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ChE 204
Introduction to Transport Phenomena

Module 4
Mass Transport: the Fick’s law of molecular diffusion

Objectives of this module:

* To describe the transport modes for mass
* To understand and apply the Fick’s first law

* To understand the meaning of diffusion from a macro and molecular point of view



4.0. Modes of mass transport

* Molecular diffusion (from high to low concentration)
N\
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* Advective mass transport (transport by bulk motion of the fluid)

Note: in most cases these two transport will be combined in convective mass transport



4.0. Modes of mass transport

* Molecular diffusion (from high to low concentration)
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Diffusion is the process by which molecules, ions, or other small particles
spontaneously mix, moving from regions of relatively high concentration into
regions of lower concentration.

This process can be described in two ways:
1. Fick’s Law and diffusion coefficient, which is a more fundamental description

2.In terms of mass transfer coefficient, which is an approximate engineering
idea offering a simpler and more practical solution to problems.



4.1. Fick’s law of molecular diffusion
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4.1. Fick’s law of molecular diffusion
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4.1. Fick’s law of molecular diffusion

SOME DEFINITIONS

The molar flow rate indicates the moles of a compound transferred by diffusion
per unit time

] = moles [mol]

time S

The molar flux is the molar flow rate per unit area

Area Xtime

. _ ] _ _ moles mol
J A m2s



4.1. Fick’s law of molecular diffusion

6, ~0
1) The two containers are separated T
. . ¥ t<0
(i.e. by impermeable membrane) yI L
X
2) We position the two containers in contact .
(i.e. we remove the membrane)
CA - CAO
|
|
Small ¢
3) A starts to diffuse into B \&J ma
|
c,=0 l
|
4) How is the concentration profile going : —
to look like at steady state? yI ¢ (1) |



4.1. Fick’s law of molecular diffusion

e, =D |
I
I
I
: Large t
yI CA(y) I
-
X €A™ Cao
At large t (steady state):
]_A Cao — 0  Thisis again a
A Y phenomenological relation

area thickness of the

window

Ja Ca

A Dapy
dcy
j —Dap——
Ay AB dy

(or molar)

Molecular

] = [mol s™!] Flow via
diffusion

¢ = [mol m_g] Molar |
concentration

A= [mz] Surface Area

Dpp = [m*s™1]

Molar diffusivity of Ain B
“molar diffusion coefficient”

J

j= A= [mol m™2s™1]

Molecular flux via diffusion



4.1. Fick’s law of molecular diffusion

y
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Material B
Ja (C; —Cy)
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Equal concentration > no mass diffusion

Mass diffuses from lower to higher concentration

The greater the difference in concentration, the faster is the diffusion

The diffusion coefficient is material dependent

”Mass diffusion is proportional to the negative concentration
gradient between regions”
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4.1. Fick’s law of molecular diffusion

“The rate of mass transfer through a material is proportional to the

jA,y — _DAB d_ . . . ”
Y | negative gradient of the concentration and to the area

Mass transfer by diffusion is analogous to heat transfer by conduction:

AT

Assumptions:

e Steady state

e Solubility of Ainto B

* Diluted systems

 Onedimensional diffusion

* Total molar concentration is constant
* No internal mass lost or generation
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4.1. Fick’s law of molecular diffusion

Values of the Diffusion coefficient
x4 (mol fraction of A)

1n gases: in llQUldS l @D 45 X 105
A B TCC) x, (cm?/s)
Gas pair Temperature D Ap
A-B (K) (cm?/s) Chlorobenzene Bromobenzene 10.10 0.0332 1.007
0.9652 1.291
CO,-N,O 2732 0.096 39.92 0.0332 1.584
CO,-CO 273.2 0.139 0.9652 1.996
CO,-N, 9732 0.144 Water n-Butanol 30 0131 1.24
288.2 0.158 Ethanol Water 25 0.026 1.076
298.2 0.165 0.944  1.181
N,-C,H, 298.2 0.148 @93
N,-nC,Hi, 298.2 0.0960 insolids: 4 B TQ  (an'/s)
N»-O, 2732 0.181 He S0, 20 24-55Xx107"
H,-SF 298.2 0.420 He Pyrex 20 45x10"
H,-CH, 298.2 0.726 500 2 X108
H-N, 273.2 0.674 H, SiO, 500 06-2.1x10°
NH,-H,* 263 0.58 H, Ni 85 1.16x10°8
NH;-N,* 298 0.233 165 10.5x 1078
H,0-N,* 308 0.259 Bi Pb 20 1.1x107'
H,0-O,° 352 0.357 Hg Pb 20 25%x10°1
CHg-nCH,, 3782 0.0768 Sb Ag 20 35x107*
4377 0.107 Al Cu 20 13%x107%

Cd Cu 20 27 X 10_15 12



4.1. Fick’s law of molecular diffusion

Values of the Diffusion coefficient
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4.2. Diffusivity of gases and Kinetic theory
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* Diffusion is easy in liquids and gases where
relatively free to move around:

