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A R T I C L E  I N F O   

Keywords: 
Ammonium chloride 
NH4Cl corrosion 
Austenitic stainless steels 
Heat exchanger 
Electrochemical corrosion tests 

A B S T R A C T   

Crude oil is a complex mixture of hydrocarbons and can contain various impurities, which vary 
depending on the source and geographical location from which it is extracted. These impurities 
include sulphur, nitrogen, some metals, asphaltenes, non-condensable gases and salts. Salts in oil 
are typically found in the form of ions, which means that they are dissolved in the water present 
in the crude oil, or in the form of solid salts that are later deposited in equipment, pipes, and 
ducts. These salts can be harmful because, when the oil is processed, the water present in the oil 
can separate from the hydrocarbons and cause corrosion of equipment in the oil refining plant. In 
addition, salts can form solid deposits that can obstruct equipment. It is therefore important to 
remove or reduce the presence of salts in oil during the refining process to avoid operational 
problems and problems with the quality of the refined product. Several occurrences are reported 
in the specialized literature of equipment failures in the oil refining industry involving corrosion 
by salts, especially ammonium chloride salts. Basically, ammonium chloride, whose chemical 
formula is NH4Cl, is an inorganic chemical compound consisting of ammonium ions (NH4+) and 
chloride ions (Cl− ), It is known by several names, including “ammonium salt” or “ammonium 
salt” due to its composition. The aim of this paper is to investigate the failure of a shell-and-tube 
heat exchanger in the charge preheater system of the diesel hydrotreating unit of a Brazilian oil 
refinery, in which the root cause of the failure identified as responsible for the damage was 
ammonium chloride corrosion. A severe corrosive process was observed in the tubes of the tube 
bundle, including perforation in some tubes, as well as damage to the inside of the heat exchanger 
shell. The analysis methods employed involved the study of three different types of austenitic 
stainless steel in terms of corrosion resistance: 304, 316L and 317L, which were exposed to media 
containing sodium chloride and ammonium chloride at a concentration of 3.5 % (m/v). Two 
electrochemical corrosion tests were carried out in aqueous media, the first determining poten-
tiodynamic polarization curves and the second electrochemical impedance spectroscopy. In 
addition to material characterization tests, such as determining the chemical composition, 
hardness and scanning electron microscopy of the corroded samples. The results of this paper 
indicate that the 317L steel samples have larger passivation regions, higher pitting potential 
values, lower passivation current density values, as well as lower corrosion rate values during the 
simulation of the equivalent electrochemical circuit, which implies greater resistance to corrosion 
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in a medium containing ammonium chloride, compared to the others. The conclusions reached 
reveal the applicability of 317L austenitic stainless steel in environments containing ammonium 
chloride, such as in the diesel hydrotreating sections of oil refineries, in addition to the use of 
washing water in pipes and equipment to dissolve these salts. Due to the high corrosion resistance 
of 317L steel in media containing ammonium chloride, it could be extended to other refining 
sections, such as distillation, cracking and coking units in oil refineries. This research will enable 
potential gains in terms of increasing the operational life of equipment and installations, reducing 
corrective maintenance interventions and operational safety in the operation of the industrial 
plant.   

1. Introduction 

The hydrotreating process is widely used to remove contaminants in petroleum fractions to adapt them to the specifications of 
commercial products. In diesel fuel, it aims to remove sulfur and nitrogen from sulfur and nitrogen compounds naturally present in the 
distillate fractions of petroleum or resulting from the processing of fractions in intermediate conversion units [1–6]. In general, in oil 
refineries, hydrotreating units operate at pressures between 30 kgf cm− 2 and 200 kgf cm− 2 and temperatures of approximately 250 ◦C 
to 450 ◦C, in which design pressure and temperature are defined according to the nature of the load and required conversion [7–10]. 
After the discovery of extensive oil exploration fields in the so-called pre-salt layer off the Brazilian coast, and its commercial 
exploitation, it is clear due to the oil loads currently processed in Brazilian refineries, there is a recurrence of problems related to 
ammonium chloride salt corrosion (NH4Cl) in hydrotreating units [11–13]. Its formation occurs by the reaction of ammonia (NH3) 
with hydrochloric acid (HCl), both in the vapor phase, crystallizing and forming the salt. The presence of this salt produces a highly 
aggressive form of localized corrosion. Some evident failures occurred in effluent systems from hydrotreating reactors due to 
ammonium salt corrosion [14–18]. 

Austenitic stainless steels are generally resistant to corrosion in many environments but can be affected by stress corrosion and 
localized corrosion in the presence of chlorides, such as ammonium chloride salt [19–21]. Stress corrosion is a type of corrosion that 
occurs under mechanical stress in combination with the presence of chloride ions. Localized corrosion includes pitting and inter-
granular corrosion. Pitting corrosion is a type of localized corrosion that can occur in austenitic stainless steels in the presence of 
chlorides [22–25]. It involves the formation of small cavities or “pits” on the surface of the material, which can be particularly 
problematic as the cavities can expand rapidly. The ammonium chloride salt, if present, can provide the chloride ions needed to initiate 
pitting corrosion [26]. Pitting corrosion is problematic because, even if most of the metal surface remains apparently intact, the 
presence of pitting can weaken the material and lead to premature failure. To prevent or minimize pitting corrosion, it is important to 
choose corrosion-resistant materials, protect metal surfaces with appropriate coatings and avoid corrosive environments whenever 
possible [27–30]. 

This objective of study addresses an investigation of the failure mechanisms carried out in a heat exchanger shell and tubes of a 
diesel hydrotreating unit in a Brazilian refinery, where it was found that ammonium chloride corrosion was the root cause of the 
observed damage. The equipment, the object of the failure analysis, which took place in the first half of 2022, was the load pre-heater 
heat exchanger of the diesel hydrotreating unit E-0004 and on the sides of the tubes it operates with effluent from the reactor R-0001of 
the hydrotreating unit (Hydrocarbons + H2 + H2S), and on the shell side it operates with petcoke and direct distillation diesel (1470 
m3.day− 1 and 2030 m3.day− 1). The exchanger has a design pressure of 116 kgf.cm− 2 for the shell and 99 kgf.cm− 2 for the beam and an 
operating pressure of 99.6 kgf.cm− 2 for the shell and 84.9 kgf.cm− 2. It has a design temperature of 252 ◦C for the shell and 319 ◦C for 
the beam and an operating temperature of 134 ◦C for the shell and 390 ◦C for the beam, it should be noted that the equipment does not 
work above the design temperature. It presents a total thermal load of 2.22 Mkcal.h− 1. The shell is 7.50 m long and has an internal 
diameter of 1.25 m, a wall thickness of 12.5 mm produced in low alloy carbon steel, the tube bundle has 212 tubes and a diameter of 
19.05 mm, and wall thickness of 2.11 mm produced in low alloy carbon of ASTM A213 Tp. 304 specification, a specific steel for heat 
exchange tubes. The unit’s current load is around 3500 m3.day− 1. 

The unit started working in 2004 and the failure was observed in the first half of 2022, with an expected operational lifetime of the 
unit of around 50 years. In the first phase of the study, the investigation of the failure that occurred in the heat exchanger was 
addressed, where non-destructive thickness testing by ultrasound was carried out on the exchanger shell. The eddy current test in the 
tubes of the exchanger beam was carried out to verify the thickness loss. The residues found in the heat exchanger (products corrosion) 
were analyzed and their chemical composition was determined, showing evidence of the presence of ammonium chloride salts. In the 
second phase, electrochemical tests of potentiodynamic polarization and electrochemical impedance spectroscopy were conducted to 
determine the corrosion resistance in a medium containing ammonium chloride of three different austenitic stainless steels, 304, 316L 
and 317L, thus showing more resistant material for applications on the heat exchanger shell and tube bundle. 

2. Theory 

2.1. Diesel hydrotreatment process 

The reactions that occur in a hydrotreating process are predominantly exothermic, therefore, releasing heat. In many cases, 
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depending on the amount and type of contaminating compounds and the severity of the process, some catalyst beds need to be used 
between them, to control the evolution of the reactor thermal profile [31]. By process severity, we mean the operational conditions to 
which an industrial unit is submitted, such as high values of pressure, temperature, vibration, friction, exposure to corrosive agents 
[32]. Although it is complex to accurately exemplify the chemical reactions that occur in the hydrotreatment process, due to the wide 
range of existing compounds, we can cite the hydrodesulphurization, hydrogenation and hydrodenitrogenation reactions [33,34]. 

