MASS TRANSFER



Molecular Mass Transfer

e Molecular diffusion

e Mass transfer law components:
- Molecular concentration:
c, = F'a _Na _ Pa
M, V RT
- Mole fraction:
Ca (quuids,sg}ids.)__,C_A
A

X, ==
(gasés} C C



_pA/RT _Pas

For gaseg, =
A
P/RT P
- Velocity: >Eve 2,

mass average velogity, .2 —_i=

. r

>,

=

eV,
molar average veldfitg, =

C

velocity of a particular species relative to
mass/molar average is

the diffusion velocity.



The composition of an' 1s often given in terms of only the two pnnapal species in the gas
mixture \

oxygen, O, yo,, =021

© nitrogen, N, yy, =0.79
Determine the mass fraction of both oxygen and nitrogen and the mean molecular weight
of the air when it is maintained at 25°C (298 K) and 1 atm (1.013 X 10° Pa). The molecu-

lar weight of oxygen is 0.032 kg/mol and of nitrogen is 0.028 kg/mol.
As a basis for our calculatlons consider 1 mole of the gas mixture

oxygen present = (1 mol)(O 21) = 0.21 mol

(0.032kg)
(O 21 m ) ool 0.00672 kg
nitrogen present = (1 mol)(0.79) = 0.79 tﬁbl
‘ (0.028 kg)
= (0.79 mol) ————— = 0.0221 k
( ) ol g
total mass present = 0.00672 + 0.0221 = 0.0288 kg
0.00672 kg
(1)02' m"ﬁ" 0.23 s
00221 kg

“N = 00288kg O



Since 1 mole of the gas mixture has a mass of 0.0288 kg, the mean molecular weight of

the air must be 0.0288. When one takes into account the other constituents that are present

in air, the mean molecular weight of air is often rounded off to 0.029 kg/mol;: (
This problem could also be solved using the ideal gas law, PV = nRT. At ldeal

- conditions, 0°C or. 273 K and 1 atm of 1 013 >< 105 Pa pressure, the gas constant is

cvaluated tobe =~ , |

pV (1 013 >< 105 Pa)(22 4 m ) Pa

- m’ d 19
R T (1 kgmol)(273 K) 8314 l_K‘ »(?4’12)
The volume of the gas nnxture at 298 K, is.
(lmol) 83141’*‘ mf,(zqs*x) e
. nRT. mol - K/~
P 1013X105Pa L
0025w

7% f

The concentrations are.

021 mol “mol O,
T4 T w
o= 0791 l »32‘- 3 mgl éNz

c-—zc -—857+323 409mol/m

i=1



~The total density, p, is _ -
R L 00288kg

= =1.180k
- P o025m g’
and the mean molecular weight of the mixture is
g 1.180 kg/m?®
7., m%mWI

o M = "00288 kg/mol




- Flux:
A vector quantity denoting amount of a particular
species that passes per given time through a unit
area normal to the vector,

given by Fick’s First Law, for basic molecular
diffusion  J , =-D,.NC,

dc,
dz

or, in the Z-.JIIIZE(ZZ’EI@,' DAB

For a genergl relatmn IE’ on Fiythermal Isobaric
system, dZ



- Since mass is transferred by two
means.
e concentration differences
 and convection differences from density

differeyces_
=C,(V,,-V
e For binaty syst’%%%ith c%))nstant V,,

_ _ dy,
.“-’l-ﬁ,as’_CA(vA,z -V,) =-cD,g 7

dy ,
dz

» Rear€aigingEo CD +c,V,



* As the total velocity,
1
Vz _E (CAVA,Z T CBVB,Z)
e Or

C,V, =YVa (CAVA,Z T CBVB,Z)

e Which substituted, becomes

dy ,
dz

CaVa, —" cD g TVa (CAVA,Z + CBVB,Z)



e Defining molar flux, N as flux relative to a
fixed z,
NA LAV 4

« And finally, d
WA,Z ==cD C);ZA +yA(NA,Z +NB,Z)

