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ic 2. Non-elementary Reactions

Objectives
¥ Active intermediates
¥ Reaction mechanism

¥ Pseudo-Steady-State Hypothesis (PSSH)
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o If a reaction undergoes steps of intermediate reactions, these steps can alter the

reaction rate order.
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o If there are intermediate steps, the reaction
constant will be varied.

o Each intermediate reaction step has its own 8
activation energy and reactlon constant

o There should be a net rate constant and net rate
of reaction depending on the path.
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Therefore, what are the possible paths of intermiediate steps to mimic the real
reaction behavior? ¢
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o All rates of active intermediates are elementary ones.

Assume an active intermediate

From experimental data, develop a rate equation elementary tn najux

Based on the developed rate expression, search for a mechanism non- ekm: Qsas Jole s

Use the Pseudo-Steady-State Hypothesis
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Example 2.1 Chain Reaction

The following reaction undergoes several intermediate steps. Suggest some of these steps and

use PSSH to deduce the rate equation.

A+B—C
Solution
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The possible intermediate reaction steps are:
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¥ The rate of formation of the product C is:

Therefore, a rates of intermediate species, C; and Cj are needed. Form their rates one can get
the concentrations of these intermediates and use that in the above rate equation.

As a hint, choose intermediate reaction equation that contains the minimum number of other
intermediates so to avoid substation of several unknows at each substitution step.

You have the choice to choose any of the equations listed in the previous slide, however, vou
need to repeat your choice several times and substitute in the rate of C above till you get the
obtained theoretical rate of formation of C obtained from such selection with that obtained
from the experimental values. If you have a match between the obtained rates, then your

assumed intermediate reaction are valid and mimic the real behavior of the reaction under
investigation.



From the above intermediate reaction steps assume the bellow reaction equation are
dominant for the production of C
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(not coniributed)

Observe your rate data trend based on concentration of the reactants and products,
then predict a rate equation that fits your experimental data

1. If there is a species that having a concentraticn in the denominator, for example
C 4, then the species A is probably colloid with an active intermediate.
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(It is not necessarily all above equation occur at the same time,
but at least one equation should exist in the intermediate steps)
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Searching for a mechanisim

If a constant appears lonely in the denominator, this indicates a spontaneous
decomposition of the active intermediate to a product.

o

kG A" — product of collision
- K3 + ks C, B® — product of collision

(It is not necessarily all above equation occur at the same time, but at least one
equation should exist in the intermediate steps)

3. If a species appears in the nominator, it is expected that the active intermediate
will appear in the reaction step > \‘.,_,dl. \% L
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‘Example 2.2 Chain Reaction

Consider the production of hydrogen bromide from reaction of bromine with hydrogen?
Hy + Br,— 2HBr

“¥: Experimental data for this reaction provided the following observations for its rate law:
@ » First order with respect to the H, concentration.

@3‘“ Nearly independent of the HBr concentration at low HBr concentrations, and decreases
with increasing HBr concentrations at high HBr concentrations.

g? Three-halves order in Br, at low Br, concentrations and one-half-order in Br, at high Br
concentrations.
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An enzyme is a high-molecular-weight protein ein-like substance that acts on a
ubstrate lecule) to transform it chemically at a greatly accelerated rate,
usually 103 to 10" times faster than the uncatalyzed rate e s
substrabe o /2 :

SR ES- SFE+P
cu&al‘;;r,;s uL cn‘ijmc Lok cnzjmc BT R

ackive 3 Jyse Sl
A ! (m MJ’ t’PJ .w. e . ] Poter. Complex
| _ Sowmplex v s ALK S shuck: 2 San,E ndy)
P ent mahc e ; e i
. J Potential || $P¥BY ___3____ % i Energy tnc_)m E+S=E.S —p+g (&0
exXo ?‘ reactants \ '""1 s e
Q S ~
(preductny a -
cnfrﬁj ) [ S e o T s ‘“ -‘“q‘"‘ < encymt P
" acdivalion
- teaction pathuay S e
SLA- g ey
OG \,._3‘., éj“" &"LA.J[

achvahon 3E Gos exo. I %
SOL in B N 3 g s O 5 Cnffg_j

e WS gl



s LA 5 Lyases

o My
speads

:1.'\..\3 oxla ’3..3:3 g S, E 0 \){-‘ O ag d‘:);-;‘\,opuSL' ds L @
Boaslold A ol exhonge Ade A S 0 gas B2l € WBIL E

o> g
U H wpp
N, W E :\,WLABJ\\_#)(.\\E[\ oo B o, A N rondf . r‘_p@
v 295 v
) =

A Ee , Aoy Al sy Ho Gis GRrLY @)
mms‘x‘d‘ss‘s Of enwmes . E J1. > 3’3—.' ;LA) o“ N t‘ G ", - J z.
Su;San P~ B oA Aoy @

1. Oxidoreductases AH2+B+E>A+BH2Z+E  buil vp G iso
2. Transferases AB+C+E->AC+B+E Wi -

3. Hydrolases AB+H20+E > AH+BOH +E

4. |somerases

A+E-isoA+E
AB+E->A+B+E
6. Lligases ~m  duas A+B+E->AB+E
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Reaction mechanisim

The enzyme acts as a catalyst, where it combines with the reactant (substrate) to form

E cf@::/:!g\)_( which in turn converted to a product and leaves the enzyme freely in
solution
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Urea is converting to ammonia and carbon dioxide in the presence of urase enzyme

and water: "sUbS"fa"C

NH,CONH, + Urease + H,0 —=2— 2NH; + CO, + Urease ~ -» 93 buydl
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1. The unbound enzyme urease (E) reacts with the substrate urea (S) to
form an enzyme-substrate complex (E - S):
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the reaction of urea and urease is carried out in an aqueous solution, water is in & wod‘
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let Voo represent the maximum rate of reaction for a given total enzyme concentration
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The Product-Enzyme Complex

Some interferences in enzymatic reaction may lead to forming product- enzym/ AN osus 51 LA

complex in a reversible reaction® &® o foler rxn
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In order to increase the rate, the concentration of the product should be always at low
value and withdrawn from the system
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Inhibition of Enzyme Reactions

Inhibitors are species that interact with enzymes and render the enzyme either partially
or totally ineffective to catalyze its specific reaction
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The substrate and inhibitor are usually similar molecules that compete for the same
active site on the enzyme. .
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react simultaneously within the body with a common
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Inhibition of Enzyme Reactions
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The inhibitor deactivates the enzyme—-substrate complex, E.S, sometimes by attaching
itself to both the substrate and enzyme molecules of the complex
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Inhibition of Enzyme Reactions
(&) Effect of non-competitive inhibitors

Noncompetitive (mixed inhibition) inhibition occurs with enzymes containing at least

two different types of sites. The substrate attaches only to one type of site, and the

inhibitor attaches only to the other to render the enzyme activity.
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Inhibition of Enzyme Reactions
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Recent study showed that heart attack
might result from trespassing of
bacteria to blood stream and makes
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o https://www.medicalnewstoday.com/articles/319367
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In many systems the product inhibits the rate of cell growth. There are a number of
different equations to account for inhibition; one such rate law takes the empirical
form con q nP at any
max C"’“V(d g Eh"mc C,= product concentration (g/dm?)
fake S I-Lm.xC Ce SIRIR 5y C = product concentration at which
e K, +C, G all metabolism ceases, g/dm?
Ve w3525 E’L‘ ‘) me? con¢ M= empirical constant
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Cells, Substrate and Yield I Cells + Substrate — More cells + Pmd“ﬂ
@ " & The yield coefficient for cells and substrate is gl Massufoewoetviforred JAC,
; “¥" Mass of substrate consumed AC,
cells N ue 0.4 \,_hu imol AS
: a
A representative value of Y, might be 0.4 (g/g) (-AC, = Cy —- C))
(@ < The yield coefficient for produc ' _ Mass of product formed__ 26,
¥ BIESNECRGASSIIS 1S Yy Mass of new cells formed AC,
«» The yield coefficient for product and substrate is _ _Mass of product formed __ _ 4G,
® f P Yois Mass of substrate consumed AC,

@ « Consumption of substrate to maintain a cell’s daily activities
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The rate of substrate disappearance for cells is: A
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Example 2.2.1 Estimate the Yield Coefficients

The following data was obtained from batch-reactor experiments for the yeast that
convert glucose to ethanol in fermentation process

Glucose <1155 More cells + Ethanol

Time, Cells, Glucose, Ethanol,
1 (hr) C. (g/dm?) C, (gdm’) C, (&/dm?)
0 1 250 0
1 1237 245 2.14
2 1.87 238.7 5.03
- 4L 3 increaM ¥ 555 d0C. W29y nuta-¥ 896
Sra
h -
e : : : A
o (@) Determine the yield coefficients Yy, Y./, Yy, Yoy, and Y. Assume no lag and
2 neglect maintenance at the start of the growth phase when there are just a few

cells.
(b) Describe how to find the rate-law parameters J,,,, and K.




Solution

Calculate the substrate and cell yield coefficients, Y, and Y.
Between t=0andr=1h

Glucose —<<U%; More cells + Ethanol

. —AC, _ _245-250 _ Time, Cells, Glucose, Ethanol,
You AC, 28 1371 | 13518 ¢ (hr) C, (g/dm”) C, (g/dm*) C, (g/dm®)
s 0 i 350 )
Betweenr=2andr=3h 1 1.37 245 2.14
2 1.87 2387 5.03
2298 —-238.7 _ 89 3 255 2298 .96
R — = _— " = = ]3]
= T3 ss—187 068 ge
Y= 133 g/g
gL = 1 —0075g%
Yoo 133g¢

Similarly, using the data at 1 and 2 hours, the substrate/product yield coefficient is

AC, 238.7—245 _ 63
Y= "3C.” So3-214 289 et

«
behueen Glucose <15, Mare cells + Ethanol
#me 1 £ Y. o 1 -
£ = =0459 g/g Time, Cells, Glucose. Ethanol.
2 = Y,, 218g/g ¢ (hr) C. (g/dm?) C, (g/dn) C, (g/dm?)