B
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SN

atoms are

* In solids, atoms are not fixed at its position but
constantly moves (oscillates) . So, Diffusion is difficult in
solids due to bonding and requires, most of the time,

external energy to mobilize the atoms.
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4.1. Fick’s law of molecular diffusion
Gas Diffusion in solids

Si0, amorphous Si0, crystalline
(glass) (quartz)

(a) (b)

Si-Ois around 1.5-1.7 Angstrom
Helium is a monoatomic gas and its size is 1.4 Angstrom

15
(i.e. nitrogen molecule, N,, is around 3 Angstrom)



4.2. Diffusivity of gases and Kinetic theory

What about solids?
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4.1. Fick’s law of molecular diffusion

Molecular diffusion in dilute systems

Example: Given their low thermal conductivity and reactivity, inert gases
are often used as the gas between the panes of glass in a double-paned
window assuming He is used at a pressure of 2 bar and 20°C, and the

thickness of the glass is 2 mm, what is the rate of He transport through
the slab?

The solubility of He in SiO, is 350 mM at 2 bar

Ja Ca

A~ Py

Ja 45 x 107 11em2 350 mmol 1 1m? 1000L
A S L 0.002m 10000 cm?2 1m3
Ja

o g = 7.875 x 10" mmol s~ m™2

At that rate and assuming a inter-pane volume of 10
L (820 mmols) and a surface area of 2 m?

5.2 X 1018 seconds
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4.3. Fick’s law of molecular diffusion in binary systems

inifial condition;

Ml AN G OCEUrS
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4.3. Fick’s law of molecular diffusion in binary systems

initial condition:

Some definitions:

¢ mixture molar concentration

Jj4 molar flux of A

v4 velocity of A

x4, mole fraction of A

(Xatxe =1 ca = cxa)

vy mixture molar-averaged velocity

vM — XAUA + XBUB

i 4N g OCCUrs
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4.3. Fick’s law of molecular diffusion in binary systems

Before proceeding we define the molar flux in terms of velocities. Because the molar flux is
the number of moles per unit time per unit area, if v is the average velocity of specie A, in a
similar way in which we have derived the mass flow rate m in Module 2, we can derive:

Area

«—>
L =v Xtime

__ moles __concentration X Volume _ concentration X Area X v X time _
J Area X time Area X time Area X time
_ mol m mol
=concentration X v |—— X —| =
m3 s més
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4.3. Fick’s law of molecular diffusion in binary systems

velocity of A relative to the mixture (imagine to be an observer sitting on one particle A)

|
dxA

| | .
i =CXr(Vi—v,)=—CD Some definitions:
Ja A(Wg—vy) = AB g,

¢ mixture molar concentration

Jj4 molar flux of A
Substituting Uy = X4Uy4 + XgVUp '
v4 velocity of A
Ja = cxp(Va—vny) = cxa(Va—(XaV4 + XpVB)) = _
x4, mole fraction of A

=cxpxg(Va—vp) = cxp(Vy—Vp) = — Jjp (Xatxe=1; cy =cxn)
vy mixture molar-averaged velocity
Ja= 7B Uy = XaqVq + XgUp

Of course we can also write the same for B

] dxp
jg=cxg(Vp—vy) = —cDpgg—— dy

21



4.3. Fick’s law of molecular diffusion in binary systems

IN MULTICOMPONENT SYSTEMS

Ji: = _Cz D.. dx; No reliable method to estimate the diffusion coefficient in a
' o Jdy multicomponent system is known
J

effective diffusion coefficient

D4

Dup Do "Dy



IN MULTICOMPONENT SYSTEMS

4.3. Fick’s law of molecular diffusion in binary systems

Relationships between various definitions of concentration in multicomponent systems

mass fraction

mole fraction

partial density

molar density

partial pressure

®a [-] Xa [-] pa kg m™) ca [kmol m™?] pa [kPa]
mass fraction o xaMa Pa caMa paMy
wa [-] > xiM; _ P > aM; >_piM;
mole fraction (wa/Myp) N pa/Ma Ca PA
xa -] 2_ (@i/ M) . > (pi/ M) 2 G 2_Di
partial density pxaMa Mapa
M —APA
pa ke m*3] pPOa Y M, Pa CAtMA RT
molar density P, PA Pa
-3 CXA —_— Ca L
ca [kmol m™] My My RT
partial pressure (wa/Mgy)P RTp,
—_— P RT
pa [kPA] > (/M) A Mo “A Fa
Mixture: > %, =1, Y w; =1, p=>_p;, c=> ¢, P=> p;

M:ZMixi

(o)

PAe )



4.3. Fick’s law of molecular diffusion in binary systems

Example 1 Calculate the mass flow rate of CO, and nitrogen through the tube.