In hydrodesulfurization reactions, sulfur compounds in oil, mercaptans, sulfides and disulfides, are easily hydrogenated. On the 
other hand, aromatic sulfides require more severe hydrotreating conditions. This reaction is strongly influenced by temperature and 
velocity [35]. 

Hydrogenation reactions are thermodynamically favored under the usual hydrofining conditions and their rates are quite high. 
Therefore, the hydrogenations of monolefins and diolefins, in general, are not limiting in processes where the main aim is to remove 
sulfur and nitrogen [36]. Hydrodenitrogenation reactions are slower than desulfurization reactions. Compounds containing non- 
heterocyclic nitrogen (aliphatic amines and nitriles) are easier to react than ring nitrogen compounds. However, these compounds 
are generally found at a lower concentration in petroleum fractions [37,38]. 

Fig. 1 shows the schematic flowchart of the diesel hydrotreating unit, where the failure analysis in this work occurred. K 
(compressor), E (heat exchanger), F (furnace), R (reactor) and V (pressure vessel) are shown, the arrows indicate the flow direction 
inside the processing unit. 

2.2. The formation of ammonium chloride 

Ammonium chloride (NH4Cl) is a type of salt formed in the high-pressure section of hydrotreating units and is associated with the 
contaminants in the load [39]. In general, the formation of ammonium chloride is observed for chloride concentrations above 2.0 wt% 
[40]. 

The loads of these units present chloride and nitrogen compounds, which react with hydrogen forming hydrochloric acid (HCl) and 
ammonia (NH3), respectively. Additives used in oil streams as neutralizers can add traces of nitrogenous compounds to the load [41]. 

All metallic materials commonly used in oil refineries are susceptible to attack by ammonium chloride, such as carbon steel, low 
alloy steel, stainless steel, duplex steel, nickel–iron-chromium based alloys (Incoloy) 800 and 825, nickel-based alloys (Inconel) 625 
and nickel–chromium-molybdenum-based alloys (Hastelloy) 276 and titanium [42]. Ammonium chloride is an ionic compound 
formed by the combination of an acid (hydrochloric acid) and a base (ammonia). Although ammonium chloride can be corrosive under 
certain conditions, its corrosive action is generally considered to be less intense compared to pure HCl, corrosion caused by ammonium 
chloride tends to be milder and less aggressive [43]. The formation of the ammonium chloride salt, Equation (1), comes from the 
hydrodenitrogenation reactions in the reaction section of the hydrotreating units with chloride ions [44]. 

NH3(g) + HCl(g)→NH4Cl(s) (1) 

The process variables that influence the formation of ammonium chloride are concentration/partial pressure of contaminants and 
temperature. Regarding the concentration of contaminants, this is a function of the content of contaminants in the load and the severity 
of the hydrotreatment process (the greater the severity, the greater the concentration of HCl and NH3) [45]. 

The Equation (2) involves solid ammonium chloride being dissolved in water to form ammonium ions and chloride ions. When 
ammonium chloride is dissolved in water, the ionic bonds that hold the ammonium and chloride ions together in the solid are broken, 

Fig. 1. Schematic flowchart of the diesel hydrotreating unit.  
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allowing them to separate and disperse in the aqueous solution. Therefore, the water acts as a solvent, separating the ions from the 
solid salt and allowing them to be present as ions in the solution. This ionic dissociation is a common characteristic of ionic compounds 
when they are solubilized in water [46]. 

NH4Cl(s) + H2O→NH+
4(aq) + Cl−(aq) (2) 

Chloride ions (Cl− ) can cause corrosion in stainless steels through a process called “pitting corrosion”. This occurs when chloride 
ions accumulate in specific places on the surface of the stainless steel, where conditions favor the formation of small corroded areas 
called “pits”. These pits can grow and deepen, compromising the integrity of the material over time. 

Ammonium chloride salts have a whitish, greenish, or brownish appearance. Washing with water or steam will remove the deposits 
so that during visual inspection it is not evident that the salt deposition process has occurred [47]. Salt corrosion is typically localized 
and results in pitting corrosion. Corrosion rates can be extremely high [48]. 

Fig. 2 shows the schematic design of the corrosive process of ammonium chloride in the hydrotreatment section of a diesel pro-
duction plant [49]. 

In the refining industry today, corrosion by ammonium chloride is one of the main causes of equipment failures, mainly in heat 
exchangers, requiring the completion of the tube bundle retubing process [50]. Due to the associated material, maintenance, and 
repair costs, NH4Cl corrosion has a devastating impact on petroleum refining plants, it can also cause damage to the structural integrity 
and compromise equipment safety [51]. 

In general, the morphology of corrosion caused by NH4Cl is characterized as localized, which often results in holes or perforations 
of equipment, leading to a consequent loss of containment [52]. Ammonium salt granules can easily settle on the tube walls and absorb 
water vapor, thus forming a highly concentrated electrolyte solution, resulting in corrosion failures, causing holes in the tube bundle of 
oil refinery heat exchangers [53]. 

The presence of ammonia, hydrogen sulfides, and chlorides in the reaction effluent sections of hydrogenation and petroleum 
treating units, also called reactor effluent air cooler (REAC) heat exchangers, often causes damage associated with pitting corrosion in 
various types of equipment such as heat exchangers, air coolers and piping [54]. Some studies have reported that ammonium chloride 
hygroscopy is a relevant factor in corrosive processes in oil refineries. Experimental results indicate that around 75 % to 80 % relative 
humidity, the water vapor present in the hydrotreating process streams gradually condenses and the NH4Cl dissociates [55]. 

Good design practice for refining units should provide for symmetrical and hydraulically balanced flow inside and outside the heat 
exchangers. Continuous or intermittent washing of water may be necessary in the effluent to wash the salt deposition. This is called 
washing water [56], which must be injected upstream of the places of formation and deposition of ammonium salts in the equipment 
and pipes. Although washing water may be able to reduce the problems of ammonium salt incrustation and deposition that cause 

Fig. 2. Schematic design of the corrosion process of ammonium chloride in diesel hydrotreating unit.  
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corrosion, it can be seen that if this water is used inappropriately and with insufficient flow, it may not solve the problem of ammonium 
salt deposition and consequent encrustation in equipment [57]. 

Studies involving failure analysis in oil refining equipment, which process loads with ammonium salt contents, are very common in 
derivative hydrotreating units, such as diesel and gasoline. Studies indicate that the amount of washing water is sufficient to dissolve 
ammonium chloride deposits [58]. However, when an atomizing nozzle is not used, the washing water cannot mix effectively with the 
ammonium chloride, which can lead to equipment failure due to the non-dilution of the ammonium salt particles [59]. Furthermore, 
the crystallization temperature of ammonium chloride salts increases proportionally with the chloride content in the feed. This is due 
to higher hydrochloric (HCl) vapor fractions due to chloride content. Thus, NH4Cl easily crystallizes during the cooling process inside 
the heat exchanger tubes [60]. 

Ammonium chloride salt crystallization and deposition occur when the product of the partial pressures of ammonia (NH3) and 
hydrogen chloride (HCl) is greater than the stability constant (Kp) of the ammonium chloride salt. The stability constant will depend on 
the temperature of the medium. Consequently, salt deposition will depend on a set of variables: ammonia and hydrogen chloride 
concentrations in the vapor state, temperature, and current velocity [61]. 

2.3. The mechanism of corrosion under deposit 

Ammonium chloride corrosion is often in the form of pitting corrosion. Corrosion is one of the most important challenges faced by 
oil refineries and has received a great deal of attention in recent decades due to the continued dependence of the global economy on 
petroleum products and natural gas [62]. A review focused on mitigating corrosion in oil refineries is relatively scarce, therefore, gaps 
in knowledge were identified, especially when addressing ammonium salt corrosion [63]. 

The hydrogenation reaction is accompanied by the formation of various corrosive gases, in which hydrochloric acid (HCl) reacts 
with ammonia (NH3) to form the initial nucleus of ammonium chloride crystals. Due to the intense Brownian motion of the gas in the 
high temperature environment, the nuclei of NH4Cl crystals collide and adsorb continuously [64]. Finally, the NH4Cl particles are 
condensed into larger particles and become incorporated into the multiphase fluid. 