0 i 350 0
| 1.37 245 214
2 1.87 2387 5.03
3 255 2298 896

The product/cell yield coefficient is

AC, _503-2.14
Yo AC, 187-137 BB

i 1
=1 - = 0173 g/e
b’ Y,. 578gg
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CC l"/ Cs

1 250

137 = & 245
> 0.5

238

2.55 > 0.8 2298

rJ = Jm C( = r\_’.ﬂ L:‘S
’N’ 1 Let Al
Rate-law parameters m&:r\,w 3
325\ L active ¢
}l’h )yl & " C.C -L_“_;J*L rJ g
I>% fq ) o = Pmaxbcty ) -
s  f \bm_, Produd» ¥
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& 4t TBr
& K, (1 1 ? \*nearizabion 3.8
S : (_)+ ° 38
ety ’p"m“’x w 37
slope A & Ly n'nchcPI- § i
0.332037 19
56.69939 3.7
3.7
0.004
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In most systems, the entering microorganism concentration, C, is zero for a flow reactor

I gl s
A reactor 5
Rate of Rate of Rate of Net rate of
N s ke accumulation| | cells | cells generation
of cells, "~ | entering, leaving, of live cells,
g/s g/s g/s g/s
death rate
rate of jcn .
VR Fs s e uncomumcd | page of Rate of Rate of Rate of
subsHake accumulation substrate | | substrate substrate
wI-cells O % Substrate balance of substrate, entering, leaving, generation, .
g/s g/s g/s gls S
pa i |11 52 VLY : b2 LL cons
8 Qe ceackor dc e T e A NP SWpVR
bt SPO W o) v,C, =+ rV '
deackivatfon L& dt LA -0 : WL [
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Function <f conc.
Of cell k can¢ <BS

~ Batch Operation un &5 term 5 G vlayl
A N /_ p,,muCSC‘_ ou rd
y = —
The rate of change of cells concentration dC., ) ¢ K. +C,
g *

ry = (kg + k,C)C,

The rate of change of substrate concentration dC;
D i e e I S R S 2

dt

For cells in the stationary phase, where there is no growth in cell concentration, cell
maintenance and product formation are the only reactions to consume the secondary

B Yslr(—rg) b r"Cc

substrate
V & = -mC.\V + Y.mlp(_rp)v
dt
. dC
The rate of product formation V 7[2 =V =l (S TV
PRAS IS EA AN Ty

Example 2.2.2 Bacteria Growth in a Batch Reactor

Glucose-to-ethanol fermentation is to be carried out in a batch reactor using yeast. The

initial cell concentration is 1.0 g/l, and the substrate (glucose) concentration is 250 g/I.
The following data are provided for this bioreaction:

MAX (O & s = 93 g/dm? Yo, =008 g/g

be reached C,= product concentration (g/1)
n=0.52 Y,, = 045glg C, = product concentration at which
all metabolism ceases, (g/1)
Pomax = 033077 Y. =56g/g n = empirical constant
K, = 1.7 g/dm? ky;=0.01h"!

m = 0.03 (g substrate)/(g cells- h)
cotdbant almesk

Plot the concentrations of cells, substrate, and product and the rates for growth, death,
and maintenance as functions of time.




Solution

- design cquakions .

. : 3. Stoichiometry:
dC
st Vst =, -
e P 5= Lorely
Substrate: vV d_dcf =Y, (~r)V = rpV
d
Product: V Tfri’ = Y,.(¥)
2. Rate laws:
0.52
¢, C.G
. = i il (et |
Growth: e = Pemax [l C;) K+C,
Death: = de‘_
Maintenance: Fow = mC,
4. Combining gives
dC C 0.52 CcC
3 £ = 1 — dus - oL
\:(‘)\M 3 '& dr - max ( C;] K.‘ 7 C_‘ de,_.
Sty 3
)
-’ (CerCs ., Cp) dc, o c.c,
! — = =Yy lmn 1--£ —mC..
\ds Alao dr @l KRG
Poij math 3*
ac, _
dt o Yplcrg




Differential equations Calculated values of DEQ variables
Polvmath 1 d(Cc)/d(t) = rg-rd Variable|Initial value Final value
code 2 d(Cs)/d(t) = Ysc*(-rg)-rsm 1 |Cc 1. ,_16.18406
3 d(Cp)/d(t) = rg*Ypc 2 |Cp 0 189.82293
3 |cs 250. 46.93514
Explicit equations 4 |kobs  ]0.33 0,0570107
1 rd=Cc*01 5 ks 1.7 1.7
2 Ysc = 1/.08 6 |m 0.03 0.03
3Ypc=56 7 Ird 0.01 10.1618406
4 Ks =17 8 |rg 0.3277712 08904142
Sm=.03 g |rsm 0.03 0.4855217
6 umax = .33 10t 0 12.
7 rsm = m*Ce 11jumax |0.33 0.33
8 kobs = (umax*(1-Cp/93)*.52)  [12]vpc 5.6 5.6
9 rg = kobs*Cc*Cs/(Ks+Cs) 13]Ysc 12.5 12.5
level 51 L oao
20 - L yans Guly
2N death
15 - 20 celly «»
CC rates 1.5 - r,
(g/dm?) 10 - g
dm;_h 1.0 -
5 3 0.5
L r, » Stact ’
9 B 0.0 - T inc reading
0 2 4 65 8 10 12 0 2 J4Ne 3N k.
t (hr) t (hr)
4 exp. JS:«;C; J!_',.—Sj “ e
.Ovo dcq“) i \N‘:‘ Q“:’ \-"W‘° hom“
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Topic 2.3 Non-elementary Polymerization
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Definitions
Polymer is a substance made from long chains of repeating groups of atoms
S s R
H20 vl-h.u \s1 comp W - o
el Kﬂ\admac’d another ackve Function
gfoup (carboxylfc
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Polymerization reactions are divided into two groups known as step reactions (also
called condensation reactions) and chain reactions (also known as addition reactions).

: [/~ stofiing ualerial
e 1. Step reactions require bifunctional or polyfunctional monomers e 0,;__1; v
- n=1 - *Unu 1 Unit 2 Unil Unit 2 P°f)"'" o
nHOR,0H + nHOOCR,COOH — HO(R,00CR,C00), H+(2n - 1)H,0

m— h—v—-—
o &mcamﬁ e usas shep 01 ¥ Repeating Unit

Jioww 4o\l Sapator C.!.:“uf _,H.'Jg_,n:g I+ M y R/ Pl
| - SR
| . '.:‘ s actiVity - M+R, R OY CMA N e
2. Chain reactions require the presence of an initiator = o
"frec fadical fxM Ty é MR Ry f\; Ionjcr chal'n
TS e M+R, —— R, ik
IXRS M+R, ——> R, etc.
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1. Step Polymerization

A reactive functional group on each end of the monomer that will react with functional
groups with other monomers

[ —OH, —COOH, —COCl, ~—NH2J

Ge achve
, : a0 A 24 Gk
‘Example: Amino-caproic acid NH,—(CH,);—COOH N carborylic
yudd o o, 4< o amipe

Structural Unit Repeating Unit

A -
wvtau o sbe Lo . A~ - .
S L_s,g Dimer 2H (NH—R—CO) OH —— H (NH—R—CO), OH+H,0

-0 4«p produck

Letting A=H, R=NH—R,—CO, and B = OH, AB = H,0.
-)-Scrf_“ € othe( fun gloup Np _\aj.u Pun 3600b I Gv Bans My
W 4ap pfoduck I VPR iy sbo U g Lo s
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4\l ¢« Dimer ARB + ARB — A—R,—B+AB~» a0
P Trimer ARI; + A—R,—~B —— A—R;—B+ AB
Tetramer ARB + A—R;—B —— A—R,—B+ AB
—R,—B + A—R;—B —— A—R,—B+AB
Pentamer ARB + A—R;—B —— A—R,—B+ AB
A—R,—B + A—R;—B —— A—R—B+ AB
Hexamer ARB + A—R—B —— A—R,—B+AB

A—R,—B + A—R,—B —— A—R.—B+AB

overal: »n NH,RCOOH —— H(NHRCO), OH + (n — 1)H,0
nARB —— A—R —B + (n — 1)AB

Let p, the fraction of functional groups, A, B, that have reacted

nftial Mp ak given rxn Hme
= fractlon of functional groups of either A or B that

pr= M have reacted

o

M = concentration of either A or B functional groups (mol/dm?)

Assuming the rate of disappearance is first order in A, B _» N S

2 order whth tecped S M 2 e S mon  , mon -
to each func. grovp, ufihinpect  —i = K[A][B] O dimer
to 2 func gloup s 2" order (——, w“’““g : Me BoA 3 Al PHordep
For equal molar feed [A] = [B] =M U"’“’ ':“ 5oy Hmee  dimer
R or A —u..u'...JL .‘l"order

dM M ST
= —kM? Sl = o N B ASSENG
ar Z) T Mkt 1ar



In terms of the fractional conversion of functional groups, p

- M 1
p=Mo M & Y, il A @ —l— zMok[+]
M, 1 + Mkt P
degeee of
7 57 7 polymetization
The number-average degree of polymerization, Xp, is [ n = Il_ ] Gt
- the average number of structural units per chain: P Fo predud a
el 0B S L Gy 4, poly DV dsle s produch
S wp maar mes o BdL O
The number-average molecular weight, M,, is just the average molecular
weight of a structural unit, M, , times the average number of structural unit per
chain, X,, plus the molecular weight of the end groups, M,
o o fackor 3 Vs of stuctural unit
T P K — = 4
A a4 M,
- . 1- ) Ls avera LY ec Fhe end afOUP
1oy ) Mxp Syt laas Gt
. \3;& “, v Bl sw
10 5) 5, mon k:{; U;‘_’ u—e*\_ﬂ—c

Uyl 4o § L s 1 Guly

Example 2.3.1 Determining the Concentrations of Polymers for Step
Polymerization

Determine the concentration and mole fragtion of polymers of chain length(jin terms of
initial concentration of A-R-B (H-R-OH), M,, the concentration of unreacted functional
groups M, the propagation constant £ and time ¢

