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Ch 10 assumes steps 1,2,6 & 7 are fast, so only steps 3, 4, and 5 need to be considered
Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Review: Guidelines for Deducing
Mechanisms

* More than 70% of heterogeneous reaction mechanisms are surface

reaction limited
* When you need to propose a rate limiting step, start with a surface

reaction limited mechanism unless you are told otherwise
* If a species appears in the numerator of the rate law, it is probably a

reactant
* |f a species appears in the denominator of the rate law, it is probably

adsorbed in the surface

i j—k
kPP

Generic equation: —-r'p =

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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L19: External Diffusion Effects

» Up until now we have assumed adsorption, surface reaction, or desorption
was rate limiting, which means there are no diffusion limitations
* In actuality, for many industrial reactions, the overall reaction rate is limited
by the rate of mass transfer of products and reactants between the bulk
fluid and the catalyst surface
 External diffusion (today)
* Internal diffusion (L20, L21 & L21b)
« Goal: Overall rate law for heterogeneous catalyst with external diffusion
limitations. This new overall reaction rate would be inserted into the design
equation to get W, X,, C,, etc

________________ FAls _____-5/'_\3_________
S
/ A—=B
Slides courtesy of Pi Catalytic surface 's at Urbana-Champaign.
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Mass Transfer

 Diffusion: spontaneous intermingling or mixing of atoms or molecules
by random thermal motion

« External diffusion: diffusion of the reactants or products between bulk
fluid and external surface of the catalyst

* Molar flux (W)

« Molecules of a given species within a single phase will always
diffuse from regions of higher concentrations to regions of lower
concentrations

 This gradient results in a molar flux of the species, (e.g., A), W,
(moles/area-time), in the direction of the concentration gradient

 Avector:
WA = iWAX + jWAy + kWAZ

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Molar Flux W & Bulk Motion B,

Molar flux consists of two parts
« Bulk motion of the fluid, B,
» Molecular diffusion flux relative to the bulk motion of the fluid
produced by a concentration gradient, J,
- W, =B, +J, (total flux = bulk motion + diffusion)

Bulk flow term for species A, B,: total flux of all molecules relative to fixed
coordinates (W) times the mole fraction of A (y,):

Bo=ya2W
Or, expressed in terms of concentration of A & the molar average velocity V:

By =CpV —=Bp =Cp 2 YV "210' =m§'°m
m“-s m° S
The total molar flux of Ain a binary system composed of A & B is then:
W, =J, +CpV «In terms of concentration of A
Wa =Ja+Ca 2V

Wy =Ja +Ya (Wa + Wg) —In terms of mol fraction A

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.




L19-6

Diffusional Flux of A, J, & Molar Flux W

W, =J, + B, (total flux = diffusion + bulk motion)
Wy, =[Ja |+ CaV
Wa =|Jdal+Ca 2 ViV
Wa =[Jal+ YA (Wa +Wg)

Diffusional flux of A resulting from a concentration difference, J,, is related to
the concentration gradient by Fick’s first law:

mol

m2-s

c: total concentration  D,g: diffusivity of Ain B y,: mole fraction of A

Ja =-CDagVYa

V= ii + ji + ki gradient in rectangular coordinates
X "9y 0z

Putting it all together:
Wy = —CDaAVYa +YA X W, General equation
W, = -cDagVyp +Ya (Wa + W5 ) molar flux of A in binary system of A & B
Effective diffusivity, D, .. diffusivity of A though multiple species

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Simplifications for Molar Flux

W, = J, + B, (total flux = diffusion + bulk motion)
General equation: Wp =-CDpgVYya + YA I W,
I
Wa = -CDABVYA +Ya (Wa +Wg)
Molar flux of A in binary system of A & B

 For constant total concentration: cD,g¥]ya = Dagl¥]Ca
« When there is no bulk flow: > W, =0
i

- For dilute concentrations, y, is so small that: Yo Y W;; 0
|

For example, consider 1M of a solute diffusing in water,
where the concentration of water is 55.6 mol water/dm3