The H+ ions that occur during electrochemical reactions close to the walls of the materials cause an increase in the mass transfer 
rate of these ions, which also increases the corrosion rate of the protective film of the metallic wall. The nearby wall is exposed to an 
acidic aqueous solution that accelerates the corrosion of the metal wall and is characterized by being localized, with consequent 
perforation of the wall of the heat exchanger tubes of these heat exchangers [65]. However, it is noted that the particles deposited at 
the bottom of the exchanger tubes are coated by the oil phase of the flow and they cannot effectively absorb the liquid water produced 
in the environment. Therefore, under-deposit corrosion is likely in the region of the top and sides of the heat exchanger tubes [66]. 

The ammonium chloride corrosion process in this environment can be divided into phases: In the first phase, it occurs in the re-
action section between NH3 and HCl in the gas phase to form the nucleus of NH4Cl crystals [67]. Having continuous contact due to flow 
phenomena and the collision between the nuclei, these formed crystals are bonded to each other and gradually condense to form larger 
nuclei of NH4Cl. NH4Cl absorbs a small amount of free water present in the heat exchanger tube, which does not promote the 
adsorption of these particles on the upper wall of the tube bundle of these exchangers, but wets the surface of the particles and ac-
celerates their adherence [68]. 

In the second phase, the liquid water content in the tubes increases due to the decrease in temperature, after the reaction section, in 
which the precipitation process of the vapor phase occurs in the liquid phase [69]. In the third phase, the adsorption of particles on the 
wall of the equipment can be observed, and there is a formation of a mixture between water and ammonium salt particles. In the fourth, 
and last, phase, NH4Cl hydrolysis occurs, forming ions (NH4)+ and Cl− , which react with the metallic surface of the heat exchanger 
heat exchanger tubes, destroying the passive layer, or surface protective film, by releasing ammonia which accelerates the formation of 
more ammonium chloride salts [70]. 

Solid particles of ammonium salt (NH4Cl) can go through a process of deliquescence before dissolving completely. Deliquescence is 
a phenomenon in which a hygroscopic solid substance (which has an affinity for water) absorbs moisture from the environment and 
eventually dissolves in the absorbed water [71]. This process occurs when the relative humidity is high enough for the substance to 
absorb water from the surrounding air. In conditions of high relative humidity, the solid particles of ammonium chloride absorb 
moisture from the air, and this causes the particles to start turning into an aqueous solution. As the absorption of water continues, the 
ammonium chloride dissolves completely in the absorbed water [72]. 

During deliquescence, the ammonium chloride particles are in direct contact with the water they are absorbing from the envi-
ronment, and it is at this point that corrosion is most likely to occur. The water acts as a medium that enables the electrochemical 
reaction that leads to corrosion. To prevent corrosion in environments where ammonium chloride deliquescence is a problem, it is 
important to take appropriate measures, such as controlling humidity, protecting metals, and using protective coatings if necessary 
[73]. 

Deposit corrosion occurs when corrosive materials or solid particles accumulate or adhere to the surface of a metal or material, 
creating a protective layer that retains moisture or corrosive substances. Deposit corrosion is often observed in industrial environ-
ments, where metal surfaces are subject to contamination by waste or chemicals. These deposits accelerate the corrosion process 
because they isolate the metal surface from the action of oxygen and moisture, creating favorable conditions for localized corrosion 
[74]. 

Solution corrosion occurs when a metal reacts directly with substances dissolved in a liquid, such as water. This chemical reaction 
with the ions presents in the solution causes the metal to deteriorate over time. Water is a common solvent in solution corrosion 
processes, and the presence of dissolved ions, such as chlorine ions, oxygen ions and others, can accelerate the corrosion process. 

J.A. Pereira Nicacio et al.                                                                                                                                                                                            



Engineering Failure Analysis 156 (2024) 107758

6

Solution corrosion is often observed in submerged metal structures such as bridges, pipelines and industrial equipment that come into 
contact with water or corrosive liquids [75]. 

3. Materials and methods 

3.1. Materials 

AISI 304, AISI 316L and AISI 317L stainless steel samples were obtained from annealed flat metal sheets measuring 500 mm × 500 
mm × 6.35 mm. The chemical composition was determined by optical emission spectrometry Spectrotest TXC-03 Spectro Analytical 
Instruments GmbH. 

For corrosion tests and metallography of stainless steels, the samples were cut in dimensions of 10 mm × 10 mm. Then, the samples 
were cleaned in an ultrasonic bath Ultracleaner, Unique 700. The inputs used were distilled water and liquid detergent, cleaning time 
of 10 min, and at a temperature of 25 ◦C. The samples were then submitted to a passivation treatment with 50 % nitric acid at a 
temperature of 40 ◦C for 30 min [76]. 

3.2. Chemical analysis 

Residue (corrosion products) and material samples from the load heat exchanger of the diesel hydrotreating unit were collected in 
locations close to the faulted regions for investigation. Chemical analysis of the anomalous tubes was performed by X-ray fluorescence 
spectroscopy, Niton Analyzers, Thermo Scientific model XL3t-800. The measurement of thickness in the heat exchanger shell was 
performed by ultrasound, Krautkramer, model DM4, a head with a diameter of 5 mm with a piezoelectric sensor, and the methyl-
cellulose couplant was used [77]. To determine the integrity of the tube bundle, an eddy current test was performed using the Eddyfi 
Reddy Ectane equipment. The chemical analysis of the residues found in the heat exchanger was carried out by X-ray fluorescence 
spectroscopy, Thermo Scientific Flash 2000, also determining the carbon, hydrogen, nitrogen, and oxygen contents. 

3.3. Mechanical analysis 

The surface hardness measurement of steels is carried out to determine the resistance to penetration of an indenter or penetrator 
into the surface of a material. During the application of the load, the penetrator penetrates the surface of the material. The depth of 
penetration is measured by the indentation left by the penetrator on the surface [78]. The hardness is calculated based on the di-
mensions of the indentation left by the penetrator on the surface of the steel. The Vickers hardness scale, the hardness is calculated 
from the diagonal of the indentation left by the Vickers penetrator. The hardness of the samples was determined using a Vickers 
microhardness tester, Shimadzu, HMV-2TE, with a 40x magnification lens, diamond-tipped indenter, 15 s penetration time and an 
applied load of 2,942 N, in which 10 measurements were taken on the surface of the samples. 

Metallographic analysis of stainless steels involves the preparation of steel samples, followed by microscopic observation to 
evaluate the microstructure, composition, and characteristics of the material. The following steps were taken during sample prepa-
ration: cutting, where samples were cut in the dimension 10 mm × 10 mm × 6.54 mm using a mechanical cutter and a diamond 
abrasive cutting disc, the cold embedding stage involved the application of a self-curing chemically active acrylic type resin, brand 
JET, model X15, accompanied by the addition of a polymerizing methyl methacrylate catalyst [79]. 

The sanding stage of the sample surface is achieved by using progressive sandpaper with abrasives of increasing granulometry to 
remove any cut marks and obtain a flat, polished surface. The polishing process was carried out using increasingly fine abrasives to 
obtain a mirror-like surface, which will enable the formation of an image suitable for micrography tests. The samples were then 
subjected to the conventional metallographic preparation of grinding and polishing with 9 µm, 3 µm and 1 µm diamond paste and 
etching [80]. To reveal the microstructure, the sample is subjected to a chemical attack. 

The type of chemical attack to be used depends on the specific stainless steel and the objectives of the analysis. The chemical attack 
can be acidic, alkaline, or electrolytic and helps to reveal the grain contours and other features of the microstructure. In this research, 
the use of nitric acid and hydrochloric acid was adopted. The etching solution was prepared minutes before carrying out the etching 
process and revealing the samples. The microstructures were observed using optical microscopy, Kontrol, model LM-719, digital 
camera MDCE-5A. 