Solution
The step polymerization reaction . _a oH
t L,
mon: 2P P 1 polymer P, =A—R—B
Py+ P, =Py new polymer P, = A—R &P
Pyt PP, P,=A—R—E

efc...
Neglect the water condensation products AB (H-OH) for each reaction



‘Reaction Rate Laws

2 r 2
M 2P, 5P, ~rip, = 2kP;, rip,= —'T”' = kP
@ P+tPh-P ~Fyp, = ~ryp, = Fap = 2kP\P;
4L chaln a1 L;ll--l-'
3) P, +P; =P, —ryp, = =P, = rip, = 2kP\ Py~ FRGI) s ¥
2 o , O R e ok
(4) P3+P2'—)P4 —r4P2=2kP21 r4P‘="—2'Z=kP2 \‘J:U(’LJL R i >as
» double  yas Cals
The factor of 2 in steps 2 and 3 comes about A—R3—B g
fake o
(e.g., —T3p, = 2kP\P;5)
A-R,-B

because there are two ways A and B can react
N Y Gy e

double °° ¢, JS.. tate of rxn

The net rate of reaction of P,, P, and P, for reactions (1) through (4) are

Reaction Rate Laws
{1y 2P, =P, "1?,‘2”’?' "uv1=“rlTP'"—"-'Pl2 2
ry=rp = —2kP{—2kP,P,— 2kP,P,
2 P,+P,—P; ~ryp, = ~hp,=p = 2%kP, P,
ry=rp. = kP;—2kP\P,— 2kP;
@ P+P-P, —ryp = ~ryp, = r3p, = 2kP\P; i
@ PBAPoR,  rp =P, ry = - = 4P :
SSEka S up be Fhal
The net rate of formation of the P, in summation formis ~ 7», = —2kP, > P; sw A slep
A f= | 5 .
4 \‘B;' \.:-D_,l

However, 72, P; is the total concentration of = -
functional groups of either A or B, which is M @ M=) 7P by
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Catalysis - continue

L, non - clem rxn
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Catalysts provide an alternative reaction
pathway with a lower activation energy
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I. Halogenation-dehalogenation CuCl,, AgCl, Pd P o T
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Steps in a Catalytic Reaction

1. Mass transfer (diffusion) of the reactant(s) e dfiusion ofA R
(e.g., species A) from the bulk fluid to the /nternal diffusion of A [ reaction of A to B internal diffusion of B
ol A5 > BS -
external surface of the catalyst pellet adeorption of A desorption of B
A+ S o AS bulk gas phase 1.8‘3‘-’3* s

2. Diffusion of the reactant from the pore , —3 ¢
mouth through the catalyst pores to the " — '
immediate vicinity of the internal catalytic 1 A [ voundar
surface : ‘ h

3. Adsorption of reactant A onto the catalyst surface  porus catuyst parucie |

4, Reaction on the surface of the catalyst (e.g., A B)

5. Desorption of the products (e.g., B) from the surface

6. Diffusion of the products from the interior of the pellet to the pore mouth at the
external surface

7. Mass transfer of the products from the external pellet surface to the bulk fluid

L
o
external diffusion of A (, external diffusion of B
internal diffusion of A (Z) reaction of A to B internal diffusion of B
© AsS 5 BeS
()  adsorption of A (@) desorption of B
A+5 o AS bulk gas phase @B5oB+°5

_\—4:3_».5 g —

My =
=

hydrodynamic : T

‘ ‘ boundary
v % W > layer,




Catalyst & Active Sites

Reactions are not catalyzed over the entire
surface but only at certain active sites or
centers that result from unsaturated atoms
in the surface.

An active site is a point on the surface that
can form strong chemical bonds with an
adsorbed atom or molecule.

S mw adsorphon

C; s = Total sites that accommodate the adsorbed B species
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i term

S Lot
UF conc or P,q
Langmuir Adsorption Isotherm
Langmuir Adsorption ‘ at high conc:
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Types of adsorptlon
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1. Non-dissociative,'>2¢ aacked vym g, (0 2 é Gl 0 o 0¥
i dsv cat
‘k'\s PUY S (/- The adsorbed molecules will be adsorbed as is with out being break down to fragments. = P':“ T
The adsorption of carbon monoxide molecules will be considered. Because the carbon monoxide does not - e

\

react further after being adsorbed, we need only to consider the adsorption process as:
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Molecular Adsorption

Co+s —— LCO:S sarfae of nes
Rate of attachment = kP C, Rate of detachment = k_yCro.5 Ly J_S.» dixs 0.
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Ceo.5 = KAC, Pco = KaPco(C, — Cep . §)

K PooC, - s oy Molecular Adsorption

Crn.o = —ATCO™ X
CO-S l+l\'_\P(,) ‘UJ*-‘&'-" mode) N

gencral >y >\ \gw ads
The molecular adsorption isotherm, equation above may P
be arranged in the form Hohe 3 \u_;.“u CcO _1—
Po 1 P dino. oo C,
Ceos KpC, G L 1
g KACI

A plot of Pco/('cos as a function of Peowill determine if
the data conform to molecular adsorption, i.c., a Langmuir PCO
single-site isotherm.
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Types of adsorption
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> 2. Dissociative

The adsorbed molecules will be break down to fragments. For example CO instead
of being adsorbed as on CO per one active site, it is break down to C and O and
adsorbed in two vacant sites as

stoich J\o‘y COHISWE 27 C'8 +0-S
av (23 S 2 cothf

'ap = kaPooC8— k_,Co.sCc s

gl AT ko
Fap = kp | PooCl-—53-0.8 Ky=—
A( CO>v K,\ A k-j\
At equilibrium, »,;,=0 kaPeoC2 = k_xCe.sCo.s .
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Rate of reaction:
Adsorption, surface reaction and

desorption steps ¢
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Desorption Step is controlling

1. Mass transfer (diffusion) of the reactant(s) (e.g.,
species A) from the bulk fluid to the external
surface of the catalyst pellet

2. Diffusion of the reactant from the pore mouth
through the catalyst pores to the immediate
vicinity of the internal catalytic surface

Adsorption of reactant A onto the catalyst surface
Reaction on the surface of the catalyst (e.g., A B) " -
Desorption of the products (e.g., B) from the surface / /a 1 /

. Diffusion of the products from the interior of the // ‘ 3/
pellet to the pore mouth at the external £ Qe awiece

surface

o> U osw

Fizure 103 Sep ACEPSE0A00, Cat Ik reathon

7. Mass transfer of the products from the external
pellet surface to the bulk fluid
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The Desorption Step /'
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CeS C+S
We »* At equilibrium Toc =0
ch=kD[Cc-s— : U}
Bk ¢ Kpc % This leads to:
D@ = —TADC CC*.S' = KCPCCU
b A
i Ke Or in term of concentration: N G

L S
Cevs = KcCch

ipc = Kp [Cous =KcPeC, ]
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Surface reaction Step is controlling

1. Mass transfer (diffusion) of the reactant(s) (e.g.,
species A) from the bulk fluid to the external
surface of the catalyst pellet

2. Diffusion of the reactant from the pore mouth

A
through the catalyst pores to the immediate 2 Ll
vicinity of the internal catalytic surface 6 :.-f_ "

3. Adsor.ptnon of reactant A onto the catalyst surface 7 | -/\3- ____75[__\.L ________
4. Reaction on the surface of the catalyst (e.g., A B) v £
/
5. Desorption of the products (e.g., B) from the surface _// %/
6. Diffusion of the products from the interior of the ///
pellet to the pore mouth at the external “ P
surface

Figure 10-3 _ Steps 1n 2 helemgencous catalyte reaction

7. Mass transfer of the products from the external
pellet surface to the bulk fluid







There are two types for surface reaction controlling step

Type I: A is only adsorbed

a
@ @

8. o AN =2 /NN
N\ o \ VL
N s O LJ\ NV D D For the generle reaction -,‘_k.i-‘“
) i Eloy-Rideal mechanigm oa; WA' 4 B(Y) == C§ ;i
- ) ) 3
oy 35, \u\fm(‘ A dat . : Ll »
s \ ‘ the corresponding surfuce reaction rate law is fate °¢
A \\-2_‘ \S \Anf‘k{),.gl \-5\}\_‘) 8 U\} ? L\_ﬁ "
k L L i Ie o~ (10-19
C yasis t g 2ol U A=k (‘@'@ s Keg for g
ol This type of mechanism is referred to as an Eley-Rideal mechanism
[
“(ﬂ £
K= —5— sufad 21
Cass Py Fost yies X
o P

e K’ \_55\ >\.DLL-.LI;,—(' i 0)

slow S\ o.s 5 \S wyls o)y Gpuasies

oo

@ As 4+ Bs = ¢S + S
U Gan g Froc]uc} S,Q_L.:Lb \?\:-\L S 6 QEU\) C-u.b_'_)d‘ Q.’)’_ﬂ"”j tL}x,:Jlfb PdeUC} J) %
-l Jeeso “wloy s C g Ay S N cack » \g'b free

rf ti trolli t Ol ‘3\’ Pfodud g% s o
n ~

B,A There are two types for surface reaction controlling step produck sle Lo plao Free

2 — G

&\ LW Type ll: Both A and B adsorbed -

-

COo ,0 CO.
ads 3
Pt Fe Pt Fe Pt Fe Pt Fe -
4oLl Lal
For the generic reaction » . ‘
B .. A\ O : ® sl BB
MW—M Las+ss == c5+ “‘-"] i
Dual sile ; ; NV,
the corresponding surface reaction rate law is
: Ce 5Cp s
TS K |Gl R Gy o —e DI (10-18)
Ky
Langmuir. Reactions involving either single- or dual-site mechanisms, which
"'"“h&'r:‘t'.‘l’;f‘f were described carlier are sometimes refemed to as following Lang-
muir=Hinshelwood kineticy.
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Adsorption-Surface reaction-desorption Steps are controlling

1. Mass transfer (diffusion) of the reactant(s) (e.g.,
species A) from the bulk fluid to the external
surface of the catalyst pellet

2. Diffusion of the reactant from the pore mouth
through the catalyst pores to the immediate S TS SRR
vicinity of the internal catalytic surface 8

Adsorption of reactant A onto the catalyst surface

Reaction on the surface of the catalyst (e.g., A B)
Figure 10-5  Steps in a heterogeneous catalytic reaction

Exlernol
diffusion

Desorption of the products (e.g., B) from the surface

Diffusion of the products from the interior of the

pellet to the pore mouth at the external
surface

a Py e e

Cafalytic surfoce

7. Mass transfer of the products from the external
pellet surface to the bulk fluid

The following Adsorption-Surface reaction-desorption reaction equation: (A — © )

)
Z
A+X@@,::j@( EiY =

Adsorptlon on Step | . Desorption Step |

t Surface reaction ) Step

Here, the goal is to have the surface is fully accommodating the reactant A through
adsorption, i.e maximum number of active sites are ready for adsorption of A and
minimum for desorption of C, why? Because we need to increase the rate of
reaction of A to gives C. Here we do have three resistances, Adsorption of A,
Surface reaction and desorption of C. We need to figure out which step
(intermediate step like we learned in nonelementary reaction) is the slowest, so we
can work on this step to be fast. And hence increase the rate of reaction.




