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» We have looked at cases where
1) Adsorption, surface reaction, or desorption is rate limiting
?) 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

External
diffusion

Internal
diffusion




Review: Types of Boundary Conditied®
i. Eaihsﬂ' (

1. Concentration at the boundary (i.e., catalyst particle surface) is specified: b“—r’j

- L o aladl @] g
* |f 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)

Wa ‘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

. . o
WA‘surface reaction rate per unit surface area (mol/m?-sec)

c) Convective transport across the boundary layer occurs

WA‘boundary = kC (CAb B CAS)

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

Radial diffusion in dCp 0 at 1=0 Radial diiffusion in a
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reaction limited regime:  —1" 55 =K, Cap

k T k solve for CAS & plugged back
INto —1" ,= kCxs

transport limited regime
(Convective transport across boundary layer)

—T "As - chAb

D Ud %
ke ="12Sh sh_2406Re!25c!3 Re=—P Sc-=
p Vv DaB
D Ud 12 1% 13
k. =—2B1240. 6( j (j
dp |1 % DAB
(U/dp)m

(fluid velocity/particle diameter)'

Cgﬁjfg Ewg] Eﬁqg‘@ the E&l Igh velocities or small particles to
ensurethe (Fac P?irt\/'s Do maig tra s er limited




b d alaal @l e.n.x)b

A + B % C D YOUR WAY TC SUCCES
a a a

A steady state mole Balancé on reactant A between zand z + Az

. 6(1-¢

Fazlz —Fazlzeaz +7"a @c(AcAZ) =0 where aC:—( )
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?)

Divide out A_Az and take limit as Az—0

Put F_, and —r,” in terms of C,

Assume that axial diffusion is negligible compared to bulk flow
Assume molar flux of A to surface = rate of consumption of A at surface

Rearrange, integrate, and solve for C, and r”

K.a k.a
Ca =Cxg expL— Lzl |-r"a =kCCAOexp{— ¢ Cz}
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Shrinking Core Model

: : : : : . , abal ¢lf ezapyis
* Solid particles are being consumed either by dissolution or reaction ==

* The amount of the material being consumed is shrinking
* Drug delivery (pill in stomach)
« (atalyst regeneration

O © ©© @© C

* 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
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Catalyst Regeneration .« <

Coking-deactivated catalyst patrticles are reactivated by burning off the carg?& sy

C+0, - CO, i

*Oxygen (A) diffuses from particle surface  (r=
Ry, Ca = Cap) throusgh 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 caroon removal

r: radius Ry: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

COLLEGE OF ENGHNEERIRG R Yusrmamdl sty state assumption (QSSA)
Tikrit University - cu)$5 asola ‘



Mole Balance on O, From r to r+ A"

R, C+0,—>CO, Rate in - rate out  + gen = acCunfme=in
WAr47Z'r2‘ —WAr47Z'r +O=O
r r+Ar
Oxygen reacts at the surface, not in this region
VVArr2 _ VVArr2
Divide by -4nAr: rrAr r—0
Ar
d( Wy, r?
CO, Take limit as Ar—0:  _ ( Ar ) -0
dr
Put W,, in terms of dCp e
conc of oxygen (C.) W, =-Dg F +yp(Wp +Wg) D, effective diffusivity
For every mole of O, that enters, a mol of dCap
. —> WA =g —
CO, leaves — Wq,=-W g, dr

Plu into - d(dCp 2
%"c% EENG'NEF@F&S‘#—’ , ll}nﬁ Divide out -D,: %dr( ar r j_o
rlt University - cu$s agola ‘



Mole Balance on O, From r to r+ A=

4 (
Ham wlae 2

o
d dCA 2 dCA 2 alail @] iy
r - O 9 —r - K YOUR WAY T'C SUCCESS
R, C+0, - CO, Idl’( ar j | ar 1

K
_)IdCA:'[r_Z:]-dr —)CAZ—%-I—KZ

Use boundary conditions to determine the concentration
profile (C./C,p) IN terms of the various radii (R, Ry & 1)

Atr=R, C,=C,pandatr=R, C,=0

First use C,=0 when r CA:O:—%+K2 _)%:KZ

CO, = R to determine K,
Ki Ky 1 1 Next solve for when
. = — ) C — K -
Forany r Ca r + = —>Ca 1( r P = Ry & Co=Co
Ky Ky el 1 Take the ratio to
Cro = "Ry "R = Cao = Kl(R Ro determine C,/C,,

