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Outline
• Mass transfer by diffusion

• Fick’s law of diffusion
• Values of diffusivity
• Units of concentration
• Component velocity and average velocity
• Case-1: equimolar counter diffusion
• Case-2: Component-A diffuses through non-diffusing component-B

• Steady-state mass transfer: Shell balance approach
• Mass balance equation
• Case study-1: Diffusion through stagnant gas film
• Case study-2: Steady state diffusion from a suspended droplet
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Fick’s law of diffusion
“The molar flux of a species relative to an observer moving with the 
molar average velocity of the medium is proportional to the 
concentration gradient of the species.” 
• It is only applicable to a BINARY mixture
• For mixtures of three of more components, the proper law is the Maxwell-

Stefan law

• For A diffuses in a binary mixture (liquid or gas) of A and B,

• Where
• JA – the molar flux of a species relative to an observer moving with the molar 

average velocity in the positive z direction, kmol/m2⋅s;
• DAB – the mutual diffusion coefficient (or diffusivity) of A in B, m2/s;
• dcA/dz – the concentration gradient, dcA/dz is < 0 as diffusion spontaneously takes 

place  in the direction of decreasing concentration 4

𝐽𝐽𝐴𝐴 = −𝐷𝐷𝐴𝐴𝐴𝐴
𝑑𝑑𝑐𝑐𝐴𝐴
𝑑𝑑𝑑𝑑



Diffusivity or Diffusion coefficient
• Highest in gases, lowest in solids
• Increases with temperature
• In gases  Roughly constant at constant temperature
• In liquids/solids  a function of concentration too…..

• 𝐷𝐷𝐴𝐴𝐴𝐴 is function of temperature and pressure

• or
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Diffusivity or Diffusion coefficient
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Diffusivity or Diffusion coefficient
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Diffusivity or Diffusion coefficient
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Diffusivity or Diffusion coefficient
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From Perry’s handbook



Diffusivity or Diffusion coefficient
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From Perry’s handbook



Units of concentration terms
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The concentration of a species i in a solution:
ρi – “mass concentration” of the species i in a solution, kg/m3

ρ – “total mass concentration” of all species in a solution, kg/m3

wi = ρi /ρ – “mass fraction” of the species i in a solution  
ci – “molar concentration” of the species i in a solution, kmol/m3

c – “total molar concentration” of the solution, kmol/m3

xi = ci /c – “mole fraction” of the species i in a solution.

If there are n species in a solution, we have

�
𝑖𝑖=1

𝑛𝑛

𝜌𝜌𝑖𝑖 = 𝜌𝜌; �
𝑖𝑖=1

𝑛𝑛

𝑐𝑐𝑖𝑖 = 𝑐𝑐 ; �
𝑖𝑖=1

𝑛𝑛

𝑤𝑤𝑖𝑖 = 1; �
𝑖𝑖=1

𝑛𝑛

𝑥𝑥𝑖𝑖 = 1;

Units of concentration terms
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Two components in a mixture have two different velocity (v1 and v2)

Mass flux (mass flow rate per unit cross section area perpendicular to the flow):

Molar flux (mass flow rate per unit cross section area perpendicular to the flow):

ρ represents density (kg/m3) and C represents molar concentration (kmol/m3) 

Component velocity in a mixture
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𝑛𝑛𝑖𝑖 = �𝜌𝜌𝑖𝑖𝑣𝑣𝑖𝑖 = 𝜌𝜌1𝑣𝑣1 + 𝜌𝜌2𝑣𝑣2

𝑁𝑁𝑖𝑖 = �𝐶𝐶𝑖𝑖𝑣𝑣𝑖𝑖 = 𝐶𝐶1𝑣𝑣1 + 𝐶𝐶2𝑣𝑣2



Mass average velocity of a mixture:

Mass average velocity of a mixture:

Component velocity in a mixture
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𝑣𝑣 =
∑𝜌𝜌𝑖𝑖𝑣𝑣𝑖𝑖
∑ 𝜌𝜌𝑖𝑖

=
𝜌𝜌1𝑣𝑣1 + 𝜌𝜌2𝑣𝑣2
𝜌𝜌1 + 𝜌𝜌2

𝑣𝑣∗ =
∑𝐶𝐶𝑖𝑖𝑣𝑣𝑖𝑖
∑𝐶𝐶𝑖𝑖

=
𝐶𝐶1𝑣𝑣1 + 𝐶𝐶2𝑣𝑣2
𝐶𝐶1 + 𝐶𝐶2



• There are 3 frames of reference commonly used for expressing the flux of a 
diffusing species.