The Rate Limiting Step:
Which step has the largest resistance?
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Electrical analog to heterogeneous reactions

Steps in a Single-Site Catalytic Reactor

Adsorption A+X o ArX
B+X e BxX
; yo Lo
Surface Reaction A+X+B+XeoCxX+ L
\o& des or phien
Desorption CxXoC+X alsls vacam sihc

Which step is the Rate Limiting Step (RLS)?
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Case 1: Assume surface reaction is controlling
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From Adsorption of A at equilibrium we have Casx'= KpCoCy
From Adsorption of B at equilibrium we have Cpex = KgCp(y

From Desorption of C at equilibrium we have Ceux = KcCcCy

If surface reaction is controlling, its rate should not equal zero, so it is:
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Catalysis — continue
(surface reaction controlling)
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Adsorbed A reacts with B in gas phase to gives C in one active site and a new active
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Case 1: Continue A+B&®C

Here we will consider reactant A to be adsorbed and react with B in gas phase (no adsorption) to produce C on
the surface of catalyst. Then C get desorbed. The rate controlling is surface reaction.

bliro (‘0”4' AT

Adsorption Ly rate 5y g A+X o AxX
Sl

Surface Reaction (confrolling) AxX+By o CxX

Desorption CxXoC+X

The rate of reaction for controlling step (surface reaction) is
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Ceex
~Tsurface = Ksy (Ck-x Cs — K )

The surface concentration for A and C were developed previously as
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As we assumed that the reaction is in equilibrium as:
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Catalysis — centinue
(Adsorption resistance
controlling)

For the catalytic reaction A+B&C

There will be four main intermediate steps; adsorption of A and B by the surface of the catalyst,
surface reaction of both adsorbed A and B, and desorption of the produced C from the surface of
the catalyst.

This class we will consider the adzorpticn of A is the controlling step:
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The rate of reaction for controlling step (Adsorption of A) is
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Catalysis — continue
(Desorption resistance
controlling)



Adsorption A+X o AxX

B+XeoBxX
Surface Reaction A*X+B*X o C+rX+X
Desorption (controlling) [c sXoC+X } "

The rate of reaction for controlling step (Desorption of C) is
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The site balance is
Ceex = Ks KsKp Ca Cp Gy
CT= CA*X + CB*X . Cc.x + C‘U

or CT=KACACU+KBCBCV+KS KAKB CA CB Cv+ Cv

CT: Cv (KACA afz KBCB o KS KAKB CA CB o 1)

. » CT
// Cy=
‘ (KACA+KBCB+K5KAKBCACB+1)

Substitute the vacant site in the rate equation CT N D . 1

C
~Tpes.c = kchV (KS KAKB CA CB — K_C;)

e 2
g ol W07
ek o Cf(KACA+KBCB+KSKAKB Gy G+ 1) (Ks KsKg C4 Cp Kc)
Cc
. it g
—-r —
A Des.C cf T(KACA+KBCB+KS KaKg C4Cp + 1)
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Conclusion

@ * If the denominator in the rate expression is raised to a power of 2 and contains the
expressions K,C4, KgCg, and K.C¢, then the controlling step is surface reaction of type |
@

If the denominator contains only K,C, and KC¢, then the controlling step is surface
reaction of type 1l where B is reacted in gas phase with adsorbed A

@ « Ifthe denominator contains a fraction of concentration of a species with respect to other
species such as %, then adsorption of the remaining species is controlling, here the
B
remaining species is A

If the denominator contains multiplication of concentration of more than one species such
as C, Cg, then a desorption step of the remaining species is controlling. Here the
desorption step of the missing species C is the controlling.
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Catalysis

The General procedure for
determination reaction
mechanism
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Review resistances of Adsorption- surface reaction- desportion

C
CaCg _KTCq

1. Case 1. Surface reaction controlling =Tsurtace = kr (T KiCy & KpCp + KGO
A“A B“B A

. : CaCo — g=
2. Case 2. Surface reaction controlling ke KaC eq
where B in gas phase Tlsurfacet™ KsfRAYT (171K Co+ 0 + KcCo)

K¢ E)
(CA_ KaKsKp Cp

KcCe )
2CC A KpCrtKcCot 1
KskpeptKBCEKCCC

3. Case 3. Adsorption controlling

‘_rads = kAfCT (

e (6
(f\'s KaKp Ca Cp — K_(c)

4. Case 4. Desorption controlling =Tpesc = Kcr Cr (KaCa + KoCs + K5 K, NN QRN




This lecture is related to determination the rate limiting step in catalysis if it is adsorption,
surface reaction or desorption step. This can be done by measuring the initial rate of

reaction as a function of concentration (or pressure) graphically.

To do this, let us assume the following as reaction rate controlling steps and see what is the
response of varying the concertation (or pressure) on the rate of reaction.

1. Case 1. Surface reaction controlling

CiCa = 5=
eq

Tsurface = K {1+ K,C,+ KgCg + KcCo)?

inftial raie sdep DLLEN 1 CACB_IS_C
. AN
L » = eq
Lo C v o Tsurface = Kt 7K, Ca + KpCp + KeCO)2
@ Assume initially there is no concertation of C, i.e C¢, = 0 ';.\u,; ).s‘l =
P

@ Assume initially the concentration of A equals to that of B, i.e C4, = Cp,

1 1 > Oye
okl Cao + Cpo = f(total pressure) @ Cao =3P0 & Cpo=3P0 _Iniijol frend
8~ SR g

) ) : Cof CaCp — GO o

Substitute in the reaction rate i ~Tsurface = kr e Z.?fi TONE LA >
expression, to obtain an (1+ Kegmy s ¥ o8 Volse

i i ki Py 2

expression as a function of (,_;2) (-ZL) = sale 1

pressure

=Tsurface = Ky

(1 + & (%) 4 Kp (f;fl) + 0)2 ;*_\_-* Lo
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@ o At low pressure, Po the denominator in the
W\/W\

expression above becomes 1 > K3Py and

y al‘hl'hp
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k3 Pe> |
@ ~Tsurface = K PF 4

K4P, can be neglected when comparing to 1.
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@ o W. Po the denominator in the J,ME : A q
expression above becomes 1 < K3Py and i _

ap - JCh ot G s
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. She | R value
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2. Case 2. Surface reaction controlling where B in gas phase
CaCs — 55
- = ker K, C 24 o
race S BT AL, + KeCo) ~ a0 ax
Again, assume initially there is no concertation of C, i.e C¢o = 0 and Cyy = Cp, 3 (0X
Po\(Po L.
Bl LA,

-1 = kaKACT (1+KA(£29-)+KC(%)) i 1+K3 Py

® o At low pressure, Po the denominator in the @ o Athigh pressure, Po the denominator in the

expression above becomes 1> K;P, and expression above becomes 1 < K3P, and

K3Py can be neglected when comparing to 1. the number 1 can be neglected when

@ —1 = K,P? comparing to K3 P .
Z) =Kk




When plotting the initial rate of reaction with initial pressure we get the shape

Case 2. Surface reaction
controlling where B in gas phase P
at hlﬁh
Vs7 fo
— K3
<DUslae I R |
: ok _! y
CaCp — =
g = KoK C =
SRR 74T (1 + KyCa + KcCe) P, =
0
at low P
1 ab-\Re Aas K3f, olats. o s V31K
’ .
@it Jds1 L Sushl b sumd,  suifal fxp
W b Vsles end o1 2 %, typel
a9 }’)rﬁh P J) éJ
3. Case 3. Adsorption controlling
K Cec
e e s (C“’_ KaKsKp EE) T
ads AL (K;(§§28+KBCB+K(:C6+ 1) D 3"5,){
2 el &
Assume initially there is no concertation of C, i.e C¢o = 0 and Gy = Cp, \L ) oo R
P %
(_2Q_0) k1R

aas = Kar Cr (0+kg=2+0+1)  (1+kzPo)

@ = _Atlow pressure, Po the denominator in the @ At high pressyre, Po the denominator in the

expression above becomes 1 > K,P, and expression above becomes 1 < K2P, and
K3Py can be neglected when comparing to 1. the number 1 can be neglected when
E@ PR NPy comparing to K, Py .

@ —Taqs = constant



When plotting the initial rate of reaction with initial pressure we get the shape

Case 3. Adsorption controlling :
CofU '(L‘ﬂ’\.ﬂs P,
A
___K§ C
g kasC (o mrmr )
Tlads ¥ ar T 7T ReCc
(KsKBCB+KBCB+KcCc+ 1) .
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4. Case 4. Desorption controlling

C
(e -§)
—Tpes.c = Ker CT(KACA + KgCp + Ks K4Kp C4 Cp + 1)

Assume initially there is no concertation of C, i.e C¢, = 0 @and Cso = Cp,

Py P
(&m&%%—)

~Tpes.c = Keg Cr P,
es c (KA%Q-'- KB%‘FKS K4 KB%TO-F 1)

KIPOZ
. =
7 (1+ KoPy + K3PF)
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CO W. Po the denominator in the expression above becomes 1 > K, P, + KyP?