d=0.\05m
Pao = 100mmHg i ]A ]B i
I —_— DE— | Dar = 50mmHg
A= CO, ! !
B=N, ! I
Dyp = 0.16 X 1074 ™/ « L=1m -
" Qa )DAR (CA;L-C*"")
R B ey e A e
4 L
PV=mRT m-= f___\/, oW . 4
7~ RT
V .|
_ (\/‘C‘) DAS <PA,L "PA,O) . 9-4Bx® l*%)_,g/<_/>
RTL y 5. % .
3, . 3% 0" i T, M - 2.3F«lo Mg
IJ\ COa ~ 424-}9" > /}1/{8- E .
ol My, - 28



4.3. Fick’s law of molecular diffusion in binary systems

Example 2
By (A) Spherical tank Ca.o -
P do b
T~ Ipo K c
Mk-‘-a% RCA.L - 0 AL
Kow —
C,A'o = 45 -PEI_OL
L= 2mm - m k
DQ,M':tUl b 400 My pr—
- ;| 2 C
stal =8 AdwE S TR R
S f'le-'@ IN(TIAL fRETE OF H Ypeol0v
1 MASS (o8 PRoM T HE TANK
/\MA, = :I‘\'. M = @ INTIAL RATE OF fFRESSWE
j - A Dag CA.OQ,‘('.OF (D Wnd —
A n— 3
/ L . 2
. A = /4 4& ‘WO _E—ae

Aua_. :Tb 5



1_ Mu:d(ﬂv):_@i _ i& ﬂ(: dens ity of A

aside e 4ol

W mRT B m TS C RT
mola v
M=—M}" ?A___-/‘\‘AA’ g_ e R7T /:%L@-
) 7 M /Tm/ -
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4.3. Fick’s law of molecular diffusion in binary systems

Example 3 (A) P i (&) @

v

Qﬁ}ﬂ'\ (A) : D¢y pou (”/
Vo 2bs M | Voo = A don
AL o
CA,'L L Ac & CA)L + Q,Z_
640 % C‘/"» g QU-FST‘DVS .
(= °-5am (D peTeRinE THE HOWR (LU

Dig - 0.24 x(07 mz/fv/ @ Can?

-3
=3z xi0° W
5#3 ms-bdr

_ De (Che-Cao)

L "‘j o'(
= . 434 xo Nt
S . Tas eL m*s

S. fa,r
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RECAP —

Fick’s Law: describes molecular diffusion

Ca,0
._Ja _ D 49 __p (Car — Cayp) \
Jay Areq AB Jy AB Yy

Molar flux

v

In diluite binary systems

jA,y
. . Ma— .
Ja= —JB A= My - Ja
Mass flow rate = molecular weight x molar flow rate
Solubility AIR Rubber
C abulk
P A bulk N\
Cao
Related to the solubility of A in the rubber




TODAY

4.4. Equilibrium at interfaces: the Henry’s Law

4.5. Convective-diffusion equation in binary systems

(example relative to evaporation of a liquid in a non diffusing gas)

4.6. Mass transfer coefficient for molecular transport between two phases

(across interfaces)



4.4. Equilibrium at interfaces: the Henry’s Law

The Henry’s law is only valid for dilute solutions i.e. when component A is a solute and
correlate the concentration of the solute between two phases at equilibrium. If we are
looking at gas/liquid interface, the Henry’s law states that “At a constant temperature,
the amount of a given gas dissolved in a given type and volume of liquid is directly
proportional to the partial pressure of that gas in equilibrium with the liquid”

P Pa = KHXA\

partial pressure of A in the gas phase Molar fraction of A in the liquid phase

pA A

GAS

0 LIQUID X4 1

31



4.4. Equilibrium at interfaces: the Henry’s Law

Ky can be expressed in different dimensions depending on how we express
concentration

Table 1: Some forms of Henry's law and constants {gases in water at 298 K)['!
equation: kH.pc = Pgas kH.cp = P—lq kH.rﬁx = Pgm ll'-‘3H.r_-‘: = P—lq
Caq gas Lag Cgas
_ _ Leoin - atm] MOl ] atm - molmh,] _ _
dimension: dimensionless
MOl Loy - atm Mol
g 769.23 1.3 E-3 4258 E4 3.180 E-2
H- 1282.05 7.8 E-4 7.099 E4 1.807 E-2
Cog 28941 34 E-Z 0.163 E4 0.8317
Mo 1639.34 6.1 E-4 9.077 E4 1.492 E-2
He 2027 3.7 E-4 1497 E4 9.051 E-3
Me 22 4.5 E-4 1230 E4 1.101 E-2
Ar 714.28 1.4 E-3 3.955 E4 3.425 E-2
co 105263 9.5 E-4 5828 E4 2324 E-2
where:

€ag = Moles of gas per liter of solution

Lggin = liters of solution

Pgas = partial pressure above the solution, in atmospheres of absolute pressure
Xaq = mole fraction of gas in solution = moles of gas per mole of water

atm = atmospheres of absolute pressure



4.5. Convective-diffusion equation for a binary system

* Molecular diffusion (from high to low concentration)
N\

zyv; <=

. 2

e Advective mass transport (transport by bulk motion of the fluid)

e.g. convection (which applies
to the movement of fluid driven
by density gradients created by
temperature difference)

Note: in most cases these two transport mores are combined in convective mass transport



4.5. Convective-diffusion equation for a binary system

DIFFERENT WAYS TO EXPRESS FLOW RATE and FLUX IN MASS TRANSPORT:

. mass Kg
m = - —_—
time s ]
moles (ol j= l _ moles mol
~ time S A Area X time |2

m =] X M(where M is the molecular weight)

In some cases you may find also M and N to indicate the molar flux and flow rate,
respectively.

