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Concentrate
on Osmosis



Top (Diffusion Model of
Osmosis): Historically, osmosis
was explained as a type of diffusion:
solute concentration differences
cause water to move from low to
high solute concentration to ‘even
things out.’ This intuitive model
treats the membrane as a passive
barrier and water flow as driven by
statistical mixing.
Second (Gas Pressure Analogy):
Water molecules are thought of as a
vapour-like phase. The side with
more solute has fewer free water
molecules, reducing its effective
vapour pressure. This creates a
pressure imbalance across the
membrane, driving water toward
the more concentrated side.
Third (Virial Theorem
Approach): Here, osmotic pressure
is derived from molecular
interactions—akin to pressure in
gases. Solute particles exert
directional momentum transfer
through collisions, and the
semi-permeable membrane
selectively blocks these, resulting in
net force buildup.
Fourth (Chemical Potential
Explanation): Osmosis is
understood in terms of chemical
potential gradients. Water flows
from high to low chemical potential,
and solutes lower the chemical
potential of water. This aligns with
thermodynamic definitions and
governs equilibrium conditions.
Bottom (Membrane Force Model
– Debye’s View): In this modern
(1923) mechanistic picture, the
membrane itself plays an active role.
It exerts differential mechanical
forces on solute and solvent.
Osmotic flow results from water
being pulled across in response to
these localised interactions.
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Concentrate on Osmosis
Standard osmosis explanations based solely on water con-

centration gradients fail to account for measured flow rates that
far exceed diffusion limits. The ratio of osmotic permeability
to diffusive permeability (Pf/Pd) commonly exceeds 100 in
biological systems with aquaporins, while purely diffusive
transport would yield a ratio near 1. Mechanical explanations,
notably Debye’s model, attribute osmosis to pressure gradients
arising from solute-membrane interactions rather than simple
diffusion. When solutes are excluded by a semipermeable mem-
brane, their momentum cannot transfer across the boundary,
creating a localised pressure drop that drives water movement.

Osmosis Misconceptions ∘ Debye Interface
Theory ∘ Membrane Selectivity ∘ 𝑃𝑓/𝑃𝑑 Transport

Ratio ∘ Van ’t Hoff Law ∘ Vegard Pressure
Drop ∘ Virial Theorem ∘ Solute-Solvent

Collisions ∘ Aquaporin Channels ∘ Galaxy Cluster
Dynamics ∘ Interfacial Forces

“There is, I think, no more wonderful and illuminating spectacle
than that of an osmotic growth—a crude lump of brute inanimate matter
germinating before our very eyes.”

— W. Deane Butcher, 1911
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Concentrate on Osmosis
The phenomenon of osmosis was first described by Jean-Antoine Nollet in 1748 after

observing fluid movement through animal membranes. In the 1820s, Henri Dutrochet

introduced the terms ‘endosmosis’ and ‘exosmosis,’ and in 1854 ThomasGraham coined

the term ‘osmosis.’ In the 1880s, Jacobus van 't Hoff derived a quantitative expression

for osmotic pressure in dilute solutions that followed the same form as the ideal gas law.

The result linked the behaviour of solutes in solution to molecular motion, reinforcing

the emerging statistical view of thermodynamics.

Around the same time, in 1877, Wilhelm Pfeffer sealed sugar solution inside a porous

ceramic pot linedwith copper ferrocyanide, creating the first truly semipermeablemem-

brane. He placed the pot in pure water and connected it to a mercury manometer (a

pressure gauge). The mercury column climbed as water entered the pot, sometimes

generating pressures over 20 atmospheres.

This was the first quantitative demonstration of osmotic pressure as a real mechanical

force, measurable in the same way as gas or hydrostatic pressure. Van 't Hoff quickly

recognised the analogy to ideal gases and used Pfeffer's results to formulateΠ = 𝑐𝑅𝑇.

By the early twentieth century, osmosis was widely interpreted through the lens of dif-

fusion: water was thought tomove from regions of high to low concentration. However,

alternative models emerged. In 1908, Lars Vegard proposed that solutes excluded from

amembrane could generate local pressure differences. Peter Debye formalised this idea

in 1923, modelling how solute collisions with a semipermeable barrier result in a force

imbalance that drives water flow. Debye's model treated osmotic flow as mechanically

generated rather than purely thermodynamic.

Although consistent with van ’t Hoff’s law at equilibrium, Debye’s explanation empha-

sised local interactions at the membrane interface. The model was largely ignored in

favour of equilibrium thermodynamics until it was revisited in the late 20th and early

21st centuries by researchers such as Gerald Manning and Alan Kay. Their work high-

lighted a discrepancy between persistent yet inaccurate textbook descriptions and the

physical theory of osmosis.