EZZZ) ==Kk
@ o_Atintermediate.pregsuce, Po the denominator in the expression above becomes 1 < K, P + K3 P}

D222 1o = il = tabe
O (K Po+KsPZ)  (Kz+K3Po)
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expression above becomes Felao 1 01 Jlw i
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«s » Relation between mass transfer
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Resistances affecting catalytic reaction
This lecture focuses on introducing the effect

of external mass transfer, resistant 1 from the 1.' Mass transfer (diffusion) of the reactant(s) (e.g., i
list aside and see how external transport species A) from the bulk fluid to the external r
resistant affect rate of reaction surface of the catalyst pellet

2. Diffusion of the reactant from the pore mouth
through the catalyst pores to the immediate

Let us assume mass transfer of a reactant to vicinity of the internal catalytic surface

a simple catalyst particle where adsorption

_________ pellet surface to the bulk fluid

Surface
Aé-g/ reaction
Catalytic surface

and desorption resistances are negligible. 3. Adsorption of reactant A onto the catalyst surface
So here we have only two resistances # 1 4. Reaction on the surface of the catalyst (e.g., A B)
and # 4 are valid from the list aside. 5. Desorption of the products (e.g., B) from the surface .
---~@----~--- 6. Diffusion of the products from the interior of the f
fm“ﬁ pellet to the pore mouth at the external I
----------------------------- surface |
6

c',’,‘"‘:s’“:‘ 7. Mass transfer of the products from the external ;
|
|
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The mechanism here is assumed as

1. Transfer of A from the bulk to surface
2. Surface reaction takes place according to the reaction

[4-8]

Then the rate of mass transfer of the reactant from the bulk to the
SWSL 1. is govern by pi \ o daxo fc

rfate O'e txn C;lbo sl \‘in_;k: e = kc(cAb =y CAS) :

fer unt Hme

Where k. is the mass transfer coefficient, Cy, is the bulk concentration
of A and Cy; is the surface concentration of A.

On the other hand, the rate of reaction on the surface 75, assuming first
order reaction is

BLL B 5 e

1.

.f(_. N As r,\,-:ﬂ S’t-u

cAb

surfac
\ of cal
CAs
catal 35»'
s\
Ca — 26
i
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TT7TT7 77757777 =8
s

e F
9 =ksChs > 15 orde 5uFeGCQ (X

Where k; is the rate of reaction coefficient and Cy; is the surface
concentration of A

-~

rate of reaction of that A at the

At steady state condition, the rate of mass transport of A is equal to the
surface, i.e. role of (xM
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Comparison between mass transfer and surface Cap
o r, =
reaction constants 1 1
Lt
c S
1. Ifks > k. then, surface reaction is very fast and
mass transfer is controlling (C4s =0) m e = k. Cqp
bt oz, 2 If k¢ <« k. then, mass transfer is very fast and m ®=k C
odS) \'sx ~ surface reaction is controlling ( Cas = Cap ) ’ .
I R )
tdr. (xn, des . " CAb
3. If ks = k. then, both resistances are controlling |ZZ/> 5= T
¢ ke T ks
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Calculation of mass transfer coefficient, /.

We need correlations of Sherwood number in order to obtain the value of mass transfer coefficient, k.
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at different operating conditions. Bellow is one of the correlations that can be used in this regards , -
O lurpulgnd
i d Re? ¢ AP 3
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Also, the J-factor method for packed bed applies for ) @DAB 3 yS order «f mag
getting the mass transfercoefglftl;nt az Se 24 A C S Pt 2 2
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jD=045 & = cP $c0.33 053 Msu e Lugy o0 tufbulent
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e o ) gp = Sherwood Number
G = mass flux of a fluid, kg/mZ.s M o1 .y dp=diameter of the catalyst pellet, m
€p = bed porosity % k. = mass transfer coefficient, m/s
p = fluid density D,y = diffusion coefficient, m/s?
Re = Reynold’s number
Sc = Schmidt number
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For extreme cases,
at low transport velocity, Re =0 and Sh = 2.0 (Laminar Flow)

at high velocity, Sh = 0.6 Re®5 §c%33  (Turbulent flow)

This leads to determine the rate of reaction as a
function of Reynold’s number as

D
e L= S == Cas

p

D
Intermediate Re [i> = f-(A + B Re%3) Cyp
P

_r;
To increase this rate (based on mass transfer
resistance controlling), the velocity of the reactants
toward the surface of the catalyst should increase

]\'L dp &8 o
Sh = = 2.0 + 0.6 Re®5 5032
Dssg

dp, = diameter of the spherical space

where species A is located at the outer

shell and the catalyst particle is located in

the core of this space, m >

Reaction
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How reactants flowrate affecting yield and conversion of the catalytic reactions

To increase this rate (based on mass transfer resistance
controlling), the velocity of the reactants toward the
surface of the catalyst should increase

Decreasing the velocity (flowrate) of the reactants lead to
having less reactants approaching to the surface of the

Reaction
limited

Ditfusion
limited

T

catalyst at a given time, while the surface reaction is fast
compared to external transport, this means less yield from
this reaction.

Increasing the velocity (flowrate) of the reactants lead to having

(Udp)'2  or Re

more reactants approaching to the

surface of the catalyst at a given time than that is needed for the surface of the catalyst to convert to

product (reaction limited). This leads to have more of unreacted
This results in limited conversion for this reaction at a given time

material leaving with the products.

Neither low flowrate not high value are preferable at a given reaction conditions [: flowrate

should be optimized.




How reactants flowrate affecting yleld and conversion of the catalytic reactions

To Increase this rate (based on mass transfer resistance controlling),

the velocity of the reactants toward the surface of the catalyst
should increase

Fancion /

e y.:m\/

What about if the reactor feed having a high concentrated reactants |
with mass transfer limited?

As well as, the reaction stoichlometry Is equal, and a well mixed
reactants, this will having more collision of the reactant molecules and sl
Increasing their diffusion toward the surface of the catalyst (at low W4y or Re

flowrate), hence minimizing the mass transfer limited resistance to
increase conversion

If the surface reaction resistance is limited (controlling) and the flowrate is high

In this case you need to dilute the reactants by Inert material so the limited surface can accommodate
the flux of these reactants per unit time
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Mass Transfer-Limited Reactions in Packed Beds

A mole balance on the following generic mass transfer—limited
reaction yields

b d
Key reactonks B s e(+>B — =C+5D

where rj, = rate of geveration of A per unit of catalytic surface area. mol/s-m*
a, = external surface arca of catalyst per volume of catalytic bed. m*/m

Volume of solid S :
Molar Molar Molar rate of Molar rate of R e Y l“’r“"r"“l = = (1= &) ndy/(zd /)]
tein| ~ |rateout| ¥ | generation | = |accumulation S e o e
s L = 6(1 = d)/d, for packed beds, m*/m’

& = porosity of the bed (i.e., void fraction)’”
d, = panicle diameier, m

" A, = cross-sectional area of ube containing the catalyst. m?
d'ﬁ) 2 i y | (dFA
cha nsf pRifona Tpr ~ 4, {?]+ Ll Faz = QCaz Q is the volumetric flowrate
0 Q=ul,
v — 5 )
[dF‘z WA dCAz—J S ‘Uﬂ(,‘looﬂ u(' \/ClOCT}J
=1 = k.(Cqp — Cps) = kcCap For fast reaction v
P S . vc‘locﬂj LI
o : :
s fote of xn chs?gn equ L
mok  trofd
bulk I w

Suf'faw b
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Substitute in the differential mass balance equation T
cond 1hon
fate of €
Chonse of coNc —dCaz ke Cap ac = A2+ A2 iy Le
az u ((j,f\(_};lf:‘ﬁn

of sufaw alt
given Z P My
And integrate form C4z = 0 to C4z= C4, when z varies from 0 to final z in f60m of w b

canC oo
kea
(4 Pl *Rd o
ZAb e T
Cao
Recall that the conversion is a function of initial and final concentration as X = Cao—Cas,
CAU

This leads an expression for conversion as a function of mass transfer coefficient, velocity of fluid in bed and length of
that bed.

kca
X=1-¢ u 2 ¥
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Here our target is to have conversion as high as 100%, =1 o k_cu“_c

ke ac
. ) . -z .
however, the 1Wm e u ~will QEC}SQSP

conversion. Therefore, to decrease this expression, we need to
—~NN

increase the numerator in this expression (k. a, z) and
decrease u. However, decreasing the velocity of the flow of the
A~ SN TN

reactants will decrease the yield of reaction. Moreover,
e W a & S a

increasing the value of z means increasing the length of the
et T R T S\
reactor, hence increasing the amount of catalyst being used. As

a result, mass transfer coefficient must increase, surface area of
T i, W o B

N e S o el T T e TNl
the catalyst should increase, etc... sl
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Catalysis

(continue)

Relation between mass transfer
coefficient and reaction rate

JMi e o~ A 2L
N s mon Hou . Ifmite d
ads, d¢s, sur. xn = &S
Example - U ge

Vs

Example 14-1 w Reaction on the Surface of a Catalyst

effect a < Calculate the molar flux, W, of reactant A to a single catalyst pellet | cmpin diam-
8 N eersuspended in3 large body of liquid B. The reactant is present in dilute concen-
bu]k 3  trations, and the rcaction is considered to take place instantancously at the external
o \dle pellet surface (i.c., Cx; == 0). The bulk concentration of the reactant A is 1.0 Mpand
O the free-stream liquid velocity past the sphere is 0.1 m/s>The kinematic viscosity
ofily A Ge. %) is 05%entistoke (cS; 1 centistoke = 107 m¥/s). and the liquid diffusivity

dffusion of ain B is D,y = 10 m¥st at 300K

Solution CAs- o

. . _ Fordilute concentrations of the solute, the radial flux is tote Fonchion ofF Cap aniy
ML Ulalil (L AVl ¥ e s & A e E —
g o T W k(G Ol (14:28)

e L )H Ko © _T'.
Because reaction is assumed o occur instantaneously on the external surface of the
pellet, C,, = 0. Also, Cg, is given as 1 mol/dm’. The mass transfer coefficient for
single spheres is calculated from the Frossling correlation

oo
o




s z‘u&) “_-5)\:JL Ke. Shwae Ly BN
UessSh Mg, S ) 5 Re )
oda \Q.,.‘uj 9 \/U )\,\ \‘k._:\ j*_,‘; K( I