COLLEGE OF ENG e RI} MM]/R = ]/k“ r) - (SA - ]/RR _]/Rr
Tikrit Univg'§§y N._ﬁ,(wb R%% w




Oxygen Concentration Profile & Flud®

i) sﬁu‘m&. 5
C R-1r C,: OXygen concentra Iu:qr'f
» C+0,5C0, |cA - tR-1 A O e
0 CAO ]/R—]/RO Ab — ~A0
Oxygen concentration Profile at time t
1
0.8
0.6
C
C—A 0.4
COQ AO
| | 0.9
Finally determine the
flux of oxygen to the 0 '
surface of the core: 0 R 10 20
(center) (core) r R
W = dCp 0
A e g
Cao (YR-1T) d | Cpo(VYR-1r) —DeCao
Ceonzct uNG fasiteg 1R-1R, | A aR 1R
| r|t varsnty - Cupsi asola 0




R, C+02 = CO; In — out + gen = accumulation i‘:.“l..“:‘“i‘”f

d[ §mRpct <
0-0+r";47R% =

\_'_; 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 ¢c: fraction of the volume of the core that is C
4 3 "
L — 7R r dR
Simplify mass balance: d(g 4 '0C¢Cj - —C =

r'. 4zR% =

dt
o pcéc

The rate of carbon disappearance (-dR/dt) is equal to the rate of oxygen flux to the
surface of the core, -Wq, = \X/COQ, and this occursst 8 radius of R so:
DeCag

_W WB — % _rll —
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C+0, »CO AL r'e =
+ —> — e~
2 2 dt  pcdc
Subsptute r’. into -dR/df, dR -D.Cag 1
get like terms together, —> — 5
integrate, & solve for t pctc \R-R / Ro
N I(R RZ/RO)dR I —DeCao dt Integrate over 0
COQ Ro 0 IOC¢C tot & RO toR
R
R R _DeCpo, R® R Ry’ Ry’ _ -DeCao,
2 SRo g, ot 2 3Ry 2 S
2 RS 2 2 _ Get common
- X RN +RO - Pebao denominators
2 3Ry 2 3 pofe
_)3R0R2_2R3 3Ry% — 2R* _ DeCag, , . ,
6R,  6R, 6  pode SRoR™ 2R™ Ry™ _ DeCho

%
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Time Required to Shrink Core to Radius’

2 C+ 02 —> COZ
4 2 3 2
N SRoR™ _2R™ _Ro™ _ ~DeCao t Solve fort:
6Ry 6Ry 6 pcdc
N BROR2 B 2R3 B R02 _ pchc _ Fantor out
6R, 6R; 6 || DgCag Ro/6
2 3 2
N (BRZ _ 2R3 _1][_ pctcRo } —t Factor out -1
CO, Ro™ Ro 6DC a0

[1_

At the core of the
! 3(

3R?  2R° | pcdcRy’
Ro Ro 6DeCAO

catalyst particle, —t=

=0, then:
COLLEGE OF ENGINEERING -
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0,0 |pchcRe’
R Ro ) | 6DCao
sl 4l

%

2 3 2
1-3( R | 4o R |PcfRa”
Ro Ro ) | 6DeCan

2
_ PctcRo
6DeCAO

Jplete regeneration




Internal Diffusion Effects in SpheriMrticles“’ 3

4 (
Ham w0

$ o Gwaunll
2.

bl @] esapbs

YOUR WAY TC SUCCE

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.

Though A is diffusing
iInwards, convention of

Chas Porous catalyst shell balance is flux is in
particle direction of increasing r.
Cao (flux is positive in
¢ direction of increasing r).
External Internal | External surface In actuality, flux of A wil
diffusion diffusion have a negative sign since

it moves inwards.
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Rate of Aoutat r-Ar=W,, -area=  Wp, X 4rir? —Ar

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

r+Ar W 4nr? [ = Wae 4nr? | _pr +Ta (402 Ar ) pg =0

Volume of shell

I’ »: rate of reaction per mass of catalyst (mol/ges)
o~ mass of catalyst per unit volume of catalyst (catalyst density)
r.. mean radius between rand r- Ar

Divide by -4nAr & take d(WArrZ) o Differential BMB in spherical
d@niirabm@ammma*—@r@gw Pc =0 catalyst particle