Osmosis is introduced as the movement of water across a semipermeable membrane from
a region of ‘high water concentration’ to one of ‘low water concentration.’ The phrasing
appears in educational contexts ranging from middle school biology to university-level
biophysics. The logic is derived from diffusion theory and implicitly models water as a
dilute substance within itself, moving in response to its own number density gradient.

The description uses kinetic gas theory, where particles are modelled as non-interacting
points executing straight-line motion between binary, elastic collisions. In a concentration
gradient, more particles move from high-density regions to low-density regions than that
in the reverse direction, producing a net flux. The flux is described by Fick’s law (Fick,
1855), 𝐽 = −𝐷∇𝑐, where 𝐷 is the diffusion coefficient and 𝑐 is the local number density.
The law is derived under the assumption that particle motion is uncorrelated, that average
free paths are long, and that interparticle forces are negligible.

https://doi.org/10.11647/OBP.0526.31
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The validity of this description depends on the gas being sufficiently dilute such that spatial
correlations and momentum transfer between particles can be neglected over relevant
time scales. The equilibrium state corresponds to uniform particle density and maximised
configurational entropy, that is, the system is at its most disordered. The model accurately
predicts behaviour for many inert gases under laboratory conditions.

When applied to water in the liquid phase, the model fails. Water molecules interact
continuously through hydrogen bonds and short-range repulsion, so each molecule’s
motion is constrained by its neighbours. There is no regime in which water behaves as a
gas of independently diffusing particles. Instead, motion involves correlated displacements
and propagates mechanical stress through a dense, hydrogen-bonded network.

The concept of a ‘water concentration gradient’ lacks meaning in a solvent composed
entirely of water. There is no distinct diffusing species; rather, any molecular displacement
must displace others. Water cannot respond to a local number density gradient in the
manner of an ideal gas. The semipermeable membrane selectively blocks solute molecules
while allowing solvent to pass.

Let’s introduce some units. 𝑃𝑓 and 𝑃𝑑 are permeabilities with units of m/s. 𝐿𝑝 is the
hydraulic permeability of the membrane with units of m/(Pa·s), relating volume flux per
area to an effective pressure difference.

Water transport is quantified by two coefficients: the osmotic permeability 𝑃𝑓 and the
diffusive permeability 𝑃𝑑. The Fundamental Law of Osmosis states that volume flux per
unit area is:

Φ𝑉 = 𝐿𝑝(Δ𝑃 − 𝑅𝑇 Δ𝑐𝑠),

where 𝐿𝑝 is hydraulic permeability, Δ𝑃 is the pressure difference, and Δ𝑐𝑠 is the osmolarity
difference. Hydrostatic pressure and osmotic gradients produce identical water flux through
the same coefficient 𝐿𝑝, with 𝑃𝑓 = 𝐿𝑝𝑅𝑇 /𝑉𝑤 where 𝑉𝑤 is the molar volume of water.

The dimensionless ratio 𝑃𝑓/𝑃𝑑 distinguishes transport mechanisms across different mem-
branes. In pure lipid bilayers, 𝑃𝑓/𝑃𝑑 = 1, indicating purely diffusive transport of inde-
pendent water molecules. For synthetic collodion membranes, studies reported 𝑃𝑓/𝑃𝑑
ranging from roughly 36 to 730, demonstrating predominantly convective flow. Biological
membranes containing aquaporins show intermediate values, with 𝑃𝑓/𝑃𝑑 typically on the
order of 10, despite water moving in single file through these channels.

Let’s take a step back and review theoretical frameworks for osmosis that were proposed
over the years. Each captures different aspects of osmotic flow, most lacking a complete
mechanistic picture or accordance with experimental data.

The kinetic gas model treats solute particles as an ideal gas exerting pressure on the
membrane. In this view, solute molecules bombard the membrane like gas molecules against
a container wall, creating pressure Π = 𝑛𝑘𝐵𝑇 /𝑉 = 𝑐𝑅𝑇 where 𝑛 is particle number, 𝑘𝐵
is Boltzmann’s constant, and 𝑐 is molar concentration. The model correctly predicts van ’t
Hoff’s law for dilute solutions (van ’t Hoff, 1887) but fails for concentrated solutions where
solute-solute interactions become significant. It also provides no mechanism for how this
pressure drives water flow through the membrane.
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The chemical potential framework describes osmosis as water moving to equalise its
chemical potential across the membrane (Gibbs, 1876). The chemical potential of water
decreases when solute is added: 𝜇 = 𝜇0 + 𝑅𝑇 ln(𝑥𝑤) where 𝑥𝑤 is the water mole fraction.
Water flows from high to low chemical potential until equilibrium is reached. While
thermodynamically rigorous, the chemical potential formulation restates the equilibrium
condition without explaining the molecular forces that drive flow. Chemical potential is a
state function, not a force.