* Or generalized,

NA —- DABmyA +yA(NA +NB)




The four equations defining the fluxes, J,, j4, N4, and n, are equivalent statements of
the Fick rate equation. The diffusion coefficient, D,p, is identical in all four equations.
Any one of these equations is adequate to describe molecular diffusion; however, certain
fluxes are easier to use for specific cases. The mass fluxes, n, and j,, are used when the
Navier-Stokes equations are also required to describe the process. Since chemical reac-
tions are described in terms of moles of the participating reactants, the molar fluxes, J,
and N, are used to describe mass-transfer operations in which chemical reactions are in-
volved. The fluxes relative to coordinates fixes in space, n, and N,,, are often used to de-
scribe engineering operations within process equipment. The fluxes J, and j, are used to
describe the mass transfer in diffusion cells used for measuring the diffusion coefficient.
Table 24.2 summarizes the equivalent forms of the Fick rate equation.

Table 24.2 Equivalent forms of the Mass Flux Equation for Binary

System A and B
Flux Gradient Fick rate equation | | Restrictions
ny VG)A ng, = —pDAB va + wA(nA i nB)

Vo, n, = —D,z Vp, + w,(n, + np) Constant p
N4 Vya Ny = —cDyp Vys + yaN4 + Np)

VCA NA = _DAB VCA =} )’A(NA + NB) Constant ¢
Ja Vo, ja= —pDsp Vo,

VPA jA = _DAB VPA Constant p
Ja Vya Ja= ‘CDAB Vya

Ve, Ji.=—D,s Ve, o Constant ¢




e Related molecular mass transfer
- Defined In terms of chemical

potential: d”? D, dm
V,, -V, =u,—
’ dz RT dz

- Nernst-Einstein relation

D,, dm
RT dz

JA,Z :CA(VA,Z -V,)=-¢,




Diffusion Coefficient

e Fick's law proportionality/constant

-J, 1 I’

P = ch/dz _(L t)(M/L3 >1/L) 3

e Similar to kinematic viscosity, &,
and thermal diffusivity, —




 Gas mass diffusivity
- Based on Kinetic Gas Theory

-/

mean speed 2777

1
DAA* :gl u

= mean free path length, u =

(

AA*

k3N )1/2
3p°siP M,

— Hire

schfelder’s equatioﬁ'

0.001858T%'*
DAB — n

1

A

1/2

1 :
+—0..
M, .

7 o
PSAB D




- Lennard-Jones parameters . and ©
from tables, or from empirical
relations

- for bina_%y s_ygtems (non Ia
rescting)

ee

- Extrapolation of dlffuswltyg/mp to 25
afyosphergs B <&l, <> oy

) _\
ABT2 P ABTl A :) é)]—v o

D|T,



Binary gas-phase Lennard-
Jones “collisional integral”

Collision integral for diffusion, Q

0.00 2.00 4.00 6.00 8.00 10.00
Dimensionless temperature, x7/¢,



| - Evaluate the diffusion coefﬁment of carbon d10x1de in air at 20°C and atmosg
pressure Compare th1s value w1th the experlmental value reported in Append:x

S i
From Appendlx Table K. 2 the values of o and €/k are obtained
| o,inA eAhc, inK
~ Carbon d10x1de 3996 190
AR Tean 3617 T
Thc vanous parameters for equauon (24-33) may be cvalual;e;d as follows:

+
- oy = oAkz T _ 3.996 '; 3617 _ 5 906 4

e.s/k = Ve eK) = V(190)(97) = 136
 T=20+273=293K |

P=1atm
€an _ 136 _
<T _ 203 0.463
kT
€s = 2, 16
QD (Table K =1 047

MCO2 = 44
and | A
’ 'MA;ir - '2‘9‘}



Substituting these values into equation (24-33), we obtain

b © 0.001858T%*(1/M,, + 1/Mp)™"
. PopQp
_ (0.001858)(293)**(1/44 + 1/29)*
- ~ (1)(3.806)*(1.047)
From Appendix Table J.1 for CO, in air at 273 K, 1 atmosphere, we have