Tikrit University - cu)$i asola J



IN - OUT + GEN =ACCU

abaal @] szdgyla

YOUR WAY TC SUCCESS

W, 47r2 |, — W, 41r2 | _ar +TA (471:rm2Al’)pC =0

Steady state assumption implies equimolar counter
diffusion, Wg = -W, (otherwise A or B would
accumulate)

dCp

_ dya _
Wa =-cDe dr © dr
Must use effective diffusivity, D,, instead of D5 to account for:
1) Tortuosity of paths
?2) Void spaces

3) Pores having varying cross-sectional areas
D, bulk diffusivify

D.=D d)ch ¢p pellet porosity (Vvoid spaceNvoid & solid> (typical ~0.4)
e — “AB

T O constriction factor (typical ~ 0.8)
~ tortuosity (distance molecule travels between 2 pts/actual

T distance between those 2 Ets) (typical ~ 3.0)

COLLEGE OF ENGINEERING - dsssiml|
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BMB : W 4nr? |, = W dnr? |y + T (4nt Ar e
Ar T ‘r Ar T ‘r—Ar NG )e&%m%

d(W rz) SO WO SUCCRS
- i 3 rAl’zpC =0
a d dC
. . . yA A
Diffusion: W, = -cD, -2 =-D, —&
A ° dr © dr
Write the rate law based " k" CD mol
on surface area: A=Kt 2
’ m< -s

celate ' toF b mol oS S catalyst surface area
AT ADY gcat-s ATa % mass of catalyst
d(WArrz) 5 Insert the diffusion eq & the
BMB: ar Al pe =0 rate eq into the BMB:

d dCp 2 2 n Boundary Conditions:
—| Do — ™ S.k".C,"' =0 o
[ ° dr | }rr PC=al n=A Cufiniteatr=0  C,=C, atr=R

dr
Solve to get C,(r) and use the diffusion equation to get W, (r
COLLEGE OF E GINE’E%I)NG - G| a.lz d get W (r)

b pay -



(;Jlr[ D d;:rA r2}+r2pCSAk"n CA” — 0 Put into dimensionless form M@;

[ 1] n _1
3 — r (Psi) ¥ = Ca ¢n2 _ Kk SapcRCAs N, 2 _ K" SapcR Cas'
R Cas el: Cas —0)/R] De
dZ‘P 2 d¥ 2N _ Boundary Conditions:
dkz dr = fn ¥ =1at A=T Y =finite at A=0

Thiele modulus for rxn of Nt order = ¢, 0.2 = "a" surface rxn rate
Subscript n = reaction order n a" diffusion rate

¢, is small: surface reaction is rate limiting

¢. is large: internal diffusion is rate limiting - small ¢,
: A
The solutionfora s _ Ca _ 1[ sinh¢zh C »
15t order xn: Cas sinh ¢, As medium ¢
small ¢: surface rxn control, significant amount of reactant diffuses into pellet arge (|)1
>

interior w/out reacting
large ¢4: surface rxn is rapid, reactant is consumed very closed to the external surface of pellet (A waste of precious /r’n_e al

COLLEGE OF ENGINEERING - assiml| a4l
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Internal Effectiveness Factor, n <%
Gl

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

- actual (observed)overall rate of rxn
"1™ rate of reactionif entire interior surface were exposedto Cpe & Tg
—I'p (mass of catalyst)
—I'ps (Mass of catalyst)

_rA ~ _rnA ~

n = 11}
—Tas T As

For example, when n=1 (1%t order kinetics, -I"; )

2 do
2 — A di |, _
n_47cR (_WASr:R) (4“R )De{ dr l_R_)n: i )=1
N 4 5 7N= A “n7R%p.S k" C

cosh x (ex + e_x)/z e +e*

3 _
1 =(d)12j(<|>lcoth¢1—1) where coth x= snh x (ex _e—X)/z — X o X

COLLEGE OF ENGINEERING - dsssiml| a4l
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‘Internal Diffusion & Overall RX s m

—" A= N(sr"as) M Quantifies how internal diffusion affects the overall rxn rat
bl o) sy
Ra te Effectiveness factor vs ¢, s
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
0y

As particle diameter |, ¢, |, n—1, xn 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
COLLEGE OF ENGINEERING - dwssiml| a4l&
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Effectiveness Factor & Rxn Rata'

3 PckiS : :

= ¢_2(¢1C0th o-1)  »n=R CD 5 A =1(Tas) =0 (KChs ) Syt e
1 e

RY 01 ! n—>1 surface-reaction-limited |

when ¢, >>,(= 30) mn can be simplified to: n = 3.3 / De ,<<1
01 RY\kipcSy

¢, 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)
—I‘A 3 . e . 3 De
n=—"=-"(¢cothg; -1) internal-diffusion-limited: ~ Nl = [
_rAS (1)12- ( ) R klpCSa
3 |D.S.k
v 3 D g =2 [ZeYatle
= — —fp = — € (k,Crc)S A As
rA = n(kchs)Sa A R klpCSa ( 1 AS) a R pC