3.4. Electrochemical methods 

Electrochemical corrosion tests are a class of experimental methods used to study and evaluate the corrosion of metallic materials. 
These tests involve measuring electrical currents and potentials associated with corrosion in electrochemical systems [81]. They are 
often used to determine the corrosion rate, corrosion resistance and electrochemical behavior of materials under different conditions. 
In this work, electrochemical polarization techniques were applied, which is a common test that involves applying a controlled 
variation in electrical potential to a metal sample immersed in a corrosive electrolyte [81]. The electrochemical response of the sample, 
measured in terms of electric current, is recorded. This makes it possible to determine the anodic and cathodic polarization, as well as 
the corrosion rate of the material at different potentials. The electrochemical impedance technique was also applied, which are tests 
that involve applying a small alternating potential variation to the sample and measuring the resulting electrical impedance. Elec-
trochemical impedance analysis provides information on corrosion resistance, reaction kinetics and the capacitance of the metal- 
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electrolyte interface [82]. 
Electrochemical corrosion tests were conducted by potentiodynamic polarization and electrochemical impedance spectroscopy, 

Vertex potentiostat/galvanostat, IVIUM Technologies, with electrochemical cell, 250 mL, with 3 electrodes: Ag/AgCl reference 
electrode (RE), XH286, RE-1B; against a spiral platinum electrode (CE) with 65 mm in length and 0.5 mm in thickness and the working 
electrode (WE) were the samples of the analyzed stainless steels. The chemical solutions used were obtained with sodium chloride 
analytical reagent, Exodus Científica, ammonium chloride (NH4Cl), Vetec Química and distilled water. The parameters used in the 
potentiodynamic polarization technique were current of 100 mA, potential sweep scan rate of 0.16 mV/s. Before experiments, the open 
circuit potential (OCP) was monitored at least 60 mins until a steady state was reached and potential variation range from − 0.5 V (vs 
OCP) to +0.7 V (vs OCP) [83]. The parameters used in the electrochemical impedance spectroscopy (EIS) technique were open circuit 
potential as a reference, frequency range between 1,000,000 Hz (1 MHz) and 0.01 Hz (10 mHZ), 10 steps per decade of frequency and 
potential amplitude of 10 mV (vs OCP), the electrochemical impedance spectroscopy were recorded alternately at different time in-
tervals [84]. 

The corrosion potential (Ecorr) and corrosion current density (icorr) were obtained by the intersection of the anode polarization 
curve with the cathodic polarization curve, namely the Tafel extrapolation technique [85]. Other parameters, such as the pit potential 
(Epit) and the Tafel constants were obtained graphically. After testing, the morphologies of the corrosion generated were analyzed by 
scanning electron microscopy, SEM EVO MA 10 Carl Zeiss. 

The Stern-Geary equation, also known as the simplified Tafel equation, is an empirical relationship used in electrochemistry and 
corrosion to calculate the corrosion rate of a metal based on electrochemical parameters [86]. The equation is a simplified form of the 
Tafel equation and is often used when there is limited data on the electrochemical behavior of the system. This equation is used to 
estimate the corrosion rate from measurements of the metal’s corrosion potential and the Stern-Geary constant, which is determined 
experimentally. According to the Stern-Geary formula as shown in Equation (3), the relationship between the corrosion current density 
Icorr of the corroded metal electrode and the polarization resistance Rp is as follows [87]: 

icorr =
βa.βc

2.303.(βa + βc)
•

1
Rp

(3)  

where icorr is the corrosion current density in (A cm− 2). 
βa is the slope of the anodic polarization curve (V/dec) - can be obtained experimentally. 
βc is the slope of the cathodic polarization curve (V/dec) - also obtained experimentally. 
Rp is the polarization resistance (ohms). 
A corrosion equivalent circuit is a simplified representation of the electrochemical properties of a corrosion system, which is often 

used to model and understand corrosion behavior. When analyzing a corrosion equivalent circuit, the following parameters are 
commonly obtained, such as: polarization resistance (Rp), this parameter represents the resistance to the passage of electric current 
that is applied to a corrosion system [88]. It reflects the difficulty that electrons face when passing through the corroded metal surface 
and corrosion products. Solution resistance (Rs), this resistance is associated with the ionic conductivity of the electrolyte (usually an 
aqueous solution) surrounding the corrosion system. The solution resistance influences the ability of ions to move in the electrolyte and 
thus affects the corrosion rate [89]. The double layer capacitance (CPE) is a parameter that reflects the capacity of the metal-solution 
interface to store electrical charges. It is related to the formation and structure of the electrical double layer. Capacitance is measured 
in farads (F) and can influence the behavior of the corrosion reaction [90]. 

The corrosion potential (Ecorr) is the electrochemical potential at which the corrosion rate is minimal, and the corrosion reaction 
and the surface protection reaction (such as the formation of the passive layer) are in equilibrium. It is a critical parameter that in-
dicates the corrosion tendency of the system [91]. The corrosion current (icorr) is the rate at which electrons flow in the corrosion 
system due to the electrochemical corrosion reaction. It is a direct indicator of the corrosion rate. Open circuit potential (OCP) is the 
electrochemical potential of the system when it is not subject to external polarization. It is measured when no current is flowing and 
can provide information on the corrosion state of the system [92]. And current density is the current per unit area flowing on the 
surface of the corroded material. It is related to the corrosion rate and is expressed in (A. cm− 2). These parameters are essential for 
analyzing and modeling the corrosion behavior of metallic materials. A corrosion equivalent circuit can be used to estimate these 
parameters based on experimental data and is valuable for understanding how conditions and properties affect the corrosion rate and 
corrosion protection [93]. 

4. Results 

4.1. Chemical composition of the residue 

The results of the chemical analysis are shown in Table 1. 

Table 1 
Chemical analysis of the heat exchanger residue E-0004.  

Compounds/Element Cr2O3 Fe2O3 FeCl2 Carbon Nitrogen Sulfur 

Content (wt%)  15.6  16.7  24.7  29.4  12.9  0.32  
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The results of the X-Ray Fluorescence Spectrometry test performed on the heat exchanger residue (corrosion products) sample 
indicated the presence of the following chemical elements, carbon, hydrogen, nitrogen, and sulfur. The residue found had the char-
acteristics of a finely dispersed powder. The carbon and sulfur found during the chemical analysis are possible contaminants of the 
diesel stream in the residue sample obtained. It is known that diesel can contain sulfur as a result of the petroleum refining process. The 
sulfur content in diesel varies depending on the regulatory specifications of each refining country [94]. 

The nature and specific composition of the corrosion products in ammonium chloride corrosion can vary depending on conditions 
such as temperature, ammonium chloride concentration, pH and the metal material involved [95]. In addition, the formation of 
corrosion products can be complex and depend on factors such as the presence of impurities or alloying elements in the metal. Metallic 
chlorides of the FeCl2 type (ferrous chloride) can be seen in corrosion products. Ammonium chloride is a source of chloride ions that 
can react with the metal to form metal chlorides [96]. The formation of metal chlorides, such as iron chloride (FeCl2 or FeCl3) in steel, 
is common during ammonium chloride corrosion. The corrosion product detected was in the form of crystalline solids, such as white 
adherent solids. Austenitic stainless steels have the ability to form a passive oxide layer on the surface, usually chromium oxide 
(Cr2O3), this formation may be a reaction to exposure to different corrosive media [97]. 

4.2. Chemical composition of the tube bundle 

The results of the chemical composition of the tube bundle are shown in Table 2. 
The chemical composition of the E-0004 heat exchanger tubes is within the specifications of the standard for heat exchanger tubes 

in austenitic stainless steel according to ASTM classification A-213 Tp 304 [98]. ASTM A213-304 steel is an austenitic stainless-steel 
alloy that is commonly used in applications requiring corrosion resistance and high durability in challenging environments. It is 
important to note that the exact specifications for ASTM A213 Tp 304 steel may vary slightly depending on the manufacturer and the 
specific application. 

This respective standard covers a wide range of alloy steel tubes, including ferritic, austenitic and carbon steel stainless steels. It 
specifies detailed requirements for dimensions, mechanical properties, chemical composition, testing methods and dimensional tol-
erances of tubes. 

4.3. Eddy current testing in the tube beam 

The result of the eddy current test performed on the tube bundle can be seen in Table 3. 
The eddy current test is performed on heat exchanger tubes to assess the structural integrity and detect possible defects in the tubes 

[99]. Based on the results of the test carried out, it can be inferred that about 73 tubes have loss of wall thickness of up to 20 %, that is, 
0.42 mm, which is 34.4 % of the total number of tubes. Approximately 44 tubes have wall thickness loss of up to 40 %, that is, 0.84 mm, 
which is 20.8 % of the total number of tubes. Almost 37 tubes have wall thickness loss of up to 60 %, that is, 1.27 mm, which is 17.5 % 
of the total number of tubes. Approximately 23 tubes have wall thickness loss of up to 80 %, that is 1.68 mm, which is 10.8 % of the 
total number of tubes. Around 14 tubes have wall thickness loss of up to 100 %, that is, 2.11 mm, which is 6.6 % of the total number of 
tubes. Moreover, approximately 21 tubes showed an obstruction process, which prevented the possibility of carrying out the eddy 
current test in these respective tubes, which corresponded to 9.9 % of the total number of tubes in the heat exchanger tube bundle. 