Often n and N are referred to as the absolute flux and flow, which include diffusive and
convective components; instead j and | are referred to as the diffusive components of the

flux and flow.
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4.5. Convective-diffusion equation for a binary system

initial condition

(i Mg OCCUrs

What we have seen already: DIFFUSION ONLY!

. dx,
ja=¢xXq(Vg—vy) = —CcDyp—= dy
] dxp
jp=cxg(Vg—vy) = —CcDpgyg— dy

ja= —JB

J4 molar flux of A

v4 velocity of A

x4, mole fraction of A

¢ mixture molar concentration

vy mixture molar-averaged velocity

35



4.5. Convective-diffusion equation for a binary system

CONVECTION + DIFFUSION

dxA
Ny =CXavy —CD
A AYM AB dy
molar convective flux of A molar diffusive flux of A
(carried by vy) (relative to vy)

considering that Uy = XaV4 + XpVUp

n nyg+ng
but also Vy =—=—"m
C C

dxA

ng=x4nyg +ng) —cDyp—= dy

Note: you may find also ng = x4(n4 + ng) + j4 in books where j, is used to indicate

the diffusive flux y



4.5. Convective-diffusion equation for a binary system

Example: Evaporation of A through a stationary non-diffusing gas B

Consider the system show in the figure where liquid A is evaporating into a non-diffusing gas B. At
steady state, the partial pressure of species A at gas-liquid interface is given as p4qwhile the partial
pressure of species A at the top of vessel is given as p4,. The liquid level in the vessel is maintained
at z=0. Dygis known. Derive the diffusive flux jp ,.

STEADYSTATE | ] z=1L,pa = DPaz
open container=
no accumulation = A+B
no increased pressure
tjA,Z
Z = Or Pa = Pa1
Liquid A

37



4.5. Convective-diffusion equation for a binary system

Example: Evaporation of A through a stationary non-diffusing gas B

dxA . DABdPA
dz  RT dz

jaz=—CDyp

If we integrate between z = 0 and z = L and the text says: “The liquid level in the
vessel is maintained at z=0"

) _ DAB (pAZ — ’PA1)
Jaz RT L

Please note that the diffusion is from the interface (z=0%) to the gas.

sat

Pa __ baz
Xa2 = D
Ptot tot

Xa1 =

Da1 = pflat is the vapour pressure of A into gas B, which is going to be in equilibrium with

the liquid phase

38



4.5. Convective-diffusion equation for a binary system

Example: Evaporation of A through a stationary non-diffusing gas B

Derive the total molar flux np ,

Because ng ,= 0

It can be re-written like

Z = L, xA,L; xB,L

A+B
nB,Zl InA,z
— Z = 0, xA,O; xB,O
Liquid A
Remember c is the
concentration of the mixture
— dx
Ny, = —CDapg/ + Xu (na, +ng,)
n = —cDrA + x, n If B is non diffusing in A,
Az = AB dz A Az ng, = 0 at steady state
CDAB dxA

Npz =

1—x4 dz

39



4.5. Convective-diffusion equation for a binary system

Example: Evaporation of A through a stationary non-diffusing gas B

Because we are at steady state:

Integrating between x, o and
x4 1, we find the constants C; and C,

We derive and find %,

then we integrate between x, o and x, |

CDAB dxA
Np, = —
Az 1—x, dz
dnA’Z _ O
dz

d 1 dxpy
dz '1-x4 dz

)=0

—ln(l — xA) = Clx + Cz

Z
1—XA _ 1—XA,LL
1—XA’0 N 1—XA’0

Note: IF there is a flowing gas (e.g. air) on top of the open container x, ;=0

40



4.0. Modes of mass transport

* Molecular diffusion (from high to low concentration)

Diffusion is the process by which molecules, ions, or other small particles
spontaneously mix, moving from regions of relatively high concentration into
regions of lower concentration.

This process can be described in two ways:
1. Fick’s Law and diffusion coefficient, which is a more fundamental description

2. In terms of mass transfer coefficient, which is an approximate engineering
idea that often gives a simpler description.
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4.6. Mass transfer coefficient for molecular transport between two
phases

Until this point we have look at diffusion and convection when species A and B are
dissolved in the same phase (i.e. both in gas or in solid).

