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3.

Unit | — Non-ldeal Reactors

The real reactors are always deviate from the ideal
reactors because of the non-ideal flow conditions within
the reactor during the process. In the first unit you are
going to study

. The non-ideal (real) reactors and its design

The factors that make up the contacting or flow pattern
in the non-ideal reactors.

Basic models used for non-ideal reactors

Ideal Reactors

1.
2.

PFR (no-axial mixing)
MFR (complete mixing)

Non-ideal reactors (real reactors)

O &% ‘G B9 o

The reactors always deviate some degree from these
ideal behaviors called real reactors.

The deviation from ideal flow patterns may be
caused by

Stagnant regions in the vessel (dead zone)
Bypassing or short-circuiting of the fluid
Channeling

Recycling of fluid

Due to vortices and turbulences at inlet and outlet



Short-circuiting

| ; . Extreme short-circuiting
N Channeling, especially and bypass
=2 Serious in countarcurrent

-1 two-phase operations

|

Figure — Nonideal flow patterns which may exist in process
equipment.

Factors that make up the contacting or flow pattern
are:

The RTD - residence time distribution of fluid flowing
through the vessel.

The state of aggregation of fluid and
The earliness and lateness of fluid mixing in the vessel

3



Residence Time Distribution Function

The time it takes a molecule to pass through a reactor is
called the residence time of the molecule in the reactor.

It is clear that elements of fluid taking different routes
through the reactor may take different lengths of time to
pass through it.

So there is a distribution of residence time of the fluid
material within the reactor.

The distribution of these times for the stream of fluid
leaving the vessel is called the exit age distribution, E, or
the residence time distribution RTD of fluid.

Unifarmly
" mixed

Feed Product

Uniformly

mixed Product

Batch Eeactor Flug Flow Eeactor Ifized Flow Eeactor



In an ideal PFR — all the molecules within the reactor
having the same length of time.

In an ideal batch reactor - all the molecules within the
reactor having the same length of time

The ideal PFR and BR are the only reactors in which all
the fluid elements in the reactors have the same
residence time.

In all other reactors, the various molecules spend
different times inside the reactor, Ex: MFR

The feed introduced into the MFR at any given time
completely mixed with the material already in the reactor.

Some of the molecules entering the MFR leave it almost
immediately, because the material is continuously
removed from the reactor, other molecules remain in the
reactor almost forever because all the material is never
withdrawn at one time from the reactor. Many of the
molecules leave the reactor after spending a period of
time which is somewhere close to the mean residence
time.

The distribution of residence time can significantly
affects the performance of reactor.

The RTD of a reactor is a characteristic of the mixing
that occurs in the reactor.



RTD Measurement

The RTD is determined experimentally by using an inert
chemical called a tracer (dyes and radioactive materials).

Characteristics of chemical tracer:
1. It should be non-reactive

2. It should be completely soluble in the system fluid

3. It should be easily detectable

4. Physical properties of the tracer should be similar to
those of the system and

5. It should not adsorb on the walls or others surfaces in

the vessel.

Experimental Methods for Finding E

Pulse input
Step input
Periodic input
Random input

1
2
3
3
’( o _J»—/?nts&

Figure — Various ways of studying the flow pattern in vessels.



1.The Pulse Input Experiment

Instantansously introduce
M units of tracer inta the
fluid entering the vessel

E
=
-
, &
US

Tracer v'p

Record the leaving traces

Evaluate the area
under the curve

Area = f Cdt = ZCAs;
la]

time, s

v, mis ‘ Evaluate the méa;l
e | e——" ) -3 J}C{d‘:‘ . ;"C 'm"
¥ = vessel volume Datertion
Figure — The useful information obtainable from the pulse

trace experiment.

e The known quantity of tracer (M kg or moles) is suddenly
injected in one shot into the fluid entering the vessel in a
very short time period

e The tracer concentration in the exit stream is measured
as a function of time.

e In RTD analysis, the effluent concentration-time curve is
referred to as the C curve (C, . curve).

e The concentration of effluent stream increases with time,
reaches a maximum value and then falls, eventually
approaching zero.



The amount of tracer material, AM, leaving the vessel

between t and t+At is obtained by the material balance of
the tracer

AM =C v At (1)
L is the volumetric flow rate of the effluent from the vessel

AM is the amount of material that has spent an amount of
time between t and At in the vessel

Eqn (1) / M

= 2
M M M/v 2
Where M is the total amount of tracer injected into the vessel

AM _Cv

AM /M is the fraction of material that has residence time
between t and t+ At in the vessel
Let us define E is

E= Cn r [ B 3)
M M/v
AM e (4)
M

whenever M is not known directly, it can be obtained by measuring
the tracer concentration in the effluent stream and summing all the
amounts of materials, AM, between time t=0and t =,

Eqn (1) may be rewritten as
M

jdM = [Codt (5)
] 0

M oo

JdM =v [Cdt (6)
] 0



M/v=[Cdt (7)
]

Combining equations (3) and (7)

E=C

= (8)
jC dt
0

|Cdt=3 C; At; =Area under the C curve =M /v
0 0

(Area under th-F.-,)1 A = J': Cdi = E CAs, = li' kg-s.]

C pulse CUTVE v m’

j: 1C i E 1C Al

(Meannfthe)_ f=F——=-ia——=— [s]
' [Tca 2 Can v

Cuiee CUTVE

E curve from C curve

'

C'pulasaa

Figure — Transforming an experimental C,,,, curve into an E curve.



Transforming an E curve into E; curve

We have another RTD function E;. Here time is measured in terms of mean
residence time & = ¢/, Thus

- Mrea=1

ia=

Figure — Transforming an E curve into an E, curve.
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2. The Step Experiment

e Consider vm® /s of fluid flowing through a vessel of volume V.
e Now at time t = 0 switch from ordinary fluid to fluid containing tracer
and measure the outlet concentration

with tracer concentration C

of tracer, C,, in the effluent stream as a function of time

Cl'ﬁé!

T Step input at time ¢ =0
\ r=0 .. notracer

\ =0 .. m [Kkg's] of tracer, :
".\. C step
‘\I
' {’ Y m3
| Output
v reading
U g m— e
Figure —

a

: Oldﬂmd 5 Output
el (RS reading

New fluid

Information obtainable from a step tracer experiment.
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=

Figure —— Transforming an experimental C,, curve to an F curve.
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Relationship between the F and E curves

e Consider that there is a steady flow of main fluid through
the vessel and at time t=0, we switch to tracer fluid and
measure the rising concentration of tracer fluid in the

effluent stream, the F curve.

e At any time t>0, the tracer fluid and only tracer fluid in
the effluent stream is younger than t. Therefore,

‘fraction of tracer ﬂuid} /fraction of the effluent stream that has J

Lin the effluent stream | Lbeen in the vessel for less than time t

4 t ] oo

F=‘[Edt (1) L'."[EdtJr'[Edt:l:'[Edt]
0 t 0

0

1-F=[Edt=

“fraction of the effluent stream that has }
t (2)

Lbeen in the vessel for longer than time t

[E dt=l—_[fE dt 3)
t 0
[Edt=1-F (4)

t
F is the cummulative RTD function

On differentiating eqn (1) with respect to t, we get
dF

_=E
dt

This is the relationshipb/w Eand F
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Slope = By, s~/
1 ___________________
) ————————
Fr[_} 'l
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EE | E = |
N EE
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|

Figure —— Relationship between the E and F
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Miied flow Arbsitrary flow

At any time these curves are related as follows:

dF
- Cang: B b

Area = 1

Eg=Cy

Width = O

4 g

1 05 1 15

Figure === Properties of the E and F curves for various flows. Curves are drawn in terms of
ordinary and dimensionless time units.

Conversion in non-ideal flow reactors

To evaluate the reactor behavior in general we have to
know four factors

Kinetics of the reaction

The RTD of fluid in the reactor

The earliness or lateness of fluid mixing in the reactor
Whether the fluid is micro or macro fluid

o B
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States of aggregation of the flowing stream

Two extreme states of aggregation of the flowing
material based upon its nature are:

Microfluid — A fluid in which molecules are free to move
everywhere, collide, and intermix is called as microfluid.
It exhibits no segregation. Example: gases and thin
liquids.

Macrofluid — A fluid in which globules or aggregates,
each containing large number of molecules, of given
age do not mix with other globules is called as a
macrofluid. It exhibits complete segregation. Example:
very viscous liquids, noncoalescing droplets.

Gases and ordinary Noncoalescing droplets
not very viscous Solid particles
liquids Very viscous liquids
250l “Macrofluid '+ 5z

o Microfluid -

\ Molecules are kept
grouped together in
aggregates or packets

\_lndividual melecules are free
to move about and intermix

Figure — Two extremes of aggregation of fluid.
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Figure —

Sparger
reactor

Gas bubbles
in liguid

Here gas is a macrofluid
while liguid is @ microfluid

Spray tower

reactor
L

o

ATPITN

.-~ Liquid droplets

G

4 gas us a microfluid

in gas

e

— |

while liquid is a macrofluid

Examples of macro- and microfluid behavior.

Early and late mixing of fluids

The fluid elements of a single flowing stream can mix
with each other early or late in their flow through a

vessel.
Early mixing Uniform mixing Late mixing
f £
b :—\’, e —] f—_— — =2 —
/4) W E e 8 \ < 4 T ./ 4 — ! 4)*6667
Lots of mixing Flat ZSame along ZNo mixing \— Well-mixed
of youngand  velocity the whole of young and region
old fluid profile vessel old fluid
Figure — Examples of early and of late mixing of fluid.
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i A — —_— :)

[ Well mixed at entry, Separate parallel \X [ Mixing anly occurs
so A and B have flows so A and B at exit leaving no
lots of time for reaction are unable to react time for reaction
Figure — Early or late mixing affects reactor behavior.

