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Understanding the equilibrium-constant expression for chemical reactions is fundamental in
the fields of chemistry and chemical engineering. When dealing with reactions involving
solids, liquids, gases, and aqueous solutions, the nature of the species involved dictates
how the equilibrium constant is formulated. In this article, we will explore the reaction
involving sodium bicarbonate (NaHCO₃), sodium hydroxide (NaOH), and carbon dioxide
(CO₂), analyze its chemical behavior, and derive the equilibrium-constant expression
associated with it.

---

Introduction to Chemical Equilibrium and
Equilibrium Constants

Before delving into the specifics of the reaction involving NaHCO₃, NaOH, and CO₂, it is
essential to understand what chemical equilibrium entails.

What Is Chemical Equilibrium?
Chemical equilibrium occurs in a reversible reaction when the rate of the forward reaction
equals the rate of the reverse reaction. At this point, the concentrations of reactants and
products remain constant over time, although the reactions continue to occur at the
molecular level.

The Equilibrium Constant (K)
The equilibrium constant (K) quantifies the ratio of concentrations of products to reactants
at equilibrium, each raised to the power of their respective coefficients in the balanced
chemical equation. The value of K provides insight into the position of equilibrium:
- If K >> 1, the reaction favors products.
- If K <- If K ≈ 1, significant amounts of reactants and products coexist at equilibrium.

The form of the equilibrium constant expression depends on the states of the species
involved—gases (Kp or Kc), aqueous solutions (Kc), or solids and liquids (excluded from the
expression).

---



Analyzing the Reaction: NaHCO₃(s) + NaOH(s) +
CO₂(g)

The chemical process involving sodium bicarbonate (NaHCO₃), sodium hydroxide (NaOH),
and carbon dioxide (CO₂) can be represented as a reversible reaction. To understand the
equilibrium-constant expression, we first need to identify the balanced chemical equation.

Possible Reaction Pathway
Given the species involved, one plausible reaction pathway is:

NaHCO₃(s) + NaOH(s) ⇌ Na₂CO₃(s) + H₂O(l)

However, since the question involves CO₂(g), we must consider reactions where CO₂
interacts with sodium bicarbonate and NaOH, often in aqueous solutions, to form different
species.

A typical reaction involving CO₂, NaHCO₃, and NaOH is:

NaHCO₃(s) + NaOH(s) + CO₂(g) ⇌ Na₂CO₃(s) + H₂O(l)

But in practice, CO₂ reacts with NaOH to produce sodium bicarbonate or sodium carbonate
solutions, and the equilibrium depends on conditions such as temperature and pressure.

Key Reactions to Consider:

1. Formation of sodium bicarbonate from NaOH and CO₂:

NaOH(aq) + CO₂(g) ⇌ NaHCO₃(s or aq)

2. Conversion of sodium bicarbonate to sodium carbonate:

NaHCO₃(s or aq) + NaOH(s) ⇌ Na₂CO₃(s) + H₂O(l)

Note: The physical states of the involved species influence the equilibrium expression
significantly.

---

Determining the Equilibrium-Constant Expression

The equilibrium-constant expression depends on the phases of the reactants and products
involved. Here, we analyze the general principles applying to this reaction.



Species to Include in the Expression
- Gases: CO₂(g)
- Aqueous or dissolved species: NaHCO₃, NaOH, Na₂CO₃, H₂O
- Solids: NaHCO₃(s), NaOH(s), Na₂CO₃(s)

In equilibrium expressions, solids and pure liquids are omitted because their activities are
considered constant and incorporated into the equilibrium constant.

Formulating the Equilibrium Constant
Suppose the reaction involves aqueous species, for example:

NaOH(aq) + CO₂(g) ⇌ NaHCO₃(aq)

In this case, the equilibrium constant (K_c) is expressed as:

K_c = [NaHCO₃(aq)] / ([NaOH(aq)] P_CO₂)

Where:
- [NaHCO₃(aq)] is the molar concentration of sodium bicarbonate.
- [NaOH(aq)] is the molar concentration of sodium hydroxide.
- P_CO₂ is the partial pressure of CO₂ gas.

Important notes:
- For reactions involving gases, the equilibrium constant can be expressed as either K_c
(concentrations) or K_p (partial pressures).
- When gases are involved, Henry's law relates the concentration of CO₂ in solution to its
partial pressure.