D,z = 0.136 cm%/s

= 0.147 cm?/s

Equatibn (24-41) will b’e‘used to correct for the differences in'rtvemperature

Dypr, - ﬂm QD| T,
DAB,Tz \T2 QDIT, _

Values for ), may be evaluated as follows:

aT, =273  €p/kT = %—3—2— = 0498 Q| = 1074

atT, = 293 Qply, =1.047  (previous calculations)

The corrected value for the diffusion coefficient at 20°C is

293 \%*2(1.074)
273

D ABT, —

= > -5 2
(1.047) (0.136) = 0.155 cm /S_ (1.55 X 107 m%s)



- With no reliable _ or ®, we can use

the Fuller correlatlo% ._10/2
10°T""°3 L + 1
¢M M,
Das = K | )1/3
Pl>v| +[>>

- For binary gas with polar compounds,
we calculate o by

o 0.196d:,
— D -+ "
: T




where

F 113
dAB :(dAdB )1/2,d :1.94 19 n’i

Vo1,

T =kT/e,,

1/2
€ _E, Ep o

kK ok k -
e/k =1.181+1.3d* T,

A C E G
— + +

3k

+
 exp(DT") exp(FT) exp(HT)




and 3

1585V, -4
sw=lss]t S =3

- For gas mixtures with several
components, 1
D —

1- mixture

yvz/Dl-z +y_;/D1_3 +---+y;q/D1-n

- with. Y,
Yo —
Yo ¥ Y;+..+y,




In the chemical vapor deposition of silane (SiH,) on a silicon wafer, a process gas stream
rich in an inert nitrogen (N,) carrier gas has the following composition:

YsiH, = 0.0075, yg, = 0.015, yn, = 0.9775

The gas mixture is maintained at 900 K and 100 Pa total system pressure. Determine the
diffusivity of silane through the gas mlxture The Lennard Jones constants for silane are
e/k = 207.6 K and o, = 4.08 A.

The binary diffusion coefficients at 900 K and 100 Pa total system pressure estimated
by the Hirschfelder equation (24-33) are

Dgyn, = 109 X 10°cm®s  and  Dgy, g, = 4.06 X 10° cr’/s

The binary diffusion coefficients are relatively high because the temperature is ‘high

the total system pressure is low. The composition of nitrogen and hydrogen on a sﬁ
free basis are

r 09775  _ , 0015
N =T 00075 ~ 09849 and yw, = 75075 = 00151
Upon substituting these values into the Wilke equation (24-49"), we obtain
| = 1 1 2
Dy; —mixture ’ 7 = = 3cm
ki N, 09849, o011 MOX10°%
Dsyi—,  Ds,n, 1.09 X 10° ~ 4.06 X 10°

This example verifies that for a dilute multicomponent gas mixture, the diffusion ce

cient of the diffusing species in the gas mixture is approximated by the binary dlffn
coefficient of the diffusing species in the carrier gas.




e Liquid mass diffusivity
- No rigorous theories
- Diffusion as molecules or ions
- Eyring theory
- Hydrodynamic theory
e Stokes-Einstein equation
D, = KT
6prm,
- Equating both theories, we get Wilke-
ChalhBAi 74 10-8(iBMB)1/2
T Voo




Table 24.4 Molecular Volumes at Normal Boiling Point for Some
Commonly Encountered Compounds

Molecular Molecular
volume, volume, in
Compound cm’/g mole Compound  cm®/g mole
Hydrogen, H, 14.3 Nitric oxide, NO 23.6
Oxygen, O, 25.6 Nitrous oxide, N,O - 364
Nitrogen, N, 312 Ammonia, NH, @ 25.8
Air 299  Water, H,O | 18.9
Carbon monoxide, CO 30.7 Hydrogen sulfide, H,S 32.9
Carbon dioxide, CO, 340 Bromine, Br, \ 53.2
Carbonyl sulfide, COS  51.5 Chlorine, Cl, 48.4