()

Figure —  This shows the latest and the earliest mixing we can have for a
given RTD.

e Consider that a second order reaction is carried out in
these two setups.

e In (a) the reactants starts at high concentration and
reacts away rapidly because n>1.

e In (b) the fluid drops immediately to a low concentration.
Since the rate of reaction drops more rapidly than does
the concentration you will end up with a Ilower
conversion.

e For microfluids
Late mixing favors reactions with n>1
Early mixing favors reactions with n<1

For n=1, the conversion is unaffected by mixing as for
first order reactions conversion is independent of
concentration dX,/dt = k (1-X,)
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e For macrofluids, imagine little aggregates of fluid
residing for different lengths of time in the reactor.

e Each aggregate of macrofluid acts as its own little/tiny
batch reactor and reacts accordingly and therefore the
fluid elements have different compositions.

e The reaction time in any one of these tiny batch reactors
is equal to the time that aggregate spends in the reaction
environment.

e So in order to determine the mean composition in the
exit stream from the reactor we have to take into account
factors such as the kinetics and the RTD function E.

concentration of

. S fraction of exit
mean concentration reactant remaining S
, { stream which is
of reactant = .3 in an element of
: : of age between ¢
in exit stream all elements age between ¢
of exit stream and ¢t + dt
andz + dt

— -E dt
( CAO) at exit J (CAo)for an element or little

batch of fluid of age ¢

or in terms of conversions

7A = J-O (XA)element -E dr
or in a form suitable for numerical integration

C, ( Ca )
— E At
Chu element
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; . &0
* for first-order reactions (—A = g%
CAQ element
* for second-order reactions ( 2 ) = ;
» CAO glement 1 + kcAut

C
* for an nth-order reaction (C_A) ] =[1+ (n — 1)CRtke] A
A0/ element
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Catalytic Reaction Kinetic Model

Introduction:

This section deals with the classoff heterogereaus readionsin which a gas or liquid
contacts with a solid, reactswith it, andtransformit into product. Such reactions may
berepresented by:

A(fluid) + bB(Solid) A fluid products (1)
A Sdid produdas = )
A fluid and solid prodwcts ©)

Fluid-solid readionsare numerousand of great industial importance.Thasein which
the solid doesnot appreciebly change insize duing reaction areasfollows:

a) Theroasting (or oxidation) of sulfide oresto yield the metal oxides. For example, in
the preparation of zinc oxide the sulfide ore is mined, crushel, separated from the
gangue by flotation, and then roasted in a reactorto form hard white zinc oxide
paticles acording to thereadion.

2ZnS(s) + 30,(g) —=2Zn0(s) + 2S0,(g)
Similarly, iron pyrites reats as follows:

4FeS,(s) + 110,(g) — 2Fe,04(s) + 850,(g)

b) The preparation of metds from their oxidesby reaction in redudng atmospheres.
For example, iron is prepared from crushed andsized magnetite ore in continuous-
countercurrent, threestage, fluidizedbed readors acording to the reation:

Fe;,04(s) + 4H,(g) — 3Fe(s) + 4H,0(g)

The most common example of reactions where the solid charges its size are
carlonacous reactions. For exanple, with an insufficient amountof air, producer gas
is formed bythefoll owing reattions:

C(s) + O,(g) > COy(g)
2C(s) + O,(g) =2CO(g)

C(s) + CO,(g) >2CO(g)



With steam, water gass obtaned by the eadions-

C(s) + H,O(g) =~ CO(g) + Hay(g)

C(s) + 2H,0(g) = CO,(g) + 2H,(g)

Still otherexamplesare thedissolution reactions,the attack of metalchipsby adds,and
the rusting of iron.

Seletion ofa M odel

The requirementfor agood engineering model is thet it bethe closest representtion of
reality which can be treatd without too many mathematical complexities. It is of little
useto selectamodelwhich very closely mirrorsredity but which is socomplicated that
we cannot do anything with it. Unfortunately, in today's age of compuiters, this all too
oftenhappens.

For the non-catalytic reactionof particles with surrounding fluid, we consder two
simple idealized models, the progressive-conversion model and the shrinking
unreacted-core moddl.

Pr ogr essive-Conver sion Model (PCM):

In present modd, we assume that reactant gasenters and reacts throughout the particle
atall times,most likely at different ratesat different locationswithin theparticle. Thus,
solid reactant is converted continuoudy and progressively throughout the patticle as
shownin Figure 2.8.
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Figure 2.8:According to the FCM, reacdion proceds continuouy throughout the solid partile




Shrinking-Core M ode!:

In this model a diff erentapproach of reaction taking placewithin sdid surfacehas been
visualized. In this visudization, we assune that the reaction occursfirstat theouter skin
of the particle. The reacton zone is then moves into the solid and leaves behind
completely conveted mateia and inert solid. This isreferred to adiash 0Thus, atany
time thereexists an unreacted core of matera which shrinksin sze during reation, as
shownin Figure 29.
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Figure 2.9:According to the shrinkingcoremodel, rea¢ion proceeds at anarow front which moes
into the solid particle. Retantis completéy converted as thefront pases by.

In most casestheshrinking-core model (SCM) approximatesred particlesmare closely
than does the progressive-conve sion madel (PCM).

SHRINKING -CORE  MODEL FOR SPHERICAL PARTICLES OF
UNCHANGING SIZE:

Sincethe SCM seans to rasorebly represent redlity in awide variety of situations,we
need to develop its kinetic equaionsin thefollowing section. In doing this we consider
the surrounding fluid to bea gas. However, this is done ally for conveniencesincethe
anaysisappliesequally well to liquids.



The model was first developed by Yagi and Kunii (1955, 1961), who visualized five
steps accurring in succession during reaction as desribed byfigure 210.

Gas film
Moving reaction _:XH =

surface -

Surface of

"Shrinking
“unreacted -
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Figure 2.10: Representan of corentrations of radants angoroducts for the ieaction
A(q) + bB(s)A solid product fora particle of unchaming size.

Sep 1. Diffusgon of gaseousreactantA through the film surounding the mrticle tothe
surfaceof thesolid.

Sep 2. Penetration and diffusion of A through the blanket of ashto the surfaceof the
unreacted cae.

Sep 3. Reation of gaseous A with sdid at this reation surface.

Sep 4. Diffusion of gaseousproducts through the ashback to the exterior surface of the
solid.

Sep 5. Diffusion of gagousproducts throughthe gas film back into the main body of
fluid.



The above mentioned steps canvary accading to thereactions. For example, if thereis
no gaseaus products generation then step4 & 5 is neglected and does not contribute
towards resistance to the reaction. In the analysis of detemining kineic model we wil |
only considetrthe resistances fromstepl, 2 & 3.

1. Diffusion through gasfilm controls:
Whenever the resstance of the gas film controls, the concentration profile for
gaseus reatant A will be shown asin figure2.11.

Surface of shrinking
unreacted core

_— T

i v
-~ Gas film ~~_

|
|
I,
|
|
|
|
|
|

Concentration
in main
body of gas

For irreversible
reaction
C.Hr: =0

Concentration of
gas-phase reactant

|
r. 0 r, R
Radial position
Figure 2.11: Representan of a rading particle when diffusionthrough the s film isthe
controllingresistawe.
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From the above figure we can obsewe that, no gaseous reactant is present at the
paticle suface; herce, the concentration driving force, Cag i Cas bemmesCag ard
Is constant at all timesduring reection of the patticle. Consideing the stoichiometry
from equations 1,2 & 3, and taking unchanging exterior surface as S.x we canwrite
.

dNy = bdN .

1dNg 1 dNg b dN,

S. dt 4nR* dt  4nR® di

= bk (Cy, — Ca,) = bk,C,, = constant
s



let } g, be the molar densty of B in the solid andV be the volume of a patticle, the
amount of B presert in a @rticle isi

moles B
m? solid

Ny = pgV = ( ) (m*solid)  -—— ®)

Thedeceasean volume or radius of unreacted coreaccompanying the disappearance
of dNg molesof solid reacart isthen given byi

—dNg=—bdN, = —pgdV = —p,d (% :rrrf) = —dupgridr. —©)
Replacing egn 6 in 4 gives the rate of reaction in tems of the shrinking radius of

unreacted cae,ori

1 dNg prdr, i
Sod TR d Pk —0

whereky isthe masstransfercoefficient bewveenfluid and particle. Rearanging and
integrating egqn 71

Pr (Te t
"R g ridr, = bk,C,, J{. dt
3
(= o8 {1 - (i) ] —@
3bk,Ch, R

let the ime for completeconversion of aparticle be U then by tking r. = 0ineqgn 8
we geti

__mR
3bk,Cy,

T —(9)

The radusof unreaded corein terms of fractioral time for canplete conversionis
obtainedby combining Egs. 8 and 9, or



This canbewritten in temms of fractional conversion by noting thati

— 3
|- x. = (volume of unreacted core) _3 e _ ( r\? T
B total volume of particle 4 . \R
—mR
3
Therdore,
LA (ET X e (1)
T R B

Thuswe obtain the elationship of time with radiusand with conveasion, which is
showngraphically in Figs. 212 and 213.

1.0

| |
Shrinking particles
Stokes regime, Eqg. 30
08 ' Reaction controls, Eq. 23

0.6

Particles of constant sii&
Gas film diffusion
0.4 | .. controls, Eqg. 11
Chemical reaction
controls, Eq. 23
Ash layer diffusion
0.2 b—ou CC_FMI'NE. Eq. 18

r./R

0 0.2 0.4 0.6
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Figure 2.12: Pogress ofreac¢ion of a sirgle spherical paicle with surounding fluid measured in
terms of time forcomplde reaction.




1.0
Farticles of constant size
Gas film diffusion
controls, Eq. 11
Chemical reaction
U.E . _,.,/_ Cﬂntrﬂlsl EqL 23 ................
Ash layer diffusion
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Shrinking particles
0.6 Stokes regime, Eq. 30
= Large, turbulent regime, Eq. 31
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Figure 2.13: Pogress ofreac¢ion of a sirgle spherical pdicle with surounding fluid measured in
terms of time forcomplde reaction.

