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Understanding the Law of Mass Action is fundamental in chemical kinetics and equilibrium studies. It
provides a quantitative description of how the rates of chemical reactions depend on the concentration
of reactants and products. In this article, we will explore how maintaining constant concentrations of

reactants A and B influences the reaction rates and how this leads to the formulation of the Law of

Mass Action.

Introduction to the Law of Mass Action

The Law of Mass Action states that the rate of a chemical reaction is proportional to the product of the
concentrations of the reactants, each raised to a power corresponding to their stoichiometric
coefficients in the balanced chemical equation. Mathematically, for a general reaction:

\[ aA + bB \rightleftharpoons cC + dD \]

the rate of the forward reaction can be expressed as:

\[ \text{Rate} {\text{forward}} = k_f [A]*a [B]"b \]

Similarly, the rate of the reverse reaction is:



\[ \text{Rate} {\text{reverse}} = k_r [C]*c [D]*d \]
where \(k_f\) and \(k_r\) are the rate constants for the forward and reverse reactions respectively.

The law is pivotal in understanding chemical equilibria, reaction mechanisms, and kinetics. It was first

proposed by Guldberg and Waage in 1864, based on empirical observations.

Setting the Scenario: Constant Concentrations of A and B

Suppose that in a reaction system, the concentrations of reactants A and B are maintained at constant
levels, denoted as \([A] = A_0\) and \([B] = B_0\). This scenario is common in experimental setups

such as continuous flow systems or when reactants are in large excess.
Maintaining constant concentrations effectively means that the concentrations of A and B do not
change over the course of the reaction. This can be achieved by:

¢ Using a chemostat or continuous stirred-tank reactor (CSTR) where fresh reactants are

continuously supplied, and products are removed.

e Ensuring reactants are in large excess compared to the amounts reacted, making their depletion

negligible.

¢ Applying external controls that keep concentrations steady, such as in enzyme kinetics or

catalytic systems.

Under these conditions, the reaction rate primarily depends on the fixed concentrations of A and B,

simplifying the analysis of reaction kinetics.



Deriving the Rate Expression Under Constant Concentrations

Given the reaction:
\[ aA + bB \rightleftharpoons cC + dD \]
the instantaneous rates of the forward and reverse reactions are:

\[ \text{Rate} {\text{forward}} = k_f [A]*a [B]"b \]
\[ \text{Rate} {\text{reverse}} = k_r [C]*c [D]*d \]

When \([A]\) and \([B]\) are held constant at \(A_0\) and \(B_0\), the forward rate becomes a constant:
\[ \text{Rate} {\text{forward}} = k_ f A 0%a B_0"b \]

Similarly, for the reverse reaction, if the concentrations of products C and D are variable, the reverse

rate depends on their instantaneous concentrations.

In many practical cases, especially in open systems or when focusing on the initial stages, the
concentrations of C and D are negligible or can be considered at steady-state. Under these
assumptions, the net reaction rate \(r\) can be expressed as:

\[ r = \text{Rate} {\text{forward}} - \text{Rate} {\text{reverse}} \]

which simplifies to:

\[r=k _fA_0% B_0"b - k_r [C]*c [D]"d \]

This expression demonstrates that, with fixed \([A]\) and \([B]\), the forward reaction rate is effectively

constant, dependent only on the fixed concentrations and the rate constant \(k_f\).



Connecting to the Law of Mass Action

The Law of Mass Action states that, at equilibrium, the rate of the forward reaction equals the rate of

the reverse reaction:
\[ k_f A_0*a B_0"b = k_r [C]_{\text{eq}}*c [D]_{\text{eq}}*d \]

Rearranging, we obtain the equilibrium constant \(K_{eq}\):

Expression for the Equilibrium Constant

\[
K {eq} = \frac{[C]_{\text{eq}}*'c [D]_{\text{eq}}*d{A_0"a B_0"b} = \frac{k_fKk r}
\]

This relation highlights that:

- The ratio of the rate constants \(k_f\) and \(k_r\) determines the equilibrium position.

- The equilibrium concentrations depend on the initial fixed concentrations of the reactants.

The Law of Mass Action thus provides a quantitative link between the kinetic parameters and the

equilibrium state.