Hud
Shi= 59 = 4 0.6Re 2SI (1441)
Alb
Re= PhU o U _ (0.01 m)O.1 m/s) _ 5000
J v 0.5%X10-60m?/s
v 5X10-7 m¥/s
PE e = 2= 5000
* Dan 10='9 m?/5
Substituting these values into Equation (14-40) gives us
Sh = 2 + 0.6(2000)*4(5000)"3 = 460.7 (E14-1.1)
k= 208 gp = 1070 m/s 4009~ 461 X 10-6m/s  (E14-1.2)
d, 0.0l m Ko . -
Bell = se Bux oF flig
Cap = 1.0 mol/dm* = 10° mol/n?? fha ’
Substituting for k. and C,, in Equation (14-26), the molar flux to the surface is 9
W, = (4.61 X 1076) m/s (10° = 0) mol/m* = 4.61 X 10~ mol/m?+s W i0  ~» gos
Because Wy, = =y, , thisrate is also the rate of reaction per unit surface area of catalyst. » 10 30 r Mol€ —sall CJ

~r{, = 0.0046 mol/m’ s = 0.46 mol/dm”- s

fote C‘? = faic ofr
ma)$ Tlor fxn

L\j;‘.}a;l S R R,

Example 14-2 Mass Transfer Effects in Maneuvering a Space Satellite

Hydrazine has been studied extensively for use in monopropellant thrusters for
space flights of long duration. Thrusters are used for altitude control of communication
satellites. Here, the decomposition of hydrazine over a packed bed of alumina-supported
iridium catalyst is of interest.'* In a proposed study, a 2% hydrazine in 98% helium
mixture is to be passed over a packed bed of cylindrical particles 0.25 ¢m in diam-
eter and 0.5 cm in length at a gas-phase velocity of 150 m/s and a temperature of
450 K. The kinematic viscosity of helium at this temperature is 4.94 X 107° m?¥s.
The hydrazine decomposition reaction is believed to be externally mass trans-
fer-limited under these conditions. If the packed bed is 0.05 m in length, what con-
version can be expected? Assume isothermal operation.

Additional information:

0.25 cm
Dag = 0.69 X 107 m%s at 298 K L T rd

Bed porosity: 40% T 450K )883%&983%%5)——» X=2
Bed fluidicity: 95.7% = 005m =]




Solution

The following solution is detailed and a bit tedious, but it is important to know the
details of how a mass transfer coefficient is calculated.
Rearranging Equation (14-64) gives us

Xi= | — =Nt/ (E14-2.1)

(a) Using the Thoenes-Kramers correlation to calculate the mass transfer
coefficient, k.
1. First we find the volume-average particle diameter

s E 173 173
wticloter o 4',=(6_V) =( ‘“_..D”_-]
™

(E14-2.2)
C‘P \Gee kf--uﬂ 4 w
g G = [1.5(0.0025 m)?(0.005 m)]!/3 =3.61 X 10-3m
N 2. Surface area per volume of bed
= [1=04 1-04
o i = Y m? E14-2.3
S a. [ a ) 6(3.61 HTT m] 998 m¥m ( )

3. Mass transfer coefficient

d,U _ (3.61 X103 m)(150 m/s)
el =
__ it 4,94 X 10-4 m?/s

For cylindrical pellets

_2mrL, +2wr? _ (2)(0.0025/2)(0.005) + (2)(0.0025/2)?
Y ™d? (3.61 X 10-3)2

10942

=120 (E14-2.4)

Re  _ _10942
(1-d)y (0.6)(1.2)

Correcting the diffusivity to 450 K using Table 14-2 gives us

Re = = 15173

cofrelabian 1.75
N Glhe S Dag(d50K) = DAg(298 K) X (%)J = (0.69 X 1074 m¥/s$)(2.06)
DR N
ekl Dap (450 K)= 1.42 X 10~* m¥s (E14-2.5)
Dag  shus»
ClUspe T, Sow ¥ = 494X1075 m¥/s _ 45

w Dpg 142X 1074 m?/s

v

e |




Substituting Re’ and Sc into Equation (14-65) yields
Sh' = (15173.92)"/2(0.35)'"* = (123.18)(0.70) = 86.66 (E14-2.6)

Dpp(1 =) 142X 10" m¥/s|[(1-04

e = R " = % (1.2)(86.6¢

BT SR Tl | o)
k.= 6.15 m/s (E14-2.7)

The conversion is

o # 998 m?/m’
X=1 cxp[ (6.15 m/s) (_f_s-()_rn_/_;) (0.05 m)} (E14-2.8)

=1-=0.13 = 0,87
We find 87% conversion.

(b) Colburn J, factor to calculate k. To find k., we first calculate the
surface-area-average particle diameter.

# .ju_’\b For cylindrical pellets, the external surface area is
L A Wi d?
¥ A=mdL, + 2w | — -
Tech. > i ﬂ[“] e
: dL +2m(d?/4
w((Rlation o 4. Aﬁ eI (E14-2.10)
" T L

VoWt

= /(0.0025)(0.005)+(0-0‘;_25)2 =3.95% 10~ m

6(1-d)

a,= ——— = 910.74 m¥m?
p

Re = d,U _ (3.95% 103 m)(150 m/s)
v 4.94% 10 m?/s
= 11996.04




c 00765 - 0368
bJp = Rev$2 T Re0386 (14-69)
=076, 0363 __;55107"+9.7x107 EI4-211)
(11996)%%2  (11996)0386
=(.010
0.010 5 -
I = = 025 (E14-2.12)
R
Sh = SC'”RC(JD) (E14-2.13)

= (0.35)"/3(11996)(0.025) = 212

D 1.42% 104 e
k = ZAB = ate AN (212)=7.63 m/s
‘ d,, ~ 3.95X10‘3( )
910 m?/m? :
1 — = Oy m (E14-2.14)
Then X =1 exp]: (7.63 m/s)( 150 m/s ]( )]
=0.9
: z? X"\ <~ (?rl.cg 30
¥5/. 22 oo, 21210 A Bl s x o

Effect of Parallel and Series arrangement on Mass Transfer-Limited Reactions in Packed Beds 7

1 Z = Zy + 2 2 /
Last section, we developed an tokal A

expression that relates mass transfer é_o,O 2, j_,o g, ) 8

resistance (o CONVErsion as SOWn gy, 14y TR L r— /
bellow \_,:JQ&L)LQ Cu 2 2 -

- k_C_gﬁ'.z : )‘——-b

XEL~ e * 3 9:
ey 2 v
it W e |, b 8- -
o 5 b e,
\_5\.)\, fuanst [ ) ) X
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What will happen to conversion of this w ‘Q

. A T Figure E14-3.2  Parallc] arrangement.
column is connected with another similar

column in series or a flow rate is splitty X-30s 4N =l Parciilel

between two column in parallel? R
X=Jo/, GlL Zga=1|

Y N >|‘) \})‘-JL
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For series arrangement, the case is easy. We can treat both
columns as on column with total length equal the length of both
reactors and directly use the equations derived above,

However, for parallel configuration, the case is different. To
estimate the overall conversion, let us assume the conversion
from two reactors in series is 0.865. Will this value increase or
decrease for parallel arrangements?

X=1—e u
1 k.a,
-aEf]
i 73 WA
|

Take the ratio of divided system to undivided system as 1-X,
The surface arca per unit volume q, is the same for both systems.
From the conditions of the problem statement we know that
L,=1L, U,=1U, and X, = 0.865
X, =2 A
sefies g
or Cov Y1 A
eo X, ”’,“‘J" Glle ¢
( b R
Previously, we had the relation of Sherwood k. = 0.6 | =AB | Re!/2§¢1/3
Number at high value of Reynold’s Number. \ dp )
As shown here, the mass transfer coefficient is o5 (% vd )2 , }?
proportional with the square root of the velocity. (4, | v Dap
or
k.= U2 D3 n
o 4B -y U2
k.=0.6 X v X 7

When the ratio of mass transfer for the divided
columns to that in series is taken, then this relation

becomes
kr2= ﬂ 1/2
kcl Ul




«Multiplying by the ratio of superficial velocities yields

U, (k. _ (U I-X; _k,
Ulk,) \oy) e
I ( L (L
In =‘[n s | —
1-X, 1—~XIL Uy
(1 ita(o, ¥
= | In— —_——
\ 1—-0865) L, \iU,)
%o
_—.2_00215,,v2=14;4
\2)
Solving for X, gives us
X,=076

Analysis and conclusion:

We see that although the divided arrangement will have the advantage of 2
smaller pressure drop across the bed, it is a bad idea in terms of conversion.
Recall that the series arrangement gave X = 0.865; the parzllel arrangement
gave X=0.76. Therefore (X2 < X1).
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Topic 3.8 Diffusion and chemical reaction
inside a porous catalyst particle
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Definitions ) U i
The reactant, A, diffuses from the external C;“’ Cre CA(rS pellet
surface into and through the pores within External

the pellet, C4s > C4(r), with reaction ifugion é?f}i;’:g; ,

taking place only on the catalytic surface \—///\ e
of the pores.  Fo Fallj Pelas surface
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Types of diffusion inside pores gD adios |
diffwivity '] GRS "
Diffusion of a species into or out of the catalyst 'ﬁ).v, 40 P (. . ‘ ,
particle is affected by several shape factors that 0 S

hinders their movements toward their final

destination. 1 {5 @ qmnmi.
1. Not all of the area normal to the direction of the & 0 .m' °

inmh fike
flux is available for the molecules to diffuse.