2. Diffusion through Ash Layer Controls:
Figure2.14 illu strates the situation in which the resistanceto diffusion through the
ash controls the rate of reaction. To develop an expressionbetweentime and radius,
such as Eq. 8 for film resistance,requires atwo-stepanaysis. Firstexamine atypica
patialy reacedpaticle, writing theflux relationshipsfor this condition. Then apply
thisrelatonship for al values of r¢; in other words,integrater, between R and O.

Considera partidly readed particle asshown in Fig. 2.14. Both reactantA and the
boundaryof the unreacied core move inward toward the center of the paticle. But
for GIS systems the shiinkage of the unreacted coreis slower than the flow rate of
A toward the unreacted core bya factor of abait 1000, which is rowghly the &tio of
densities of solid to gas. Because of this it is reasanable for us to assume, in
considemng the concentraion gradient of A in the ashlayer at any time that the
unreacted caeis staionary.



Qa ; = flux of A through exterior surface

Gés film \\/: of particle (inward +, outward -)
a0 Qp = flux of A through surface

of any radius r
Qa. = flux of A to the reaction surface

Unreacted
core

Typical position in diffusion region

<
oy

Il
3

Ca

Concentration of
gas-phase reactant

CAC=O

Radial position
Figure 2.14: Representian of a rading particle when diffusion thraigh theashlayer is the

controllingresistace

For GIS systans the use of the steady-state assumption all ows great simplification
in the mathematics which follows. Thusthe rate of reaction of A at any instant is
given byits rae ofdiffusionto the reation surface, ori

dN
_—dr_A = 47r2Q, = 4rR*Q,, = 47r’Q,, = constant (12

For convenience,let theflux of A within the ash layer beexpressedby Fick's lawfor

equimolar counterdiffusion. Then, noting thatboth Qa and dC,/dr are positive, we

have

. dC,
“ dr

whereD . is the efedive diffusion coefficientof gaseous reatant in the ah layer.

Oa

e (13)



Combining equations 12 & 13foranyr,

dN,
> 4mr dr = constant
Integrating acrosstheashlayer fromR to r¢, we dotain
dN
ﬂ'_ﬁ J‘Cﬁt
at Jrr? Cag=Cas
or,
dN,y (1 1
- dr (}"—{ - E) = 437@6(:'&3

— (14)

(19

The alove expression repesentsthe conditions ofa reading particle atany time.

In thesecond pat of theanalysiswe letthe size of unreated core changewith time.
For a givensizeof unreacted core, dNA/dt is corstant; however, as the core shrinks
the ash layer beconmes thicker, lowering the rate of diffusion of A. Consequently, Eq.
15 containsthreevariablesyt, Na, andr., oneof which must be eliminated or written
in tems of the other variables before integrating the equation with respectto time
and other variables. Aswith film diffusion, let us eliminate Na by writing it in terms
of r.. This relaionship is given by Eq. 6; hence, replacing in Eq. 15, separating

variables, and integrating, we obtain 1

J'"‘ k~ - —) r2dr, = b%,C,, j; di

__mR (Y (f‘c*“
"_6{;@8%[1 3(3) MEAV:

For the complete conversion of apaticle, r. = 0, andthetime reqiired isi

or

@7

Theprogressionof readion in terms of thetime requiredfor complete conversion is

found bydividing equaion 16 byequation 17, or



t e\’ re\’
-_— —_ e _— emmm—— l8a
- 1 3(}?) +2(R) (18a)

which intems of fractiona conversion, as given in eguation 10, becomesi

15_= 1-3(1 - Xp)* +2(1 - X)) (180)

The alove results argresated graphically by figures 212 & 2.13.

3. Chemical Reaction Controls:
Figure 2.15 ill ustrates concertration gradients with in a particle when chemica
reacton controls.
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EE | | Cp, = 0 for
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| | | -
R r. @ r. R
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Fgure 215: Representation of a rading particle whenchemical reaction is thecontrolling resistance,
thereaction being A(qQ) + bB(s) A products.

Sincethe progress of thereaction isunafected by the presenceof any ashlayer, the
rate is proportional to the available surface of unreacted core. Thus,based on unit
surfaceof unreaded core, r¢, therate of readion for the stoichiometry of equations
1,2 &3, isi

1 dNy, b dN,
4wl dt 4wl dr

=bk"Cx, 19



wherek asthefirst-orderrate constant for the surfacereadion. Writing Ng in terms

of theshrinking radius, asgivenin Eq.6, we obtaini

] dr, dr, .
41?!‘2 podmre a  Par bi"Cag

which on integraion becomes:
—%ﬁmfqufﬁf
R 5Jo
or

=

me (R—1)
bkCﬁ

The time rdduired for complete convasionis given at r. = 0 by i

ppR
bk"Cﬂg

T=

Thedeceasein radius or increasein fractionalconversion of the particle in temms of

U fousd by combining equaions 21 and 2. Thus,

Fe
=1-2=1-(1-Xy)'"

[
T

This resllt is plotted in figures. 212 & 2.13.

RATE OF REACTION FOR SHRINKING SPHERICAL PARTICLES

Whenno ashforms, asin theburning of pure carbonin air, thereading particle shrinks
during reacton, finally disappeaing. This processis illustrated in figure 2.16. For a
reacton of this kind we visudize the following threestgys ocairring in suc@ssion.

Sep 1. Diffusion of readant A from the main bodyof gasthroughthegas film to the

surfaceof thesolid.
Sep 2. Reation on the surface between readant A and solid.



Sep 3. Diffusion of readion productsfrom the sufaceof the solid through the gas

film backinto the main body of gas. Note that the ashlayer is absent anddoes not
contribute any regstance.

As with paticles of corstant size, let us seewhat rate expressions result when one or
the other of the resistances controls.

Concentration of
gas-phase reactant and
product

Radial position

Figure 2.16: Representan of corwentration of eactants androducts forthe eaction
A(g) + bB(s)A rR(g) betwen ashrinking solid paticle and gas.

1. Chemical Reaction Control:

When chemical reaction controls, the behavioris identical to that of particles of
uncharnging size; therefore,Fig. 25.7 and Eq. 21 or 23 will representthe conversion-
time bdnavior of single patticles,baoth shrinking and of constant size.

. Gas Film Diffusion Controls:

Film resistage atthe surfaceof a paticle is dependent on numerousfactors, such as
the relative velocity between particle and fluid, size of particle, and fluid properties
These have been correlated for variousways of cortacting fluid with solid, such as
packed beds, fluidized beds, and solidsin freefall. Asan example, for masstrarsfer




of a componentof mole fraction y in afluid to free-faling solids Froessling (1938)
givesi

k d ¥ m )lﬂ(dpup)!.‘l
£ P 143 112 =2 4+ (). - (24)
5= =2+ 0.6(Sc)"(Re)"? =2 + 0.6 (p 5 "

During reaction a particle changesin size; henceky also varies.In genera kq risesfor
anincreasein gas velodty and for smaller particles. As an example egn. 24 shavs
that T

k, ~ -L for small dﬂ andu = - (25)
8 d,
12

kg ~ d}f 5 for large dp and u - (26)

Equation 25 repesents particles in Sokes law regime. Now we will develop
expresion for conversion-time for such particles.

Stokes Regime (Smaller_particles): When a paticle, originally of size Ry has
shrunk to size Rwe may write

dNg = py dV = 4mpyR? dR

Thus, smilarto equation 7, we have

1 dNg pgd7R* dR dR
—_—— — = = _ = k C """" (27)
S dr - anR dar - Prar - PKCas
Sincein the Stokes regime eqution 24 reduces to
k _2_Z - (28)
*# d, R

combining equéaion 27 & 28 and integrating

IiﬂRdR=%qu;df



or,

el (&)
= 1=+
2bCp D Ry

The time for canplete disppearlnceof aparticle is thus

__meR
- 26C\ D

]
~
N
L

T

and on canbining we get

i._- — Emz_ — (1 = X.)23 ——-(30)
RN -

This relationshipof size versus time for shrinking particles in the Sokesregme is
shownin Figs. 2.12 and 2.13, and it well represerts small burning solid paticlesand
small burning liquid draplets.

Particl es of Different Shape:Conversion-time equations similar to thosedeveloped
above can be oltained for vanousi shaped paticles, and table 2.2 summarizesthese
expresions.
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DETERMINATION OF THE RATE-CONTROLLING ST EP

The kinetics and rate-controlli ng steps of a fluid-solid readion are deduced by nating
how the progressve conveasion of particles isinfluenced by paricle size andoperding
temperature.This information can be obtained in various ways, deperding on the
facilities available and the mateials at hand. Thefoll owing observations are aguide to
expermenation and to theinterpretaton of expermertal data.

a) Temperature: The chemical step is usually much more temperatue-sensitive than

b)

d)

the physical steps; hence, expeimerts at different temperatues should easily
distinguish between ash or film diffusion on the onehand and chemical reaction on
the other hand asthe ntrolling step.

Time: Figures2.12 and 2.13 show the progressive conversion of spherical solids
whenchemical reection, film diffusion, andashdiffusonin turn cortrol. Results of
kinetic runs compared with these predicted curves should indicate the rate
controlling step. Unfortunately, the differencebetween ashdiffusion and chemical
reacton as controlling steps is not great and may be masked by the scatter in
expelimena data.

Particle Size: Equaions 8, 16 and 21, along with equaions 24 and 25 shows thatthe
time neededto achieve the same fractional convasion for particle of differernt but
unchanging sizesis given by 1

foc R191020 for film diffusion controlling (the exponent drops as
Reynolds number rises)

t o< R? for ash diffusion controlling

t < R for chemical reaction controlling

Thuskinetic runswith different sizes of particles candistinguish between reactons
in which the chemical and physical steps control.