Implications of Constant Reactant Concentrations

Maintaining constant concentrations of A and B simplifies the analysis of reaction kinetics significantly:



« |t allows the derivation of pseudo-first-order or pseudo-second-order reactions, where the

reaction appears to depend on a single concentration.

* |t facilitates experimental determination of rate constants since the reaction rate can be

measured directly under controlled concentrations.

e |t provides a straightforward way to study the effect of temperature or catalysts on reaction rates.

Furthermore, in such systems, the reaction rate becomes independent of the concentrations of A and

B, as they are fixed, and is determined solely by the fixed concentrations and the rate constants.

Practical Examples and Applications

Understanding the Law of Mass Action under constant concentration conditions has numerous

practical applications:

Catalytic Reactions

- Catalysts often operate under conditions where reactant concentrations are maintained constant to
optimize reaction rates.
- Enzyme kinetics, especially Michaelis-Menten kinetics, assume a constant substrate concentration

during initial rate measurements.

Industrial Chemical Reactors

- Continuous flow reactors keep reactant concentrations steady, enabling predictable and stable
reaction rates.

- Such systems are designed based on the principles of the Law of Mass Action to optimize yield and



efficiency.

Environmental Chemistry

- In modeling pollutant degradation or atmospheric reactions, assumptions of constant reactant

concentrations simplify complex kinetic models.

Conclusion

Assuming that both A and B are kept at constant concentrations \(A_0\) and \(B_0\), respectively,
greatly simplifies the analysis of chemical reactions and directly illustrates the principles underlying the
Law of Mass Action. Under these conditions, the reaction rate becomes a product of fixed
concentrations and rate constants, leading to straightforward derivations of equilibrium expressions and

kinetic behaviors.

This approach underscores the importance of controlled experimental conditions in studying reaction
mechanisms and kinetics. It also provides foundational insight into how reactions proceed under
steady-state conditions, informing the design of industrial processes, laboratory experiments, and

environmental models.
By understanding how constant reactant concentrations influence reaction rates and equilibria,

chemists and engineers can better manipulate reaction conditions to optimize desired outcomes,

making the Law of Mass Action an indispensable tool in the field of chemistry.

Frequently Asked Questions



What is the Law of Mass Action and how does it relate to reactions at
constant concentrations?

The Law of Mass Action states that the rate of a chemical reaction is proportional to the product of the
concentrations of the reactants, each raised to a power corresponding to their stoichiometric
coefficients. When concentrations of A and B are kept constant, this law helps in deriving the

equilibrium expressions for reactions involving these species.

Why is it important to assume constant concentrations of A and B in
deriving the Law of Mass Action?

Assuming constant concentrations of A and B simplifies the mathematical derivation of the reaction's
rate and equilibrium expressions, allowing us to treat the concentrations as fixed parameters and

analyze the reaction's behavior under steady-state conditions.

How can the Law of Mass Action be demonstrated for a reaction with
constant A and B concentrations?

By considering a reversible reaction involving A and B, and assuming their concentrations remain
unchanged, the rate law can be expressed as a function of their fixed concentrations. At equilibrium,
the forward and reverse reaction rates are equal, leading to an equilibrium constant expression derived

directly from the concentrations.

What is the mathematical expression of the Law of Mass Action for a

reaction A + B [l C + D?

The equilibrium constant K is expressed as K = [C][D] / [A][B], where brackets denote molar
concentrations. If [A] and [B] are kept constant, the reaction's position shifts to maintain this ratio at

equilibrium.



How does maintaining constant concentrations of A and B influence
the reaction quotient Q and the equilibrium position?

When [A] and [B] are held constant, the reaction quotient Q remains fixed, and the system adjusts the
concentrations of products and reactants to maintain the equilibrium constant K, illustrating the direct

relationship described by the Law of Mass Action.

Can you explain the significance of the reaction quotient in
demonstrating the Law of Mass Action under constant concentration
conditions?

Yes, the reaction quotient Q, calculated from current concentrations, helps determine the direction in
which the reaction will proceed to reach equilibrium. With constant A and B concentrations, Q remains

fixed, and the law predicts how the system will adjust to achieve the equilibrium constant K.

What assumptions are made in deriving the Law of Mass Action when
A and B are kept at constant concentrations?

The primary assumptions include that the reaction is elementary, the concentrations of A and B do not
change during the process, and the system is at or approaching equilibrium. These assumptions

simplify the derivation and application of the law.