The guestion we would like to answer now is: How do we describe diffusion across
boundaries between two phases? (e.g.evaporation of A from ligquid to gas phase)

Phase | Phase || Boundary conditions:
1) The concentration at the interphase are
governed by equilibrium laws

A na > A C.phasel Cphasell
A PR

1) The fluxes are equal at the interphase:

Z:0+

v

Phasel __ .,Phasell
0 z ny = Ny

Note: The concentrations in the two phases might not be equal, the chemical potentials
are:

phasel phasell



4.6. Mass transfer coefficient for molecular transport between two

phases Solid wall
) 1 material “D”
oo, o
. [ , ! - l .
- ' - " ! ¥ g
- — o - ‘ i h
- - - . il
- . = v )
' ' - = ‘ B ;
v A < - : C ) )
- '
e e e A'C, bualk
T : biflk por
' i o + N L I
W i ! v > . 4
‘ i ol -
F L S "y I
J . b . rA,D (Z) . kK h
i * b N : \ )
) N ! \
- "'. " o
i ! £ J :
. b t ‘ d
1 t i 4 : ’ L
.o, ! *
Y
\ ! . - ) ‘ )
- . ! % ’ X
A ’ v
Well-mixed Well-mixed
. o V24
Fluid “B Fluid “C”

Boundary layers

Consider the transfer of molecules

If the fluid flow is sufficiently turbulent we can consider
there to be two regions:

-Well mixed fluid all of the same concentration
-Boundary layer near the interface

Ca
A C Z
Ca,B, bulk a0(2)
.- \
Ca,c, bulk
np
| »
| Z
Well-mixed \ 0 Solid Well-mixed
Fluid “B” Wall “D” Fluid “C”
Boundary
layers
(at steady state) 43



THE MASS TRANSFER COEFFICIENT K= mass transfer coefficient

MA = *K AC mk\ck AC. s we 80«4\/
e - 4o dw_’)
e THeory - F'.lmd'
ypes | Iged Lo i
GAS ar
Al e Pa, o~ R Gy
J
v
|
; [CA LulK
3 g 4y Ko (P Bri )
f'
e > Na = KL (CA,; - CA.,.‘»]H)
My
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4.6. Mass transfer coefficient for molecular transport between two

phases Consider a simple case: dissolved gas (component “A”) in a Gaseous

Mole fraction Nitrogen phase (Phase G) and in liquid Water (phase L)

X -
1 n e equilibrium
A0 s curve
oy 3
XA,G bulk S ® 9
® O O X
E 8
XA,G,0 L o0 2
o £ 2
E x
)
<
x
| Liquid wat z 0 05
Gaseous 0 lquid water Xa,L bulk XAl o
Nitrogen phase phase X, mole fraction of “A”

in Liguid phase

Nazo = kx,G,loc(XA,G,bulk - XA,G,O) = kX,L,lOC(XA,L,O - XA,L,bulk)

At steady state, the flux of A in one phase must equal the flux of A in the other phase
(otherwise there will be accumulation of A on one side or the other), therefore the two fluxes
equate.
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4.6. Mass transfer coefficient for molecular transport between two

phases Consider a simple case: dissolved gas (component “A”) in a Gaseous
Nitrogen phase (Phase G) and in liquid Water (phase L)

_ 1,app — [, 4PP _
NAzo0 = Ky ioc(XaGbuk = XaG0) = Kxri0c(XALo — XA Lbulk)

T T

Apparent local mass transfer coefficient, based Apparent local mass transfer coefficient, based
on mole fraction in phase “G” (gas phase) on mole fraction in phase “L” (liquid phase)

Why apparent? Because we are ignoring the possible mass transfer at the interface,
which is ok when working in diluited systems

Why local? Because the concentrations at the interface are considered

46



4.6. Mass transfer coefficient for molecular transport between two
phases

— 1, app — [,4PP —
NpAzo0 = kX,G,loc(XA,G,bulk - XA,G,O)_ kx,L,loc(XA,L,O XA,L,blﬂk) (9.1)
For a binary system:
Naz = CDAB dz A+ Xy (nAz + npg z)

Diffusive flux Advective flux

At interface (z=0)

~cDasGA o- _ PAGO T XAGO (naGo T NBGo0) = kxcioc(XaGpulk — XaG0)
(9.2)
—cDapgh oo+~ DALO T XALO (MaLo +MBLo) = kypioc(XaL0 — XaLbulk)
Then some algebra gives:
k
PP _ x,G,loc L kg Lioc (9.3)
X,G,loc 1 - (1 + nBGO) X,L,lOC = ho Lo .
A;G;O nAGO 1 - XA’L’O(l + nALO))
app

*Of course, koPP = kx Goc OT k ~ Ky 1,10c When Xp g o Or Xap o is small (dilute) 47