(a) The observer is stationary, then component velocity = 𝑣𝑣𝑖𝑖
(b) The observer is moving with the mass average velocity of the medium, 

then component velocity = 𝑣𝑣𝑖𝑖 − 𝑣𝑣
(c) The observer is moving with the molar average velocity of the medium, 

then component velocity = 𝑣𝑣𝑖𝑖 − 𝑣𝑣∗

Component velocity in a mixture
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• A diffusing species moves with a velocity greater than the average velocity of 
the medium.

• There are two diffusion velocities.
• Diffusion velocity relative to average mass velocity or diffusion velocity 

when an observer is moving with average mass velocity

• Diffusion velocity relative to average molar velocity or diffusion velocity 
when an observer is moving with average molar velocity

Component velocity in a mixture
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𝑉𝑉𝑗𝑗,𝑑𝑑 = 𝑣𝑣𝑗𝑗 − 𝑣𝑣

𝑉𝑉𝑗𝑗.𝑑𝑑
∗ = 𝑣𝑣𝑗𝑗 − 𝑣𝑣∗



• Bulk flux of a component i
• Mass flux = 𝑛𝑛𝑖𝑖 = ρ𝑖𝑖𝑣𝑣𝑖𝑖
• Molar flux = 𝑁𝑁𝑖𝑖 = 𝑐𝑐𝑖𝑖𝑣𝑣𝑖𝑖

• Diffusion flux a component i
• Relative to average mass velocity

• Mass flux = 𝑖𝑖𝑖𝑖 = ρ𝑖𝑖(𝑣𝑣𝑖𝑖 − 𝑣𝑣)
• Molar flux = 𝐼𝐼𝑖𝑖 = 𝑐𝑐𝑖𝑖(𝑣𝑣𝑖𝑖 − 𝑣𝑣)

• Relative to average molar velocity
• Mass flux = 𝑗𝑗𝑖𝑖 = ρ𝑖𝑖(𝑣𝑣𝑖𝑖 − 𝑣𝑣∗)
• Molar flux = 𝐽𝐽𝑖𝑖 = 𝑐𝑐𝑖𝑖 𝑣𝑣𝑖𝑖 − 𝑣𝑣∗

• Relationship between bulk flux and molar diffusion flux

Bulk flux and diffusion flux
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Fick’s law:
“The molar flux of a species relative 
to an observer moving with the molar 
average velocity of the medium is 
proportional to the concentration 
gradient of the species.”



For a binary system A + B
Bulk flux: 𝑁𝑁𝐴𝐴 = 𝑐𝑐𝐴𝐴𝑣𝑣𝐴𝐴; 𝑁𝑁𝐵𝐵 = 𝑐𝑐𝐵𝐵𝑣𝑣𝐵𝐵
𝑐𝑐 = 𝑃𝑃

𝑅𝑅𝑅𝑅
𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔 𝑜𝑜𝑜𝑜 𝜌𝜌

𝑀𝑀
𝑓𝑓𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑣𝑣∗ = 1
𝑐𝑐

(𝑐𝑐𝐴𝐴𝑣𝑣𝐴𝐴 + 𝑐𝑐𝐵𝐵𝑣𝑣𝐵𝐵) = 1
𝑐𝑐

(𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐵𝐵)

𝐽𝐽𝐴𝐴 = −𝐷𝐷𝐴𝐴𝐴𝐴
𝑑𝑑𝑐𝑐𝐴𝐴
𝑑𝑑𝑑𝑑

= 𝑐𝑐𝐴𝐴 𝑣𝑣𝐴𝐴 − 𝑣𝑣∗ = 𝑐𝑐𝐴𝐴𝑣𝑣𝐴𝐴 − 𝑐𝑐𝐴𝐴𝑣𝑣∗ = 𝑁𝑁𝐴𝐴 −
𝑐𝑐𝐴𝐴
𝑐𝑐

(𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐵𝐵)