4.4. Ultrasonic shell thickness measurement 

The sites where the thickness was measured by ultrasound along the shell of the E-0004 heat exchanger are shown in Fig. 3. 
Ultrasonic thickness measurement testing is a non-destructive inspection (NDT) technique widely used on equipment, structures, 

and components to determine the thickness of materials, usually metals, but it can also be applied to other materials. The main purpose 
of this test is to assess structural integrity, identify wear, corrosion or erosion, and monitor thickness over time. The points numbered 1 
to 6 indicate the locations at which the test was actually carried out; these are the equipment’s thickness measurement control points 
[100]. The ultrasound thickness measurement testing plays a key role in preventive maintenance and ensuring the integrity of 
equipment and structures, helping to avoid accidents and extend the useful life of industrial assets. In the Fig. 2 shows the components 
known as the hull and head. 

The result of the ultrasound thickness measurement test on the heat exchanger shell can be seen in Table 4. 
It should be mentioned that the upper region of the equipment shell (points identified by 2 and 4) was more affected by the loss of 

thickness process, especially close to the shell flange. The point 2 was below the minimum thickness but point 4 is still within the 
acceptable limit. Ultrasonic thickness measurement is a non-destructive testing technique that measures the thickness of a material, 
with access to only one side of the part or equipment to be measured [101]. It can be observed that one of the corrosive effects in 
thermal exchange equipment subjected to fluxes containing ammonium chloride is localized corrosion and the subsequent occurrence 

Table 2 
Chemical composition of the heat exchanger tubes E-0004 (wt. %).  

Element C Mn Ni Si P S Cr 

Content (wt%)  0.07  1.47  8.05  0.52  0.021  0.008  18.4  
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of loss of metallic material from the steel surface, which is why areas inside the shell with regions with loss of thickness were identified 
[102]. As a temporary measure, at the most critical points of loss of thickness, structural reinforcement plates were installed to increase 
the thickness and plan for the development of studies to modify the material previously used in this equipment. 

Table 3 
Result of the eddy current test on the tube beam.  

Loss of thickness in tubes (%) Quantity of tubes 

0–20 73 
21–40 44 
41–60 37 
61–80 23 
81–100 14 
Obstruction tubes 21 
Total number of tubes 212  

Fig. 3. Indication of the places where the ultrasonic test was performed on the heat exchanger shell E-0004.  

Table 4 
Result of thickness measurement test on the heat exchanger shell.  

Measurements 1 2 3 4 5 6 

Nominal thickness (mm)  44.00  12.50  12.50  12.50  12.50  9.50 
Minimum design thickness (mm)  41.00  9.50  6.50  6.50  6.50  3.50 
Measurement value (mm)  50.10  8.20  9.30  7.30  9.60  11.30  

Fig. 4. Presence of adherent residue on the surface of the tube beam mirror of the load preheater heat exchanger (E-0004).  
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4.5. Internal and external visual inspection of the tube beam and shell 

Fig. 4 shows an overview after disassembling the spool and exposing the tubular beam mirror. 
The presence of adherent residue on the surface and inside the shell of the load pre-heater heat exchanger (E-0004) was observed, 

appearing as a fine white powder, associated with ammonium chloride [103]. Internally, a large amount of white salt deposits was 
observed in the tubes, concentrated in the lower part (product outlet). This product was wet and well- compacted. 

Fig. 5 shows an internal and external view of the load preheater heat exchanger shell (E-0004). On the left, the inner region of the 
shell after removing the tube beam for the retubing and internal washing process, images (a) and (c). On the right, the region of failure 
and installation of the protection plate, in places of intense corrosion, images (b) and (d). 

Pitting corrosion can be observed. It is a form of localized corrosion that can occur in the shell of heat exchangers [104]. This form 
of corrosion is characterized by the formation of small cavities or pits on the metallic surface, resulting from the selective corrosion of 
certain materials, as seen in Fig. 4(c), (d). Pits formed by pitting corrosion tend to be small, irregularly shaped, and may spread across 
the metal surface. These pits can sink deep into the thickness of the metal, compromising its structural integrity. In some cases, the pits 
can join together, forming corrosion channels [105]. 

Fig. 6 shows the tube bundle of this heat exchanger. It was observed that the tubes were totally impregnated with salts and with an 
intense corrosion process. 

The exchanger tube bundles had to be completely changed due to the fact that the remaining life was less than an operational 
campaign. The tubes showed a loss of thickness below that recommended by the TEMA (Tubular Exchanger Manufacturers Associ-
ation) construction standards [106] for shell and tube heat exchangers, including perforated tubes, as demonstrated in the eddy 
current test (Table 3). 

4.6. Chemical composition of austenitic stainless-steel samples 

The chemical compositions of the tested stainless-steel samples are shown in Table 5. 
The values obtained were compared with the values indicated by the ASTM A213 standard, which establishes the chemical re-

quirements for the composition of different types of stainless steel, including the limits of chemical elements such as carbon, 

Fig. 5. Internal and external view of the load preheater heat exchanger shell (E-0004) and failure region: a) general internal view, b) external view 
after repair, c) and d) internal view at different magnifications. 
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manganese, phosphorus, sulfur, silicon, chromium, nickel, molybdenum, and other chemical elements. It can be observed that the 
chemical composition of the steel samples is within the ranges allowed by the standard for heat exchange tubes for high temperature 
and corrosive services [107], with Tp 304, 316L, 317L classification. 

4.7. Metallographic and microhardness analysis of austenitic stainless-steel samples 

Fig. 7 shows the microstructures obtained from the samples for the three analyzed steels, 304, 316L and 317L. 
The revealed morphologies show that they are typical microstructures of austenitic stainless steels [108]. These crystalline 

structures observed have a fine and homogeneous granular microstructure, the grains have well-defined and rounded edges, which are 
the result of the controlled heating and cooling process during the manufacturing process [109]. 

Austenitic stainless steels, such as 304, 316L and 317L, have a typical crystalline microstructure composed mainly of austenite 
crystals. Austenite is a form of face-centered cubic (CFC) crystal and is known for its stability at high temperatures and its ability to 
resist corrosion. The crystalline microstructure of these stainless steels is one of the reasons why they are widely used in applications 
that require corrosion resistance. 

The results of the Vickers microhardness measurement are shown in Table 6. 

Fig. 6. External visual analysis of the load heat exchanger tube bundle (E-0004).  

Table 5 
Chemical composition of the samples (wt. %).  

Element Fe C Cr Ni Mn Co Mo 

304 71.10 ± 0.32 0.027 ± 0.001 18.43 ± 0.18 7.98 ± 0.21 1.54 ± 0.15 0.24 ± 0.17 0.08 ± 0.03 
316L 69.21 ± 0.26 0.034 ± 0.002 16.57 ± 0.16 9.79 ± 0.18 1.31 ± 0.12 0.23 ± 0.14 2.05 ± 0.02 
317L 63.7 ± 0.24 0.036 ± 0.001 18.49 ± 0.15 11.69 ± 0.19 1.94 ± 0.12 0.08 ± 0.16 3.16 ± 0.03  
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The relationship between hardness and corrosion capacity is multifaceted and depends on several factors, including composition, 
microstructure, exposure environment and the specific type of corrosion. In many cases, hardness can contribute to corrosion resis-
tance, but it is not the only determining factor. For stainless steels, the formation of a protective oxide layer (passivation) on the surface 
is fundamental to resisting corrosion. Materials with greater hardness can be more resistant to the penetration of ions or corrosive 
particles, which can protect the passive layer and therefore increase corrosion resistance [110]. 