The hydration shell model proposes that solute molecules bind water in hydration layers,
reducing ‘free’ water concentration. Water then diffuses down this concentration gradient.
However, hydration is a dynamic process with water molecules exchanging between bulk
and hydration shells on picosecond timescales. No static population of ‘bound’ versus ‘free’
water exists. Complete hydration of all solutes would reduce water concentration by less
than 1% in typical solutions, insufficient to explain observed osmotic pressures.

The physical source of osmotic flux lies at the interface. When solutes are excluded from
one side of the membrane, they cannot impart momentum beyond the boundary. A local
pressure deficit forms near the membrane on the solute-rich side. This asymmetry in
solute–solvent collisions creates the driving force.

Peter Debye identified this mechanism in the early twentieth century. (This is the same
Debye who advanced electrical conduction theory by introducing phonons in 1912 and
electrostatic screening in 1923, as discussed in Chapter 4). Solute molecules striking the
membrane generate an anisotropic momentum distribution. Water molecules on the other
side encounter no such imbalance. Net solvent flux moves toward the region with solute,
driven by a measurable pressure difference confined to the interface.

The transport requires no global difference in solvent concentration, only at the interface.

This interface phenomenon creates what Lars Vegard identified in 1908 as a pressure
profile across the membrane. The Vegard pressure drop occurs at the membrane-solution
interface where solute molecules cannot penetrate. On the solution side, pressure drops by
Π = 𝑐𝑅𝑇 just inside the membrane. Since pressures in bulk solutions are equal, a pressure
gradient must exist within the membrane, driving water from the pure solvent side to the
solution side.

The virial theorem relates pressure to molecular forces and positions. It is basically
relating the total force acting on a boundary with average forces of the elements bouncing
around inside it. In statistical mechanics, pressure arises from momentum transfer at
boundaries:

𝑃 = 𝑁𝑘𝐵𝑇
𝑉

+ 1
3𝑉

⟨∑
𝑖<𝑗

r𝑖𝑗 ⋅ F𝑖𝑗⟩ .

The first term represents kinetic pressure frommolecular motion. The second term accounts
for intermolecular forces, where r𝑖𝑗 is the separation vector and F𝑖𝑗 is the force between
molecules 𝑖 and 𝑗. When solutes cannot cross the membrane, their force contributions to
the pressure on that side vanish locally, creating the pressure imbalance that drives flow.
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In astronomy, the virial theorem relates kinetic and potential energy in gravitationally
bound systems. For a stable cluster of stars or galaxies:

2⟨𝐾⟩ + ⟨𝑈⟩ = 0,

where 𝐾 is kinetic energy and 𝑈 is gravitational potential energy. Galaxy clusters violating
this relation indicate either instability or the presence of dark matter. Fritz Zwicky first
applied the virial theorem to the Coma cluster in 1933, inferring far more mass than
could be accounted for by visible matter. His calculation provided early evidence for dark
matter—the virial theorem exposed missing mass through dynamics alone.

In osmosis, the virial theorem quantifies interfacial forces. When solutes are excluded from
a membrane interface, their contributions to the virial sum are absent, and the computed
pressure reflects that deficit.

Osmotic flow persists despite equal hydrostatic pressure across a membrane because
the local stress asymmetry at the interface produces solvent flux. The system reaches
equilibrium when this interfacial pressure is exactly offset by an applied hydrostatic
pressure, not when water concentrations equalise.

Biological systems demonstrate these mechanical principles. Capillary walls contain
pores on the order of a few to tens of nanometres—much larger than water molecules (0.3
nm)—allowing bulk liquid flow consistent with the Debye–Vegardmodel. In cell membranes,
aquaporin channels permit water to traverse in single file. Despite this confinement, 𝑃𝑓/𝑃𝑑
remains large. The enhancement cannot be attributed to faster diffusion or increased
cross-sectional area. Selective solute exclusion generates the interfacial pressure gradients,
whether in wide capillary pores or narrow protein channels.