Ash versus Film Resigance: When a hard solid ashforms during reaction, the
resistanceof gas-phase reactant through thisash is usudly muchgreatr than through
the gas film surrounding the paticle. Hencein the presence of a non-flaking ash
layer, film regstance cansafelybeignored. In addition, ash resistance isunaffected
by changesin gas welocity.




e) Predictability of Film Resistance: The magnitude of film resistance can be
estimatedfrom dimensbonlesscorrelations such asegn. 24. Thusan obseved rate
approximatdy equal to the @culated rate sggeststhat film regstancecontrols.
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UNIT-3 CATALYSTS AND CATALYTIC REACTIONS

Because the chemical, petrochemical, and petroleum industries rely heavily on
catalytic processing operations and because of the utility of catalysts in
remediating environmental problems (e.g., emissions from motor vehicles),chemical
engineers must be cognizant of the fundamental and applied aspects of catalysis.
In more modern terms the following definition is appropriate: A catalyst is a
substance that affects the rate or the direction of a chemical reaction, but is not
appreciably consumed in the process. There are three important aspects of the
definition. First, a catalyst may increase or decrease the reaction rate. Second, a
catalyst may influence the direction or selectivity of a reaction. Third, the amount
of catalyst consumed by the reaction is negligible compared to the consum ption of
reactants.

Catalysts work by providing alternative mechanism involving a different transition
state of lower energy. Thereby, the activation energy of the catalytic reaction is
lowered compared to the uncatalyzed reaction as shownin Fig 3.1.

Uncatalyzed
reaction
pathway

Activation energy
with no catalyst

Activation energy
with catalyst

Reactants

Catalyzed
reaction
pathway

s  Energy

Products

messssmmn Reaction progress i

Figure 3.1 Comparis on of activation energies of exothermic catalytic and non-
catalytic reactions

A catalyst accelerates both the rates of the forward and reverse reaction.
Equilibrium of a reversible reaction is not altered by the presence of the catalyst.
For example, when oxidation of SOz is carried out in the presence of three different
catalysts, namely Pt, Fe20s and V20s, the equilibrium composition is the same in
all three cases. Another important characteristic of catalyst is its effect on
selectivity. The presence of different catalysts can result in different product
distribution from the same starting material. For example, decomposition of
ethanol in the presence of different catalysts results in different products as shown
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Types of catalytic reactions
Catalytic reactions can be divided into two main types &

1. Heterogeneous
2. Homogen eous

Heterogeneous catalysis

In heterogeneous catalytic reaction, the catalyst and the reactants are in different
phases. Reactions of liquid or g ases in th e presence of solid catalysts are the typical
examples. An example is the Contact Process for manu facturing sul phur ic acid, in
which the sulphur dioxide and oxygen are passed over a solid vanadium oxide
catalyst producing sulphur trioxide. Several hydrocarbon transformation reactions
such as cracking, reforming, dehydrogenation, and isomerization also fall in this
category.

Homogeneous catalysis

In a homogeneous catalytic reaction, the catalyst is in the same phase as the
reactants. Typically, all the reactants and catalysts are either in one single liquid
phase or gas phase. Most industrial homogeneous catalytic processes are carried
out in liquid phase. Ester hydrolysis involving general acid-base catalysts,
polyethylene production with organometallic catalysts and enzyme catalysed
processes are some of the important examples of industrial homogeneous catalytic
processes.

SURFACE AREA AND ADSORPTION

Since a catalytic reaction occurs at the fluid-solid interface, a large interfacial area
can be helpful or even essential in attaining a significant reaction rate. In many
catalysts, this area is provided by a porous structure; the solid contains many fine
pores, and the surface of these pores supplies the area needed for the high rate of
reaction. The area possessed by some porous materials is surprisingly large. A
typical silica-alumina cracking catalyst has a pore volume of 0.6 cm3/ g and an
average pore radius of 4 nm. The corresponding surface area is 300 mz2/ g.

A catalyst that has a large area resulting from pores is called a porous catalyst.
Examples of these include the Raney nickel used in the hydrogenation of vegetable
and animal oils, the platinum-on-alumina used in the reforming of petroleum
naphtha to obtain higher octane ratings, and the promoted iron used in ammonia
synthesis. Sometimes pores are so small that they will admit small molecules but

prevent large ones from entering. Materials with this type of pore are called
3



molecular sieves, and they may be derived from natural substances such as certain
clays and zeolites, or be totally synthetic.

Not all catalysts need the extended surface provided by a porous stru cture,
however. Some are sufficiently active so that the effort required to create a porous
catalyst would be wasted. For such situations one type of catalyst is the monolithic
catalyst. Monolithic catalysts are normally encountered in processes where
pressure drop and heat removal are major considerations.

For the moment, let us focus our attention on gas-phase reactions catalysed by
solid surfaces. The molecules at a surface of a material experience imbalanced
forces of intermolecular interaction which contribute to the surface energy. It
causes accumulation of molecules of a solute or gas in contact with the substance.
This preferential accumulation of substrate molecules at the surface is called
adsorption wh ichis purely surface phenomenon.

The surface active material is referred to as the adsorbent and the molecul es which
are accumulated on the adsorbent called adsorbate molecules. The strength by
which adsorbate molecules are attached with the adsorbents determines the natur e
of adsorption. Physisorption (or physical adsorption) is adsorption in which the
forces involved are intermolecular forces (van der Waals forces) of the same kind as
those responsible for the imperfection of real gases and the condensation of
vapours. The term van der Waals adsorption is synonymous with physical
adsorption. Chemisorption (or chemical adsorption) is adsorption in which the
forces involved are valence forces of the same kind as those operating in the
formation of chemical compounds.

Table 3.1 Physical vs Chemical Adsorption

Parameter Physical adsorpti on Chemisorption
Adsorbent All Solids Some Solids
Adsorbate All gases below critical Some che mically reactive
temperatur e gases
Temperature range Low temperature Generally high
temperatur e
Heat of adsorption Low, order of heat of High, order of heat of
condensation reaction
Rate (activation energy) Very rapid, low E Nonactivated, low E;
activated , high E
Coverage Mu Itilayer possible Monolayer adsorption
Reversibility Highly reversible Oftenir reversible
Importance For determination of For determination of
surface area and pore size active-center area and

elucidation of surface-
reaction kinetics

When an adsorbed molecule receives energy equal to or greater than the energy of




adsorption, it will leave the surface. This phenomenon is the reverse of adsorption
and is called as desorption. When the num ber of molecules striking the surface and
staying there is equal to the num ber of molecules that are leaving (evaporating) the
surface is called to be in equil ibrium .

Adsorption Isotherms

A relation between the amount of adsorbate adsorbed on a given surface at
constant temperatur e and the equilibrium concentration of the substrate in contact
with the adsorbent is known as Adsorption Isotherm. They are generally classified
in the five main categories. In Figure 3.2, adsorbate partial pressures (P) are
normalized by dividing by the satur ation pressure at the temperatur e in question

(Po).

Vid:.

]
=]
=]
=]

Lid £
B Fy

Figure 3.2 Five types of isotherm s for adsorption.



Type |, referred to as Langmuir-type adsorption, is characterized by a monotonic
approach to a limiting amount of adsorption, which presumably corresponds to
formation of a monolayer. This type of behaviour is that expected for
chemisorption. No other isotherms imply that one can reach a saturation limit
corresponding to completion of a monolayer.

Type |l is typical of the behaviour normally observed for physical adsorption. At
values of PHPo approaching unity, capillary and pore condensation phenomena
occur. The knee of the curve corresponds roughly to completion of a monolayer. A
statistical monolayer is built up at relatively low values of PHPo (0.1 to 0.3).

Type IV behaviour is similar to type Il behaviour except that a limited pore volume
is indicated by the horizontal approach to the right-hand ordinate axis. This type of
curve is relatively common for porous structures of many kinds. Hysteresis effects
associated with pore condensation are often, but not always, encountered in this
type of system. They arise from the effects of surface curvature on vapour pressure.

Types IlIl and V are relatively rare. They are typical of cases in which the forces
giving rise to monolayer adsorption are relatively weak. Type V differs from type IlI
in the same manner that type IV differs from type Il.

Freundlich Adsorption Isotherm

It is an empirical relation between the amount of an adsorbate adsorbed per unit
weight (x/m, mg/g) of adsorbent and the adsorbate equilibrium concentration
(Cemoles/ 1) in the fluid as follows:

x/m = KC} (3.1)

Where, K and n are Freundlich coefficients
X = weight of adsorbate adsorbed on m u nit weight of adsorbent
Ce= equilibrium concentration of adsorbate

From equation (3.1), we get

log(x/m) = logk + nlog C,
(3.2)

The coefficients K and ncan be determined from the intercept and slope of a plot of
log(x/ m) versus logCe.

Langmuir Adsorption Isotherm

In the Langmuir model the adsorbent surface is considered to possess a number of
active interaction sites for adsorption. Langmuir derived a relation between
adsorbed material and its equilibrium concentration. His assumptions are:

1. There are fixed adsorption sites on the surface of the adsorbent. At a given

temperatur e and pressure some fraction of these sites are occupied by

adsorbate molecules. Let this fraction be é
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2. Each site on the surface of the adsorbent can hold one adsorbate molecule.

3. The heat of adsorption is the same for each site and is independent of q.
4. Thereis no interaction between molecules on different sites.

Since the adsorption is limited to complete coverage by a monomolecular layer, the
surface may be divided into two parts: the fraction & covered by the adsorbed
molecules and the fraction 1 6 &, which is bare. Since only those molecules striking
the uncovered part of the surface can be adsorbed, the rate of adsorption per unit

of total sur face will be proportional to 1 8 &; that is,
Ta = kctp'[l - E] (33)

The rate of desorption will be proportional to th e fraction of covered sur face

Ta = kgt
(3.4)
At equil ibriu m,
Rate of adsorption = Rate of desorption

k::p(:l —6)= kq@
. kap  __Kp _ v

Ffu + k“p 1+ KP Vm

(3.5)

Where,

K = k/ kdis adsorption equil ibrium cons tant, expressed in units of (pressur e)s,

The concentration form of Eqg. (3.5) can be obtained by introducing the concept of

an adsorbed concentration , expressed in moles per gram of catalyst. If
represents the concentration corresponding to a complete monomolecular layer on
the catalyst, then the rate of adsorption, (moles/ s. g catalyst) is, by analogy with
Eq.(3.3),

Ta = .i.:,: IE;:-:..l{"r-.:_rrt - C]

(3.6)
Where is the rate constant for the catalyst and is the concentration of
absorbable component in the gas. Similarly, Eq.3.4 becomes
r,=k.C
¢ 3.7)

At equil ibrium the rates given by Egs. (3.6) and (3.7) are equal, so that
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Where K. = k/ k'’

Rearranging equation (3.8), we get

C,
—+ __y
Cm

(3.8)

(3.9)



C
7 - 5 . . .
Ifwe plot Zvs €. \we will get a straight line.