12 Singie fie diffumon —
iy pores are 100 xmall 16 dllow molecules 10 pas
2. The paths are tortuous. ok o= a¥ B0
( 3. The pores are of varying cross-sectional areas. o i 10 @ N — I ——
Pure radius (nm) <
o3y ualo very smal
4= .
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_ . Effective diffusivity

oan)y

~ the relation between the effective diffusivity D, to the bulk diffusivity D, is defined
%C or by a-))‘ 1 V‘} =
x 2 d}P = Sok T =1
D _DAB¢EGC - so De = Dan
e ~
Tl o ¢ T
= tortuosity! = Actual distance a molecule travels between two points (typical ~ 3.0)
Shortest distance between those two points ¥
e . Volume of void space
: ¢, = pellet porosity = _ : o F
talk 1 Taliton Y = Total volume (voids and solids) (typical ~0.4-0.45)
i)—-) loo Actual >> Shyit.
‘ a. = Constriction factor  (typical ~ 0.8) lay o w1 owwL
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Consider the following irreversible reaction takes place on the surface of a spher‘ical' h‘ffe‘“’”
pellet of radius R: chosofunc NG gl CAa
ﬁw'\ ro¥S diam. O gu b of
n order &« A—B - ade
The mass balance across the elemental volume 3 “‘.
2nrdr is TN 5
Lo Y
4tr2Ny |y — 4r2Ny|piar + 7" Ajdnriar = 0
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8= (Reaction rate per unit area of pore surface)
[1+ ksCy + kgCg]
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This reaction takes place at E Adsorption and desorption are

high temperature negligible; i.e. k4 and kg = 0 S A
p 0
k Cy can be as
Therefore, the rate =li= _ "— _ 1 rn .
of fggcc':ir:n 3 o [1+ kaCs + kpCp] [ simplified tc] 4 k G4

The differential form of the mass balance:

-—%(erzNA) +4nriA;r" =0

dc
NA=—D _"_1.

The molar flux, N4, based on only diffusional @
f dr

flux is assumed (no convective one)




Substitute the molar flux in the differential mass equation
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In reality, there is no

molar flux of reactants

(f2C4 2 dCA Ai .
' —t = —t+—1"=0
dr4 oroar oD,

< at the center of the
particle (if the particle
is geometrically
heterogeneous)

Including the rate expression in the above
differential equation:
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Will this boundary condition be valid for geometrically heterogeneous surfaces?
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To simplify solution of the differential mass d*Cy  2dC, A K CP =0
balance equation, the dimensionless parameters drés ridriiiD, A=
are employed
< C_A dCs _ d¢p
Chx e
- @ d?Cy _ . 49
R dr2 45 dr?
The above equation becomes
LS ) o o VR
b« bl =0
Cas 7z aZ T T ar D, Cas @
However, we need to have the boundary conditions varies from 0 to 1 rather than from O
to Cy4s in order to facilitate the solution.
As C, varies with r then the dimensionless c d’¢p 2 2Cs dp kA o j
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Substitute in the above equation
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The Thiele Modulus, ®? , for different geometries (1% order reaction)

Sphere 01 = (R/3)/K{ 8,pJD, = S/,
1 R
Cylinder o4 = (R/2)JKY S;p/De = -?:./k,/De
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The dimensionless differential mass balance equation Thicle modulus
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To solve the above equation, consider the following cases:
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Special case 1: The reaction is We first order
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The Internal Effectiveness Factor

The relation between the actual overall rate of reaction and the ideal rate when the
whole surface is opened is the Internal Effectiveness Factor

fatio

i Actual overall rate of reaction gl
ackue ral e "= Rate of reaction that would result if entire interior surface were
exposed to the external pellet surface conditions Cyy, 7

~Tag
wTth {rst)ec} ko

ideal rate of X n

i i t orearea
The whole overall rate (ideal) is ‘7yg = 74'A;V;, AU e)( & )(particle volume)
PN pore area/ \paricle volume
(

o For 1%t order reaction: 745 = (k Css) (54 Pp) ( ”R3)

: dc
The actual rate (real) is 7y = ( A)]r r (4TR?)
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; Writing the flux in dimensionless form 1 =% e g_A
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The derivative of ¢ with respectto Ais:
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The fluxatr = Ry (dr)lr-R T (d/l)la A ey b[(DCOSh‘f’—Slnhq’]
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The actual rate (real) is dc, '
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_ ghe Internal Effectiveness Factor, ), for different rates of reactions

( Surface reaction
— _—1 controlling
Thiele modulus, g 1.0 N
e 08 N
g 0.6 ™~ Ny
Zero order 050 =R.JK5S,A/DeCao = Ry/Ko/DCao LI
First ord " g_/ g |
R Yot RJK‘ Sahe/Do = AVKiDs g 0 Sphere, zero order
Second order 0s2=RJKs S,p.Ca0/Ds = R./k;Cao/De E ' Sphere, first order
W Sphere, second order o
0.1 [ 1 LR, | { g U |
1 2 4 6 810 20 40

) Thiele modulus, ég
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The Internal Effectiveness Factor, 7, for variation of volume during reaction
o 19 ol 0 G613
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When there is volume change, €: (1,4,6) # 0, we use a correction factor to account for this
change. The correction is obtained from a plot of the ratio of effective factors

Punchion
) }'mf -
f '.. f”_q_’-;__ Factor in the presence of volume change ::_
b n. Factor in the absence of volume change i
volume ; 13
funckion 12
)
of Fime for large values of the Thiele modulus, the - :ol
effectiveness factor as a function of reaction o a%
order and its corresponding Thiele Modulus is 0.8}
0.7
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Effectiveness factor ratios for first-order kinetics on spherical
catalyst pellets for various values of the Thiele modulus of a sphere
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Catalysis
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Overall effectiveness factor
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This lecture presents the effect of external

mass transfer resistant, internal mass transfer 1.
resistant and surface reaction resistant. The

overall effectiveness factor combines these

resistances and provides insight of their )
effects on the catalyst activity.

Overall effectiveness factor, (), represents
the ratio of actual overall rate of reaction to
the rate of reaction if the entire surface is
exposed to the bulk concentration of the
reactant. It is different from the internal
effectiveness factor, n as this relates the
actual rate to the rate if the surface is
exposed to surface concentration, C4¢ but
not C4p

o v s w

Resistances affecting catalytic reaction

Mass transfer (diffusion) of the reactant(s) (e.g.,
species A) from the bulk fluid to the external
surface of the catalyst pellet

. Diffusion of the reactant from the pore mouth

through the catalyst pores to the immediate
vicinity of the internal catalytic surface

Adsorption of reactant A onto the catalyst surface
Reaction on the surface of the catalyst (e.g., A B)
Desorption of the products (e.g., B) from the surface

Diffusion of the products from the interior of the
pellet to the pore mouth at the external
surface

Mass transfer of the products from the external
pellet surface to the bulk fluid




geaed0 Shs (00 N v €& &n leolfb Cxeipol M effect J1 LW e

X Yo XL A0 Fe 30 Ly bulkcow e Jus fat€ Nde opl gu

100 11 \aternal 21 Lel surfo@ suffae e
‘su‘poﬁ,)\@é\ufiey\:-a,@,_;_,\s bulk 3 ¢S s Sdea)
¥ The overall effectiveness factor s written as: / flid s sudatt » Jos s
g e achec = Actual rate of reaction 7
Vol actual (al€ ~ Ideal rate if surface concentration is equal to the bulk concentration o
\dea ! )\ g
Consider the reaction takes place according to the rcaclion Ca ;%7::'
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Where k. i§ thc mass transfer coefficient, Cy, is the bulk conccntranon of A and Cy; is the surface Par it s
concentration of A. The molar rate of external transport, Wy is ffo
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Where S, is the pore surface area per unit mass, pj, is the bulk density.
But internal surface area of the catalyst particle is much greater than its external surface area. Therefore,
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Where from internal effectiveness factor class we had n= TA-actuat ® .
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Combine the rate of external molar rate with that of reaction rate as

(All bulk external transport rate) =n x (That gets reacted ideally )

koo AV(Cap = Car) 50 Sa pp AV k1 Gy | = B0, VAN vl
L ‘l ¢ ] (€3] ]
Where k; is the actual rate constant. Rearranging the above relation to get oV WoLEY S (n e
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However, the diffusion effect appears in the internal diffusion factor (internal effectiveness factor 1) as
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Then, the overall effectiveness factor L is:
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This equation indicates that the overall effectiveness factor { is always less than the internal effectiveness
factor n due to the effect of external mass transport resistance.
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Special cases v oyl 20

= If {1l = n this indicates there is no resistance to external mass transport

* The internal effectiveness factoris n < 1therefore, () <1
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Estimation of Diffusion- and Reaction-Limited Regimes

A= e oy se (—) 2¢ro

co
v

The following criteria are used to determine the rate limited step(s) for the catalytic reactions

48 >*3_' « 1. Weisz—Prater Criterion for Internal Diffusion
&g
Indernal  This Weisz—Prater Criterion is used to measure the observed rate of reaction to determine if the internal

diff diffusion is the limiting step.
oe ¥ Recall the equation of internal effectiveness factor for first order reaction, for example,
gt
== (¢, coth¢;-1)
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Rearrange this equation

no; = 3(d, cothd, — 1)
AN




The left-hand side of the above equation is the | Nd7 = 3(d cothdy — 1) |
Weisz—-Prater parameter:

_ Observed (actual) reaction rate _ Reaction rate-¢valuated at C,, _ Actual reaction rate

L %o
e = T]X:I’l Reaction rate evaluated at C,, A diffusion rate A diffusion rate
QU“ \M‘:)l )-‘:.J ‘\ ” .Sv Rz ’ R'v (.‘JLD‘>‘
~ry(obs) —FAs9a P =/ ‘ -
Recallthat mM=—-— and Oj=-2i° = N p'c I ) S
—Tas DeCAs Dc('As

e

_ .2 _—Th(obs) pR? ;
zzzz) Bt e} = AP

Case (1): if Cyp«l IZZZb there are no diffusion limitations and consequently no -3 f{j p =S
concentration gradient exists within the pellet \34& L S
o;f’f’ 3L "J.&;u
Case (2): if Cwp» | m there is internal diffusion that limits the reaction severely L \_,5&;7 EJ_':.;J,(I)
< syfoe (A
ichis \.-5;3

4 &

2. Mears’ Criterion for External Diffusion

The Mears criterion uses the measured rate of reaction to learn if mass transfer from the bulk gas phase
to the catalyst surface can be neglected. Mears proposed that when

—r Py R
kc CA b

<0.15
S s Lo
externa) issud e¢
Then external mass transfer effects can be neglected

where n = reaction order
R = catalyst particle radius, m
pp = bulk density of catalyst bed, kg/m?*
=(l = ¢)p. (b = porosity)
p. = solid density of catalyst, kg/m?
Cap = bulk reactant concentration, mol/dm3
k. = mass transfer coefficient, m/s

Il

O ——



For non-isothermal system Mears also proposed that the bulk fluid temperature, T, will be virtually
the same as the temperature at the external surface of the pellet when

—AHpy (=13) py RE
h T3RL,

«0.15

where h = heat transfer coefficient between gas and pellet, kJ/m?-s-K
R, = gas constant, 8.314 J/mol*K
AHy, = heat of reaction, kJ/mol
E = activation energy, klJ/kmol

Usoe  $u internol AT 3 B2

8

Example: Estimating Thiele Modulus and Effectiveness Factor

The first-order reaction A —— B  was carried
out over two different-sized pellets. The results of two

) ; , ! TABLE E12-3.1 DATA FROM A SPINNIN SK ’ f
experimental runs made under identical conditions are He 5 R TA TROM 4 SeritiG Basker ReacTon

as given in Table bellow.