Osmotic shock in red blood cells illustrates the mechanism. If red blood cells are placed
in pure water, they swell and burst (haemolysis). Put them in concentrated saline, and they
shrivel. Both outcomes occur because osmotic pressure differences of just a few hundred
milliosmoles correspond to tens of atmospheres of mechanical stress. The biconcave shape
is maintained only within a very narrow osmotic window. The cell membrane excludes
solutes and establishes a boundary-layer stress. The cytoskeleton cannot withstand the
imbalance if it grows too large.

Plant turgor converts osmotic pressure into support. Plant cells possess rigid cellulose
walls that resist osmotic influx, so the internal pressure (turgor) builds until it supports the
entire structure of leaves and stems. Awilting plant is simply one inwhich osmotic potential
no longer generates sufficient pressure to keep cell walls stretched. Solute exclusion at
membranes generates a pressure deficit that becomes stable internal pressure, measurable
in atmospheres, supporting the tissue mechanically.

A membrane that excludes solute while admitting solvent generates directional pressure
when intermolecular forces are non-negligible—a boundary condition (as opposed to purely
thermodynamic effects).

Among the various explanations for osmosis—diffusion gradients, chemical potentials,
hydration shells, kinetic pressure—only the mechanical picture addresses the central
question: what forces drive water through the membrane? The answer lies not in abstract
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thermodynamic equilibrium conditions but in concrete analysis of molecular collisions at
an asymmetric boundary. Debye’s insight, formalised through the virial theorem, shows
osmosis as a mechanical phenomenon. Water moves because real forces push it.

Reverse osmosis exploits this mechanical nature by applying external pressure to over-
come the natural osmotic gradient. When pressure exceeding the osmotic pressure is
applied to the solution side, water flows from high to low concentration—the reverse of
spontaneous osmosis. The technique remained impractical until 1959, when Sidney Loeb
and Srinivasa Sourirajan at UCLA developed asymmetric cellulose acetate membranes with
a dense skin layer atop a porous support. Their membranes could withstand high pressures
while maintaining substantial water flux, making desalination economically feasible for
the first time.

Confusion-based diffusion.
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Membrane Forces and Com-
peting Models of Osmotic
Flow

Three models compete to explain osmotic
transport: thermodynamics (equilibrium
only), diffusion (concentration gradients), and
mechanical (interfacial forces). All yield van
't Hoff's law but differ in mechanism and pre-
dictive power.

1. Thermodynamic Model

Chemical potential equilibration yields:

Δ𝑃 = 𝑅 𝑇 Δ𝑐𝑠.

Correct for equilibrium but provides no mech-
anism, flux rates, or explanation for 𝑃𝑓/𝑃𝑑
ratios.

2. Diffusion Model

Water moves down concentration gradient:

Φ𝐷 = −𝐷𝑤 ∇𝑐𝑤.

Predicts 𝑃𝑓 = 𝑃𝑑, contradicting experiments
where 𝑃𝑓/𝑃𝑑 ranges from 10–730. Cannot ex-
plain convective flow or single-file transport.

3. Mechanical Model (Debye-Vegard)

Solute–membrane collisions create local pres-
sure drop:

Φ𝑉 = 𝐿𝑝 (Δ𝑃 − 𝑅 𝑇 Δ𝑐𝑠).

Solute exclusion generates pressure gradient
𝑑𝑃/𝑑𝑥 = 𝑐𝑠𝐹, yielding Vegard drop:

Δ𝑃interface = 𝑅 𝑇 𝑐𝑠.

Water flows through membrane due to real
pressure gradient, not concentration differ-
ence.

4. Consequences for Permeability and
Flow

The pressure drop across the membrane ex-
plains high 𝑃𝑓/𝑃𝑑 ratios and unifies osmotic
and pressure-driven flow:

Φ𝑉 = −𝐿𝑝
𝑑𝑃
𝑑𝑥

, (Darcy-like flow).

This model correctly predicts convective
water transport in porous membranes and
aquaporin-containing systems. In pure lipid
bilayers lacking such channels, solute exclu-
sion is absent and 𝑃𝑓/𝑃𝑑 = 1.

5. Comparative Summary

The thermodynamic model correctly predicts
equilibrium but provides no mechanism or dy-
namics. The diffusion model offers dynamics
but fails to match the magnitude and direction
of flow in most membranes. The Debye–Veg-
ard model provides dynamics, a clear mecha-
nism, and explains the observed 𝑃𝑓/𝑃𝑑. The
mechanical pressure model distinguishes it-
self by explicitly identifying the origin of os-
motic force and unifying the formalism with
standard fluid mechanics.
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