Slope of which will be Cm and

1

Intercept as KeCm .

For che misorptions Langmui r égsgation works very well but fails for the cases where
mu Itilayer formation takes place.

Multilayer Adsorption 6 BET Isotherm

Important assumption of Langmuir theory is the formation of monolayer. Because
of monolayer formation saturation in adsorption would reach at higher equilibrium
concentration of the adsorbate. This type of adsorption occurs due to short range
chemical forces which do not allow penetration through the primary adsorbed
molecules. Multilayer formation has been observed when molecules are adsorbed
through weak forces (long range forces normally under physical adsorption) due to
cohesive forces exerted by the mole cules of the adsorbate.

At high pressure multilayer adsorption takes place. The theory of multimolecular
(multilayer) adsorption was developed by Stephen Brunauer, Paul Emmet and
Edward Teller and is called BET isotherm. This isotherm derived by them
success fully accounts for all types of adsorption.

It assumes that the surface possesses uniform, localized sites and that adsorption
on one site does not affect adsorption on neighboring sites just as in Langmuir
theory. Also, molecules can be adsorbed in second, third and nt layers with the
surface available for layer equal to the coverage of the next lower layer. The
development is briefly summarized as follows: Equation 3.5 can be rearranged to
the form

p_ 1 _p

v H [’:111 i"‘]:ﬂ

(3.10)
Brunauer, Emmet and Teller adapted this equation of multilayer adsorption and
arrived at theresult

1 c—1
p +f. p

U{Pﬂ - p:' B V€ CVmPo (3 11)

Where pois the satur ation or vapor pressure and c is a constant for the particul ar
temperatur e and gas-solid system.

According to Eq.(3.11), a plot of —E— wsEt
g q.(3.11) p o i S



should g ive a straight line. The intercept and slope the straight line can be given as,

(3.12)

Sz{c—ll

Cu?:‘l

(3.13)

Solving these equations for the volum e of adsorbed gas corresponding to a
monomolecular layer gives

(3.14)

The volume can be readily converted to the num ber of molecules adsorbed.

["?:::HCI
N = —
V

(3.15)

Where No is Avogadro's num ber, 6.02 x 1023 molecules/ mole, and V is the volume
per mole of gas at conditions of vm: Since vm is recorded at standard temperatur e
and pressure, V =22,400 cms3/g mole.

However, to determine the absolute surface area it is necessary to select a value for
the area covered by one adsorbed molecule. If this is , the total surface area is
given by

=Na
(3.16)

If vmis based on a 1 g sample, then Sy is the total surface per gram of solid
adsorbent. Emmett and Brunauer proposed that is the projected area of a
molecule on the surface when the molecules are arranged in close two-dimensional
packing. This value is slightly larger than that obtained by assuming that the
adsorbed molecul es are spherical and their projected area on the surface is
circular. The proposed equation is

w—

— N
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M3
= 1.09 |—
a = 1.0 [N ]
(3.17)

Where M is molecular weight and is the density of the adsorbed molecules. For N2
at 0195.8°C, = 0.808 g/ cms, the area per molecule from is 16.2 x 10316 cmz2, or

16.2 A

VOID VOLUME AND SOLID DENSITY

The simplest method of determining the void volume or the pore volume of a given
catalyst sample is to measure the increase in weight that occurs when the pores
are filled with a liquid of known density. Water, carbon tetrachlor ide, and various
hydrocarbons have been used succ essfully. The procedur e involves boiling a known
weight of dry catalyst pellets in the liquid for 20 to 30 min to displace the airin the
pores. After the boiling fluid is replaced with cool liquid, the pellets are placed on
an absorbent cloth and rolled to remove the excess liquid. They are then weighed.
The void volume per gram of catalyst (Vg) can then be determined from

ert - ["F:!:"_v

V., =
o W:Er_v

g

(3.18)

One can em ploy this technique to determine the total volume of the pores with radii
between approximately 10 and 1500 . This approach is limited in accuracy by the
fact that it is difficult to dry the external surface of the particles without removing
liquid from th e large pores. Some liquid also tends to be retained around the points
of contact between particles. These two sources of error offset one another. Any air
retained within the pores after boiling will lead to erroneous results.

A more accurate procedure is the helium-mercury method. One places a known
weight of catalyst (mp) in a chamber of known volume. After the chamber has been
evacuated, a known quantity of helium is admitted. The volume of helium displaced
by a sample of catalyst is measured (Vue). The volume of helium displaced is a
measure of the volum e occupied by the solid material. Then the helium is removed,
and the volume of mercury displaced is measur ed (Vhg). Since mercury will not fill
th e pores of most ¢ atalysts at atmospheric pressure, the difference in volum es gives
the pore volume of the catalyst sample.

FI‘DM! = "".Hy - VHJ.'

(3.19)

and the void volum e per gram (Vy) is

11



(3.20)

This method permits one to determine the pore volume corresponding to pore radii
less than 75,000 A. From the volume of helium displaced (solid volume) and the
weight of the sample, the density of the solid phase, , can be obtained. Then the
void fraction, or porosity, of the particle,, may be calculated from th eequation

_ void (pore)volume of the particle m, ¥ LT
= total volume of particle - my W, +my, /p; - Wos+1

(3.21)

To avoid excessive pressure drops and im prove mechanical strength, porous
particles often mu st be pelletted to sizes of 1/16 01 in. Usually the pellets are

12



cylindrical, although spherical and granular assemblies are sometimes used.
Agglomeration of porous particles gives a pellet containing two void regions: The

Macropores between
catalyst particles

.\ Boundary layer
around particles

e S
7 N
7 NN
[/ SR
A\ I Micropores inside
N\ 74 catalyst particles
NS e

void spaces within the particles are commonly termed micropores, and the void
regions between particles are called macropores. Hence such materials are said to
contain bidisperse pore systems (Figure 3.3).

Figure 3.3 Porous Catalyst

PORE-VOLUME DISTRIBUTION

The effectiveness of the internal surface for catalytic reactions can depend not only
on the extent of the void spaces (Vg), but also on the size of the openings. Therefore
it is desirable to know the distribution of void volume in a catalyst according to size
of the opening. This is a difficult problem because the void spaces in a given
particle are non-uniform in size, shape, and length, and normally are
interconnected.

There are two established meth ods for m easuring the distribution of pore volum es.
Mercury Penetration Technique

Since mercury does not wet most substances and will not spontaneously penetrate
pores by capillary action, it must be forced into the pores by the application of
external pressure. The required equilibrated pressure is inversely proportional to
the size of the pores, only slight pressure being requir ed to intrude mercury into
large macropores, whereas much greater pressures are required to force mercury
into small pores. Mercury porosimetry analysis is the progressive intrusion of
mercury into a porous structure under stringently controlled pressures.

If mercury is placed in contact with a pore opening, the surface tension of the
mercury acts along the line of contact with the opening equal in length to the
perime ter of the opening and creating a force-resisting entry. By equating the force
due to surface tension (which tends to keep mercury out of a pore) to the applied
force, Ritter and Drake Obtained (The Washbur n equation)

ma’p = —2maoc cos @
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—2acosf

p
(3.22)

Where @dis the pore radius, p is applied pressure, & is the contact angle between
the mercury and pore wall and surface tension of mercury is 0.48 N/ m2, While é
probably varies somewhat with the nature of the solid surface, 1400 appears to be a
good average value. Then the working equation for evaluating the radius
corresponding to a given pressure is

87.5 x 10°
p (psi)

a(A) =

(3.23)

Figure 3.4 Mercury penetration in a pore of radius 6 a 0

By measuring the volume of mercury that intrudes into the sample material with
each pressure change, the volume of pores in the corresponding size class is
known. The volume of mercury that enters pores is measured by a mercury
penetrometer.

The penetrometer is constructed of glass (an insulator) and filled with mercury (a
conductor). The stem of the penetrometer is a capillary that acts as a reservoir for
the analytical volum e of mercury. The stem is plated with metal (a conductor). The
two conductors, mercury, and the metal plating, are separated by glass, thus
forming a coaxial capacitor. As pressure forces mercury out of the capillary and
into the sample, the mercury inside the capillary decreases and so is the capaci-
tance. The decrease in capacitance, therefore, is proportional to the volume of
mercury leaving the capillary with each change in pressure

14
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Figure 3.5 Mercury Intru sion Porosimetry

Nitrogen-desorption Method

As the low-temperature nitrogen adsorption experiment is continued to higher
pressures multilayer adsorption occurs, and ultimately the adsorbed films are thick
enough to bridge the pore. Then further uptake of nitrogen will result in capillary
condensation. Since the vapour pressure decreases as the capillary size decreases,
such condensation will occur first in the smaller pores. Condensation will be
complete, as p/po B 1.0, when the entire void region is filled with condensed
nitrogen. Now, if the pressure is reduced by a small increment, a small amount of
nitrogen will evaporate from the meniscus formed at the ends of the largest pores.
Pores which are emptied of condensate in this way will be those in which the
vapour pressure of nitrogen is greater than the chosen pressure. The Kelvin
equation gives the relationship between vapour pressure and radius of the concave
surface of the meniscus of the liquid. Since some of the nitrogen is adsorbed on the
surface, and therefore not present because of capillary conden sation, the Kelvin
relationship must be-corr ected for the thickness & of the adsorbed layers. With this
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correction, the pore radius is related to the satur ation-pressur e ratio (vapour
pressurein the pore p divided by the normal vapour pressure po) by

p —2aV,cos 8
~ RyTIn(p/py)

(3.24)
Where Vi = molal volume of the condensed liquid
o = surface tension

f = contact angle between surface and condensate

Since nitrogen completely wets the surface covered with adsorbed nitrogen, & =0°

and cos f = 1. The thickness & depends on p/ po. The exact relationship has
been th e subject of considerable study, but Halsey's form

(3.25)

Where A and n depend on the natur e of the catalyst su rface, is generally used.

a—d4
For ni trogen at -195.8°C (norm al boiling point) Eq. (3.24), for in Angstroms,
becomes

=]
a—5=952 (mp—”)
p

(3.26)

Wheeler proposes for Eq.(3.25)

—1,3

5 (A) = 7.34 [:ln%

(3.27)
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For a chosen value of p/ po, Egs. (3.26) and (3.27) give the pore radius above which
all pores will be empty of capillary condensate. Hence, if the amount of desorption
is measured for various p/ po, the pore volume corresponding to various radii can
be evaluated. By combining mercury-penetration and nitrogen-desorption
measurements, pore-volume information can be obtained over the complete range
of radii in a pelleted catalyst containi ng both macro- and micro pores.