Overall rate for 1st-order rxn

COLLEGE OF ENGINEERING - dwsiml| a4l&
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Clicker Question

abal o] esayha

_r, — k C S , 3 D YOUR WAY TC SUCCESS
A n( 1 AS) a nD § De STy = ” e (kchS)Sa
Overall rate for R\ kS, R\ KipcS,

Tst-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
(¢) increasing the temperature

(d) increasing the internal surface area

(e) Bothaand b

COLLEGE OF ENGINEERING - dsssyml| 8414




abul ] iy

YOUR WAY TC SUCCES!

» 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( CA ]
dC C C
5 B 2 dCp A _| >ZAs As
MA = -47R WAr‘r:R —)MA—47Z'R ( e—dr j - dr ( R j d(rj

r= .

CA R r=R
2DeCas \Cas) > M, = 47RD,Cpc O
_)MA:47[R A e~ As d/lizl

R- 4 ( T j
R
COLLEGE OF ENGINEERING - dwssiml[dsi&
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Review: Internal Diffusion Effects inWatalys’e
Particles Mg

» Internal diffusion: diffusion of reactants or products from particle surface (pore
mouth) to pellet interior

« Concentration at the pore mouth will be higher than that inside the pore

Step 1) Mole balance over the shell thickness Aris:

Int IN - OUT + GEN = ACCUM
Can diffus W 472 |, — Wa 47r% |, +TA 47crm2Ar) pe =0
® L Y ]
External Volume of shell
diffusion I’ : IXN rate per mass of catalyst

o~ catalyst density

. r_: mean radius between rand r- Ar
Divide by -4n/Ar & take m

limit as Ar —0 d(WArrz) 5 0 Differential BMB in spherical
2 Al “pe = i
COLLEGE OF ENGlNEERlN@W Al Pc catalyst particle
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;2
ar —ral“pe. =0 (step 1, BMB)

System at steady state, so EMCD: W, = -W, (otherwise A
or B would accumulate)

dya dCp

W, = —cD, YA = p_"~A
A € dr € dr

Rate law:

mol n mol catalyst surface area
r =k, CA" > I’ =r"AS, Sp =
A( 2 j A A (g cat - sj ATA T TAT mass of catalyst

m--S

Solve for C,(r) & get W, (1)

Insert diffusion eq & d | dCp 2
e from diffusion eg

rate eq into BMB: dr dr

COLLEGE OF ENGINEERING - dsssyml| 8414
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Review:Dimensionless Variables<®”

d [ D, dCA r2:|+l‘2pCSAk"n CA” — 0 Put into dimensionless form s ol i

dr dr R
A = r Wy = C_A (I)nz . K" SapCRCAS N, 2 _ k"n SapcRZCAsn_1
R CAs e[ CAS / R] De
d2\P 2 d¥ 2¢n _ g Boundary Conditions:
d?»z dr = fn ¥ =1 at A=T Y =finite at A=0
Thiele modulus for rxn of Nt order = ¢, 52 = "a" surface rxn rate
W=

Subscript n = reaction order a" diffusion rate

¢, is small: surface reaction is rate limiting

¢, is large: internal diffusion is rate limiting - small ¢;
: : A
The solutionfora ¢ _ Ca _ 1[ Sinh¢sh C .
15t order rxn: Cas sinh ¢y As medlumj)1
o arge ¢,
small ¢,: surface rxn control, significant amount of reactant >
diffuses into pellet interior w/out reacting R r=0

large ¢,: surface rxn is rapid, reactant is consumed very closed to the zxternal surface of pellet (A waste of precious metal inside of pellet)

COLLEGE OF ENGINEERING - 4
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Review: Internal Effectiveness Factor, n <%

SE% i

actual (observed)overall rate of rxn *«;:.{'“'::“;ﬁ
rate of reaction if entire interior surface were exposedto Cpg & Tg  asial =iy

YOUR WAY TC SUCCES
eta

—ry  —I"s  —T'a(mass of catalyst)

n= Ths —"as  —T'As (mass of catalyst)