Austenitic stainless steel 304 has a lower average hardness value, which makes it relatively soft compared to other stainless steels. 
This low hardness can be attributed to its chemical composition, which contains low levels of molybdenum and nitrogen, and to the 
fact that this steel is not hardened by heat treatment. On the other hand, the 316L and 317L austenitic stainless steels have higher 
hardness values than the 304 steel, which is partly due to the presence of higher molybdenum and nitrogen contents in their chemical 
composition, which contribute to corrosion resistance, increased hardness and provide greater mechanical resistance. In summary, 
both 316L and 317L stainless steels have similar Vickers microhardness, ranging from 150 HV to 220 HV [111]. Both steels have good 
corrosion resistance, in which 317L steel is particularly suitable for aggressive chemical environments and high temperatures due to its 
higher molybdenum content. It is important to point out that the Vickers microhardness values may vary depending on the specific 
manufacturing process, heat treatment and chemical composition of each batch of steel. 

4.8. Electrochemical corrosion tests 

4.8.1. Potentiodynamic polarization tests 
Fig. 8 shows the potentiodynamic polarization curves of samples of material 304, 316L and 317L exposed to an aqueous medium of 

sodium chloride and ammonium chloride. 
The results of the corrosion tests using the potentiodynamic polarization technique carried out on metallic samples of different 

types of materials are summarized and shown in Table 7. It should be mentioned that the average values between the three samples 
tested for each experimental condition are available. The corrosion rate (CR), millimeters per year (mm.year− 1), refers to the amount 
of material corroded in millimeters each year. 

The corrosive behavior of metallic samples in austenitic stainless steel 304 showed similar results for both aqueous exposure media, 
sodium chloride and ammonium chloride. The presence of small variations in the corrosion potential parameters from − 0.260 V to 
− 0.195 V was observed. The current density variation obtained was from 1.906 × 10− 7 A cm− 2 to 6.972 × 10− 8 A cm− 2. The variation 
in the corrosion rate (CR) was from 2.524 × 10− 3 mm year− 1 to 8.442 × 10− 4 mm.year− 1 and the variation in the pitting potential 
obtained was from +0.150 V to +0.300 V. Thus, the stainless material presented similar behavior in the two electrochemical 
electrolytes. 

The corrosive behavior of metallic samples in austenitic 316L stainless steel showed similar results for both aqueous exposure 

Fig. 7. Microstructures obtained for austenitic stainless steels 304 (a), 316L (b) and 317L (c).  

Table 6 
Results of the Vickers microhardness measurement of the samples.  

Measurement 304 316L 317L 

1 161 177 190 
2 186 180 181 
3 171 175 171 
4 186 182 186 
5 174 182 192 
6 166 192 192 
7 165 185 189 
8 172 181 192 
9 169 176 190 
10 167 194 184 
Average 172 ± 8 182 ± 6 187 ± 6  
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media. The presence of small variations in the corrosion potential parameters from 0.205 V to − 0.170 V was observed. The current 
density variation obtained was from 1.194 × 10− 7 A cm− 2 to 4.141 × 10− 8 A cm− 2. The corrosion rate (CR) variation was from 1.387 
× 10− 3 mm/year to 4.810 × 10− 4 mm.year− 1 and the pitting potential variation obtained was from +0.085 V to +0.180 V. 

The corrosive behavior of metallic samples in austenitic 317L stainless steel showed similar results for both aqueous exposure 
media. The presence of small variations in the corrosion potential parameters from − 0.120 V to − 0.085 V. The current density 
variation obtained was from 2.243 × 10− 8 A cm− 2 to 6.845 × 10− 8 A cm− 2. The corrosion rate (CR) variation was from 2.606 × 10− 4 

mm.year− 1 to 7.950 × 10− 4 mm.year− 1 and the pitting potential variation obtained was from +0250 V to +0500 V. 
The addition of molybdenum, as in 317L steel, increases the material’s resistance to non-oxidizing acidic atmospheres, localized 

corrosion, and resistance to high temperatures. The polarization resistance in a potentiodynamic polarization corrosion test was 
calculated from the relationship between the applied potential difference and the polarization current flowing through the sample 
[112]. This resistance can be used to determine the corrosion rate and the kinetics of electrochemical reactions on metallic surfaces 

Fig. 8. Polarization curves of the 304, 316L and 317L stainless steel samples in NaCl and NH4Cl.  

Table 7 
Results of the potentiodynamic polarization corrosion tests.  

Samples Corrosion Potential 
[Ecorr] 
(V) 

Current 
Density 
[icorr] 
log(μA.cm− 2) 

Corrosion Rate 
[CR] 
(mm.year− 1) 

Pitting Potential 
[Epit] 
(V) 

Anode Slope 
[βa] 
(V/dec) 

Cathode Slope 
[βc] 
(V/dec) 

304-NaCl  − 0.260 6.754 × 10− 8 8.442 × 10− 4  +0.195  0.051  0.055 
304-NH4Cl  − 0.205 4.227 × 10− 7 7.910 × 10− 3  +0.170  0.071  0.059 
316L-NaCl  − 0.175 2.681 × 10− 8 4.810 × 10− 4  +0.115  0.081  0.067 
316L-NH4Cl  − 0.205 2.309 × 10− 7 2.682 × 10− 3  +0.110  0.076  0.071 
317L-NaCl  − 0.120 2.825 × 10− 8 1.281 × 10− 4  +0.430  0.078  0.073 
317L-NH4Cl  − 0.085 4.426 × 10− 8 1.163 × 10− 4  +0.470  0.076  0.069  
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[113]. 
The Tafel curves, which consist of two straight lines, the anode straight line and the cathodic straight line, correspond to the 

electrochemical reactions occurring at the anode and cathode, respectively. The anode slope and the cathode slope in the Tafel curves 
are important parameters that describe the electrochemical corrosion reaction rate in each of the regions [114]. The anode slope is the 
one of the Tafel curve in the anode region, which represents the oxidation rate of the material. This slope is proportional to the speed of 
the anode reaction and is expressed in terms of a constant of proportionality called the electron transfer factor [115]. In turn, the 
cathode slope is the one of the Tafel curve in the cathode region, which represents the reduction rate of the material. This slope is 
proportional to the speed of the cathodic reaction and is expressed in terms of a constant of proportionality called the mass transfer 
factor. Note that the values of these slopes are consistent with those indicated in the literature for corrosion tests using austenitic 
stainless steels [116]. 

It can be observed that the values obtained for the 317L austenitic stainless steel showed greater corrosion resistance capacity than 
the 304 and 316L stainless steels, exposed to a medium containing sodium chloride and ammonium chloride, which was corroborated 
by the high values obtained for the pitting potential of this steel in question and the corrosion rate; the lower the corrosion rate, the 
greater the corrosion resistance [117]. 

Regarding the thermodynamic parameter of corrosion potential (Ecorr), for the medium containing sodium chloride, the samples of 
austenitic stainless steel 304 showed average values of − 0.23 ± 0.02 V, while the samples of 316L stainless steel showed an average 
value of − 0.19 ± 0.04 V for the corrosion potential and finally, the 317L stainless steel samples showed an average value of − 0.11 ±
0.03 V for the corrosion potential. 

Samples with higher corrosion potential values indicate a lower tendency for these materials to corrode and are more resistant to 
corrosive attacks [118]. In the electrochemical medium of sodium chloride, the corrosion density values (icorr) for the austenitic 304 
and 316L stainless steels presented values with an order of magnitude ranging between 10− 7 and 10− 8. On the other hand, the 317L 
material showed values in the order of magnitude predominantly of 10− 8. In relation to the ammonium chloride electrolyte, the 
corrosion density values for the austenitic 304 stainless steels (only one sample) presented values with an order of magnitude in 10− 7 

and the other samples presented an order of 10− 8. 
For the austenitic 304 and 316L stainless steel samples, the corrosion rates (mm/year) obtained vary in the order of magnitude 

between 10− 3 and 10− 4. The 317L stainless steel sample showed predominantly the lowest corrosion rates of the tested samples that 
were in the order of magnitude 10− 4. The pitting potential (Epit) of the austenitic 304 stainless steel samples showed an average value 
of − 0.18 ± 0.03 V, while the 316L stainless steel samples showed an average value of − 0.11 ± 0.02 V for the corrosion potential and 
finally, the 317L stainless steel samples showed an average value of − 0.45 ± 0.04 V for the corrosion potential. 

The material analyzed among the three austenitic stainless steels, which presents the greatest uniformity, and the analysis pa-
rameters of corrosive behavior is the austenitic 317L stainless steel in both exposure media (NaCl and NH4Cl). This observed result is 
corroborated by research in the literature, possibly due to the high percentage content of the molybdenum element that has the 
function of increasing corrosion resistance in an acid medium, particularly the formation of pits in stainless steels [119]. 

