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EC-010 SUPPLEMENTAL READING

The Electrochemical Reaction
Leading to Corrosion & Reactions
at the Anode Surface

Why metal leaves the anode and nowhere else — the oxidation
reaction at the anode surface, the cathodic reactions that
consume its electrons, and the flows that tie the two together.
Companion reading for EC-010 — Oxidation and Reduction
Reactions in Corrosion.

BY ROBERTS CORROSION SERVICES FIELD NOTES FROM RCS ~9 MIN READ

Originally published in Field Notes from RCS at newsletter.rcswv.com.
Included with EC-010 as supplemental reading for the Electrochemistry &
the Galvanic Series set. Save it, print it, take it to the field.
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Introduction

Understanding the electrochemical reactions that drive corrosion is fundamental
for corrosion field technicians. Corrosion is not merely a chemical deterioration but
an electrochemical process involving electron and ion transfer. The anode surface
plays a pivotal role as the site where metal oxidation occurs, leading to material
loss. For technicians, grasping the detailed mechanisms of the anodic reaction and
its interplay with the cathodic processes is essential for accurate risk assessment,
effective survey interpretation, and the design of mitigation strategies such as
cathodic protection.

This article provides a comprehensive and detailed explanation of the electrochemical
reaction leading to corrosion, focusing on the anodic surface reactions. It bridges theory with
practical field implications, enabling technicians to understand why corrosion initiates at
specific sites and how it progresses. We will explore the components of a corrosion cell, the
fundamental anodic oxidation reaction, electron and ion flows, and the environmental and
material factors influencing these processes.

Fundamentals of the Electrochemical Corrosion Cell

At its core, corrosion is an electrochemical phenomenon occurring through the formation of
corrosion cells on metal surfaces. A corrosion cell requires four essential components to
function:

1. Anode: the site where oxidation occurs. Metal atoms lose electrons, becoming positively
charged ions that dissolve into the electrolyte. This is the active corrosion site where
metal loss happens.

2. Cathode: the site of reduction. Electrons released at the anode flow to the cathode,
where they are consumed by reduction reactions involving species such as oxygen or
hydrogen ions. The cathode itself does not corrode.

3. Electrolyte: a conductive medium, often soil moisture, water, or process fluids, that
allows ionic conduction between the anode and cathode, completing the circuit.

4. Metallic Path: the metal structure itself provides a low-resistance path for electrons to
flow from the anode to the cathode.
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Without any of these components, the corrosion cell cannot operate. In practical field
scenarios, such as a buried steel pipeline, these elements exist naturally due to environmental
heterogeneities and material variations.

The Anodic Reaction: Oxidation and Metal Dissolution

The anodic reaction is the fundamental electrochemical process driving corrosion. At the
anode surface, metal atoms undergo oxidation, losing electrons and transforming into metal
ions that enter the electrolyte. This reaction results in the deterioration of the metal substrate.

GENERAL ANODIC REACTION

M > M™ + ne”

Where: M = metal atom - M"* = metal ion with charge n+ - n = number of electrons lost - e~ =
electron.

Examples of Anodic Reactions for Common Metals

Iron (Fe):

Fe > Fe?+ + 2e-

Iron atoms lose two electrons to form ferrous ions, which may further oxidize or react to form
corrosion products such as rust (hydrated iron oxides).

Aluminum (Al):

Al > A3+ + 3e-

Aluminum loses three electrons, forming aluminum ions, relevant in amphoteric corrosion
behavior.

Zinc (Zn):

Zn > Zn?%*+ + 2e-

Zinc acts as a sacrificial anode in cathodic protection systems.
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At the anode, the metal dissolution leads to material loss, which is the visible and measurable
manifestation of corrosion. The rate of this reaction depends on environmental factors, metal
properties, and the electrochemical potential difference between anodic and cathodic sites.

moist soil / water with dissolved ions (the electrolyte)

the ion leaves the surface - metal loss

A

At the anode surface: an iron atom gives up two electrons and leaves the metal as an ion. The electrons
stay behind in the steel and travel to the cathode.

Electron Flow Through the Metallic Path

Electrons released during the anodic oxidation do not accumulate at the anode; they flow
through the metal structure to the cathode. This electron flow is driven by the potential
difference between anodic and cathodic areas.

In field terms, this electron movement constitutes the corrosion current, which can be
indirectly measured using techniques such as close interval potential surveys (CIPS) or pipe-
to-soil potential measurements with reference electrodes (e.g., copper-copper sulfate
electrode, CSE).

Understanding electron flow is critical for technicians to identify active corrosion sites and
evaluate the effectiveness of cathodic protection systems.