Some models for quantitative treatment of the effectiveness of the internal catalyst
surface require only the average pore radius , rather than the distribution of pore
volumes. Wheeler has developed a simple equation for  which requires only
surface-area and pore-volume measurements. Suppose all the pores in a
hypothetical particle are straight, cylindrical, not interconnected, and have the
same radius and length L. The average pore radius may be found by writing
equations for the total surface and volume in the hypothetical particle and equating
these quantities to the surface mpySgand volume myVyin the actu al particle; i.e.

m,S, = (2mal)n

(3.28)

(3.29)

Where mpand n are the mass and num ber of pores per particle. Dividing the two
equations gives the Wheeler average pore radius,

(3.30)

2l

a=—
S.U

CATALYST PREPARATION

Experime ntal methods and techniques for catalyst manufactur e are particularly
important because chemical composition is not enough by itself to determine
activity. The physical properties of surface area, pore size, particle size, and particle
structur e also have an influence. These properties are determined to a large extent
by the preparation procedure. The two most commonly used techniques for catalyst
preparation are the only ones we shall consider:

1. Precipitation or gel formation of the active component or components
through the interaction of aqueous solutions of two or more chemical
compounds.

2. Impregnation of a carrier using a solution containing a compound of the
catalyst component desired.

Precipitation or gel formation

Precipitation provides a method of obtaining the solid material in a porous form. It
consists of adding a precipitating agent to aqueous solutions of the desired

components. Washing, drying, and sometimes calcination and activation are
17



subsequent steps in the process. For example, a magnesium oxide catalyst can be
prepared by precipitating the magnesium from nitrate solution by adding sodium
carbonate. The precipitate of MgCOs is washed, dried, and calcin ed to obtain the
oxide. Such variables as concentration of the aqueous solutions, temperature, and
time of the drying and calcining steps may influence the surface area and pore
structur e of the final product. This illustrates the difficulty in reproduci ng catalysts
and indicates the necessity of carefully following tested recipes. Of particul ar
importance is the washing step to remove all traces of impurities, which may act as
poisons.

A special case of the precipitation method is the formation of a colloidal precipitate
which gels. The steps in the process are essentially the same as for the usual
precipitation procedure. Catalysts containing silica and alumina are especially
suitable for preparation by gel formation, since their precipitates are of a colloidal
nature.

In some instances a porous material can be obtained by mixing the components
with water, milling to the desired grain size, dryin g, and calcining. Such materials
mu st be ground and sieved to obtain the proper particle size. A mixed magnesium
and calcium oxide catalyst can be prepared in this fashion. The carbonates are
milled wetin a ball machine, extruded, dried, and reduced by heating in an oven.

Impregnation

One of the simplest, most commonly used techniques for preparing a catalyst
involves dispersing an active component (or components) on a support material.
Catalyst carriers (support) provide a means of obtaining a large surface area with a
small amount of active material. This is important when expensive agents such as
platinum , nickel, and silver are used.

The steps in the preparation of a catalysti mpregnated on a carrier may include

Evacuating the carrier,

Contacting the carrier with the impregnating solu tion,
Removing the excess solution,

Drying,

Calcination and activation.

o wh e

For example, a nickel hydrogenation catalyst can be prepared on alumina by
soaking the evacuated alumina particles with nickel nitrate solution, draining to
remove the excess solution, and heating in an oven to decompose the nitrate to
nickel oxide. The final step, reduction of the oxide to metallic nickel, is best carried
out with the particles in place in the reactor by passing hydrogen through the
equipment. Activation in situ prevents contamination with air and other gases
which mig ht poison the reactive nickel.

The nature of the support can affect catalyst activity and selectivity. This effect
presum ably arises because the support can influence the surface structure of the
atoms of dispersed catalytic agent. For example, changing from silica to alumina
carrier m ay change th e electronic structur e of deposited platinu m atoms.

This question is related to the optimum amount of catalyst that should be
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deposited on a carrier. When only a small fraction of a monomolecular layer is
added, increases in amount of catalyst should increase the rate. However, it may
not be helpful to add large amou nts to the carrier. For example, the conversion rate
of the ortho to para hydrogen with a NiO catalyst deposited on alumina was found
to be less for 5.0 wt % NiO than for 0.5 wt % NiO. The dispersion of the catalyst on
the carrier may also be an important factor in such cases. The nickel particles were
deposited from a much more concentrated NiNO3 solution to make the catalyst
containing 5.0 wt % NiO. This may have led to larger nickel particles. That is, many
more nickel atoms were deposited on top of each other, so that the dispersion of
nickel on the surface was less uniform than with the 0.5 wt % catalyst.

PROMOTERS AND INHIBITORS

As normally used, the term "catalyst" designates the composite product used in a
reactor. Components of the catalyst must include the catalytically active substance
itself and may also include a carrier, promo ters, and inhibitors.

A promoter is a substance added during the preparation of a catalyst which
improves activity or selectivity or stabilizes the catalytic agent so as to prolong its
life. The promoter is present in a small amount and by itself has little activity.
There are various types, depending on how they act to improve the catalyst.
Perhaps the most extensive stu dies of prom oters have been in connection with iron
catalysts for the ammonia synthesis reaction. It was found that adding Al203 (other
promoters are CaO, K:0) prevented reduction (by sintering) in surface area during
catalyst use and gave an increased activity over a longer period of time. Some
promoters are also believed to increase the number of active centres and so make
the existing catalyst su rface more active.

An inhibitor is the opposite of a promoter. When added in small amounts during
catalyst manufacture, it lessens activity, stability, or selectivity. Inhibitors are
useful for reducing the activity of a catalyst for an undesirable side reactio n. For
example, silver supported on alumina is an excellent oxidation catalyst. In
particul ar, it is used widely in the production of ethylene oxide from ethylene.
However, at the same conditions complete oxidation to carbon dioxide and water
also occurs, so that selectivity to C2H4O is poor. It has been found that adding
halogen compounds to the catalyst inhibits the complete oxidation and results in
satisfactory selectivity.

POISONING AND DEACTIVATION OF CATALYSTS

Since the earliest days of heterogeneous catalysis, decreases in activity during use
have been observed. The rates at which catalyst deactivation processes take place
may be fast or slow. In some cases the decline in activity is so rapid that the
catalyst ceases to function effectively after a few minutes or hours of exposure to a
reactant feed stream. On the other hand, there are cases where the deactivation
processes occur so slowly that the catalyst may function effectively for months or
years. In the design of commercial catalytic processes, one obviously must take
these factors into account so as to allow for periodic replacement or regeneration of
the heterogeneous catalyst.

If the deactivation is rapid and caused by the decomposition or degradation of
reactants or products on the catalyst surface, the process is termed fouling. In this
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case a deposit is formed on the surface or in the pores that physically blocks a
portion of the catalyst and prevents it from catalyzing the reaction. Such fouling is
particul arly rapid with silicadalumina cracking catalysts, and in this application,
the design of a unit for catalyst regeneration is as important as the design of the
reactor proper.

An example of a cracking reaction leading to fouling might be
CioH22K CsH12+CsH10 + C (solid on catalyst surface)

The carbon deposit may be burned off with oxygen and/o r steam to regenerate the
catalyst so that the active surface is no longer covered.

If the activity of the catalyst is slowly modified by chemisorption of materials that
are not easily removed, the deactivation process is termed poisoning. It is usual ly
caused by preferential adsorption of small quantities of impurities (poisons) present
in the feed stream. Adsorption of extremely small amounts of the poison (a small
fraction of a monolayer) is often sufficient to cause very large losses in catalytic
activity. The bonds linking the catalyst and poison are often abnormally strong and
highly specific. Consequently, the process is often irreversible.

If the process is reversible, a change in the temperatur e or the composition of the
gas to which it is exposed may be sufficient to restore catalyst activity. This process
is referred to as reactivation. If the preferential adsorption of the poison cannot
readily be reversed, a more severe chemical treatment or complete replacement of
the catalyst m ay be necessary.

In addition to fouling and poisoning, there is a third catalyst deactivation process
that is commonly encountered in industrial practice. This is the phenomenon
known as aging. Aging involves a loss in specific activity because of a loss in
catalyst surface area arising from crystal growth or sintering processes. The rate of
the aging process becomes more rapid as the temperatur e increases. It may also be
increased by the presence of certain components of the feed stream or product
stream or of trace constituents of the catalyst. In some cases a flux or glaze capable
of blocking catalyst pores may be produced.

Various schemes have been proposed for classifying poisons, but the one that is
perhaps the most convenient for chemical engineers interested in reactor design is
the classification in terms of the manner by which the poison affects chemical
activity. In these terms one can distinguish between four general but not sharply
differentiated classes.