Sulfur dioxide, SO, 44.8 Todine, I, 71.5




Estimate the liquid diffusion coefficient of ethanol, C,H;OH, in a dilute solution of wat

at 10°C. The molecular volume of ethanol may be evaluated by using values from Tat)
24.5 as follows: |

,VC2H56H = 2VC + 6VH + VO ; ”J%
: VCQHSOH = 2(14;8) +6(3.7) + 74~= ,5-9'2 cm®/mol

At 10°C, the viscosity of a solution containing 0.05 mole of alcohol/liter of water is-
1 45 centlpmscs, the rema:xmng parameters to be used are

T 283 K
®; for water = 2.26

and |
M, for water = 18

Substituting these values into equation (24'-52),} we obtain

(74 X 107%2.26 X 18)'*\( 283
D C,H,OH-H,0 — (592)06 1.45

= 7.96 X 10 %cm¥s  (7.96 X 107" m%s)

This value is in good agreement W1th the expenmental value of 8.3 X 1071 m?/s reported
in Appendix J. | | -




- For infinite dilution of non-electrolytes
In water, W-C is simplified to Hayduk-

LaLHj\g %(13.26 , 10-5,,7,2;1.14‘/1&0.589

— Scheibel’slgA%y@tiEnl@Iiminates By
T VP

25 CBV 2/3:
K =82 10°%)d+3-25 -

%¢V



- As diffusivity changes with
temperature, extrapolation of Dug IS

by
(DABTl) <l - T °°

—_— C

(Dagr.) 2L~ T

C

- For diffusion of univalent salt in dilute
solution, we use tE%J}lernst equation

B/ +1/1°0)F°



e Pore diffusivity

- Diffusion of molecules within pores of
porous solids

- Knudsen diffusion for gases in
cylindrical pores

e Pore diameter smaller thlan mean free

path, and density Khgas-islow

e Knudsen number dpore

 From Kinetic Th/egry ?f T
D . = —
M3 3 ;/ pM ,




e But if Kn >1, then

d ore d ore 8I<NT T
DKA =Py =1z =4850dp0re —
3 3 pMA MA
e If both Knudsen and molecular diffusion
exist, tfienzl_ ay, . 1
DAe DAB DKA
o Wi N
with 3 =1+ 8B
NA

e For non-cylindrigal pores, we estimate

DAe =€ DAe




Example 6

One step in the manufacture of optical fibers is the chemical vapor deposition of silane
(SiH,) on the inside surface of a hollow glass fiber to form a very thin cladding of solid
silicon by the reaction | . :

SiH,(g) — Si(s) + 2H,(g)

as shown in Figure 24.2. Typically, the process is carried out at high temperature and very
low total system pressure. Optical fibers for high bandwidth data transmission have very
'small inner pore diameters, typically less than 20 um (1 um = 1 X 10~% m). If the inner
diameter of the Si-coated hollow glass fiber is 10 um, assess the importance of Knudsen
diffusion for SiH, inside the fiber lumen at 900 K and 100 Pa (0.1 kPa) total system pres-
sure. Silane is diluted to 1.0 mole % in the inert carrier gas helium (He). The binary gas
phase diffusivity of silane in helium at 25°C (298 K) and 1.0 atm (101.3 kPa) total system



pressure is 0.518 cm?/s, with o5y, = 4.08 A and esi /K = 207.6 K, The molecular weight
of silane is 32 g/mole.