Cn 1
CA +CW 1+55.6

YA = —ya =0.018; 0

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Evaluation of Molar Flux

Type 1: Equimolar counter diffusion (EMCD)

« For every mole of A that diffuses in a given direction, one mole of B
diffuses in the opposite direction

* Fluxes of A and B are equal in magnitude & flow counter to each other:

W,o=-Wg Wa =-CDagVya + VK'GNF""WB-;O bulk motion = 0
— Wy =-cDpgVya  or for constant total concentration: Wy = -DpgVCa

Type 2: Dilute concentration of A: yA}_jWi ; O

I
Wy = —CDAgVYA + ¥ (Wa +Wg) — W, = —cDpgVya  OF constant Cigy
0 W, = -DagVCa
Type 3: Diffusion of A though stagnant B: Wz=0
~1
W = -cDagVya + YA (Wa +W&)O > Wa=1" Va

Type 4: Forced convection drives the flux of A. Diffusion in the direction
of flow (J,) is tiny compared to the bulk flow of A in that direction (z):

Wa = —CBrgyast CaVz —Wp =CaV; = Wa =Ca
diffusion = 0 C S~cross-sectional area
Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Boundary Conditions

 Boundary layer
 Hydrodynamics boundary layer thickness: distance from a solid

object to where the fluid velocity is 99% of the bulk velocity U,
» Mass transfer layer thickness: distance 6 from a solid object to
where the concentration of the diffusing species is 99% of the
bulk concentration
« Typically diffusive transport is modelled by treating the fluid layer

next to a solid boundary as a stagnant filén of thickness &
Ab

d
C

Cas: Concentration of A at surface Ca,: Concentration of A in bulk

In order to solve a design equation that accounts for external
diffusion limitations we need to set the boundary conditions

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Types of Boundary Conditions

1. Concentration at the boundary (i.e., catalyst particle surface) is specified:
* If a specific reactant concentration is maintained or measured at the
surface, use the specified concentration
« When an instantaneous reaction occurs at the boundary, then C,.=0

2. Flux at the boundary (i.e., catalyst particle surface) is specified:
a) No mass transfer at surface (nonreacting surface)

A‘surface =0
b) Reaction that occurs at the surface is at steady state: set the molar
flux on the surface equal to the rate of reaction at the surface

i i 2.
WA‘surface reaction rate per unit surface area (mol/m=-sec)

c) Convective transport across the boundary layer occurs

WA‘boundary - kC (CAb - CAS)

3. Planes of symmetry: concentration profile is symmetric about a plane
« Concentration gradient is zero at the plane of symmetry

Radial diffusion i _ Radial diffusion in
a tube: @ ) =0atr=0 @ a sphere

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Correlation for Convective Transport
Across the Boundary Layer

For convective transport across the boundary layer, the boundary condition is:
WA‘boundary - kC (CAb - CAS)
The mass transfer coefficient for a single spherical particle is calculated from

the Frossling correlation: D
k. = 2B 8h
C
do
k.. mass transfer coefficient D,g: diffusivity (m?/s)
d,: diameter of pellet (m) Sh: Sherwood number (dimensionless)
Sh=2+0.6Re'?sc"3
Ud, S - : v
Reynold's number Re=—+ chmidt number: Sc =
v Dag
v: kinematic viscosity or momentum diffusivity (m?/s); v=u/p
o: fluid density (kg/m?3) w: viscosity (kg/m-s)

U: free-stream velocity (m/s) d,: diameter of pellet (m)
D ,g: diffusivity (m?/s)

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Rapid Rxn on Catalyst Surface

» Spherical catalyst particle in PBR —~L,,= 1 mol/L

» Liquid velocity past particle U = 0.1 m/s @
* Catalyst diameter d = 1 cm =0.01 m
* Instantaneous rxn at catalyst surface C,,~0