Effectiveness factor vs ¢,

1 o

2 -1
2 _ knR SapCCASn

0.8 Reaction limited De
0.6 . .
* As particle diameter |,
n 04 o, |, n—1, n is surface
rxn limited
0.2
Internal diffusion limited * As particle diameter 1,
0.1 ¢, T, N—0, N is
0.9 1 o 4 6 8 10 diffusion limited

COLLEGE OF ENGINEERING s =iml| d4l&
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Review: Effectiveness Factor & Rxn’ ’

i, ..-f

b ko
3 _p |PcKiS : :
n= ¢—2(¢1C0th ¢1-1) =R CD T A =1(Tas) = (K Chs ) Sytet e
1 e
RY 01 ! n—>1 surface-reaction-limited
e _ 3 3 | Dg
when ¢, >>,(* 30) n can be simplifiedto:nz ——>n=— ,<<1
{1 RYKpcSa

¢, 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)
—f; 3 ‘ 3| D
n= ,A = ((I)l coth ¢, —1) When internal-diffusion-limited: nU — €
—Tas 0] RYKipcSa

v . 3 [ D, .3 [DeSik
—rA = n(k]_CAS)Sa - _rA - ﬁ k]_pCSa (k].CAS)Sa — _rA o ﬁ P CAS

C
. o ) Overall rate for Tst-order rxn
To increase the overall rate of a rxn limited by internal diffusion

(1) decrease the radius R (3) increase the concentration of A

(2) increase the temperature (4) increase the internal surface area
COLLEGE OF ENGINEERING - dsssiml| 8414
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Simultaneous Internal Diffusion & al Diffusion

Goal: Derive a new rate eq that accounts for internal & external diffusion
 -r', is a function of reactant concentration
» Reactant conc is affected by internal & external diffusion
» Express reactant conc in terms of diffusion-related constants & variables

—Use mole balance .
At steady-state: transport of reactants from bulk fluid to

external catalyst surface is equal to net rate of reactant
Cao consumption in/on the pellet

Molar rate of mass transfer from bulk fluid to external

surface: Ma = W, (2 )A\\/
molar flux reactor volume

external surface area per unit reactor volume

This molar rate of mass transfer to surface is equal to net rxn rate on & in pellet!
COLLEGE OF ENGINEERING - ds=iumllagls M, =14 (external area + internal area)
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Basic Molar Balance at Pellet Surface®@®

—Flux: bulk- —Actual XN ] bl ¢l s
i o 1, External | _ [rateper | y external +

external S.A. — |unit total internal S.A.

surface S.A.

(War)r % (8cAV) = —TA x  (8cAV +S,p,AV)

a.: external surface area per reactor volume (m#/m3)
AV: reactor volume (m3)

-r” ,: rate of reaction per unit surface area (mol/m?-s)

S,: surface area of catalyst per unit mass of catalyst (m%/g cat)
Py: bUlk density, catalyst mass/ reactor volume p=p(1-0)

d: porosity of bed (void fraction) 0 catalyst density

Ma =Wy, ‘rzR aC\AM =T (ac\&( T Sapr)

—> My = WAr‘r:R e =T Cas\+ Sapb)
Typically external surface area <<< internal surface area
COLLEGE OF ENGINEERING > My - 8. = —TAS, 0
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Overall Molar Rate of Reactio’

Overall rxn rate = flux to surface = rxn rate on & in pellet

Ma =Wl g8 = ~TASaPp
For external mass transport: Warl_r =Kc (Cap —Cas)

Since internal diffusion resistance is also significant, the reactant conc at the internal
surface is lower that the reactant conc at the external surface:

- As

n= —>n(—"as)=-T"a Fora Tstorder xn: -1’ ,=-nk,Cu.

where the internal actual (observed)overall rate of rxn

effectiveness factor: rxn rate if entire interior surface were exposedto C,. & Tg

Plug flux & 15t order rxn rate back into the mass balance:

Ma =K¢ (Cpap —Cas)ae =7KiCasSap,  Solve mass balance for C,
= K:Capae —KcCasde =1K1CAsSa = KcCapac =1K1CasSa/ +KcCasc

—>KeCapae =Chas (Uklsapb T kcac) KCpapde C
COLLEGE OF ENGINEERING - dwssiml| 8414 — =Las
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kcacCAb

abul ] iy

YOUR WAY TC SUCCES!

Finally insert C,, into —"

C. =
AS Keae +17K1S4 0

, ,  1KKea.Cap  Overall rxn rate with internal &
—Tp =1KiCps — —Tp = e
kea. +7kS,p0,  external diffusion

s this the overall rxn rate that we ALWAYS use for a surface
reaction that has internal & external?