How does the concept of dynamic equilibrium relate to the Law of
Mass Action in the scenario of constant A and B concentrations?

At dynamic equilibrium, the forward and reverse reaction rates are equal. When A and B are kept
constant, the system maintains this balance, and the Law of Mass Action provides the equilibrium

constant that relates the concentrations of reactants and products at this state.



What practical applications arise from understanding the Law of Mass
Action with constant reactant concentrations?

This understanding is crucial in chemical engineering, biochemistry, and industrial processes where
reactant concentrations are controlled to optimize product yield, reaction rates, and system stability,

such as in buffer solutions and catalytic reactions.

How does fixing the concentrations of A and B help in experimental
determination of the equilibrium constant?

By maintaining constant concentrations of A and B and measuring the concentrations of products at
equilibrium, scientists can directly calculate the equilibrium constant based on the Law of Mass Action,

facilitating the study of reaction dynamics.

Additional Resources

The Law of Mass Action: An In-Depth Examination of Reaction Kinetics Under Constant

Concentrations

Introduction

The Law of Mass Action is a fundamental principle in chemical kinetics and equilibrium chemistry,
describing how the rate of a chemical reaction relates to the concentrations of reactants and products.
Originally formulated by Guldberg and Waage in the 19th century, it provides a quantitative basis for
understanding reaction mechanisms, predicting the direction of reactions, and deriving equilibrium
constants. In this detailed exploration, we focus on the scenario where reactants A and B are kept at

constant concentrations, analyzing how the law manifests under these conditions.



Background and Significance

Understanding the Law of Mass Action is crucial because:

- It links microscopic reaction mechanisms to macroscopic measurable quantities.
- It forms the basis for the derivation of equilibrium constants.
- It aids in designing chemical processes, reactors, and understanding biological systems where

concentrations are maintained constant, such as in enzyme kinetics.

When A and B are maintained at constant concentrations, typically through continuous feeding or
buffering, the reaction kinetics simplify, allowing us to derive specific relationships that demonstrate the

law's validity and implications.

Fundamental Concepts of the Law of Mass Action

Before delving into the specific scenario, it is essential to clarify key concepts:

- Reaction Rate: The speed at which reactants are converted into products.
- Reaction Order: The sum of the powers to which concentration terms are raised in the rate law.
- Rate Law: An expression that relates the reaction rate to the concentrations of reactants, generally of

the form:

\[
\text{Rate} = k \times [A]*m \times [B]*n

\

where \(k\) is the rate constant, and \(m, n\) are the reaction orders with respect to A and B,



respectively.

- Equilibrium: A state where the forward and reverse reactions occur at the same rate, leading to

constant concentrations of reactants and products.

Assumption of Constant Concentrations of A and B

In many experimental or industrial scenarios, A and B are kept at constant concentrations by:

- Continuous feeding: Supplying reactants at a rate that balances their consumption.

- Buffering: Using large excess or buffering agents to maintain steady concentrations.

- Dilution or removal: Removing products or excess reactants to stabilize concentrations.

This assumption simplifies the kinetic analysis because the concentrations of A and B do not change

with time, allowing us to focus solely on the reaction's intrinsic kinetics.

Mathematical Derivation of the Law Under Constant Concentrations

Step 1: General Reaction Framework

Consider a simple reversible reaction:

\[

A + B \rightleftharpoons C

\

- Forward reaction rate:



\
r_f = k_f [A][B]
\

- Reverse reaction rate:

\[

rr=k r[C]
\]

where:

- \(k_f\) and \(k_r\) are the forward and reverse rate constants, respectively.

- \([A], [B], [C]\) are concentrations of A, B, and C.

Step 2: Applying Constant Concentrations of A and B

Since \([A]\) and \([B]\) are kept constant, they are treated as parameters rather than variables:

\[
[A] = \text{constant} = [A]_O
\
\[
[B] = \text{constant} = [B]_0
\

This assumption implies:

- The reaction rate becomes effectively constant with respect to A and B, as their concentrations are

unchanged.

- The reaction dynamics depend primarily on the concentration of C and the constants \([A]_0\),



\([BL_OV).

