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Abstract

Osmotic pressure, traditionally described by van’t Hoff’s law (Π = icRT), exhibits a

mathematical identity to the ideal gas law (P = nkT), yet its microscopic origin is often

attributed abstractly to entropy or chemical potential gradients. Here, we propose a kinetic

theory of osmotic pressure grounded in momentum transfer: impermeable solute particles

undergoing Brownian motion collide with a semi-permeable membrane, reversing their

perpendicular momentum components and thereby generating a pressure that counteracts

the solvent’s net flow. By rigorously modeling solute particles as ideal gas molecules

constrained by the membrane, we derive van’t Hoff’s law from first principles, unifying it

with the kinetic theory of gases. This approach demystifies the formal identity between

osmotic and gas pressures, emphasizing the mechanical role of solute collisions in osmotic

equilibrium.

Keywords: Osmotic pressure, Brownian motion, kinetic theory, momentum transfer, van’t

Hoff’s law

1. Introduction

Osmotic pressure, first quantified by van’t Hoff in 1886, remains a cornerstone of colloid

and biological physics. Its canonical formula, Π = icRT, mirrors the ideal gas law, but

standard derivations rely on thermodynamic arguments (e.g., entropy maximization or

chemical potential balancing) rather than mechanical principles. While these derivations are

mathematically sound, they obscure a deeper physical analogy: the kinetic origin of

osmotic pressure as a momentum flux from solute particles to a semi-permeable

membrane.
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We revisit this analogy by hypothesizing that osmotic pressure arises directly from the

elastic collisions of solute particles—modeled as Brownian particles—with the membrane,

where reversed momentum components counteract the solvent’s flow. This mirrors the

kinetic theory of gases, where pressure results from molecular collisions with container

walls. Our derivation bridges these domains, offering an intuitive mechanical picture of

osmotic equilibrium while preserving rigor.

2. Theory

2.1. Osmotic Pressure as Momentum Transfer

Consider a solution separated from pure solvent by a rigid semi-permeable membrane

(permeable only to solvent). Solute particles (mass *m*, number density *n*) undergo

Brownian motion with velocities obeying the Maxwell-Boltzmann distribution. Upon

colliding with the membrane, a particle’s perpendicular momentum component (pₓ = mvₓ)

reverses direction, imparting a momentum change of *Δpₓ = 2m|vₓ|* to the membrane.

The osmotic pressure Π is the time-averaged momentum flux per unit area. For N particles

striking area A in time Δt, the force F is:

Using the collision rate *Γ = n⟨vₓ⟩/2* (where ⟨vₓ⟩ is the mean perpendicular speed), we

obtain:

From the equipartition theorem (⟨vₓ²⟩ = kT/m):

Converting to molar concentration (n = Nₐc, k = R/Nₐ):

2.2. Role of Solvent: Momentum Counteraction

The solvent (e.g., water) flows toward the solution side due to chemical potential gradients.

At equilibrium, the solute-generated pressure Π balances this flow by offsetting the

F = ​

Δt
N ⋅ Δp ​x

Π = ​ =
A
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Π = nkT

Π = cRT (van’t Hoff’s law for *i* = 1)
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solvent’s net momentum flux. This mechanical equilibrium explains why no net flow occurs

despite the solvent’s permeability.

3. Discussion

3.1. Link to Ideal Gas Law

The identity Π = cRT and P = cRT arises because both pressures stem from thermal

momentum transfer to a boundary: gas molecules to container walls, and solute particles to

the membrane. The semi-permeable membrane acts as a selective "wall" for solutes.

3.2. Limitations and Extensions

Non-ideal solutions: Solute interactions modify Π (e.g., via virial expansions).

Electrolytes: The factor *i* accounts for dissociated ions, increasing collision frequency.

4. Conclusion

We derived osmotic pressure from the kinetic theory of solute collisions, unifying it with the

ideal gas law. This mechanical perspective complements thermodynamic explanations,

emphasizing the universal role of momentum transfer in pressure generation.
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