(a) Yes, we should always use this rate equation for a surface reaction
(b) No, we should only use this rate eq for processes that use spherical catalyst

pellets
(c) No, we should only use this rate eq for processes that that involve catalyst

particles that have a constant density & even catalyst loading on the surface
(d) No, we should only use this rate eq for 15t order irreversible reactions
(e)b,c, &d
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Overall Effectiveness Factors —#%®

I(c:ac:CAb

C. =
As Keae +17K1Sa 0

Finally insert C,, into —"

s p = nkiKea:Cap Overall rxn rate with internal &
AT Kea, +1KSyp, external diffusion

—t'p =1K{Cxg

Remember, the internal effectiveness factor (based on C,,) is:

B actual overall rate of reaction
rate of rxn if entire interior surface were exposed to the external surface conditions

The overall effectiveness factor (based on C,,) is defined as:

Omega )
3 actual overall rate of reaction

rate of reaction if entire interior surface were exposed to the bulk conditions

0 TA 7RISt~
—rz\b S50 = 1+ Uklsapb //kCaC 50 = Ui
o L1+ 1KiSapp Keac

Co'ﬁﬁi ﬁt{rﬂﬂum'ﬁ& m%ﬁ%n%ﬁ‘ga to account for internal & external.diffusion
kr niversi Cwpss a=oln J



: D D U
External diffusion  —T'a k¢ = %Sh —> K = % 2+0.6[
P P

e , K
Internal diffusion —Tp =MK,CasS; N = 3 R mco
R2 PcK1Sa De

Surface reaction -1’ ,=kC, o

L Variation of Reaction Rate with:
Type of Limitation - - - -
Superficial velocity Particle size Temperature
External WL d,"” Linear
Internal Independent dp'1 Exponential
Surface reaction Independent Independent Exponential
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Consider an isothermal catalytic reaction in a PBR wﬂoprzssurz d

drop and the catalyst pellets are uniformly packed & spherical. The kinetics § ..

are 1t order, and k, all physical parameters, and the inlet conditions (pure A “uq:f';’ff

in feed, A— products) are given. Derive an equation for X,, taking into sl ol i

YOUR WAY T'C SUCCES

account the diffusion to and within each catalyst particle, but ignore
diffusion down the length of the reactor.

dX aXa _ Rate must account for diffusion & be in

PBR design eq: Fro dw A terms of catalyst surface area
1. Put rate in terms of the unit surface area: T'h =—T"5A S,
9. Account for diffusion limitations in rate eq: ~ —T"a =Q(—Tap) = T'a = —T"ap Q2S4

3.Rateis 1storder: —r"ap =kCpp — -I'a =KCapQS,

4. Putinto designeq:  Fag C(l:ILW =KCapQ2S,

5.PutCypinterms of X, Cpp = Capo (1~ Xa ) = Fao Ccll>\</\? kQS,Capo (1—Xa)

| dXa _ KOS,Capo (1~ Xa)
6. Integrate: gy XA dXa _ T kQS,Cano 4y

F _ A
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Consider an isothermal catalytic reaction in a PBR \AMopressure d,r
and the catalyst pellets are uniformly packed & spherical. The kinetics are 1St§>£ erh
. : L : L stk
and k, all physical parameters, and the inlet conditions (pure A in feed, A— W
products) are given. Derive an equation for X,, taking into account the aiiei <

diffusion to and within each catalyst particle, but ignore diffusion down the
length of the reactor.

XA W
6. Integrate: | XA _ [ kQSaCAbOdW - -In(1-X4)= KQS,C anoW

o (1=Xa) o  Fao Fao

-kQS.C W —kQS;CapoW
7.Solve for X,: —>In(1-Xp )= 2~ Ab0 e
FAO —>1- XA =€ AQ
—kQSaCaAnoW —kQSW
> Xpy=1-e A0 > Xy=1-e W
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particles with internal & external diffusion limitations

KOS

Ll @] gk
XA - 1_ e UO \eolllmvrcsucctss

For same conditions, eq derived in Fogler (12-71) for X, at end of reactor of length
Lis:

—kQS5 ol
XA - 1— e U

where: py = catalyst mass _ kg

- - . U
=—3 L=z U=superficial velocity=—2
reactor volume m A

Are these equations the same”?
-RQS;W > —RES, p L
9 U

0

They differ in the exponent:

9

Woml  Wop(L)Ac (LA =V WopV | W (WM W W
Yo Uio Do Vo g Vo Vo Vo Up Vo Vo
AC
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