The gas phase molecular diffusivity of SlH4-He Knudsen diffusivity for SiH,, and ef-
fective diffusivity for SiH, at 900 K and 100 Pa total system pressure must be calculated.
The gas phase molecular diffusivity of silane in helium is scaled to process temperature
and pressure using the Hirschfelder extrapolation, equation (24-41) |

900 K 2 \15 . - | 5
. _aciecm” (S00K)"{101.3kPa){0.885) __ 3cm
Dsinpo| . = 031875 (293 K) ( 0.1 kPa )(0.668) bt 7 U

Optical fiber

' Y

900 K, 100 Pa |
dporg= 10 pm |

L

Si thin film

Hollow glass fiber



It is left to the reader to show that the collision integral £}, is equal to 0.885 at 298 K and
0.668 at 900 K for gaseous SiH,-He mixtures. Note that the gas phase molecular diffusiv-
ity is high due to high temperature and very low system pressure. The Knudsen diffusivity
of SiH, inside the optical fiber is calculated using equation (24-58) with dye = 1 X 1073

cm (10 p,m)
' 2
= 4850(1 X 107) /999 =257 90

Dy s, = 4850 dye | MZ:

Since the SiH, is significantly diluted in He, the process is dilute with respect to SiH, and
so equation (24-60) can be used to estimate the effective diffusivity

_ 1 . 1 _ Qn_z
DSinL' - 1 I 1. = 1 1 = 25.5 S

+
Dgy.-ne Dxsin, 3.66X10° 25.7




The effective diffusivity for SiH, is smaller than its Knudsen diffusivity, reflecting the re-
sistance in series approach. Finally, we calculate the Knudsen number for SiH,

138 x 10-16 8 1Nm 444 p

K 107 er - '
A = \/_"Tz = _ 3 = 1.68 X 10~*m = 168 um
2moy P V27| 0.408 nm 19m 100—~N—-2- |
- 10° nm m
Kn=-A - 168pm_ . e
dpore 10 um

Since Kn ® 1 and the effective diffusivity is close to the Knudsen diffusivity, then Knud-

sen diffusion controls the silane transport inside the optical fiber if no external bulk trans-
port is supplied.




Types of porous diffusion. Shaded areas represent nonpa

Pure molecular Pure knudsen
diffusion diffusion

i 1 12
0.0018587372 [E+ E] . dpare BKNT
4 { —
D 4= 7 D 3 M 4
PG—_.:_B h

Random porous

Kn n + mol lar :
udse olecula e tarlal

diffusion

L}' Ae = £- DAf



- Hindered diffusion for solute In
solvent-filled pores

* A general model is

D,, =D;.F( )F,( )

* F; and F; are correction factors, function
of pore diameter,d
1 S

j:d

pore

e F, Is the stearic partition coefficient

(dpore B ds )2

pd,

pore

F(y=" =(1-j )?



* F, is the hydrodynamic hindrance factor,
one equation is by Renkin,

F,(j )=1- 2.104j +2.09/ °>- 0.95 °



Example 7

It 1s desired to separate a mixture of two industrial enzymes, lysozyme and catalase, in a
dilute, aqueous solution by a gel filtration membrane. A mesoporous membrane with
cylindrical pores of 30 nm diameter is available (Figure 24.3). The following separation
factor (a) for the process is proposed

- DAe
D Be

a

. d; p =10.44 nm Bulk solvent
® 4, ,=412nm dpore = 30 NM




Determine the separation factor for this process. The properties of each enzyme as re-
ported by Tanford* are given below.

Lysozyme (species A) Catalase (species B)
= 14 100 g/gmole = 250 000 g/gmole
dm-—~412nm d,B-—-1044nm

D}_yo=1.04 X 10 cm¥s Dj_y 0 = 4.10 X 1077 cm¥s

The transport of large enzyme molecules through pores filled with liquid water repre-
sents a hindered diffusion process. The reduced pore diameters for lysozyme and catalase
e |

d;p _ 10.44 nm

_ 44 _412nm _
0.137 7. = 300mm

e d. 30.0nm

and ¢ = = 0.348



For lysozyme, F,(¢,) by equation (24-64) and F,(¢,) by the Renkin equation (24-65) are