4.8.2. Electrochemical impedance spectroscopy (EIS) tests 
For all samples, the RC series–parallel or resistive/capacitive model was adopted [120]. The results of the tests were summarized 

and shown in Table 8. The average values among the three samples tested for each experimental condition were used. 
In an electrochemical corrosion test, the resistance parameter of the electrolytic solution refers to the electrical resistance presented 

by the solution in which the test is being performed. The solution resistance is a property that affects the load transfer rate during the 
electrochemical test, the electrolytic solution is responsible for providing the medium in which the electrochemical corrosion reaction 
takes place [121]. The polarization resistance parameter refers to the additional electrical resistance encountered during the elec-
trochemical polarization process. This resistance is due to several factors, such as ohmic resistance, contact resistance, passive film 
resistance and electrode/solution interface resistance [122]. Bias resistance affects the electrochemical response of the system during 
the electrochemical corrosion test. By analyzing the resulting polarization curves, information can be obtained about the corrosion 
rate, passive film resistance and other relevant parameters. Finally, the capacitance parameter refers to the electrical load storage 
capacity in an electrochemical system [123]. It is related to the electrical response of the system to potential variations applied during 
the test. Capacitance is influenced by the nature of the electrochemical system, including the chemical composition of the electrolytic 

Table 8 
Electrochemical impedance spectroscopy results.  

Samples Electrolyte 
Solution 
Resistance 
[Rs] 
(Ohm cm− 2) 

Polarization 
Resistance 
[Rp] 
(Ohm cm− 2) 

Capacitance 
[CPE] 
(F cm− 2) 

304-NaCl 2.618 × 102 (±0.03) 7.896 × 103 (±0.02) 2.130 × 10− 4 (±0.01) 
304-NH4Cl 7.842 × 102 (±0.02) 9.513 × 104 (±0.01) 1.126 × 10− 4 (±0.01) 
316L-NaCl 1.543 × 102 (±0.01) 3.087 × 103 (±0.03) 2.754 × 10− 4 (±0.03) 
316L-NH4Cl 4.810 × 102 (±0.01) 3.322 × 104 (±0.01) 2.583 × 10− 4 (±0.02) 
317L-NaCl 1.147 × 102 (±0.02) 1.816 × 105 (±0.01) 8.639 × 10− 4 (±0.01) 
317L-NH4Cl 7.284 × 102 (±0.02) 9.815 × 104 (±0.03) 1.919 × 10− 4 (±0.02)  
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solution, the properties of the electrode/solution interface and the structure of the material under test [124]. 
Fig. 9 shows the Nyquist diagrams of the electrochemical impedance spectroscopy tests for the 304, 316L and 317L austenitic 

stainless-steel samples in aqueous medium of sodium chloride (NaCl) and ammonium chloride (NH4Cl). 
The comparison of the impedance values (real and complex) leads us to infer that for the austenitic stainless steels analyzed, the 

exposure in an aqueous medium containing sodium chloride solution showed lower values in relation to the exposure of materials to an 
aqueous medium containing ammonium chloride solution, lower values of the complex impedance parameter (imaginary Z2 axis), 
characteristic of the electrochemical kinetic processes [125]. There is also a greater variation in this impedance for the 304 stainless 
steels followed by the 316L steel, which has a smaller variation in the complex impedance values. However, for the 317L stainless steel, 
the complex impedance values obtained during the sample test show a relative approximation between the obtained values. This 
behavior is described by the similarity of the corrosive behavior of this material in both electrochemical means of exposure. 
Ammonium chloride is a substance that contains chloride ions and ammonium ions. In solution, ammonium ions can form complexes 
with iron ions on the stainless-steel surface, which can lead to dissolution of the iron and the formation of porosities on the surface 
[126]. Furthermore, the chloride ions in ammonium chloride can also contribute to the corrosion of stainless steel, as they can act as 
aggressive agents and destabilize the passive oxide layer that protects the metal from corrosion [127]. 

Electrical resistance may vary depending on the chemical composition and microstructure of the materials. In general, 317L 
stainless steel has a higher electrical resistance than 304 and 316L stainless steels. The impedance of stainless steels may vary 
depending on the chemical composition and microstructure of the materials. In general, test results indicated that 317L stainless steel 
has a higher impedance than 304 and 316L stainless steels. Thus, it can be inferred that the 317L austenitic stainless steel, under the 
test conditions proposed in this work, showed greater resistance to corrosion mechanisms for both solution media used (sodium 
chloride and ammonium chloride) in line with published results [128]. 

Fig. 9. Nyquist diagrams of the steel samples 304, 316L and 317L in NaCl and NH4Cl.  
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In general, the Nyquist diagrams obtained from the analyzed austenitic stainless-steel samples showed a single semicircle, and this 
is represented by the similarity of the distribution of the points of the curves in the real plane, defined by the impedance variable (Z1) 
and in the complex plane, defined by impedance variable (Z2). Note that all results obtained were corrected by the variable area of 
exposure to the electrochemical environment (chemical solution or electrolyte) [129,130]. 

4.9. Analysis of the corrosion surface of the samples with SEM 

Fig. 10 shows the images obtained by scanning electron microscopy (SEM) of the 304, 316L and 317L steels, after the polarization 
test, for NaCl and NH4Cl media. The images on the left, (a), (c) and (e) represent the exposure in NaCl and the images on the right, (b), 
(d) and (f), exposure to NH4Cl. The images (a); (b) are made of 304 steel, images (c); d) 316L steel and images (e); (f) 317L steel. 

By analyzing the images obtained from the characterization of the metallic surfaces after the corrosion tests, all finalized in the 
potentiodynamic polarization at a potential of 0.6 V, it can be observed that the high intensity of the corrosive process in its form by 

Fig. 10. SEM images (a) 304 NaCl, (b) 304 NH4Cl, (c) 316L NaCl, (d) 316L NH4Cl, (e) 317L NaCl and (f) 317L NH4Cl.  
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pits in the austenitic 304 and 316L stainless steel samples are therefore susceptible to these electrolytes. In corrosion tests, pits usually 
appear morphologically as a circular or elliptical cavity on the surface of stainless steel [130]. It is noteworthy that pitting can be 
observed as a depression on the surface of stainless steel, penetrating towards the internal structure of the material. Pit depth can vary 
from a few micrometers to thousands of micrometers, depending on the corrosion conditions [131,132]. The pit may have jagged and 
rough edges, indicating progressive corrosion of the material around the pit. Based on the images, it can be seen that the austenitic 
317L stainless steel has a high resistance to the media tested in this paper. 

5. Discussion 

A variety of corrosive substances can promote corrosion in equipment in oil refineries, including ammonia, carbon dioxide, 
chlorides, cyanides, hydrogen, naphthenic acids, oxygen, phenols, sulfuric acid, polythionic acids, acidic waters, washing waters, oil, 
hydrogen sulfide. Corrosion is currently considered the main form of damage mechanism in the oil refining industry, and the search for 
methodologies that identify it in advance, and that can safely predict the physical state of the equipment, part of this solution is part of 
the development of research that promotes the expansion of the tools available today for the evaluation of structural integrity in 
equipment. 

The study of the corrosive process in metallic materials exposed to petroleum or its derived products, becomes extremely relevant, 
as it makes it possible to understand the isolated and / or synergistic action between various types and forms of corrosion that end up 
promoting degradation in metallic materials, in addition to avoiding or minimizing various problems of loss of contingency of systems 
and equipment, environmental damage, loss of loss of profit, economic losses and human losses. 

It is important to highlight the corrosive action of ammonium chloride, which mainly attacks heat exchangers, pressure vessels and 
pipes of gasoline and diesel hydrotreating units. These units generally aim to remove sulfur and nitrogen as hydrogen sulfide and 
ammonia, respectively. In addition to hydrodesulphurization and hydrodenitrogenation functions, aromatics saturation reactions 
(hydrodesulphurization) are responsible for density reduction (diesel volumetric expansion) and increase of its cetane number. The 
reliability of these units has become essential for the continued operation of refineries. 

High chloride in the load of the hydrotreatment units can result in salt formation and fouling in the exchangers that cool the reactor 
effluent, in a region of the battery where there is usually no facility for injecting wash water. Another point of attention is the 
corrosiveness of chloride to stainless steel, a material commonly used in these heat exchangers. 

