximate ranges of corrosion rate that
each experiment is concluding. When analyzing similar salt content but various moisture levels, the values
across all samples are reflective of one another. Elaborating on Table (3), across the same stage of salt
content but variating on moisture level, the corrosion rate is consistently similar theoretically; the water
inhibits the ability to function as an electrolyte medium, facilitating the electrochemical reaction that ignites
the formation of corrosion. If there is more water in contact with the metallic surface, it should accelerate
the corrosion process, increasing the mobility of the salt ion to distribute and react with the metallic surface.
The only explanation thus far is to assume the corrosion surrounds the ER Probe exposed area and forms
specific layering protection that disenables the influence of moisture to accelerate the rates of corrosion
effectively. The Mass Loss - Coupons are microscopically analyzed to identify the depth of the corrosion
damage and infrastructural pattern that are caused due to pitting. These specific samples are not
continuously inspected to maintain the integrity of the corrosion process. Figure (15) illustrates the Mass-
Loss Coupon structural disfiguration due to the immense concentration of corrosion.

Table 3 - ER Probe Conclusion

Experiment 25 Experiment 50 Experiment 75

Moisture LvL 25 Moisture LvL 50 Moisture LvL 75

% % %

Salt - Corrosion Rate 1.3 Corrosion Rate 1.3 Corrosion Rate 1.3
Stage 1 (mpy) (mpy) (mpy)

Salt - Corrosion Rate 2.3 Corrosion Rate 2.3 Corrosion Rate 2.3
Stage 2 (mpy) (mpy) (mpy)

Salt - Corrosion Rate 4.5 Corrosion Rate 4.5 Corrosion Rate 45
Stage 3 (mpy) (mpy) (mpy)
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Figure 14 - ER Probe Corrosional Deterioration Comparison
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Figure 15 - Mass Loss Coupon: Corrosional Analysis
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CONCLUSION

The experimental analysis and values discussed in the research provide a significant development
in the comprehension of the dynamics of corrosion, more specifically, in the boundaries of Aboveground
Storage Tanks (ASTs). Several methods have been deployed over the years to establish a form of
prevention, stabilization, or initial mitigation of the tanks' internal and external surfaces to prevent signs of
leakage due to corrosion damage. The utilization of Vapor Corrosion Inhibitors for this specific task is not
inherently a new concept for addition but has gained popularity and application in recent years due to the
incremental need for effectiveness and, more importantly, environmentally acceptable corrosion protection
methods. Establishing a form of standardization and experimental analysis will integrate an understanding
of the development of enhancing the VVCI properties to effectively resist extreme conditions and corrosion
uprising. This investigation will contribute to the development of the procedures that can be adopted across
industries and ensure the progressive longevity and safety of the AST against natural environmental
conditions. The methodologies and values documented will serve as the foundational requirements for
further innovation, inviting collaboration and competition within the communities in pursuit of advancing
the method of Vapor Corrosion Inhibitors as a primary substitution for more effective corrosion prevention
strategies.
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