* Bulk concentration C,,= 1 mol/L CAS_=O
« v = kinematic viscosity = 0.5 x 106 m?/s Determine the flux of A to
e Dyg = 1x10-10 m2/s the catalyst particle

The velocity is non-zero, so we primarily have convective mass transfer to the

catalyst particle: Wiy, \boundary =k, (CAb —~ CAS)

Compute kofrom | _ PaB g, 12 13 pa9% ool Y
Frossling correlation: ©  dj, Sh=2+0.6Re"™ Sc’ Re_T Dag
0.1m/s(0.01 5m?/s
Re = m/s(6 2rn) —|Re =2000| Sc = O5X1O10 5 —|Sc = 5000
0.5x10%m?/s 1x10"10m? /s
Sh =2+0.6(2000)"?(5000)" —[sh = 461
-10 .2
oY M S 461 sk, = 4.61x1078 T
0.01m S

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Rapid Rxn on Catalyst Surface

» Spherical catalyst particle in PBR ——~LC,,= 1 mol/L

« Liquid velocity past particle U = 0.1 m/s E @
« Catalyst diameter d,= 1cm = 0.01m
* Instantaneous rxn at catalyst surface C,.~0

* Bulk concentration C,, = 1 mol/L CAS_=O
* v = kinematic viscosity = 0.5 x 10-® m?/s Determine the flux of A to
¢ Dpg = 1x10-1° m?/s the catalyst particle

The velocity is non-zero, so we primarily have convective mass transfer to the

catalyst particle: W \boundary =k (Cap =Chas)

Computed k¢ from ke = Dag g, k, =4.61x1078 "
Fréssling correlation: dy S
_gm{(_, mol/1000L _3 mol
Wa boungary = 46110 3(1 ( m3 )_o = Walgouncary = 461310 52

Because the reactant is consumed as soon as it reaches the surface

rps "= 4.61x107 ";O'
Mm-S

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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For the previous example, derive an equation for the flux if the reaction -

were not instantaneous, and was instead at steady state (Wysygace =-Ta')
and followed the kinetics: -r,g"=k.C,, (Observed rate is not diffusion limited)

ke (Cap —Cas) = WA\boundary —Tas" =KChas
Because the reaction at the surface is at the steady state & not instantaneous:
Cas =0 WA‘boundary =—Tas =K Cxg
So if C,. were in terms of measurable species, we would know Wy pnqary
Use the equality to put C, in terms of measurable species (solve for C,.)
ke (Cab = Cas) =kiCas = KeCab —KcCas =K:Cas —KsCap =kiCas +KeCas

k.C o
—Kk.Cap = Cps (k; +ks) =5 "2 =Cas Pluginto-r’,

K + K¢
" krchAb
WA ‘boundary =T As = erAS — WA ‘boundary =T ps = K +k
r T Ke

Rapid rxn, k>>k.— K in-_ v _ kikeCab e =\k~.xchAbe —I"ps =KcCap
denominator is negligible ~ A® K, £Kg As K  Diffusion limited
Slow rxn, k<<k;— kiin v _KKeCap W _KeCpp ) =k .Cpp

S
Ks.  Reaction limited

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Mass Transfer & Rxn Limited Reactior

\
— —
"o krchAb

—'"ps = ok reaction limited regime
r ¥%e

—"as =K:Cap
transport limited regime

—T"ps =KcCap

Dag Ud v
Ke = ES*‘ Sh=2+06Re'?8c!® Re=—P Sc-p
12
K, - Dag

d

D

Ud 13
2+o.6(p) (L) ]
1% DAB

(Uld,)"”2
(fluid velocity/particle diameter)/2

When measuring rates in the lab, use high velocities or small particles
to ensure the reaction is not mass transfer limited

S

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Mass Transfer & Rxn Limited Reactions
—}
" _krchAb