Measured Rate (obs) Pellet Radius
(mol/g cat -s) X 108 (m)
1. Estimate the Thiele modulus and effectiveness
factor for each pellet. Run | 3.0 0.01
2. How small should the pellets be made to virtually Run 2 15.0 0.001

eliminate all internal diffusion resistance?

Solution — i
%)Rpc =10} = 3(¢, cothdp - 1)
e~ As

Letting the subscripts 1 and 2 refer to runs 1 and 2, we apply the equation above to runs 1 and 2 and then take
the ratio to obtain

~1xaR30 ¢, cothty,- |

. = The Thiele modulus | = R | 1P
. ULe ¢ —i5 RE, 01 coth -1 ki ™ N D.Cyy
w ([Utio
(ote I

NI N




Taking the ratio of the Thiele moduli for runs 1 and 2, we obtain

M_& _ R, _ 0,01 m .
< ZZZZ) R e gy m ¢ S
WAl
Substituting for &, and evaluating ~r4 and R for runs 1 and 2 gives us '-t'. 2 ':u}g)
15%10-5](0.001) _ _ 9, coth¢,-| _ __Gppcothe,-1
[3x10'5 ) (0.01) 109, coth (10¢,,)~1 = U 109, coth (10¢,,)-1

Solving the obtained Equation yields g}. = 1.65 forRy= 0.001 m
Then ’lF 10d); = 16,5 for Ry = 0.01 m

e 3(¢y, cothdy,=1) _ 3(1.65 coth 1.65~1) _
|y .- oy L= o 0.856

nar _3(165coth165-1) _ 3 _ 182
S N ==y 165

The corresponding effectiveness factors are

diffeesld: <.is - R

(b) Next we calculate the particle radius needed to virtually eliminate internal diffusion control (say, m = 0.95):

hi
0.95 = 3(¢15 cothoy;-1) M 20% T L4
LA .
Solution to the above Equation yields ¢; = 0.9: L@‘s - -al # r%‘, ):
/. D) G2 c} i
T 0.9 ¢ o bRl Gl
Ry =R, — = (0. —— [ =55 4 » .
;pgy- ,¢“ (0.01) (16.5J 55 X104 m

A particle size of 0.55 mm is necessary to virtually eliminate diffusion control
(i.e., m = 0.95).
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Deactivation by sintering may in some cases be a function of the mainstream gas concentration. Although other
forms of the sintering decay rate laws exist, one of the most commonly used dec ay laws fs secand order with
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The sintering decay constant, kg, follows the Arrhenius equation Q convelfsion ok
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3 For the first-order reaction ¥The mole balance in batch reactor N, = ko —nRw ", co¥
where (X is the conversion of A when the catalyst is decaying.

cat L
Prcs}:lu :IT‘: 3 Reaction-Rate Law = k'a(t)C)y, and for second-order decay by sintering: |a(f) = 1 +lk :
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N Separating variables and integrating yields

X, di L o | #
I, i v, J) Lkt R 4 Ty Ty, Uk

Y

Solving for the conversion X, at any time f, we find that

> 4 |
: ST
conversion \a >b ¢ (I+ ‘/’L } . .
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the analytical solution without decay
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Fouling or cocking Qccurs at the

surface of the catalyst as a results
of long term reaction of the
organics on the surface of the
catalyst which lead to
decomposition of carbon particles

inside the catalyst pores. This leads : _ A -
to temporary damage ' . o \l,
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The amount of coke on the surface after a time { ha beep found to obey the (ngwjnﬁ_emm[cgj\rglg@pshp
(/‘(‘ = A"

o ~oncentrati ' o8 s surfuce (o/m?) : . ‘
where C¢ is the coneghtration of garbon on the surface (g/m?) and n and A are fouling parameters,

which can be functions of the feed rate.

¥ Different functionalities between the activity and amount of coke on the surface have been observed. One
commonly used form is

|
a=
k(‘k 41 a ).U\,u
— l, 51 - \
or, in terms of time, we combine Equations above Mak 2} MRl )
¥ “nieraction ) .
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3. Poisoning

SLSLAS ¢ Irreversible chemisorption of the reactant(s) on the surface of the active site. Example of sulfur o8
AN TN N TN -

By J"S"- thhatleadsto H2S.
Porsonine Alat Pr /Pr /Py /P
2 &, OOOOH 1

c)omcaﬁ()‘ b;«: ):’S 4 :, % B 13 )

} _}kgl‘ Figure 10-27 Decay by poisoning.
% Let the activity of the catalyst denoted by a and is varied with time, i.e. a = f(t) }
A rate of deactivated catalyst rq 1 (ﬁ 1]
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» equf '
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¥ For the case of an impurity, P, in the feed stream, such as sulfur, for example, in the reaction sequence

Qo

Cv/c(
> —)E %
¥ Main 2+ss——4 (BASS-:C( ~7 -u(/,’) ACa
reaction: T el (B e ThE 14+K,C +K,C,
B-S &—— (B+YS)
&
des
% Poisoning k a_da_ .,
aaies BAS ——— 9 P-S = = kG a

¥ The rate of removal of the poison, r, ¢, from the reactant gas stream onto the catalyst sites is proportional to the
number of sites that are un-poisoned (C,;-C¢) and the concentration of poison in the gas phase is C, then

Bs=kiCo-GICG 4
'.nﬁfql i \}v')\ - Pais s
where C,¢ is the concentration of poisoned sites and C,, is the total number of sites initially available.

4G, _dCys
dt dt

=rps = ky(Co — Gp5)Cp

- Dividing through by C; and letting f be the fraction of the total number of sites that have been poisoned yields

3'{ = k(1 - )G

3¢ The fraction of sites available for adsorption (1 - f) is essentially the activity aft). Consequently, the equation
above becomes

—‘;—‘: = a()k,Cp
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Table 23.1 Absorption Systems with

Types Of Chemical Reaction® 7 I'q’
Hetrogeneous Solute Gas Reagent — e Ao
. \ CO,| Carbonates ) :‘ ,&,;.;
noncatalytlc Spray tower co, Hydroxides ‘lx. )
= = CO, Ethanolamines SolUtrC
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= (G| S0, Ca(OH),
A - s T SO, Ozone-H,0
[:‘] o Gas-Liquid Reactions e S0, HCrO,
‘cl-Drops 99 KOH
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e Cl FeCl,
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e v g Sl ik .
unreacted Zox® (o bokom A +of> 2%y NO H,SO,
i [NO,| H,0

gas

¢ Adapted from Teller (1960).
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Types of Hetrogeneous noncatalytic reactions
O Fluid-solid reactions

K
(Lor 9)

A AT . {h . Two ph

Solid-liquid reactions can be classified into three categories i

depending on the solubility of the solid in the liquid: R
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Fluid-Fluid Reactions: Kinetics

Considers the following second-order reaction of gas in liquid

A(g—0) +bB(l) — R(sorlorg), [—rA E kCACB]

present in gas, but present in liquid ‘reaction occurs in liquid only,
soluble in liquid with  and unable to maybe close to the interface
solubility given by enter the gas (in the liquid film), maybe
Pai=HACy; phase in the main body of liquid
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The general rate equation
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resistance resistance  resistance
E: liquid film enhancement factor
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Topic 4. Noncatalytic Heterogeneous Fluid-

Solid Reactions , ,
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Selection of kinetic model

Depending on the type of reaction there may be some resistances can affect this rate of
reaction. This includes mass flux of the reactants into the solid surface or products out
of the surface, and diffusion of these reactants and product molecules within the solid
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The decrease in volume or radius of unreacted core accompanying the disappearance of d N,
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core move inward toward the center of the particle.
The shrinkage of the unreacted core is slower than the
flow rate of A toward the unreacted core by a factor
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3 Chemical Reaction Controls  ( 1{SF order)
Ay + b B — product

Since the progress of the reaction is unaffected by the ==
presence of any ash layer, the rate is proportional to >
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Shrinking-Core Model (SCM)

the available surface of unreacted core. / e Aux ) s
| R o
il dNB b dNA o \ | ] e \:)_)QJ
— = - 2 = bk CAg \L i | I{ "l »~
4mr?  dt dmr?  dt . rodad"1 wie Ulue
55 | I i -
o 5§ Ohe= On= Cnc— - yles ol
e e &J ~dNy = —dnpgrl dr, gg ! et 1oo0”
¥ : Y’ imeversible
1 dr o B i) T
g =L 2 pB4nr3' = == —pB —== bk, CAg R Q' R i
L & Q) 4nr? t dt s
R
O: T l f— pB —_— — pB
_pB JI; drc = bk”CAg jo dt @ t bkﬂCAg (R rC) T bknCAg
—_— I
i:l-%:l_(l_xa)m ‘j"f\bfﬁ3h@*
Dl fesis 2N S —(fH ‘o 1 f\/\f
Uls gl LD e bK Chg( R.
T ¢ e

S s

L

x

Shrinking-Core Model (SCM): All resistances are included
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“ For mass transfer of a component of mole fraction v in a fluid to free-falling solids
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Table 25.1 Conversion-Time Expressions for Various Shapes of Particles, Shrinking-Core Model
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