Step 3: Rate Expression Simplification

The net reaction rate (change in concentration of C over time):

\[

\frac{d[C]{dt} =r f-r r=k f[A]_O[B]_O -k r[C]

\

Since \([A]_0\) and \([B]_0\) are constants, define:

\[

k_{app} = k_f[A]_O [B]_O

\

Thus, the rate simplifies to:

\[

\frac{d[C]}{dt} = k_{app} - k_r [C]

\

This is a first-order linear differential equation in \([C]\).

Demonstrating the Law of Mass Action Under These Conditions

Step 1: Equilibrium Condition

At equilibrium (\(t \to \infty\)), the net rate of change of \([C]\) is zero:



\[

0 = k_{app} - k_r [C]_{eq}

\]

which yields:

\[

[C]_{eq} = \frac{k_{app}}k_r} = \frac{k_f [A]_O [B]_OXk _r}

\

This equilibrium concentration depends directly on the constant concentrations of A and B and the

ratio of the rate constants.

Step 2: Expressing Equilibrium Constant

The equilibrium constant \(K_{eq}\) for the reaction is defined as:

\[

K_{eq} = \frac{[C]_{eq}K[A]_O [B]_O}

\

Substituting \([C]_{eq}\):

\[

K {eq} = \frac{\frac{k_f [A]_O [B]_OXk_r}}{[A]_O [B]_0} = \frac{k_fK{k _r}

\

This derivation shows that, when A and B are kept constant, the equilibrium constant depends solely

on the ratio of the rate constants, aligning with the classical thermodynamic definition.

Step 3: Rate Law Consistency



The original rate law:

\[
r=k_f[Al[B] - k_r [C]
\

reduces to:

\[
r =k {app} - k_r [C]
\]

which is linear in \([C]\), and since \([A]\) and \([B]\) are constants, the reaction rate is proportional to

the concentrations of A and B as per the law of mass action:
\[
r \propto [A][B]

\

This linearity confirms the direct proportionality between reaction rate and reactant concentrations, the

core principle of the law of mass action.

Extending the Analysis: Non-Equilibrium Conditions

While the above derivation pertains to equilibrium, understanding the reaction's behavior when A and

B are held at constant concentrations also illuminates kinetic control. For example:

- When \([A]\) and \([B]\) are maintained at high levels, the system behaves as if the reaction is

pseudo-first-order.



- The reaction rate becomes effectively independent of A and B during the steady state.

This is the basis of pseudo-first-order kinetics, widely employed in kinetic experiments and industrial

processes.

Practical Implications and Applications

The scenario of constant reactant concentrations is commonplace in:

- Enzyme kinetics: Substrate concentrations are often kept constant to study enzyme activity.

- Catalytic reactions: Reactants are supplied continuously in catalytic reactors.

- Industrial processes: Reactants are fed at fixed rates to maintain steady-state conditions.

In such cases, the law of mass action provides a straightforward way to relate reaction rates to

concentrations, enabling:

- Accurate determination of rate constants.

- Prediction of reaction behavior under various conditions.

- Design of reactors and optimization of yields.

Limitations and Considerations

Despite its utility, the assumption of constant concentrations has limitations:

- It is an idealization; in real systems, concentrations may vary over time.

- For reactions involving significant consumption or production, maintaining constant concentrations

requires energy or process control.



- The derivation assumes no side reactions or complex mechanistic pathways, which might not hold in

all systems.

Summary

In conclusion, when both reactants A and B are kept at constant concentrations, the Law of Mass
Action manifests clearly and straightforwardly. The reaction rate simplifies to a form where it is directly

proportional to the concentrations of A and B, reaffirming the core principle:

\[
\text{Rate} \propto [A][B]
\]

Furthermore, the equilibrium constant becomes a ratio of rate constants independent of concentrations,
aligning with thermodynamic definitions. This scenario exemplifies how kinetic principles underpin
chemical equilibria and reaction dynamics, especially under controlled conditions. The understanding
gained from analyzing such systems is vital across chemical, biochemical, and industrial domains,

providing a robust framework for predicting and manipulating reaction behavior.

Final Remarks

The analysis of reactions with constant reactant concentrations not only validates the Law of Mass
Action but also provides a practical approach to studying complex systems through simplified models.
Whether in laboratory kinetics, biochemical pathways, or industrial reactors, recognizing the conditions
under which the law applies allows chemists and engineers to harness reaction principles effectively

for innovation and discovery.
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