X, G loc x,L,1oc



THE MASS TRANSFER COEFFICIENT K= mass transfer coefficient

MA = ’K A’——C_: W hch DC s we 80«/\/
e T 4o TR 7
el THeord ( Film
€2 N e Lavip
R ik Pa, o = Wy CA,L
J
v W
[
|
)
l& kl MA’ - Kc. (P"abu“( PA A)
I}
— N = KL (CA - CA.,.!»IK)
My,
Mk - w('_ (alb""{ ?& ) Hl. ([4 A CA Ad/”)
CLIMINATE CA"A. aud pﬁ', Y

NEXT  STEP =
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From the local k to the overall K

We introduce "equilibrium” values wherein:

In the gas phase P Aeq= KnCapuik

In the liquid phase Py puik= KHqu

Along with an overall mass transport coefficient in place of
the local mass transport coefficient

49



4.6. Mass transfer coefficient for molecular transport between two

phases Consider a simple case: dissolved gas (component “A”) in a Gaseous
Mole fraction Nitrogen phase (Phase G) and in liquid Water (phase L)
XA -
A N
NAzo0 <
(-
o . x
S o Z
XA,G bulk 58 2
® % QX g @
E s 2
XAG,0 o 80 2
© g <
g
2
&)
8L
» L |
| . . Z 0 | | )I(eq 1
Gaseous 0 Liquid water XA L bulk 05 | “AL
ALO
Nitrogen phase phase Xa 1, mole fraction of “A”
in Liquid phase

a _ ,app
NAzo = Kyeroc(XaGbulk — Xa60) = Kxrioc(XaL0 —XaLbuk) (9.1)

Because it is not possible to measure the concentration at interfaces, we define the
transfer using overall transfer coefficients:

—_ a eq
Nazo = Ko (Xagbulk —Xag) = Keb? (Xa1 = XALbulk) (9.4)
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4.6. Mass transfer coefficient for molecular transport between two

phases
Then
app eq N _ ,app -
Ky (XaGbulk —Xago) = Kxg (XaGbuk — XAG,0) 3
and ;5 o
a'pp _ ,app S & 2
(XaLo ~ XaLbulk) = Kyy® (XaL0 = XALbulk) SE
4
g X e :
. - . s v ol
We can then derive the partition coefficient < & < | / My
et S
eq o £ < m
XAG0 — XAG XAGbulk — XAGo0 & G
_ ) ) ) m — .
mg = L q % -
XAL0 — XALbulk XAL ~ XALO < 592
S
Some algebra: o= | !
0 X 0.5 XAL 1
J 3PP o PP J 2PP M- J PP AL bulk oo™
xLloc 4 "xLloc xGloc _ 4 , G xGloc X, 1, mole fraction ‘of “A”
app — app app app
KX,L mka,G,z(,c KX,G kX,L,loc in Liquid phase
. ] app L L
In diluited systems, be defined K Lloc « 1 Little gas phase resistance
since mg = mp, an average can be define app o
G~ L & MavgKy ¢ 10c Liquid phase controlled
_1
May (mG +my) app : . .
g Ky Lioc Little liquid phase resistance
M kPP ! Gas phase controlled
avg'x,a,loc p
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Exercise 4.4

(Application of mass transfer coefficient)

Mass transfer of Formaldehyde: Water containing a small amount of formaldehyde (c4 1 pyix = 3.3mM)
is produced by a waste stream of a chemical plant. A pool of the waster water is released outside and the

overall flux of formaldehyde into the air (¢4 ¢ puix = 0mM)is estimated to ben, y = 2.01 % 1077 % The
equilibrium relation between the concentration of formaldehyde in the liquid and the gas is H = Z"'—’G
AL

where H = 2.0 * 1075 at 25°C. The local mass transfer coefficient on the gas side is known to be 17.9 h—n:_.

Can you estimate the mass transfer coefficient on the liquid side, kj:ip and the overall mass transfer

coefficients for both the liquid and gas phases Kigp, K;Ep. Is mass transfer on one side limiting?

water air CaLpuk = 3.3mM = 3.3mol/m3
Cacpuk =0
= ~7 mol
C Lpulk Cac e e
gas CA.G - CA,L H
H=20%10"°
m
app  _
koo =179
app  _
C AGbulk Kertos =1
app _
K¢, = ?
Ko =7

CL



_ app _ ,app
Nao = Kegroc (caco — CaGbuk) = k.;_L,,gOC(CA,L,bulk —caLo)

Nag —7 mol 1hr 3600s —g mol
Because c =0 c =——= 2.01 X 10 X X =4.04 x 10
A,Gbulk AG,0 fgﬁoc m?s  17.9m 1hr m3
CAG,0 1mo£
C = = 2.01—
A,L,O H m3
-7 3
Ny o 2.01 X107 "molm .m ., m
k?’;‘;oc= = > =1.55%x1077—=5.58x10"*—
L CaLbulk —CaLo (3.3—2.01)m* s.mol s hr

What about the overall mass transfer coefficients?