—'"ps = ok reaction limited regime
r ¥%e

—"as =K:Cap
transport limited regime

—T"ps =KcCap

Dag Ud v
Ke="4 " sh-2+06Re'?sc"® Re=—F Sc=_—
P 14 AB

o

v
(U/d )2 = (fluid velocity/particle diameter)2
p 12
D..23( 2 K U 125 2/3 16/ 4
—> k, « —AB 9L2=(_2) ( Asz) (V_1) Yp1

Proportionality is useful for assessing parameter sensitivity
Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Mass Transfer Limited Rxn in PBR

) A+2B-Cc. 9D
a a d

A steady state mole balance on reactant A betweenzand z + Az :
6(1-¢)

p
a,: external surface area of catalyst per volume of catalytic bed (m?/m3)

¢: porosity of bed, void fraction d,: particle diameter (m)
r’ ,: rate of generation of A per unit catalytic surface area (mol/s-m?)

A_Az: A Az A “c as Az—0: A | dz

Put F_, and —r,” in terms of C,: Fa; = Wa A = (Inz +Baz)Ac
Axial diffusion is negligible compared to bulk flow (convection)

Fazlz =Fazlzeiaz +1"aac(A;AZ) =0 where a; =

a.=0
AAC

Fay =Ba,A; =UCAA. Substitute into the mass balance

dUCA " dCA U 1] dCA "
- (dz )+r Aac=0%—(U e +CA;%L-;r pAd;=0—-U i +r'ya, =0

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Mass Transfer Limited Rxn in PBR

A+PB-Ccid9p _ydta
a a a dz

+r"AaC =0

At steady-state:

Molar flux of A to particle surface = rate of disappearance of Ajon the surface
—r"p =Wy, =kc (Ca —Cas) Substitute

mass transfer coefficient k, =D,g/d (s™') d: boundary layer thickness

Cas: concentration of A at surface C,: concentration of A in bulk
—UddizA ~kea.(Cp -Cag)=0  Cpe =0 in most mass transfer-limited rxns
R _UdCA k.a.Cr =0 Rearrange & integrate to find how C, and the r”,
dz  ¢°¢7A " varies with distance down reactor
C
%_U&=kCaCCA — A dCA =‘7<_kCaC dz elnC_A=_kCaCZ
C K.a
—> C—,::) =EXp |- CUC Z|— CA = CAO exp _kCSC Z —r"A = kCCAO exp I:—kCaC Z]

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Review: Heterogeneous Catalyst

* \We have looked at cases where
1) Adsorption, surface reaction, or desorption is rate limiting
2) External diffusion is rate limiting
3) Internal diffusion is rate limiting- today
* Next time: Derive an overall rate law for heterogeneous catalyst where the
rate limiting step as any of the 7 reaction steps. This new overall reaction
rate would be inserted into the design equation to get W, X,, C,, etc

—— —— . . et e g . . . e — ————————

A B
e 6 Internal
(3} diffusion




L19-20

Review: Types of Boundary Conditions

1. Concentration at the boundary (i.e., catalyst particle surface) is specified:
* If a specific reactant concentration is maintained or measured at the
surface, use the specified concentration
« When an instantaneous reaction occurs at the boundary, then C,.=0

2. Flux at the boundary (i.e., catalyst particle surface) is specified:
a) No mass transfer at surface (nonreacting surface)

A‘surface =0
b) Reaction that occurs at the surface is at steady state: set the molar
flux on the surface equal to the rate of reaction at the surface

' ' 2.
VVA‘Sur-face reaction rate per unit surface area (mol/m#-sec)

c) Convective transport across the boundary layer occurs

WA‘boundary - kC (CAb - CAS)

3. Planes of symmetry: concentration profile is symmetric about a plane
« Concentration gradient is zero at the plane of symmetry

Radial diffusion i _ Radial diffusion in
a tube: @ ) =0atr=0 @ a sphere

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.