Deposited poisons or Diffusion poisons

This phenomenon is closely akin to catalyst fouling. Blockage of pore mouths
prevents full use of the interior surface area of the pellet. Entrained dust particles
or materials that can react on the catalyst to yield a solid residue give rise to this
type of poisoning. Carbon deposition on catalysts used in the petroleum industry
falls into this category. The carbon covers the active sites of the catalyst and may
also partially plug the pore entrances. This type of poisoning is at least partially
reversible, and regeneration can be accomplished by burning to CO and CO2 with
air and/or steam. The regeneration process itself is a heterogeneous reaction, a
gas-solid noncatalytic one. In the design, of the reactor, attention must be given to
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the regeneration as well as to the reaction parts of the cycle.
Intrinsic activity poisons or Chemisorbed Poisons

These poisons decrease the activity of the catalyst for the primary chemical reaction
by virtue of their direct electronic or chemical influence on the catalyst surface or
active sites. The mechanism appears to be one that involves coverage of the active
sites by poison molecules, removing the possibility that these sites can
subsequently adsorb reactant species. Common examples of this type of poisoning
are the actions of compounds of elements of the groups Vb and VIb (N, P, As, Sb,
O, S, Se, Te) on metallic catalysts.

Selectivity poisons

These poisons decrease the selectivity of the catalyst for the main reaction. In many
cases impurities in the feed stream will adsorb on the catalyst surface and then act
as catalysts for undesirable side reactions. The classic examples of poisons of this
class are heavy metals such as Ni, Cu, V, and Fe, which are present in petroleum
stocks in the form of organome tallic compounds such as porphyrins. When these
feed stocks are subjected to catalytic cracking, these organometallic compounds
decompose and deposit on and within the catalyst. The metals then act as
dehydrogenation catalysts. The product distribution is markedly affected, resulting
in lower yields of gasoline and higher yields of light gas, coke, and hydrogen. Very
small poison concentrations suffice to produce large changes in s electivity. In cases
where a large num ber of parallel and series reactions are involved, the poison
adsorbed is thought to change the activation energy barrier for some of the
competitive intermediate steps, resulting in increased rates of undesirable side
reactions relative to that of the primary reaction.

Stability poisons

These poisons decrease the stru ctural stability of the catalytic agent or of the
carrier by facilitating recrystallizations and oth er structur al rearrangements. Steam
acts as this type of a poison for silica-alumina gel catalysts. The steam acts not so
mu ch by reducing the intrinsic activity per unit surface area, but by reducing the
active area, thus decreasing the activity per unit weight of catalyst. The
temperatur e at which the reactor operates has a marked effect on stability
poisoning. Sintering, localized melting, and recrystallization occur much more
rapidly at high temperatur es than at low temperatures.
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HeterogeneousReactions

A For heterogeneaus systems, there are two
complicating factors that should be accounted for
rather than in homogeneoussystems.

A The complication of the rate expression and
secondly the complicalion of the contacting
patternsfor two phasesystems.

A 9nce more than one phase is preseit, the
movement of material from phaseto phasemust
be consideredin the rate equation.






A Thusthe rate expressionin general will
Incorporate masstransfer termsin addition to
the usual chemecal kineticsterm. Thesemass
transfer termsare different in type and numbers
In the different kinds of heterogeneoussystems;
therefore no single rate expressionnasgeneral
application. For example; the burning of carbon
particlein air, how many rate steps are involved?

AC+0,— @,



A The figure shows us that there are two steps in
senes;, mass transfer of O2 to the surface
followed by reactionat the surfaceof patrticle

CO,
\— Burning carbon particle

Gas film

Hgure 1: Buming of carbon particle



A In agobicfermentation, how many rate steps
are involved when air bubblesthrougha tank
of liquid whichcontainsdispasedmicrobes
andistaken up by the microbesto produce

product.

Cell wall —

’’’’

i ‘l,nterf:ac'e_ ey :
i »Buik': et ‘

\\\ ~ transport // -
Sy el o
; } Q , { . Microbial
s, _.,‘\

a5 :-/:);Li:c;uid;ﬁ!m.. ’

'TEE \  s
—~Gas film . Liquid mm'/ s

Hgure 2: Fermentation reaction

~
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A There are about 7 posdble resstancesteps, but
only one involving the reaction. how many you
chooseto consder deperdson you andthe
situation.

A To get anoverall expressim, write the individual
rate steps on the same bais (unit surfaceof
burning particle, unit volume of fermenter, unit
volume of cell, etc)



_1dN, mol A reacted

AT V dt  volume of reactor fluid - time
A Or = _ 1 dN,y _ mol A reacted
A W dt  mass of solid - time
A OI' ” 1dN, mol A reacted
== _

S dt  interfacial surface - time

A Now put all the mass tansfer andreactionsteps
Into the samerate form andcombine;

mol A reacted

A OI’ time

= (r)V=(-r)W=(-ry)s



___E: n___E J'__‘_Sr__ "
Fa = Vr,ﬂu -"A—S-"m ?’a‘wra

A And if the steps are in series as ithe previous
examples; Foverall =1 =T2 =13

A if they are parallel; g o =1 4o

A Consider stepsin series,in general if all steps are
linearin concentration, then itis eay to combine
them. But if any of the stepsare nonlinear, then

you Will get a messy overall expressiom. You may
try to bypassthis nonlinearstep in one of the

various ways.



A Approximating the rA versus CAcurve by a frst-
order expressionis probably the most useful
procedure. Another pant: in combining ratesthe
concentration of materialsat intermedate
conditionsare not known,theseare the
concentrationswhich are eliminated in combining
rates.

A Overall rate for alinearprocessDilute A dffuses
thru a staghant liquid film onto aplane surface
consisting of B, reactsthere to produce Rwhich
diffusesbackinto the mainstream.



A Develop the overall expressionfor the liquid/solid
reaction. A(l) +B(s) =>R({) whichtakesplaceon
the flat surface.

| plane surface
= of solid B

Main body
of liquid

. Equilibrium concentration
. of Aon surface, Cyo=0
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A By diffusion the flux of Ato the surfaceis
A Reacton |§‘Fr%tdtorder(W|tﬁ“?eé(f)"éc?t‘o A, thasedon
unit surface: .
—2 =" C, (2)

A At teady-state the flow rate to thé €urfaceis
equal to thereactionrate at the surface(stepin

senes)sor,@=r,Q énd from (1) and (2)

ki (Car— Ca) = k" Csy (3)



A Replacig (3) into (i) or (i) and eliminating CA
which cannot be measued, we get;

1 mol
T —_
Far=Taz=TaA ™ 1 1 Car = —Koyeran Cass me-s

A This shows that 1/kl'and 1/ k@»re additive
resstances.Theaddtion of resstancesto obtain

anoverall resstanceis onlypossble when the
rate Is a Inearfunction of the diving force and

when the processoccusin series.



Overall rate for a nonlinear process

A Whenwe make just one change; the reactionis
second order; rho = —k"C}

A Combining the reaction stepsto eliminate CAas
was dae previously isnot so smple now, it
gies;

) . . K, ., — mol
—-rﬁ = _rﬁd = ""raz = W(zk CM + kj - \/_k]!? T 4k k!CAI)!— \_mz-sJ

A Cantacting patternsfor two phases



A There are many ways that two phases can be
contacted, and for each the desgn equation will be
uniqgue. When real flow deviates considerably from these,
we can do one of two things: (i) we may develop models to
mirror actual flow closely, or

A (ii) we may calculate performance with ideal patterns which
"bracket" actual flow. Fortunately, most rea reactors
for heterogeneous systems can be satisfactorily
approximated by one of the five ideal flow patterns
of the Hg. below. Notable exceptions are the
reactions which take place in fluidized beds. There
spedal models must be developed.



Plug A/plug B Plug A/plug B Plug A/plug B
countercurrent cocurrent crosscurrent

Micro or Micro-micro
B
macro o s i o
macro-micro Reaction in either

A or B phase

Reaction in either

A or B phase

Plug A/mixed B Mixed A/mixed B
(two cases) (two cases)

Figure 17.1. Ideal contacting patterns for two flowing fluids.
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A In reactor desgn and scale-up, it is essatial to sdect
a flow model which reasonably represents our setup.
When you pick a non-representative model and then
do computer calculations to the nth degree of
accuracy, you will be sumrised when desgn and
scale-up do not agree with the predictions. A simple
reasondle model is much better than a precise and
detaled model which does not represent the
contacting. Often the choice of a good flow model
and the knowledge of how the flow pattern changes
with scale-up spdls the difference between success
and failure.




A Thee are two broad classe®f catalysts: those
that operate at closeto amhent temperature
with biochemical systems, andthe man-made
catalysts that operate at hightemperature.

A Thebiochemical catalysts, called ereymes,are
found everywhere in the hochemical world
and In living aeatures,and without their
action no life could exist at all. In addition, in
our bodeshundredsof different enzymesand
other catalysts are busy at work dl the time,
keeping usalive.



A Theman-madecatalysts, mostly soids,usually
aim to causethe hgh-temperature rupture or
synthesisof materials. Thesereactionsplay an
Important role in many industrial processs,
suchasthe production of methanol, suphuric
aad, ammona, and variouspetrochemicals,
polymers, paints, and plastics.

A lt is estimated that well over 50%o0f all the
chemical productsproduced today are made
with the useof catalysts.



A Consider petroleum. For example, since this conskts of a
mixture of many compounds, primarily hydrocarbons, its
treatment under extreme conditions will cause a variety
of changes to occur simultaneousl, producing a
spectrum of compounds, some desirable, others
undesirable.

A Although a catalyst can easily speed the rate of

reactions still when a variety of reactions are

encountered, the

most important characteristic of a catalyst Is its

selectivity.

A By this we meanthat it only changesthe rates of

certain reactions, often a single reaction, leaving the

rest

unaffected. Thus, in the preserce of an appropriate

caalyst, products containing predominantly the
materials desired can be obtained from agivenfeed.
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Rate equations for surface kinetics

A Various theories have been proposedto explain
the detalils of the way catalysts operate (read
them). We simplyassume that we hawe a catalyst
avallable to promote a specific reaction and we
wish to evaluate the kinetic behaviour of
readants in the presence

of the catalyst and then use this information for
despn.