_ app
nao = Kool (Cageq — CAGbulk)

eq _ _ s _ _smol
CA,G = CALbulk XH=33x%x2x10 = 6.6 X 10 ?
Ny o 2.01 x 107 7mol.m? .m m
app  _ : — =3.03x103—=10.9—
KeGioc CaGeq — CAGbulk (6.6 X 1075 — 0)m?2.s. mol 3.03x10 s 10 ghr
Npp = Kgpfoc(CA,L,bulk - CA,L,eq)
C
ctl = A,G,bulk =0
AL H
Ny o 2.01 X 10" "mol. m? _.m . m
K™P = — = =6.06x10%8—=2.18x10"*—
cLloc ™ Cay pulk 3.3 m?.s.mol s hr
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To determine if mass transfer is limited on one side, we have to calculate mg, my;, and m,,

_ CAG0 ~ Cagbulk _ 404 X 1075 — 6.6 X 10°°

mg = =197 x 107°

CaLo0 — CALbulk 2.01-3.3

. CA,G,bulk — CAG,0 _ 0—4.04 x 10_5

my, = =2.02x107°
C:.?L — CA,L,G 0-—201

Mavg = 5(mg +m) = (1.97 X 1075 +2.02 X 107%) = 1.99 x 105

app -4 M
KO _ 5.58x1074 -
Mangkegloc  1.99 % 1075 x 17.9 7%

This means that the transport in none of the two phases is dominating.
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RECAP

Kago wd Xaco wl

. " k [inad Ve
low

 KaL, bl
v &

Z=0

:_PM*J.

X0~ KAL Wl
Mbﬁt . w)‘,G-' (o (KA,G‘, th-xh 'G-,O) = k*vt, l°c ( e y )

A

Xago0and X, gare connected via an equilibrium law

»~ i

l-f
2] = L ool (x4:‘ - XA'Llé”'
Mpa = Kx.cr oxall (KA#,EM' XA’G') - H o ,

W \f 0 u.’(bl‘( e anTy Hs leK /(9cn/
V(A,c:' = k;,,,,mhc.o cou eudhinbroy 1M 29 "
A N . I ts h wie Ho & f&‘
>‘ L -




RECAP

EOUL\BL 1O R

n

N ‘fu:,lérww-‘
loew

57



COOL\BL IO  phsasrt XA A

/n;’w
&&Lﬂ -—---TA - @ '

n

'
1
P
— — — —

|
xﬁm

‘XA.LO

4' —> Xa
{ o

S gfﬂ:llél‘l/dﬁ‘
(S

S

‘\'b‘ T}.,\g \.mc\'\yi Yo Moty ‘ﬁ'q.(\w (8 -\{, h'?u«d le

Y

AC\M%%O‘AM &£ AC o o g plase

<7(A,L,a - XA,L,A;”‘() - écA,G-,b)fK" X

L,(r,o)

58



Ct@u\ s qo\h bruwmnm &m.dram osd Ha mlau\l (J_ud'lﬂ’
ny e Caobilt  Ca ol

Vo153 A
0 Twll Ca,o Cacret
% é&\k contw 7 ag
A maxy TANA ‘?‘r C—M(qo CAIL
P
& it L oyt
Diac s
Ac@.: AC .

59



[f you were asked to draw the direction of the flux:

C A :
B
A(!;)| iCA‘L,blK
C‘cbo
',
0
T &
e  Mpr

CoNCENTRATTW
DA
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4.6. Mass transfer coefficient for molecular transport between two
phases

Example: given the equilibrium diagram draw the flux direction
and the value of the mole fraction with respect to z for the case of
a liquid phase controlled mass transfer

XA -
A 2 6]
< o<
— ]
o . x
S 9 2
T
XA,G bulk 5 < 2
[ % Q. X5
E g °
o B0
PIR=
S
&}
<
=
| z % 1
Gaseous o Liquid water Xab XaLbulk 05
Nitrogen phase phase X1, mole fraction of “A”
in Liquid phase
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4.6. Mass transfer coefficient for molecular transport between two

phases Consider a simple case: dissolved gas (component “A”)
Mole fraction in a Gaseous Nitrogen phase (Phase G) and in liquid
XA Water (phase L) —
A -~
nA,z,O =<‘
(-
o .
582
XA,G bulk = = 32
[ % Q. W @
E @ _°
XAG,0 v B0 2 my
° £ <
= > mG/
:‘ ,///,/
&)
* 8<
> L |
| g < | | €4
o vi 0 X 1
Gaseous 0 Liquid water XA L bulk 0.5 XA 1o AL
Nitrogen phase phase Xa 1, mole fraction of “A”
o in Liquid phase
Ky Lloc «1 Little gas phase resistance ][9PP  _ [app
Mavgky o oc Liquid phase controlled xLloc ™ TXL
Ky oc - Little liquid phase resistance
Mapgkolh . Gas phase controlled AP avp

x,G,loc x,L,loc

a —
Nazo0 = Kyt toc(XAGbulk — meho — XA Lbulk) (9.1) 0



4.5. Mass transfer coefficient for molecular transport between two

hases
p Types of mass transfer coefficients units and values (assuming

transfer from gas phase to liquid phase):