Review: Transport & Rxn Limited Ratés

P — —

reaction limited regime: —r'"as = K;Cap

k.k.C
A = & c kAb <~ Used k (Cp,-Cac)=k.Cps tO
r t K¢ solve for C,. & plugged
back into —", = k,Cxs

transport limited regime

Ta (Convective transport across boundary layer)
—"as =KcCap

D Ud v

ke ==1°Sh Sh-2406Re'?sc"® Re=— P Sc=_"

P 12 13 Y AB
Ud

ke = DAB| 2 +O.6(p) (L)

dy v Dag

(Uld,)"”2
(fluid velocity/particle diameter)/2

When measuring rates in the lab, use high velocities or small particles

to ensure the reaction is not mass transfer limited
Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Review: Mass Transfer Limited Rxn |
> PBR

A+2B-Cc. 9D
a a a

A steady state mole balance on reactant A between zand z + Az :

y 6(1-¢
Fazlz =Fazlzeiaz +1"aac(A;AZ) =0 where a; = %
P
a,: external surface area of catalyst per volume of catalytic bed (m?/m?3)
¢: porosity of bed, void fraction d,: particle diameter (m)

r’,: rate of generation of A per unit catalytic surface area (mol/s-m?)
A.: cross-sectional area of tube containing catalyst (m?)

1. Divide out A_Az and take limit as Az—0
2. PutF_,and —r," interms of C,
3. Assume that axial diffusion is negligible compared to bulk flow
4. Assume molar flux of A to surface = rate of consumption of A at surface
5. Rearrange, integrate, and solve for C, and r”,
Ca =Cppexp —kCSC z|| |-r"a =kcCagexp —kCSC Z

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Shrinking Core Model

« Solid particles are being consumed either by dissolution or reaction
« The amount of the material being consumed is shrinking
* Drug delivery (pill in stomach)
« Catalyst regeneration

ORORONON®

» Regeneration of catalyst by burning off carbon coke in the presence of O,

» Begins at the surface and proceeds to the core

» Because the amount of carbon that is consumed (burnt off) is
proportional to the surface area, and the amount of carbon that is
consumed decreases with time

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Catalyst Regeneration

Coking-deactivated catalyst particles are reactivated by burning off the carbon
C + 02 — C02

*Oxygen (A) diffuses from particle surface
(r=R,, C5 = C,p) through the porous pellet
matrix to the unreacted core (r=R, C, = 0)

*Reaction of O, with carbon at the surface of
the unreacted core is very fast

*CO, generated at surface of core diffuses out

*Rate of oxygen diffusion from the surface of
the pellet to the core controls rate of carbon
removal

r:radius Rj:outer radius of particle R: radius of unreacted core r =0 at core

What is the rate of time required for the core to shrink to a radius R?

Though the core of carbon (from r = 0 to r = R;)) is shrinking with time (unsteady
state), we will assume the concentration profile at any time is the steady state
profile over distance (R,- R): quasi-steady state assumption (QSSA)

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Mole Balance on O, From r to r+Ar

R, ¢+0,—=C0O,  Ratein- rate out + gen = accum

Wy, 4712 —Wp 4ar?]  +0=0

r r+Ar

Oxygen reacts at the surface, not in this region
VVArr2 - V\/Arr2
Divide by -4xAr: — r+Ar r_Q
Ar
. d(WArrZ)
CO, Take limit as Ar—0: _ -0
dr
Put W,, in terms of dCp

conc of oxygen (C,) Wi =-De d— +ya(Wp +Wg) D, effective diffusivity

For every mole of O, that enters, a  __ W - _ dCp
mol of CO, leaves — W,=-W ¢, AT gr

i d dC d/dC, o

Plug Wy, into —(-Dg=—Ar?|=0 Divide out-D;; —> Are)=0
mole balance: dr dr dr{ dr

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Mole Balance on O, From r to r+Ar (2)
5[50 0 =
K

%deA=fK—21dr %CA=——1+K2
r r

Use boundary conditions to determine the concentration
profile (C,/C,y) in terms of the various radii (R, Ry & r)