---

Specific Equilibrium-Constant Expressions for the
Reaction

Based on the reactions involving NaHCO₃(s), NaOH(s), and CO₂(g), we can write the
equilibrium expressions as follows:

1. Formation of Sodium Bicarbonate from NaOH and CO₂

NaOH(aq) + CO₂(g) ⇌ NaHCO₃(aq)

Equilibrium constant (K_c):

K_c = [NaHCO₃(aq)] / ([NaOH(aq)] P_CO₂)



---

2. Conversion of Sodium Bicarbonate to Sodium
Carbonate

NaHCO₃(s) + NaOH(s) ⇌ Na₂CO₃(s) + H₂O(l)

In this case:

- Since solids and liquids are involved, they are omitted from the expression.
- The equilibrium constant (K) for this reaction involves the activity of aqueous species:

K = [Na₂CO₃(aq)] / [NaHCO₃(aq)] [H₂O]

But because H₂O is a pure liquid, its activity is taken as 1.

---

3. Overall Reaction and Its Equilibrium Expression

If we consider the overall process:

NaOH(aq) + CO₂(g) ⇌ NaHCO₃(aq)

The equilibrium-constant expression simplifies to:

K = [NaHCO₃(aq)] / ([NaOH(aq)] P_CO₂)

---

Factors Affecting the Equilibrium Constant

Several factors influence the value of the equilibrium constant for reactions involving
NaHCO₃, NaOH, and CO₂:

- Temperature: As with most reactions, temperature changes affect the equilibrium position
and thus the value of K.
- Pressure of CO₂: Since CO₂ is a gas, its partial pressure directly impacts the equilibrium.
- Concentration of aqueous species: The molar concentrations of NaOH and NaHCO₃
influence the equilibrium position.
- pH and ionic strength: These affect the solubility and activity of species involved.

---



Practical Applications and Significance

Understanding the equilibrium-constant expression for this reaction has practical
implications in various fields:

- Carbon Capture and Storage (CCS): Reactions involving CO₂ and sodium compounds are
used to sequester CO₂.
- Industrial Processes: Production of sodium carbonate (soda ash) via reaction with CO₂.
- Environmental Chemistry: Managing CO₂ levels through chemical absorption processes.
- Food Industry: Use of sodium bicarbonate and related reactions in baking and
preservation.

---

Summary of Key Points

- The equilibrium-constant expression depends on the phases of the reactants and
products.
- For reactions involving gases and aqueous species, the expression often involves partial
pressures and concentrations.
- Solids and pure liquids are omitted from the equilibrium expression.
- The general form for the reaction involving NaHCO₃, NaOH, and CO₂ is:

K = [NaHCO₃(aq)] / ([NaOH(aq)] P_CO₂)

- Accurate determination of K requires controlled conditions and precise measurement of
concentrations and pressures.

---

Conclusion

In conclusion, the equilibrium-constant expression for the reaction involving sodium
bicarbonate, sodium hydroxide, and carbon dioxide depends on the specific reaction
pathway and the phases involved. Typically, for reactions involving gases and aqueous
solutions, the equilibrium constant is expressed in terms of concentrations and partial
pressures. Recognizing which species are included or omitted—particularly solids and
liquids—is crucial for accurate formulation.

Understanding these principles is essential for chemists and engineers working on
processes related to gas absorption, mineral carbonation, and industrial chemical synthesis.
Mastery over how to formulate and interpret equilibrium constants enables better control
and optimization of chemical reactions, leading to more efficient and sustainable practices.

---
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Frequently Asked Questions

What is the equilibrium-constant expression for the
reaction involving NaHCO₃(s), NaOH(s), and CO₂(g)?
The equilibrium-constant expression is K = [CO₂], since solids are omitted from the
expression, so K = [CO₂(g)].

Why are solids like NaHCO₃ and NaOH not included in
the equilibrium constant expression?
Solids are omitted because their activities are constant and do not appear in the
expression; only gases and aqueous species are included.

How do you write the equilibrium-constant expression
for the reaction: NaHCO₃(s) + NaOH(s) ⇌ Na₂CO₃(s) +
H₂O(g)?
Since all are solids except for water vapor, the expression simplifies to K = [H₂O(g)]
because only gases are included; solids are omitted.

In the reaction NaHCO₃(s) + NaOH(s) ⇌ Na₂CO₃(s) +
H₂O(g), what role does CO₂ play in the equilibrium
constant expression?
CO₂ is a gas involved in the reaction, so its concentration or partial pressure appears in the
equilibrium expression as [CO₂].

Can the equilibrium-constant expression be written as
K = [NaHCO₃][NaOH]/[Na₂CO₃][H₂O]? Why or why not?
No, because solids are not included in the equilibrium expression; only gases and aqueous
solutions are considered. Therefore, solids are omitted.