Based on a gas phase G with respect to mole fraction

_ papp _ prapp eq
Nao = Kygioc(XaGbulk — XaG0) = Kxg (XaGbulk — Xag)
_ _ 1 =2
|Ke] = [Ky] = [mol s m™4]
Based on a gas phase G with respect to concentration

_ ,app _ ,app eq
nao = Kcgroc(Cagbulk — €aco) = Kcg (Cagbulk — Cag)

Based on a gas phase G with respect to partial pressure

_ ,app _ app eq
Nao = kG roc(PaGhulk = PaGo) = Ky (PaGbulk = Pag)

o _ _ [kp] = [Kp] = [mol s™' m~2 bar™1]
Based on a Liquid phase L with respect to mole fraction

a Cl
Nao = Kypioc(arLo = XaLbuk) = Kyip' (Xar, = XALbulk) PR
[kx] — [KX] — [mOl S ~m ]
Based on a Liquid phase L with respect to concentration
a a —
nao = keptoc(Cano — XaLbuk) = Kep' (Cat = CALbulk) [kc] = [Ke] = [m s71]



Jasmone exercize

Jasmone (C;1H60) 1s a valuable material in the perfume industry, used in many soap and cosmetics.

Suppose we are recovering this material from a water suspension (concentration of jasmone in water
. % N - . . —4 CM
is SmM) by an extraction with benzene. The local mass transfer coefficient in water is 3.0 - 10~ —

and the local mass transfer coefficient in benzeneis 2.4 - 1073 ﬂ. The interfacial concentrations are

in equilibrium according to the following equation C; pepzene = 51'.?0 Ci water-

a) Calculate the interfacial concentration of jasmone in water and in benzene

b) Calculate the molar flux

c) Determine if one side is limiting the mass transport using the partition coefficients

d) Draw the qualitative liquid/liquid concentration diagram, which means identify the concentration
values, in bulk and at the interface, along with the direction of the molar flux (in the exam sheets,
not here).

e) Qualitatively identify bulk, equilibrium and interface concentrations in the equilibrium diagram (in
the exam sheets, not here).

f) Can you briefly explain in which cases we introduce the overall mass transfer coefficient? Do the
equilibrium concentration have any physical meaning?
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C) oot X = SmM C), bhrren, &yin = O M

_ (70 CJ ot

-4
Kc “"’m.locn.qs SY\Q am C
, B -3 J,hnuA(
- (O
Ko, bind = 24 ¥ (O " cm
I

a) If we equate the local fluxes of jasmone:

n; = k%lec(cj,w,b - Cj,w,o) = kzlaoc(cj,s,o - Cj,B,b)(E‘-I- 1)

Also, it is given that the interface concentration are in equilibrium as per the following relation:

C

j,B,o = 170 * Cj,w.a (Eq.2)

In order to solve for Cj

kllfgc(cj,W,b - Cj,w,o) = kf?oc(l'?o *Liwo — Cj,B,b)

(ki Ciwp + k¥ Cipp)

Ciw o = Eq.3
W0 (170K + kloc) (Eq-3)
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If we put the values from the question,

b)

(3 X 1076 x 0.005 + 2.4 x 1075 x 0)

Ci =
j,W,0 (170 x 2.4 x 107>+ 3 x 1079)

Ciw,o = 3.6 X 1075M

Cipo=170*Ciy, = 0.612 X 1073M

In order to solve for the molar flux, we can use the (Eq.1)
nj = ki (Gwp — Gw,o)
nj =3 x 107°m/s x (0.005 — 0.0000036) x 10*mol/m?

n; = 0.015 x 10~3*mol/m?s
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c) To determine if mass transfer is limited on one side, we have to calculate mg, my and m,y,
CiBo— Cp  0.612 x 1073 — 170 X 0.005
m - = =
5 Giwo — Siwib 3.6 x 10-6 — 0.005

_ CiBb — CjB,0 _ 0-0612x1073

myw = = —
Cw—Gwo  0—3.6x107¢

=170

Mavg = 5(Mg + my) = 2(170 + 170) = 170

k['o' i = 3x107° S = 0.0007
loc m~—
My, gky 170 X 2.4 X 10—5—5

klac
Since Wk“"’ « 1, the mass transfer is controlled by the water phase.

Maygkp




d)

where

Cj,W,b = OOOSM

Cj,w.a = 0.0000036M
C},B,b =0

Ci5,0 = 0.0006M
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e) The graph below is quantitative, a qualitative version is also accepted considering the
challenge in positioning Cjg,, and Cjw,eq at the origin.

o
£ eq
L \
o CJ,B
o Y x
J o A
N
c
o
o
£
eq
CLW C
W0 $Ci.w.b

CL B,b

C

W
in water phase

eq _ GiBb _
w170

eq _ _
Cig =170 X Cjyyp = 0.85M



The aswer to point f provides additional information on the equilibrium values, do read it
for the sake of your knowledge
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