Atr=R,, C,=Cppandatr=R,C,=0
First use C,=0 when K4 K4

R, C+0,—CO,

Cco, r = R to determine K, Ca =O=_E+K2 %E=K2
Ky K 1 1 Next solve for when
. __™M o ™M Lok (A2t
Foranyr. Cj : + = A 1(R r) =R, & C,=C,
Ky K; . (11 Take the ratio to
Cho = R, "R Cao =K1 (R Ro determine C,/C,,

_Ch R(1R-1r) | Ca _ TR-Tr
"Cao K4(1TR-1Ry) Cao TR-TRg

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Oxygen Concentration Profile & Flux

Ca _ VR-Tr C,: oxygen concentration
CAO 1/R — 1/R0 CAb = CAO
Oxygen concentration Profile at time t

RO C+02 %CO2

1
0.8
c 06
CO, 05 [
Finally determine the '
flux of oxygen to the 0
: 0 10 20
surface of the core: (center) (C(I;ire) h 5
w, --p.9Ca ’
A © dr
_CaolIR-1r)  _y, _ p 9 Cao(1R-11)] = DeCao
1R -1R, dr| 1TR-1Rg (1/R—1/R0)r2

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Mass Balance on Carbon (C)

R, ©+02 = CO; In — out + gen = accumulation

d(g”RBIOC% )(
0-0+r", 47R? =

\_Y_l dt

Elemental C does not enter or leave the surface

Change in the mass of the carbon core

CO, r’c: rate of C gen. per unit surface area of core (mol/s-m?)
pc: density of solid C  ¢.: fraction of the volume of the core thatis C
4 3 n
Simplify mass balance: o 4.R2 _ 3 oode  dt

dt

The rate of carbon disappearance (-dR/dt) is equal to the rate of oxygen flux

to the surface of the core, -W, = W4,, and this occurs at a radius of R so:
" D.C . _ D

rC=-WA=WB= e~Al 5 — = eZAO

(1R=1Ry)r R-R%R,

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Time Required to Shrink Core to Radius R

dR _ r "c " |:)eCAO

-rC

dt ) 10C¢C R—RZ/RO

Substitute r”; into -dR/dt, 4r _p Ch 1
get like terms together, — - = —° A0

C+02 9C02

- 2
integrate, & solve for t dt pctec (R-R /Ro
2 -D.C
- ] (RReRoJar - [ Do et
CO, Ro 0 pc¢c
LRP R _DCpo, R®P_R® Ry Ry’ -DeCpo,
2 Ryl pche 2 3Rg 2 "3Re. pcc
R _R® Ry? Rg®_ -DeCpp,  Getcommon
— - — + = )
2 3R, 2 3 Ocde denominators
L3RRP 2R 3R -2Ry®  -DeCag, 3ReR? _2R° Ry’ _ DeCao,
6Ro  6Rg 6 Pcic 6Rp 6Ry 6 Pcic

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Time Required to Shrink Core to Radius R

C+0, =CO
R, 2 2

2 3 2
. SRoR™_2R7 Ry = “DeCho t Solve fort:
6Ro 6Ry 6 pcic
3RyR* 2R® Ry’ ( Océe ) t Factor out
— - - - = 2
6R, 6R, 6 || D.Cap Ro/6
2 3 2
— 3R2 — 2R3 -1 (—'OC%RO =t Factor out -1
co, Ro® Ro 6DeCho
2
— 1—3R2+2R3 PchRo” 13 RY Lo 53 PcdcRe”
Ro® Rg® ) 6DeCag Ro Ro ) | 6DcCap
At the core of the 2 3 2
0 R 2
catalyst particle, —t= 1—3(R) +2(R) Ig%%C 0O _ff= Pc?cRo
R=0, then: 0 e~A0 6D:Cnao

Complete regeneration

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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L20: Internal Diffusion Effects in
Spherical Catalyst Particles

Internal diffusion: diffusion of the reactants or products from the external
pellet surface (pore mouth) to the interior of the pellet. (Chapter 12)

When the reactants diffuse into the pores within the catalyst pellet, the
concentration at the pore mouth will be higher than that inside the pore and
the entire catalytic surface is not accessible to the same concentration.