Cathodic Reactions: Reduction and Electron Consumption

At the cathode, electrons arriving from the anode are consumed in reduction reactions. These
reactions balance the anodic oxidation, maintaining charge neutrality and completing the
electrochemical circuit.

The dominant cathodic reaction depends on the environment:
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Aerobic (oxygen-rich) conditions — oxygen reduction is the primary cathodic reaction:

0, + 2H,0 + 4e- > 40H-

This reaction consumes electrons and produces hydroxide ions, often increasing local
alkalinity near the cathode.

Anaerobic or acidic conditions — hydrogen ion reduction dominates:

2H+* + 2e- > H,

Hydrogen gas evolves, which can lead to hydrogen embrittlement in susceptible metals.

Other less common cathodic reactions include metal ion reduction or sulfate reduction in
microbial influenced corrosion (MIC).

Ion Migration in the Electrolyte

To maintain electrical neutrality, ions migrate through the electrolyte:

« Cations (positive ions), such as metal ions Fe?*, move toward the cathode.
« Anions (negative ions), such as hydroxide OH™ or chloride CI~, move toward the anode.
This ionic movement completes the circuit, allowing continuous corrosion current flow. The

electrolyte's conductivity, influenced by moisture content, ion concentration, and
temperature, directly affects corrosion rates.

Why Corrosion Prefers the Anode: Mechanisms and
Drivers

Corrosion preferentially occurs at anodic sites due to thermodynamic and kinetic factors:

« Electrochemical potential differences: the anode is the site with a lower (more negative)
electrode potential, making oxidation energetically favorable.

» Material heterogeneities: microstructural variations such as inclusions, grain boundaries,
or weld zones create localized anodic areas.
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» Environmental gradients: differential aeration cells form when oxygen concentration
varies across the metal surface. Oxygen-rich areas become cathodic, while oxygen-
depleted zones become anodic.

» Galvanic coupling: contact between dissimilar metals causes the less noble metal to act
as the anode and corrode preferentially.

» Anode-cathode area ratio: a small anode area relative to a large cathode concentrates
current density, accelerating corrosion at the anode.

Practical Implications for Corrosion Technicians

« Identification of anodic sites: using potential surveys and current measurements,
technicians can locate active anodic areas where corrosion is occurring.

» Cathodic protection design: by understanding anodic reactions, technicians can design
systems that supply electrons to the structure, converting anodic sites into cathodic ones
and halting metal loss.

» Material and environmental assessment: knowledge of anodic behavior aids in selecting
corrosion-resistant materials and evaluating environmental factors such as soil resistivity,
moisture, and pH.

« Monitoring and maintenance: regular inspection of anodic sites and monitoring of
electrochemical parameters ensure early detection and mitigation of corrosion damage.

Summary and Key Takeaways
» Corrosion is an electrochemical process involving oxidation at the anode and reduction at
the cathode, connected by electron and ion flows.

» The anodic reaction involves metal atoms losing electrons and dissolving as ions into the
electrolyte, causing material loss.

« Electrons flow through the metal from anode to cathode, while ions migrate through the
electrolyte to maintain charge balance.

» Environmental factors, material heterogeneities, and electrochemical potentials determine
where anodic reactions localize.

» Understanding anodic reactions is critical for corrosion technicians to identify corrosion
sites, interpret survey data, and implement effective corrosion control measures such as
cathodic protection.
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Referenced Standards and Application Notes

* NACE SP0169: Control of External Corrosion on Underground or Submerged Metallic
Piping Systems — guides cathodic protection design and potential measurement.

o ASTM G57: Standard Test Method for Field Measurement of Soil Resistivity — important
for assessing electrolyte conductivity affecting corrosion rates.

 NACE SP0285: External Corrosion Control of Underground Storage Tank Systems by
Cathodic Protection — addresses differential aeration and galvanic corrosion.

 Use of reference electrodes: copper-copper sulfate electrode (CSE) for pipe-to-soil
potential measurements.

By learning the electrochemical reactions at the anode surface and their role in
corrosion, corrosion field technicians enhance their ability to diagnose, monitor, and
mitigate corrosion effectively, ensuring asset integrity and safety in the field.

FROM RCS

Roberts Corrosion Services, LLC

Established in 2011, Roberts Corrosion Services, LLC delivers comprehensive, turn-
key cathodic protection and corrosion control solutions nationwide. Our end-to-end
expertise encompasses design and inspection, installation and repair, surveys and
remedial work. We provide drilling services for deep anode installations and a full
laboratory for analysis of samples and corrosion coupons, as well as custom CP
rectifier manufacturing.

While our initial focus was on the Appalachian Basin area, we complete field work all
over the US. We are a licensed contractor in many states and can complete a wide
range of services.

Our biggest strength is in our flexibility for our clients. Solutions and results. Let us
know how we can help.
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