Levenspel puts about 5 theorieswhile Rchardson@
give 3



o Do Po To  To  I»

To

Levenspiel: (i) Qurface kinetics ¢ happens at the interior or
exterior surfaces of the particle

(il) Pore diffusion resistance ¢ what may cause the interior of pore to
be starved of readant

(i) Particlek T ¢ temperature gradient within the particle

(iv) HIm KT - between the outer surface of the particle and he main
gasstream

(v) Him Diffusion - resistance/ conc. gradient aaoss gasfilm

RichadsonQ give 3 mechanisms. (i) Knudsen Diffusion ¢ when gas
molecule diameter larger than pore diameter, collisons b@. gas
molecules become more preferred

(i1) Molecular diffusion ¢ When gasmolecules are smaller than pore
diam. Colkions between molecules become more important.

(i) SufaceDiffusion ¢ when a gasis adsorbed on inner surfaces of pore



o Do Po o D»

Because of the great industrial importance of catalytic reactions,
considerable effort has been spent in developing theories from which
Kinetic equations can rationally be developed. The most useful for our
purposes supposes that the readion takes place on an adive site on the
surfaceof the catalyst.

Thusthree steps are viewed to occursuccessively at the surface.

Sep 1. A molecule is adsorbed onto the surface and is attachedto
an activesite.

Sep 2. It then reads either with another molecue on an adjacent site
(dualsite mechanism)
Sep 3. Productsare desorbed from the surface, whichthen freesthe site.

In addition, all speces of molecules, free readants, and free products as
well as site-attached reactants, intermediates, and products taking part in
these three procesesare assumed to be in equilibrium. Rate expressions

derived from various postulated mechanisms are all of the form



(kinetic term)(driving force or displacement from equilibrium)

rate of reaction = .
(resistance term)

A+B=R+8§, K

A For example,for areacton;

A Occuringin inert carrier U, the rate
expressionwhenadsorption of Acontrol Is;

e k(pa — prps/Kpg)
AT (1 + K,prps/Kpg + Kypg + Kgpg + Ksps + Kypy)®

A Whenchemical reaction between adjacent

Slte = k(papPs — prPs/K)
A (1 + Kupa + Kgpg + Kgpg + Ksps + Kypy)?

attachedmoleculesof A andB control it Is




A

A
A

Each detalled mechanism of reaction with its
controlling factor has Its correspading rate
eguation involving anywhere from three to seven
arbitrary constants, the K values. These complicated
equations shall not be used but we shall use the
contact time or space time instead.

Pore diffusion resistance combined with surface
KInetics

Hrst congder a single cylindrical pore of length L,
with reactant A diffusing into the pore, and reacting
on the suface by aflrst order reaction taking place

A — product




A At the walls ofthe pore and the product diffusing
out of the pore ,__1dN,

A The rateis givenby;

The flow of materialsinto and out ofany section of
poreis 1own in detail in Hg. 3. At steady state a
material balance for reactant Afor this elementary

A section gives
A output - input + disappearance by reaction =0



Elementary section of catalyst
[ pore shown in Fig. 3

R e No reaction at

E 4 ‘_l - =g =L ,J Y end of pore
AT e e s S VR o S —anr Y 3
™ N @ S BB
[ |

A Orin egnform;

—mr Y (d—d%) + 7 P (dff;). + k"C,(2mrAx) =0
dC, dC,
(I)m - (TE) 0 2K
. . . ] Ax - Dr Cy=0
A Rearangingit gives;
A Takingthe limit-asnx approacheszero,

A In general, theinterrelation between rate
constants on different bases is
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kV =K'W=k'S
A Thusfor the cylindrical catalyst pore;

P (surface) _ 2arL\ _ 2k"
volume mril r

A Intermsof volumetric units, we have

d*C, k
e g
A Whichisthe frequently met linear differential equation

whosegeneral solutionis;

C‘.ﬁi = Mlem + Mzﬁ_mx
A Where © hHe andM,;andM,are constants
Hl = _— _ -
D Dr



A Here the boundary conditionshave to be
specified.For this systemthey are two; at the

entrance of the pore, Co=Cn» at x=0
dC, _

A And at the end of pore; =0 at x=L
A With the appropriate mathematical
manipulation, Hgure (18.4) is ddtained,;

A Where M= Sa o Cae™

EmL + e—mL’ 2 emL + e-'mL

A Hencethe concentration of readants within the

Cy eml¥) 4 gm0 cosh m(L — x)

pore IS Ca, T el p el coshmL




1
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— =%=0.92
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Fractional distance into pore, x/L

Figure 18.4 Distribution and average value of reactant concentration within a catalyst
pore as a function of the parameter mL = LVk/D
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THERATEANDPERFORMANGERQUATIONS

The activity of a catalyst pellet at any time is defined as

_ rate at which the pellet converts reactant A _ 74
rate of reaction of A with a fresh pellet

. ¥
F A0

In terms of the fluid bathing the pellet the rate of reaction of A should be of the followil

form:
reaction ) _ F main stream | f main stream £ present activity of
rate '\ temperature / /3 \ concentration, > \ the catalyst pellet

—ry=k'-Ci-a=kye ¥RT.C1 .3




THERATEANDPERFORMANGERQUATIONS

o Similarly, the rate at which the catalyst pellet
deactivates may be written as

deactivation| . ( main stream main stream present state of
= £ -f, £,

rate temperature concentration the catalyst pellet
da _ k.-Cm.qd = k. o-EJRT. Cm. gd
Tar i AT = K€ i "4

0 where d1 Order of deactivation,
m T Measures the concentration dependency

E, T Activation energy or temperature
dependency of the deactivation.
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TheRateEquationfrom Experiment

0 Experimental devices for studying
deactivating catalysts fall into two classes:

Batch solids—for slow deactivation

Batch for both T flle Mixed flow Recycle flow

solid and fluid for fluid for fluid
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TheRateEquationfrom Experiment

0 Batch-solids devices are much preferred -
ease of experimentation.

0 Deactivation is slow enough (in the order of
minutes or longer)

0 Sufficient data on the changing fluid
composition can be obtained before
exhaustion of the catalyst
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TheRateEquationfrom Experiment

0 Experimental devices for studying
deactivating catalysts fall into two classes:

Flow of solids—for fast deactivation

1 ; Fluidized
bed

*,
Fluid: ~ plug flow . Raining

ﬂ solids

Solids: mixed flow
Fluid: questionable
flow pattern

Solids: ~ plug flow
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TheRateEquationfrom Experiment

0 When deactivation is very rapid (in the order
of seconds or less) then a flowing-solids
system must be used.

0 Cracking catalysts whose activity half-lives
can be as short as 0.1 second fall Into this
class.
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TheRateEquationfrom Experiment

0 The method of searching for a rate equation:

o Start with the simplest kinetic form and see if
It fits the data.

o If it doesn't, try another kinetic form and so
on.
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TheRateEquationfrom Experiment

0 Type of batch-solids/flowing-fluid reactor to
use depends on whether the deactivation
expression da/dt IS concentration
Independent or not.

0 Concentration independent
I Any type of batch solids

0 Concentration dependent

I Reactor in which C, Is forced to stay
unchanged with time



Batch-Solids:Determiningthe Ratefor
IndependentDeactivation
—ri =k'Csa with &, =0) (14a)
—‘;‘: = fm : (14b)

This represents first-order reaction and first-order deactivation which, in addition,
is concentration independent.



Batch-Solids:Determiningthe Ratefor
IndependentDeactivation

0 Batch-Solids, Batch-Fluid.

o Need to develop an expression relating the
changing gas concentration with time.

dCy _W(_1dNN\ W W ,
dt—V( Wdz)‘v("a)“vkcaa (15)
= ks (16)
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IndependentDeactivation

0 Batch-Solids, Batch-Fluid.
Integrating Eq. 16 yields

a = a e an
and for unit initial activity, or a;, = 1, this becomes
a=e (18)
Replacing Eq. 18 in Eq. 15 we then find

dCy _ WK’
dt Vv

e kilC, (19)

and on separation and integration

Cao _ WK’
C. Vk,

In (1 - ek (20)
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IndependentDeactivation

0 Batch-Solids, Batch-Fluid.

This expression shows that even at infinite time the concentration of reactant in

an irreversible reaction does not drop to zero but is governed by the rate of
reaction and of deactivation, or

Cro _ WK'

In (21)

Combining the above two expression and rearranging then yields

C r
2 =In L

In In Coe VK, — kgt (22)




chSolids:Determiningthe Rat

IndependentDeactivation
0 Batch-Solids, Batch-Fluid.
4 Intercept = In Infﬁ = IHITTI:

C
InIn A
Cho

Slope = ~ky

Eq. 22
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IndependentDeactivation

Batch-Solids, Mixed Constant Flow of Fluid. Inserting the rate of Eq. 144 into
the performance expression for mixed flow gives

or

F.,, v k'aC,

I

T

(23)
and on rearrangement

C
—20=1 + k'ar’ 24)
Ca

In Eq. 24 the activity varies with the chronological time. To eliminate this quantity
integrate Eq. 14b (see Eq. 18) and insert in Eq. 24. Thus

C
=1+ ke kily (25)
Ca
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IndependentDeactivation

Rearranging gives, in more useful form,

CAU | ” ' .r‘
In (-5: - 1) =In(k'7t") — k,t (26)




IndependentDeactivation

Batch-Solids, Mixed Changing Flow of Fluid (to keep C, fixed).

flow in a mixed reactor we have found

CAU s
C. 1+ k'e %

chSolids:Determiningthe Ra

(>

or

For steady

(25)

To keep C, constant the flow rate must be slowly changed with time. In fact, it
must be lowered because the catalyst is deactivating. Hence the variables in this

situation are 7' and ¢. So, on rearranging we have

Can— €
]nr’=kdt+]_n( *‘;’,CAA

)

27
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Decrease Eq. 27
in flow
Nz rate Slope = k;
f.-#
Can=Ch
J‘\ Intercept = In AO_—A

k'Cy




chSolids:Determiningthe Rat
IndependentDeactivation