What is the significance of the partial pressure of CO₂ in
the equilibrium constant for this reaction?
The partial pressure of CO₂ directly influences the position of equilibrium; it appears in the
expression as [CO₂(g)] or P₍CO₂₎.

How do temperature changes affect the equilibrium-
constant expression of this reaction?
Temperature changes can shift the equilibrium position, affecting the value of the
equilibrium constant, but the expression itself remains the same unless the reaction's
nature changes.

Is the reaction involving NaHCO₃, NaOH, and CO₂
reversible, and how does that relate to the equilibrium
constant?
Yes, it is reversible; the equilibrium constant quantifies the ratio of product to reactant
concentrations at equilibrium, indicating the extent of the reaction.

How would you experimentally determine the
equilibrium constant for this reaction involving gases?
You would measure the partial pressure or concentration of CO₂ at equilibrium under
controlled conditions and use the equilibrium-constant expression to calculate K.

Additional Resources
Understanding the Equilibrium-Constant Expression for the Reaction Involving
NaHCO₃(s), NaOH(s), and CO₂(g)

In the realm of chemical equilibria, the precise formulation of equilibrium-constant
expressions is fundamental to understanding how reactions proceed, how they shift under
different conditions, and how they can be manipulated for practical applications. Among the
myriad of reactions in inorganic chemistry, the transformation involving sodium bicarbonate
(NaHCO₃), sodium hydroxide (NaOH), and carbon dioxide (CO₂) is particularly significant
because of its relevance to environmental chemistry, industrial processes, and biological
systems.

This article aims to provide a comprehensive, detailed analysis of the equilibrium involving
these species, focusing specifically on deriving and understanding the equilibrium-constant
expression for the reaction:

NaHCO₃(s) + NaOH(s) ⇌ 2 Na₂CO₃(s) + CO₂(g)

or a similar, relevant reaction involving these species. We will explore the fundamental
principles of chemical equilibria, the role of pure solids and gases in equilibrium



expressions, and the practical implications of this particular equilibrium. Throughout, the
discussion will be broken down into structured sections, each providing in-depth
explanations to facilitate a thorough understanding.

---

Fundamentals of Chemical Equilibrium and the
Equilibrium Constant

What Is Chemical Equilibrium?

Chemical equilibrium occurs when the rates of the forward and reverse reactions are equal,
leading to constant concentrations of reactants and products over time. For a generic
reaction:

aA + bB ⇌ cC + dD

the system reaches equilibrium when the concentrations of A, B, C, and D remain
unchanged with time.

In this state, the reaction appears to have 'settled,' but microscopic processes continue
occurring in both directions. The equilibrium position depends on temperature, pressure,
concentrations, and other factors.

The Equilibrium Constant (K)

The equilibrium constant, K, quantifies the ratio of product concentrations to reactant
concentrations at equilibrium. For reactions involving gases and pure solids or liquids, the
expression simplifies because their activities are considered constant or equal to one.

The general form is:

K = \(\frac{\text{Activities of Products}}{\text{Activities of Reactants}}\)

For gaseous reactions, activities are often approximated by partial pressures or
concentrations, while for pure solids and liquids, activities are taken as unity, since their
phases are incompressible and their concentrations are constant.

This simplification allows the equilibrium expression to focus mainly on gaseous species
and solutions, which vary with conditions.

---



Significance of Phases in Equilibrium Expressions

The phases of species involved—solid, liquid, gas—play a critical role in formulating the
equilibrium expression:

- Pure solids and liquids: Their activities are defined as unity because their densities and
concentrations do not influence the equilibrium position significantly. As a result, they do
not appear explicitly in the equilibrium expression.

- Gases: Their activities are proportional to their partial pressures or concentrations, making
them central to the equilibrium expression.

- Solutions: The activities depend on concentrations or molarities, and their incorporation
depends on the context and whether the solution is dilute.

Understanding these principles is essential for accurately expressing and calculating
equilibrium constants, especially in systems involving multiple phases.

---

Analyzing the Specific Reaction: NaHCO₃(s) +
NaOH(s) ⇌ 2 Na₂CO₃(s) + CO₂(g)

Reaction Overview and Context

The reaction under consideration involves solid sodium bicarbonate (NaHCO₃), solid sodium
hydroxide (NaOH), sodium carbonate (Na₂CO₃), and gaseous carbon dioxide (CO₂). It can be
viewed as a simplified depiction of processes such as the thermal decomposition of
bicarbonates, carbonation reactions, or industrial processes like CO₂ capture and release.