Ca Porous catalyst
particle
CAb \
External Internal | External surface
diffusion diffusion

Though A is diffusing
inwards, convention of
shell balance is flux is in
direction of increasing r.
(flux is positive in
direction of increasing
r). In actuality, flux of A
will have a negative
sign since it moves
inwards.

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.



Basic Molar Balance for Differential ™
Element

An irreversible rxn A—B occurs on the surface of
pore walls within a spherical pellet of radius R:

I

Rate of Ainatr=W,, - area = Wa, x4mr

Rate of Aout atr- Ar=W,, - area = W, x 4ur? Al

. The mole balance over the shell thickness Aris:
Spherical shell of
inner radius r & outer  IN - OouT + GEN =ACCUM
radius r+Ar

W 4mr? | = W 4mr? |, +T (4nrm2Ar)pC =0

Volume of shell
r',: rate of reaction per mass of catalyst (mol/g-s)

p.. mass of catalyst per unit volume of catalyst (catalyst density)
r..- mean radius between rand r - Ar

Divide by -4nAr & d(WArrz) 5 Differential BMB in
take limitas Ar -0 — dr pc =0 spherical catalyst particle

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Dn‘fusmn Equatlon (Step 2)

Cas + GEN =ACCUM
WAr4:rcr2 - WAr4ﬂ:r —ar + T (471,27 ) o =0

R Steady state assumption implies equimolar counter
diffusion, Wg = -W, (otherwise A or B would
AT accumulate) dy ic
W, = -cD, 2A - D, —A
A © dr ° dr
Must use effective diffusivity, D, instead of D,g to account for:
1) Tortuosity of paths
2) \Void spaces
3) Pores having varying cross-sectional areas

D, bulk diffusivify

¢poc pe”et porosity (Vvoid space/Vvoid &solid) (typlcal ~ 04)

¢
Y O  constriction factor (typical ~ 0.8)
T

tortuosity (distance molecule travels between 2 pts/actual
distance between those 2 pts) (typical ~ 3.0)

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Diffusion & Rxn in a Spherical Catalyst

BMB : W, 4ar? | — W dmr?|,_, + 1 (4, 2Ar o =0

2
%d(WArr )—r’ r2p =0
a o d dC
e o YA A
Diffusion: W, = —cD, A - _p_“~A
ffusion: W), = -cD¢ = S
Write the rate law " _k" g, mol
based on surface area: nNTAL 2.
Relate - to 1" by: mol " S S - catalyst surface area
CACTAOT AN gcats A ATa 2 mass of catalyst
d(WArrz) 5 Insert the diffusion eq & the
BMB: dr —TAl“pe =0 rate eq into the BMB:
d D, dCa 2], 2pS.k" C,1 =0 Boundary Conditions:
dr dr C, finite at r=0 Ch=Cpatr=R

Solve to get C,(r) and use the diffusion equation to get W, (r)

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Dimensionless Variables

dg[—De dd&r2 + erCSAk"n C," =0 Put into dimensionless form
r r
n n 2 —1
yo (Psi) W = Ca ¢n2 _ k n SaPcRCas' . ¢n2 _ K"n SaPcR“Cas”
R Cas [(CAS )/R] De
d°r 2/dw Boundary Conditions:
2 ;\( d ) ¢n ~ 7 W=1at \=1 Y =finite at A=0

a" surface rxn rate
"a" diffusion rate

Thiele modulus for rxn of n'" order = ¢,
Subscript n = reaction order

¢n2 =

¢,, is small: surface reaction is rate limiting

¢, is large: internal diffusion is rate limiting small ¢,
. : A
The solution for s _ Ca _ 1(sINhoA C 4
a 1st order rxn: Chs sinh ¢ As medium ¢
rge
small ¢,: surface rxn control, significant amount of reactant ge ¢ >
diffuses into pellet interior w/out reacting R r=0

large ¢,: surface rxn is rapid, reactant is consumed very closed to the external surface of
pellet (A waste of precious metal inside of pellet)
Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Internal Effectiveness Factor, n