Diffusion flux
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𝑁𝑁𝐴𝐴 = 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐵𝐵
𝑐𝑐𝐴𝐴
𝑐𝑐 − 𝐷𝐷𝐴𝐴𝐴𝐴

𝑑𝑑𝑐𝑐𝐴𝐴
𝑑𝑑𝑑𝑑

𝑁𝑁𝐴𝐴 = 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐵𝐵 𝑦𝑦𝐴𝐴 − 𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴
𝑑𝑑𝑦𝑦𝐴𝐴
𝑑𝑑𝑑𝑑

Expressed on molar concentration, for 
liquid or gas

Expressed on molar fraction, for gas

𝑁𝑁𝐴𝐴 = 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐵𝐵 𝑥𝑥𝐴𝐴 − 𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴
𝑑𝑑𝑥𝑥𝐴𝐴
𝑑𝑑𝑑𝑑

Expressed on molar fraction, for liquid



We will consider two cases

Equimolar counter-diffusion of gases A and B
Example, diffusion of O2 and CO2 in the air-film during carbon combustion 
(assuming the CO2 is the only combustion product)

A diffusing through stagnant, non-diffusing B
For example, during air drying using concentrated sulphuric acid, the 
diffusion of moisture in air through a film of air (treated as a single 
component) and then absorbed by concentrated sulphuric acid

Diffusion flux – two limiting cases
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• In equimolar counter-diffusion of A and B, the components A and B both 
diffuse at equal rates but in opposite direction. 

Equimolar counter-diffusion of gases A and B
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𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐵𝐵 = 0

𝑁𝑁𝐴𝐴 = −
𝐷𝐷𝐴𝐴𝐴𝐴
𝑅𝑅𝑅𝑅

𝑑𝑑𝑝𝑝𝐴𝐴
𝑑𝑑𝑑𝑑

�
0

𝑙𝑙
𝑁𝑁𝐴𝐴𝑑𝑑𝑑𝑑 = �

𝑝𝑝𝐴𝐴𝐴

𝑝𝑝𝐴𝐴𝐴𝐴
−
𝐷𝐷𝐴𝐴𝐴𝐴
𝑅𝑅𝑅𝑅

𝑑𝑑𝑝𝑝𝐴𝐴 𝑁𝑁𝐴𝐴 =
𝐷𝐷𝐴𝐴𝐴𝐴(𝑝𝑝𝐴𝐴𝐴 − 𝑝𝑝𝐴𝐴𝐴𝐴)

𝑅𝑅𝑅𝑅𝑅𝑅

z1 z2

P P

pB1

pA1

pA2

pB2

pB1
pA2

z

A, diffusing

B, diffusing



When B is non-diffusing. We have  

A diffusing through stagnant, non-diffusing B
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𝑁𝑁𝐵𝐵 = 0

𝑁𝑁𝐴𝐴 = 𝑁𝑁𝐴𝐴
𝑝𝑝𝐴𝐴
𝑃𝑃
−
𝐷𝐷𝐴𝐴𝐴𝐴
𝑅𝑅𝑅𝑅

𝑑𝑑𝑝𝑝𝐴𝐴
𝑑𝑑𝑑𝑑

𝑁𝑁𝐴𝐴 = −
𝐷𝐷𝐴𝐴𝐴𝐴𝑃𝑃

𝑅𝑅𝑅𝑅(𝑃𝑃 − 𝑝𝑝𝐴𝐴)
𝑑𝑑𝑝𝑝𝐴𝐴
𝑑𝑑𝑑𝑑

�
0

𝑙𝑙
𝑁𝑁𝐴𝐴𝑑𝑑𝑑𝑑 = �

𝑝𝑝𝐴𝐴𝐴

𝑝𝑝𝐴𝐴𝐴𝐴
−

𝐷𝐷𝐴𝐴𝐴𝐴𝑃𝑃
𝑅𝑅𝑅𝑅(𝑃𝑃 − 𝑝𝑝𝐴𝐴)

𝑑𝑑𝑝𝑝𝐴𝐴 𝑁𝑁𝐴𝐴 =
𝐷𝐷𝐴𝐴𝐴𝐴𝑃𝑃
𝑅𝑅𝑅𝑅𝑅𝑅

ln
𝑃𝑃 − 𝑝𝑝𝐴𝐴𝐴𝐴
𝑃𝑃 − 𝑝𝑝𝐴𝐴𝐴

𝑁𝑁𝐴𝐴 =
𝐷𝐷𝐴𝐴𝐴𝐴(𝑝𝑝𝐴𝐴𝐴 − 𝑝𝑝𝐴𝐴𝐴𝐴)