Filed) =1 — 9)* =1 —0.137)* = 0.744
Fy(ga) = 1 — 2.104¢, + 2.09¢; — 0.95¢3
= 1 — 2.104(0.137) + 2.09(0.137)* — 0.95(0.137)° = 0.716

The effective diffusivity of lysozyme in the pore, D,,, is estimated by equation (24-62)

_ 2 p]
Dy, = D} _yoF(@)Fx(¢s) = 1.04 X 1076 E2- (0.744)(0.716) = 5.54 X 107 -



Likewise, for catalase Fy(¢p) = 0.425, F,(¢p) = 0.351, and DB‘g = 6.12 x 1078 cm?s. Fi-
nally, the separation factor is

Dy, _ 5.54 X 10~ cm?/s
Dp. 612 X 107* cm®/s

a= = 9.06

It is interesting to compare the value above with ', the ratio of molecular diffusivities at
infinite dilution

) ~6
o = ‘: HO _ 1.04 X 10 cm/ =175

The small pore diameter enhances the value for a because the diffusion of the large cata-

lase molecule is significantly hindered inside the pore relative to the smaller lysozyme
molecule.



Convective Mass Transfer

 Mass transfer between moving
fluid with surface or another fluid

e Forced convection
e Free/natural convection
e Rate equatlon analogy to Newton'’s

cooling e
A :kc_CA




Example 8

A pure nitrogen carrier gas flows parallel to the 0.6 m? surface of a liquid acetone in an
open tank. The acetone temperature is maintained at 290 K. If the average mass-transfer
coefficient, k,, for the mass transfer of acetone into the nitrogen stream i is 0.0324 m/s, de-
termine the total rate of acetone release in units of kgmole/s.

The total molar rate of acetone transfer from the liquid to the gas phase can be evalu-
ated by

Wy =NA = kA(ca, — Cpw)



The mass transfer area is specified as 0.6 m®. At 290 K, acetone exerts a vapor pressure of
161 mm Hg or 2.148 x 10* Pa. Therefore, the concentration of acetone in the gas phase at
the acetone surface is

P, 2.148 X 10* Pa kg mol

Cas =T = = 891 21
“RT _PaXm’ m’
(8.314 K mol X K) (290.K)

Y

and the concentration of acetone in the nitrogen carrier gas is near zero, because the
molar flowrate of the carrier gas is in a large excess relative to the rate of acetone
transfer. Thus

kg mol

e

kgmole
S

Wa = kA(Cyy — Caw) = (0.0324 -‘-;‘—) (0.6 m? (8.91 - 0) =0.1732



Differential Equations

e Conservation of mass in a control

vorame.

Qg (v >n)dA +% @@@W =0

e Or,

INn - out + accumulation -
reaction =0



e For In - out,
-in x-dir,n, —y—z

X+—x nA,x _y_Z

X

-iny-dir,n, —x-z| , -

Ny, X2 ‘ y

B in Z_dir’ nAz_X_y 7+ B nAz_X_y

Z

e For accumulation,




 For reaction at rate r,,

ry,—X—y—Z

. Summing the terms and divide by

Ax‘x+ —X X‘Ayxn;ﬂ A,y\y + nA,z}z+—z B nA,z}z + T[I’A

-1, =0
X -y =z T -

-qyvith conggrol volugne apprgaching O,
ﬁv +En +En +£-r =0

P M A



 We have the continuity equation
for component A, written as

generaﬂTorm:ﬂr
N, +—2
A

-r, =0

)i




S0 by conservation of mass,

9

N V+— =
)i

e Written as substantial derivative,

Dr
—+rNx =0
Dt

- For species A,

rbw,
+ N -r, =0
FRAL e




* |[n molar terms,

m>NA+ﬂCA- R, =
)i

- For the mixture,

m>€NA +NB)+ ﬂ(CAﬂ: CB) - (Ry +Ry) =0

- And for stoichiometric reaction,

ﬂ>CV+E- (R,+R;) =0

)i