Internal effectiveness factor:
(1) the relative importance of diffusion and reaction limitations
(2) a measurement of how far the reactant diffuses into the pellet before reacting

) actual (observed)overall rate of rxn
"1™ rate of reaction if entire interior surface were exposedto Cpg & Tg

ne A _ A _ —r's (mass of catalyst)
Ihs —T"as —T'as(mMass of catalyst)

For example, when n=1 (18t order kinetics, -r”, )

dC 2 do
2 47R%|D. | A 47R%D C,. | 7
N = 4nR (_WASr=R) g _( ) °ldr |Rr o e A=1
- 4 - [1] 4 - 4 3 1]
(_rAS)37'3R3 PcSak "1 Cas 375R3 375R PcSak "1 Cas

eX + e_x 2 X —X
—on= % (¢1cothd - 1) where coth x= 08N X =( )/ e +e
P1 sinh x (ex _eX )/2 o _ g X

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Internal Diffusion & Overall Rxn Rate

—r"s =m(-r"ag) M quantifies how internal diffusion affects the overall rxn rate
Effectiveness factor vs ¢,

1

0.8 Reaction limited
0.6
n 0.4
0.2

Internal diffusion limited
0.1

0.2 1 2 4 6 8 10
O

As particle diameter |, ¢, |, n—1, rxn is surface rxn limited
As particle diameter 1, ¢, 1, n—0, rxn is diffusion limited

This analysis was for spherical particles. A similar approach can be used to
evaluate other geometries, non-isothermal rxn, & more complex rxn kinetics

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Effectiveness Factor & Rxn Rate

3 /p k1S, , :
= ¢_2(¢1 coth¢q - 1) ¢1=R CDe —Ta = T](_"As) = T1(k1CAs)Sa
| -

R|{ ¢1| m—1 surface-reaction-limited

when ¢4 >>,(=30) n can be simplified to: n = i = 3 De

¢ R k1pcSa’

<<1

¢, is large, diffusion-limited reaction inside the pellet (external diffusion will have a
negligible effect on the overall rxn rate because internal diffusion limits the rxn rate)

-
n=—~A - 32((1)1 coth¢;-1) internal-diffusion-limited: ,/
Tas 0

v L o 3 | D¢
A =n(k1CAs)Sa TATR K10:S,

CAs

(k CAs) -rA

Overall rate for 1st-order rxn

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Clicker Question

—1p =1(k{Cac )S 3D , 3| D
A ( 1 As) a n; 2 e %_rA=R k eS (k1CAs)Sa
Overall rate for R\ k1pcSa 1Pca

1st-order rxn

When the overall rate of rxn when the reaction is limited by
internal diffusion, which of the following would decrease
the internal diffusion limitation?

(a) decreasing the radius R of the particle

(b) increasing the concentration of the reactant
(c) increasing the temperature

(d) increasing the internal surface area

(e) Bothaand b

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.
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Total Rate of Consumption of A

in Pellet, M, (mol/s)

At steady state, net flow of A into pellet at the external surface completely

reacts within the pellet

» Overall molar rxn rate = total molar flow of A into catalyst pellet

- M, = (external surface area of pellet) x (molar flux of A into pellet at
external surface)

* M, =the net rate of reaction on and within the catalyst pellet

d( . )
dC C C
2 dC A _(~As As
R
(CA ) ——
M, = 4sr2PeCas \Cas) M, —arD.Cp OV
R

r=R

r=R

Slides courtesy of Prof M L Kraft, Chemical & Biomolecular Engr Dept, University of lllinois at Urbana-Champaign.