The simplified reaction can be written as:

NaHCO₃(s) + NaOH(s) ⇌ Na₂CO₃(s) + CO₂(g)

This reaction reflects the transformation of bicarbonate into carbonate with the release of
CO₂ gas, under certain conditions. It is pertinent in contexts such as:

- Carbonation reactions in the environment
- Industrial carbonation processes
- Carbon capture and storage systems
- Baking and food chemistry (though simplified)

Understanding the equilibrium behavior of this reaction involves analyzing the phase
involvement and how to correctly formulate the equilibrium constant expression.



Determining the Equilibrium-Constant Expression

Given the reaction:

NaHCO₃(s) + NaOH(s) ⇌ Na₂CO₃(s) + CO₂(g)

we analyze the phases involved:

- NaHCO₃ (solid)
- NaOH (solid)
- Na₂CO₃ (solid)
- CO₂ (gas)

Step 1: Identify phases

- The three solids are pure substances and are considered to have activities of unity.
- The gas (CO₂) has an activity proportional to its partial pressure or concentration.

Step 2: Write the general expression

The equilibrium constant, K, is expressed as:

K = \(\frac{\text{Activities of products}}{\text{Activities of reactants}}\)

Since solids have activities of 1, the expression simplifies to:

K = a_{CO₂} = activity of CO₂

Step 3: Express activity of CO₂

The activity of CO₂ in the gaseous phase can be expressed as:

a_{CO₂} = \(\frac{P_{CO₂}}{P^{\circ}}\)

where:

- \(P_{CO₂}\) is the partial pressure of CO₂ at equilibrium
- \(P^{\circ}\) is the standard pressure (commonly 1 bar or 1 atm)

Therefore, the equilibrium-constant expression becomes:

K = \(\frac{P_{CO₂}}{P^{\circ}}\)

or simply:

K = P_{CO₂} / P^{\circ}

This form is commonly used in gas-phase equilibria, where the partial pressure of the
gaseous species is the key variable.



---

Implications and Practical Considerations

Thermodynamics and Reaction Conditions

The value of K reflects the thermodynamic favorability of the reaction:

- If K > 1, the reaction favors the formation of CO₂ gas at equilibrium.
- If K < 1, the formation of CO₂ is less favored, and the reaction favors reactants.

Temperature will significantly influence K, as per Le Châtelier’s principle and the reaction’s
enthalpy change (ΔH). For instance:

- Endothermic reactions (absorbing heat) increase K with temperature.
- Exothermic reactions (releasing heat) decrease K with temperature.

Understanding how temperature affects the equilibrium allows engineers and chemists to
optimize conditions for desired outcomes, such as CO₂ capture.

Industrial and Environmental Relevance

This equilibrium has direct applications:

- Carbon Capture: Controlling conditions to favor CO₂ release or absorption for
environmental mitigation.
- Industrial Synthesis: Producing sodium carbonate via calcination of bicarbonates.
- Environmental Chemistry: Understanding natural carbonate buffering systems in oceans
and soils.

In practice, controlling parameters such as temperature, pressure, and concentrations
influences the position of equilibrium and the extent of CO₂ production.

Limitations and Assumptions in the Equilibrium
Expression

While the derived expression provides insight, real systems may deviate due to:

- Non-ideal gas behavior at high pressures
- Impurities or non-pure solids
- Temperature gradients or kinetic factors

Therefore, experimental validation and correction factors are often employed in industrial



applications.

---

Conclusion and Summary

The reaction involving NaHCO₃(s), NaOH(s), and CO₂(g) exemplifies fundamental principles
of chemical equilibria involving phases. The key takeaways include:

- The equilibrium-constant expression simplifies to involve only gaseous species when
solids are pure, with activities of solids set to unity.
- For the reaction NaHCO₃(s) + NaOH(s) ⇌ Na₂CO₃(s) + CO₂(g), the equilibrium constant
essentially depends on the partial pressure of CO₂:

K = P_{CO₂} / P^{\circ}

- The magnitude of K determines the reaction's favorability toward CO₂ release or
absorption, influenced heavily by temperature and pressure.
- Practical applications span environmental management, industrial synthesis, and chemical
engineering, emphasizing the importance of understanding and controlling these equilibria.

In sum, a thorough grasp of the equilibrium-constant expression, combined with an
appreciation of phase effects and thermodynamic principles, allows scientists and
engineers to manipulate these reactions effectively for various scientific, industrial, and
environmental objectives.
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