Corrosion caused by ammonium chloride is an electrochemical process that occurs due to the presence of the chloride ion (Cl− ) in 
the compound. The chloride ion is an aggressive agent that can attack many types of metals, especially those that are more susceptible 
to corrosion, such as iron and carbon steel, even stainless steels are susceptible to this type of corrosion. 

When ammonium chloride comes into contact with a metal, the formation of an aqueous solution containing chloride ions occurs. 
These ions can react with the surface of the metal, causing corrosion. The electrochemical reaction usually involves the oxidation of the 
metal, where the metal ions are converted into positively charged metal ions (cations) and release electrons. The presence of 
ammonium chloride increases the rate of corrosion as chloride ions facilitate the transport of electrons in the solution, accelerating 
oxidation reactions in the metal. In addition, corrosion can also be aggravated by the presence of moisture, as water is required to 
facilitate the chemical reactions involved in the corrosive process. 

It is noted that ammonium chloride corrosion is a type of general or localized corrosion, often in the form of pitting corrosion, 
normally occurring in the form of ammonium chloride or amine salt deposits, often in the absence of a free water phase. Ammonium 
chloride salts are hygroscopic and absorb water rapidly. A small amount of water can usually lead to very aggressive corrosion. 
Ammonium chloride corrosion is typically very localized and results in pitting corrosion, and corrosion rates can be extremely high. 

Pitting corrosion, also known as “pitting corrosion,” is a type of localized corrosion that can occur in austenitic stainless steels in 
aqueous solutions containing sodium chloride (NaCl) or other chloride ions. The formation mechanism of this type of corrosion in-
volves a number of phases: 

Initiation phase: Pitting corrosion begins with the formation of small, corroded areas called “pites”. These areas can be triggered by 
various factors, including impurity inclusions on the surface of the stainless steel, micro-cracks, imperfections, or defects in the 
passivation, which is a thin layer of oxide that normally protects stainless steel from corrosion. 

Chloride accumulation phase: Chloride ions (Cl− ) in aqueous solution play a fundamental role in this type of corrosion. They have 
an affinity for concentrating in areas where passivation has been compromised, such as the aforementioned imperfections. This leads 
to the accumulation of chloride in the damaged areas. Ion concentration phase (H+): The accumulation of chloride in the affected areas 
lowers the local pH of the solution. As a result, the concentration of H+ ions increase in these areas. This localized acidic environment is 
very corrosive for stainless steel. 

Anodic corrosion phase: In the areas where pits form, the stainless steel undergoes anodic corrosion. This means that the iron atoms 
in the metallic structure of the steel lose electrons, forming iron ions (Fe+2). These iron ions are released into solution. Cathodic 
corrosion phase: In order to maintain electroneutrality, anodic corrosion in the pitting areas must be accompanied by a cathodic 
reaction. This reaction takes place in areas adjacent to the pitting, where oxygen dissolved in the solution captures the electrons 
released in the anodic reaction, forming hydroxyl ions (OH–). 

Pitting growth phase: With the continuous loss of iron ions in the corroded areas and the formation of adjacent hydroxyl ions, the 
pitting begins to grow in depth and diameter. This leads to the formation of small cavities on the surface of the stainless steel. 

Localized destruction phase: As the pites grow, they can penetrate deeper into the material, compromising its structural integrity. 
Pitting corrosion is especially dangerous because it can be highly localized, resulting in sudden and unpredictable failure of structures. 

The formation mechanism of pitting corrosion in a medium containing ammonium chloride is very similar to that presented in 
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sodium chloride, but there are some significant differences, such as the addition of the following two phases: 
Ammonia (NH3) formation phase: NH4Cl also releases ammonium ions (NH4

+) into the solution. In high pH (alkaline) environments, 
the ammonium ion is converted into ammonia (NH3). The formation of ammonia contributes to an increase in local pH in the affected 
areas. 

Local alkaline pH increase phase: The presence of ammonia (NH3) leads to an increase in local pH in the areas where pitting 
corrosion is occurring. This localized alkaline environment is less corrosive to stainless steel than an acidic environment, such as that 
observed in pitting corrosion in solutions containing sodium chloride (NaCl). 

Electrochemical techniques are widely used for fundamental corrosion studies as they offer tools for studying corrosion mecha-
nisms and provide data on the kinetics of corrosion reactions more quickly than traditional gravimetric techniques. The application of 
electrochemical corrosion techniques can provide a rapid response to the real behavior of the industrial plant in the face of adverse 
operating conditions and the influence of corrosive processes. 

The type of salt formed in the high-pressure section of the hydrorefining units is associated with the contaminants present in the 
charge and or hydrogen replacement gas stream. Additives used in oil streams as neutralizers can add traces of nitrogen compounds. 
Both gaseous contaminants may combine to form the salt ammonium chloride. Some cargoes may also contain halogen-based com-
pounds (bromine, chlorine, and fluorine), which in the presence of NH3 may form the respective ammonium halides (NH4Br, NH4Cl 
and NH4F). Hydrogen from the catalytic reforming process may contain HCl. 

Despite these significant concerns, industry knowledge of aqueous ammonium chloride corrosion is still very limited. Ammonium 
chloride is considered an acid salt because it is formed by a strong acid (HCl) and a weak base (NH3). Dilute solutions of stoichiometric 
NH4Cl salt (less than 0.1 % by weight) are generally not considered very corrosive. However, corrosion is most severe at or near the 
aqueous dew point, where the NH4Cl concentration can be very high. 

6. Conclusions and preventive action 

This study successfully investigated the failure that occurred in a load preheater heat exchanger shell and tubes of a diesel 
hydrotreating unit in a Brazilian refinery in the first half of 2022, where it was found that ammonium chloride (NH4Cl) corrosion was 
the root cause of the observed damage. 

Using electrochemical techniques in stainless material samples as an alternative to carbon steel, it was observed that the tested 
austenitic 317L stainless-steel samples in NH4Cl solutions, compared to 304 and 316L, present characteristics of high passivation 
regions, higher values of potential pit formation (+0.470 V), reduced passivation current density values (4.426 × 10− 8 A cm− 2), lower 
corrosion rate values (1.163 × 10− 4 mm ano− 1) and higher impedance values, with capacitance (1.919 × 10− 4 Farad) and polarization 
resistance (9.815 × 104 Ohm). This behavior is due to the addition of the molybdenum alloying element in its composition, which 
increases its resistance to corrosion, mainly the form of localized corrosion. In general, the austenitic 317L stainless steel was more 
resistant to corrosive attacks in media containing sodium and ammonium chloride, which synthesizes several petroleum refining 
processes, including mainly gasoline and diesel hydrotreating units. 

For both electrochemical measurement techniques used in this paper (potentiodynamic polarization and electrochemical imped-
ance spectroscopy), the material 317L austenitic stainless steel was shown to have the highest resistance to localized corrosion among 
the materials analyzed. In sequence, in the corrosion resistance capacity, there are the 316L and 304L stainless steels. Therefore, 317L 
steel is to be specified in the design, construction and assembly stage of equipment, pipes and ducts that work in processes in which 
ammonium chloride presents itself as an active damage mechanism, such as that observed in petrochemical plants. The application of 
this steel will enable potential gains in terms of extending the operational life of equipment and facilities, reducing interventions for 
corrective maintenance, reducing the disposal of waste from processing units for corrective action, operational safety for oil refinery 
operators, in addition to increasing reliability throughout the period of operation of the industrial plant. 

The choice of mitigation solutions depends on the specific conditions of the refinery, the materials used, ammonium chloride 
concentrations and local regulations. A comprehensive asset integrity management program is essential to identify, evaluate and 
implement the most appropriate strategies to prevent and mitigate ammonium chloride corrosion. In addition, we also recommend 
mitigating and preventive actions against ammonium chloride corrosion, adopting controlling and monitoring processes of the 
chemical composition load of hydrotreating units, measures such as protective coatings, surface treatments, use of corrosion-resistant 
materials can be adopted, implementing a washing water system using a dispersing nozzle, avoiding the unit design phase, the 
presence of regions without drainage, called the dead section, and as analyzed in this work, adopting austenitic 317L stainless steel in 
equipment and tubes that operate with loads containing ammonium chloride. But even the most corrosion-resistant nickel-based alloys 
and titanium alloys can undergo pitting corrosion in ammonium chloride. 
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