𝑅𝑅𝑅𝑅𝑅𝑅
𝑃𝑃
𝑝𝑝𝐵𝐵𝐵𝐵

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑝𝑝𝐵𝐵𝐵𝐵 =
(𝑝𝑝𝐵𝐵𝐵𝐵 − 𝑝𝑝𝐵𝐵𝐵)
ln(𝑝𝑝𝐵𝐵𝐵𝐵/𝑝𝑝𝐵𝐵𝐵)



Special case: Pseudo steady-state analysis: what if the boundary moves with
time?

A diffusing through stagnant, non-diffusing B
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Special case: Pseudo steady-state analysis: what if the boundary moves with
time?

A diffusing through stagnant, non-diffusing B
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Classroom example-1:
Water in the bottom of a narrow metal tube is held at a constant
temperature of 293 K. The total pressure of air (assumed dry) is
1.01325 x 105 Pa and the temperature is 293 K. Water evaporates and
diffuses through the air in the tube, and the diffusion path z2 – z1 is
0.1524 m. Calculate the rate of evaporation at steady state in
kgmol/s.m2. The diffusivity of water vapour at 293 K and 1 atm pressure
is 0.250 x 10-4 m2/s. Assume that the system is isothermal. The vapour
pressure of water at 1 atm and 293 K is 17.535 mmHg.

24

Additional note:
Moving boundaries or pseudo-steady
state diffusion. How long would it take
for the water level to decrease by 0.1 m?



Classroom example-2:
Calculate the rate of diffusion of butanol at 20 °C under unidirectional steady 
state conditions through a 0.1 cm thick film of water when the concentrations of 
butanol at the opposite sides of the film are, 10% and 4% butanol by weight, 
respectively.

DAB (butanol in water solution)= 5.9 x10–6 cm2/s.  The densities of 10% and 4% 
butanol solutions at 20 °C may be taken as 0.971 and 0.992 g/cc, respectively.  
Molecular weight of Butanol is 74, and that of water is 18.
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Mass balance equation:

Steady-state M.T.: Shell balance approach
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Mass of A in/out by:

Molecular diffusion
Motion of fluid (convective mass transfer)

Rate of mass in/out = S. NA 
Diffusion of A in z-direction (Cartesian coordinate) = (∆x. ∆y). NA

Equation for molar flux = 𝑁𝑁𝐴𝐴 = 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐵𝐵 𝑥𝑥𝐴𝐴 − 𝑐𝑐𝑐𝑐𝐴𝐴𝐴𝐴
𝑑𝑑𝑥𝑥𝐴𝐴
𝑑𝑑𝑑𝑑

NA (molar flux) 
or 
nA (mass flux)



Mass balance equation:

Steady-state M.T.: Shell balance approach
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Homogeneous reaction  Chemical rxn in entire volume of fluid

Molar rate production by homogeneous reaction = 𝑅𝑅𝐴𝐴(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑐𝑐3 𝑠𝑠) = 𝑘𝑘𝑛𝑛

′′′𝐶𝐶𝐴𝐴𝑛𝑛

For shell balance, rate of production of A = (∆x. ∆y. ∆z). RA

Heterogeneous reaction  Chemical rxn at a restricted region, e.g. the surface 
of a catalyst (Not included in the equation, but as a boundary condition at the 
region on which the reaction takes place)



Mass balance equation:

Steady-state M.T.: Shell balance approach
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Consider the diffusion of species A (in vapour form) through a stagnant species B

Species B is insoluble in in liquid A, so:
• Downward motion by diffusion must be balanced by upward bulk motion 

(advection) such that the absolute flux is everywhere zero.  NBz = 0
• Only need to do shell balance on species A

Case study-1: Diffusion through stagnant gas film

29



Case study-1: Diffusion through stagnant gas film
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Case study-1: Diffusion through stagnant gas film
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Case study-1: Diffusion through stagnant gas film
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Case study-1: Diffusion through stagnant gas film
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Case study-2: 
Steady state diffusion from a suspended droplet

34

See handwritten derivation on BB!
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